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resumo 
 

 

O presente trabalho propõe-se a apresentar a ferramenta índice de utilização de 
nanotecnologia (NTU) criada e desenvolvida com o intuito de diminuir o hiato 
existente entre os produtos baseados em nanotecnologia desenvolvidos nos 
centros de I&D e a sua aplicação e utilização efetiva, promovendo a seleção 
otimizada dos materiais e a utilização de técnicas de produção eco-eficientes.  
Desta forma, o trabalho de doutoramento contextualiza o mercado atual dos 
tipos de nanomateriais disponíveis comercialmente, os métodos de síntese mais 
utilizados, as suas aplicações atuais e potenciais no mercado, as normas 
vigentes, os obstáculos e incertezas no que diz respeito à produção, 
manipulação e assemblagem de produtos baseados em nanotecnologia. Os 
modelos e ferramentas existentes atualmente, em particular, que endereçam o 
ecodesign e nanotecnologia são também apresentados. Baseado na 
diversidade no que concerne o tipo de produto baseado em nanotecnologia, 
aplicação específica, nível de maturidade, nanomateriais usados e método de 
síntese, o NTU é aplicado a quatro casos de estudo para sua discussão e análise 
de resultados.   
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abstract 

 

The aim of this work is to present the NanoTechnology Usability (NTU) index 
tool, created and developed in order to reduce the gap between nanotechnology-
based products developed in R & D centers and their effective application and 
utilization, promoting the optimized selection of materials and the use of eco-
efficient production techniques. 
In this sense, the doctoral work contextualizes the current market of the types of 
commercially available nanomaterials, the most used synthesis methods, their 
current and potential market applications, current standards, obstacles and 
uncertainties with regard to the production, manipulation and assembling of 
nano-based products. Existing models and tools currently in the market, 
particularly that address ecodesign and nanotechnology, are also presented. 
Based on the diversity of the nano-based product, specific application, maturity 
level, type of nanomaterials used and synthesis methods, the NTU is applied to 
four case studies for further discussion and analysis of the results. 
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CHAPTER I. INTRODUCTION 

1. INTRODUCTION 

Nanotechnology is the application of scientific knowledge to manipulate and control matter at the 

nanoscale in order to make use of size- and structure-dependent properties and phenomena, as 

distinct from those associated with individual atoms or molecules, or with bulk materials (ISO/TS 

80004-1, 2010). This field presents new opportunities for the development of everyday products with 

enhanced performance, potential reduced production cost, using less raw material and leading to 

eco-efficient manufacturing processes. Fitting neatly with the European Union agenda for smart, 

sustainable and responsible growth, nanotechnology can help address key societal challenges facing 

the region, such as the medical needs of an ageing population, more efficient use of resources, 

developing renewable energy to meet the enhanced commitments on energy efficiency, carbon 

emissions reduction and climate change (EC, 2013). 

Following the European Commission guidelines, nanotechnology has a key role transversal to 

several sectors (EC, 2013). The semiconductor sector alone, for example, supports over 100 000 

direct jobs in the European region (and thousands more, indirectly). Europe must secure its role in 

other emerging nano markets as well, taking the opportunity to develop profitable companies in new 

materials, processing equipment and device technologies. Europe’s pharmaceutical industry, for 

example, stands to benefit from the growth in the nanomedicine sector. But while being at the 

forefront of research, Europe risks being usurped by the US, which is taking a lead in the number of 

patents, with a rapid progress in commercialization. 

Nanotechnology also presents an opportunity to rejuvenate traditional industries, like chemicals and 

catalysts, papermaking and agriculture, bringing innovations in sustainability, processing, energy 

efficiency, recycling, emissions control and waste treatment. These sectors stand to be transformed, 

giving Europe a clear margin of difference and added value over the global competition. 

Solutions to the most major challenges facing Europe, such as a secure affordable energy supply 

and reduced greenhouse gas emissions, could also be provided by nanotechnologies and 

innovations in existing technologies for an effective promotion of the sustainable development, as 

imposed by an eco-efficiency mission as a part of a broader concept regarding sustainable 

production and consumption (ISO/TR 27628, 2007; ISO/TS 27687, 2008). According to the 

International Energy Agency, a big investment is needed to overhaul the world’s current energy 

system by 2050 and limit overall temperature change to a 2˚C variation. While this represents an 

enormous challenge, it also presents a technological opportunity: more efficient solar photovoltaics, 

wind turbines, energy conversion technologies, energy efficient insulating materials and carbon 

capture membranes will be required, to name but a few. In the next five to ten years alone, the low-

carbon energy market, including energy efficient technologies and alternative fuel vehicles, could be 

worth more than 1 billion euros (de Heer WA et al., 2011). In addition to the economic opportunity 

and the environmental imperative, the European Union (EU) also has a legal obligation, having 

pledged to a 20% reduction in emissions, increase in renewables and improvement in energy 

efficiency by 2020. 



 

2 

However, there are still questions about the application of nanoparticles and nanomaterials, not only 

because of the lack of knowledge about their properties and applicability, but also due to concerns 

over possible adverse impacts on the environment and health.  

The rate of integration and use of nanotechnology in the industrial sector didn’t follow the research 

pace and investment of recent years. Lack of knowledge, enhanced by the absence of rules 

governing the sector and the lack of instructions about proper manipulation, handling and processing 

of materials at the nanoscale, led to the need of a balance that reflects a common language among 

stakeholders, particularly industry and universities/research centers, to diminish the currently existing 

gap. 

 

2. MOTIVATION 

The urgency of enhancing the implementation of nanoengineering in products and services is a top 

issue of the international agenda (EC, 2013). The available funding for this area reinforces its 

importance. Furthermore, relevant developments are being conducted by universities/research 

centers, with a very low transfer rate to the industrial sector. 

The relevance of nanoengineering for innovation is a scientifically well documented reality. Despite 

this fact, its effective and practical application are still a challenge that must be assumed to define 

guidelines of intervention for a deep collaboration between stakeholders. Being so relevant, an 

effective university and business collaboration for (in)novation, competitiveness and personal 

enrichment, several steps must be followed (or reinforced) in a hierarchical intervention, in which all 

the agents must be aware of their role. However, considering that the physical infrastructures, for 

that purpose, already exist (such as incubators, competitiveness and transfer knowledge units), the 

main question remains: Are the actors really communicating and, consequently, committed? That's 

the biggest challenge, the need for a social change to overcome the current obstacles, namely 

distinct entities’ dynamics and “languages” between stakeholders, as well as responses/feedback to 

society’s demands. Consequently, the gap in communication (mostly regarding quality) must be 

narrowed to pursuit the excellence in R&D, in universities’ curricula, and in the effective 

dissemination and final application at the industry. 

The work developed under the scope of this doctoral plan intends to provide a tool to assist the 

narrowing of the gap that still exists between R&D in research centers/universities and its industrial 

application. This is achieved providing a common language, translated in the development of an 

index that expresses and measures the usability of the trinity “nanomaterials/production 

technology/product”, developed in universities and research centers, into the business environment, 

considering both stakeholders’ demands. Therefore, the major outcome intends to be a contribution 

to improve the industry competitiveness and economic growth through the innovation process. 

 

3. THESIS OVERVIEW 

Developed nano-based products, with a majority produced in R&D centers within higher education 

institutions, experience a shy penetration into the market and its effective utilization. Despite the 

technological evolution and an increase of nano-related industries and nanomaterials with novel 

sizes, shapes and applications, its practical usage is far away from its potential towards a more 

competitive and innovative economy. It is, therefore, relevant to understand the complete chain of 
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nano-based product manufacturing, from the raw materials to the potential clients. It is of utmost 

importance to take into account the existing nanomaterials, its characteristics, models, techniques 

and different processes for its production and/or manipulation, and the current uncertainties related 

to nanotechnology, representing potential obstacles to a bigger usage. Grounded on this information, 

it is crucial the development of a tool that is able to gather information about a nano-based product 

with a specific application and increase its probability of success in the market, according to Society’s 

needs and demands, and preferably aligned to the societal challenges. In this thesis, the design of 

a NanoTechnology Usability (NTU) index tool is described and applied to four case studies.  

The nanotechnology concepts, nanomaterials categorization and major techniques for industrial 

applications, trends and current barriers are referred in Chapter II. Chapter III presents the current 

selection strategies for materials and processes, ecodesign tools and nanotechnology models.  

The main core of the thesis is presented in Chapter IV, with the detailed description of the proposed 

NTU tool of a nano-based product for a specific application, and the two distinct stages developed: 

acquisition data and evaluation stages. In Chapter V, the NTU tool is applied to four case studies 

with different stages of technological maturity, market needs and demands perception. Chapter VI is 

dedicated to the discussion and analysis of results. 

Conclusions and future perspectives, based on the developed work, are considered in Chapter VII.  

 





 

 

CHAPTER II. NANOTECHNOLOGY 

1. INTRODUCTION 

Nanotechnology is helping to considerably improve, even revolutionize, many technology and 

industry sectors that depend on materials at the nanoscale to achieve specific properties and, 

consequently, greatly extend the well-used toolkits of materials science. Using nanotechnology, 

materials can effectively be prepared to be stronger, lighter, more durable, more reactive, better 

electrical conductors, among many other properties. The sections of the current chapter will focus 

on the nanotechnology concepts, nanomaterials categorization for industrial applications, 

nanomaterials production and manipulation, and the environmental, safety and health issues 

currently related to the nano-scale. 

 

2. NANOTECHNOLOGY CONCEPTS AND CATEGORIZATION 

In the scope of this thesis’ work, the interpretation of the nano terminology is relevant due to the 

target audience addressed and involvement of society (Romig Jr. et al., 2007). Despite the fact that 

research in this field dates to Richard P. Feynman's classic and well-known presentation “Plenty of 

Room at the Bottom” (Uldrich & Newberry, 2003), the technically term nanotechnology definition is 

usually indexed to N. Taniguchi (1974), while the market-oriented definition is attributed to K. Eric 

Drexler (1986), as clearly stated in the work “Engines of Creation”. Initially, the nanotechnology field 

was described almost exclusively in its technological sense. Currently, there’s a broader need to 

extend it to include concerns and uncertainties of society. Moreover, some applications are 

functioning in daily lives, even without knowing, due to its concealment in commonly (already) used 

objects (Di Sia, 2013; Di Sia, 2014). Since 2000, the National Nanotechnology Initiative (NNI) has 

described nanotechnology to mean working at the atomic, molecular and supermolecular level, in 

the length scale of approximately 1-100 nm range, to understand, analyse, create and use materials, 

devices and systems with fundamentally new properties and functions due to their small structure. 

This is because in the 10-20 nm range, the physical, chemical and biological characteristics of matter 

can be significantly changed, which lead to the unique properties of nanomaterials and, 

consequently, improved product functionality (Grzesik, 2008). Historically, the term nanomaterial is 

applied to products derived from nanotechnology. Its definition has been proposed by several 

organizations including the International Organization for Standardization (ISO), Organisation for 

Economic Co-operation and Development (OECD), by means of the Comité Européen de 

Normalisation, EU Scientific Committee on Consumer Products (SCCP), EU Scientific Committee on 

Emerging and Newly Identified Health Risks (SCENIHR) and the European Commission (EC) 

(Lövestam et al., 2010). 

With impact at international level and being globally recognized, aligned with this thesis’ objectives, 

the definition of nanotechnology will follow the international standard for terminology, the technical 

specification ISO Nanotechnologies—Vocabulary—Part 1: Core terms, that considers the 

fabrication, characterization and manipulation of structures, devices or materials that have one (or 

more dimensions) smaller than 100 nanometers. 



 

6 

As previously mentioned, there are several definitions of nano-related terms. The same happens 

with the nanoparticle term. Using a standard from 2007, nanoparticle is defined as a particle with a 

nominal diameter (such as geometric, aerodynamic, mobility, projected-area or otherwise) smaller 

than about one hundred nanometers (Ma & Kim, 2011). On a standard from 2015, nanoparticle is 

defined as a particle that has at least one of its three dimensions in the order of 100 nm (maximum 

limit or less) and may be referred as nano-object (DJ, Zhai, Das, Khondaker, Seal, 2011). 

Nanoparticles with sizes below 20 nm are those for which the physical properties may vary more 

drastically in comparison with the conventional size materials. Another common notion is 

nanostructured nanoparticles, consisting of particles with structural features smaller than 100 nm, 

which may influence their physical, chemical and/or biological properties (Toon, 2010). 

Nanomaterial is a material with any external dimension in the nanoscale or having internal structure 

or surface structure at the nanoscale (ISO/TS 80004-1, 2010), which could exhibit novel 

characteristics compared to the same material without nanoscale features. It may refer to a material 

with just one dimension at a nanometer scale (as in the case of nanolayers, thin films or surface 

coatings), two dimensions at the nanoscale (such as nanofibers, nanowires, nanotubes or 

biopolymers) and three dimensions at the nanoscale (such as nanoparticles, dendrimers or quantum 

dots). The hierarchical relationship between many of the mentioned terms is presented in Figure 1. 

There are other core terms and definitions to particles in the field of nanotechnologies, with Table 1 

showing a summary of the general terms used in the field. 

 

 

 

Figure 1 - Hierarchical relationship between terms 
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Table 1 - General terms used in the field of nanotechnology (adapted from (ISO/TS 80004-1, 2010; Iijima, 1991; DJ, Zhai, 

Saiful, Khondaker, & Seal, 2011) 

Term Definition 

Nanoscale Size range from approximately 1 nm to 100 nm. (a)  

Nanoscience Study, discovery and understanding of matter in the nanoscale, where size- and structure-
dependent properties and phenomena, as distinct from those associated with individual atoms or 
molecules or with bulk materials, can emerge. 

Nano-object Material with one, two or three external dimensions in the nanoscale. (b) 

Nanostructure Composition of inter-related constituent parts, in which one or more of those parts is a nanoscale 
region. (c) 

Nanostructured 
material 

Material having internal nanostructure or surface nanostructure. (d) 

Nano-aerosol Aerosol comprised of, or consisting of, nanoparticles and nanostructured particles. 

Engineered 
nanoparticle (ENP) 

Nanoparticle intentionally engineered and produced with specific properties. 

Engineered 
nanomaterial (ENM) 

Nanomaterial designed for a specific purpose or function. 

Manufactured 
nanomaterial 

Nanomaterial intentionally produced for commercial purposes to have specific properties or 
specific composition. 

Nanofluid Dilute liquid suspension of nanoparticle with at least one of their main dimensions smaller than 
100 nm. 

(a) Properties that are not extrapolations from a larger size will typically, but not exclusively, be exhibited in this size range. 
For such properties the size limits are considered approximate. 
(b) Generic term for all discrete nanoscale objects. 
(c) A region is defined by a boundary representing a discontinuity in properties. 
(d) This definition does not exclude the possibility for a nano-object to have internal structure or surface structure. If external 
dimension(s) are in the nanoscale, the term nano-object is recommended. 

 

 

The technical report of the International Standard related to Nanotechnologies, presents a particular 

classification and categorization of nanomaterials, ISO/TR 11360:2010, in a broader perspective and 

depending on dimension, structure, nature, behaviour, properties and characteristics. Within this 

context, this thesis shows in Section 5 of this chapter an overview of nanomaterials and their current 

applications in the real world, separated in eight main categories. It is aligned with the technical report 

standard ISO/TR 11360:2010 for classification and categorization of nanomaterials by their chemical 

identity/nature, that considers six groups based on chemical identity/nature: 

- Carbon based;  

- Metallic; 

- Semi-metallic/semiconducting;  

- Polymer; 

- Ceramic; 

- Organic/inorganic.  
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3. ENGINEERED NANOMATERIALS MANUFACTURING PROCESSES 

Several fabrication techniques and processes are applied to the production of engineered 

nanomaterials (ENM). In numerous cases, it is possible to have multiple methods to manufacture a 

specific nanomaterial. In other situations, some techniques were developed and/or improved to meet 

specific synthesis needs of nanomaterials (Hashmi, 2014). Manufacturing processes, related to 

engineered nanomaterials synthesis, can be classified depending on the production method adopted, 

top-down, bottom-up or hybrid approaches, type of the nanomaterial production process physical, 

chemical or biological, the growth medium, as vapor, liquid and solid phases or hybrid, the 

nanomaterial features such as its morphology or chemical composition or even the engineered 

nanomaterial result, by means of the nano-based product type.  

Due to the multiplicity of processes and different approaches to its classification, it is considered a 

joint description and processes’ grouping based in the production method adopted and its growth 

medium type.  

The production methods comprise two main approaches, the top-down and bottom-up (Ashby, 

Ferreira, & Schodek, 2009; Contreras, Rodriguez, & Taha-Tijerina, 2017).  RSPD, (2004) and 

Grzesik (2008) describe these approaches in (nano)manufacturing, reinforcing the wide variety of 

techniques capable of creating nanostructures, embracing degrees of speed, quality and, also, cost. 

Bottom-up manufacturing assumes the building of structures, atom-by-atom or molecule-by-

molecule (Hashmi, 2014; Chariditis, Georgiou, Koklioti, Trompeta, & Markakis, 2014; Ashby, 2007), 

(Ashby, 2011; Tranta, 2016). 

Top-down manufacturing initiates with a macroscopic structure material and milling, etching or 

machining a nanostructure from it, trough material removing, by using techniques such as precision 

engineering and lithography. Top-down methods, such as electron-beam (EB), focused ion beam 

(FIB), X-ray, deep UV, atomic force microscope, etc., and various lithography and etching methods 

can be applicable to fabricate nanometer size holes (Grzesik, 2008; RSPD, 2004). 

Considering the growth medium and other related features, the major synthesis processes are 

vapor/aerosol phase, liquid phase and solid phase. Vapor/aerosol phase synthesis start with the 

evaporation of a compound material that participates in chemical reaction (precursor), to produce 

other one, in a reactor followed by a rapid cooling to generate an engineered nanomaterial. It includes 

processes as aerosol, gas condensation, arc discharge, chemical vapor deposition, physical vapor 

deposition, flame, laser ablation and vapor-liquid-solid. Vapor/aerosol phase have advantages 

compared to others, that considers less process stages, fewer by-products, better process design 

options, more pure products and capacity to build complex structures. It presents disadvantages 

which include aggregation/agglomeration of (nano)particles due to high temperatures, generation of 

inhomogeneous particle morphologies and polydisperse particle size, high reaction times (in a scale 

of seconds), leading to higher uncontrol of the process (Hashmi, 2014; Buesser & Pratsinis, 2012).   

Liquid phase processes may include sol-gel, solvothermal and sonochemical, among other 

techniques. The common procedure assumes mixing of the precursor material(s) with suitable 

solvents and appropriate reactants to generate a supersaturated solution and initial nucleation. It is 

followed by growth of the initial nucleus into nanoparticles (or precursors) via precipitation. The 

engineered nanomaterials are collected by means of filtration or centrifugation or as a coating on a 

specific substrate, followed by cycles of washing and drying to remove impurities and calcination of 

nanomaterials with the desired morphology (Hashmi, 2014).  
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Better control of the chemical composition/stoichiometry and the possibility of production of 

multicomponent complex materials, morphology, and size distribution, a higher variety of engineered 

nanomaterials (ENMs) that can be generated due to wider selection of precursor materials, better 

control of aggregation or agglomeration, formation of well-dispersed material, and ease of surface 

modification and functionalization are advantages of liquid phase techniques, being the dominant 

synthesis for nanomaterials manufacturing. Disadvantages involve chemical contamination and, 

consequently, the necessity for purification, increased processes stages, longer reaction times, and 

the utilization of hazardous chemicals, their treatment and final disposition (Lu, 2012; Hashmi, 2014). 

Solid phase synthesis, also denominated physical methods, include milling, mechanochemical 

processing, sintering, among others. Engineered nanomaterials generated by solid phase methods 

have larger particle sizes and distribution and, also, higher chemical inhomogeneity (Lu, 2012; 

Hasmi, 2014).  

Table 2 presents the general methods, classified by joint production approaches and growth medium, 

to synthesize nanomaterials at a large-scale. A summary description and the more common 

engineered nanomaterials produced by the specific method are presented in Table 3  

 

Table 2 – General methods for the synthesis of nanomaterials 

Approach Major manufacturing classification Specific synthesis methods 

Bottom-up 

Vapor / aerosol phase 

Aerosol 

Gas condensation 

Arc discharge 

Chemical Vapor Deposition (CVD) 

Physical Vapor Deposition (PVD) 

Flame 

Liquid phase 

Sol gel 

Solvothermal 

Sonochemical 

Top-down 

Vapor / aerosol phase 
Laser ablation 

Vapor-Liquid-Solid (VLS) 

Solid phase 

Milling 

Mechanochemical Processing (MCP) 

Sintering 

Hybrid 
Nanolithography 

(Molecular) self-assembly 
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Table 3 – Summary description of specific synthesis methods and typical ENMs 

Specific synthesis 
methods 

Summary description 
Typical engineered nanomaterials  

(Hashmi, 2014; Tantra, 2016) 

Aerosol 

Process of aerosol manufacturing starts with preparation of raw materials by mining and refining ores or 
by using recycled gases and liquid precursors. Reactors transform the raw materials into nanomaterials 
through aerosol processes driven by high temperatures, followed by cooling to stop the growth of 
nanoparticle. Depending on the desired product properties, particles are collected from the gas phase 
immediately or are conditioned by aerosol coating and/or functionalization steps. (Gurav, Kodas, Pluym, 
& Xiong, 1993; Kammler, Mueller, Senn, & Pratsinis, 2001; Chariditis, Georgiou, Koklioti, Trompeta, & 
Markakis, 2014; Buesser & Pratsinis, 2012). 
 

metal nanoparticles; optical fibres; pigments of 
carbon blacks and titania; Crystalline nanoparticles 
and porous spherical structures; metal and metal 
oxides as catalysts, luminescent material, 
composites, magnetic oxides and ceramic oxides. 

Gas condensation 

A bulk material is heated to sufficiently high temperature to produce a stream of vaporized and 
atomized matter, which is directed to a chamber filled with either inert or reactive gas atmosphere  
(Pfund, 1930; Ashby, Ferreira, & Schodek, 2009; Chariditis, Georgiou, Koklioti, Trompeta, & Markakis, 
2014) 

inorganic material, commonly metals and alloys, 
spherical particles, agglomerates, core–
shell/encapsulated,hollow, solid shapes; metal and 
metal oxide particles, alloys and composite silicon 
dioxide, carbon blacks, titanium dioxide. 
 

Arc discharge 

Utilization of an electric arc as a source of energy. This technique is based on charging two electrodes 
made of the metal to be vaporized in the presence of an inert gas. (Ashby, Ferreira, & Schodek, 2009; 
Chariditis, Georgiou, Koklioti, Trompeta, & Markakis, 2014) 

SWCNT, MWCNT, silver, silica-coated iron, gold 
Core – (carbon) shell/encapsulated, fullerenes, 
nanotubes; metals, alloys, oxides, carbon-based 
fullerenes, CNT. 
 

Chemical vapor 
deposition  
(CVD) 

A reactant gas mixture is brought into contact with the surfaces to be coated, where it decomposes, 
depositing a dense pure layer of a metal or compound. The deposit can be formed by a reaction 
between precursor gases in the vapor phase or by a reaction between a vapor and the surface of the 
substrate itself. A difficulty with the process is that it frequently requires high temperatures, 800°C or 
more (Ashby, Ferreira, & Schodek, 2009; Chariditis, Georgiou, Koklioti, Trompeta, & Markakis, 2014; 
Htichman & Jensen, 1993)  

SWCNT, MWCNT, graphene, sapphire crystals. All 
structures and morphologies (0-d to 3-d): solid, 
spherical, core–shell, doped, particles, nanotubes, 
nanowires, nanorods, nanowhiskers, thin films or 
coatings, nanopatterns, and 3-d structures; metal and 
metal oxides, carbon–carbon composites, carbides, 
nitrides, semiconductor nanomaterials, e.g., Si, Ge, 
GaN, SnO2, InP, BN, CNT, CNF 
 

Physical vapor deposition  
(PVD) 

It is referred to deposition processes of thin films and nanostructures through the evaporation of solid 
precursors into their vapor phase by physical approaches followed by condensation of the vapor phase 
on substrates. It consists in three stages: (1) evaporation of the solid source (2) vapor phase transport 
from the source to the substrates (3) vapor condensation on the substrate. (Ashby, Ferreira, & Schodek, 
2009; Grzesink, 2008; Wasa, Kanno, & Kotera,2012) 
Main techniques: 
- sputtering: is a plasma-assisted technique that creates a vapor from the source target through 
bombardment with accelerated gaseous ions. 
- evaporation: deposition technique that relies on vaporization of source material by heating the material 
using appropriate methods in vacuum 

spherical, core–shell particles, thin films, 
nanostructures metal, oxides or alloy, e.g., Au, Cu, 
TiO2, ZnO 
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Specific synthesis 
methods 

Summary description 
Typical engineered nanomaterials  

(Hashmi, 2014; Tantra, 2016) 

Flame 

Evaporation of a precursor, which is taken into a stream of an inert gas. 
The gas mixture is mixed with fuel and an oxidizing agent to be injected into a flame 
In flame methods, the energy needed for precursor material evaporation, to drive the reaction or for 
particle nucleation and growth comes from the flame. (Tantra, 2016) 
 

nanopowders: oxides, nanoxides, fullerenes, 
nanotubes, Spherical particles; Metals, metal oxides, 
e.g., Al2O3, ZnO, TiO2, mixed oxides, semiconductor 
and composites, e.g., carbon black, fumed silica. 

Laser ablation 

Physical vapor method that uses pulsed (nano- or femptosecond) laser energy to release the source 
material and synthesize ENMs, which are subsequently deposited on a substrate (PVD) or collected on 
cold collection devices (PVC). (Ashby, Ferreira, & Schodek, 2009; Chariditis, Georgiou, Koklioti, 
Trompeta, & Markakis, 2014) 
 

TiO2, silver, metal hydroxide, sulfide, graphite, silicon, 
shell nanostructures, SWNT Particles, fullerenes, 
nanotubes; metals, alloys, carbon-based fullerenes, 
CNT, hydrogenated-silicon 

Sol gel 

Chemical synthesis in the liquid phase that determines the chemical composition and postthermal 
treatment that determines the crystal structure and morphology. It is based on hydrolysis or 
condensation reactions. With the correct quantity of reactants, nanosized particles precipitate. (Ashby, 
Ferreira, & Schodek, 2009; Chariditis, Georgiou, Koklioti, Trompeta, & Markakis, 2014) 

ultrafine particles, nanothickness films,  nanoporous 
membranes, coatings of metal oxide nanoparticles 
0-d structures: particles, core–shell; 1- and 2-d 
structures, e.g., thin films; metal oxides, e.g.,TiO2, 
tailored composite oxides, e.g., PbTiO3, complex 
composites and organic–inorganic hybrids 
 

Solvothermal 

Process involving the use of a solvent under moderate to high pressure (typically 1 atm to 10,000 atm) 
and temperature (typically 100 °C to 1000 °C) that facilitates interaction of precursors during synthesis 
(Chariditis, Georgiou, Koklioti, Trompeta, & Markakis, 2014) 

metals, ceramics, polymers, semiconductors 
Particles, nanotubes, wires, and rods; metal, metal 
oxide, complex metals, e.g., TiO2, CeO, LaCrO3, CrN, 
PbS, Ni2P 
 

Sonochemical 

Application of ultrasound to chemical reactions and processes. Mechanism causing sonochemical 
effects in liquids is the phenomenon of acoustic cavitation. (Ashby, Ferreira, & Schodek, 2009; 
Chariditis, Georgiou, Koklioti, Trompeta, & Markakis, 2014; Mason, 1990; Xu, Zeiger, & Suslick, 2013) 
 

amorphous nanostructured materials, including high 
surface area transition metals, alloys, carbides, 
oxides and colloids 

Vapor-liquid-solid  
(VLS) 

1D crystal growth mechanism that is assisted by a metal catalyst. The metal catalyst forms liquid alloy 
droplets at a high temperature by adsorbing vapor components. The alloy is further supersaturated; i.e., 
it becomes a solution in which the actual concentration of the components is higher than the equilibrium 
concentration.  It then drives the precipitation of the component at the liquid–solid interface to achieve 
minimum free energy of the alloy system. Accordingly, the 1D crystal growth begins, and it continues as 
long as the vapor components are supplied. (Ashby, Ferreira, & Schodek, 2009; Choi, 2012) 
 

nanowires: Si semiconductors III-V semiconductors 

Milling 

Combines extreme deformation with the forcible alloying of two materials that, normally, would not mix. 
It is a non-equilibrium processing technique, in which different elemental powders are milled in an inert 
atmosphere to create one mixed powder with the same composition as the constituents. (Yadav, Yadav, 
& Singh, 2012) 
 
 
 

amorphous alloys, nanocrystalline alloys, metal/non-
metal nanocomposite  
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Specific synthesis 
methods 

Summary description 
Typical engineered nanomaterials  

(Hashmi, 2014; Tantra, 2016) 

Mechanochemical 
processing  
(MCP) 

Involves the mechanical activation of solid-state chemical reactions displacement during milling. 
processing is characterized by the repeated welding, deformation and fracture of the mixture of 
reactants. Chemical reactions occur at the interfaces of the nanometer-sized grains that are 
continuously re-generated during milling. 
(Koch, 1991; Seyedia, Haratiana, & Khakia, 2015; Chariditis, Georgiou, Koklioti, Trompeta, & Markakis, 
2014) 
 

metal, oxide, or complex metal nanoparticles, zinc 
oxide nanocrystalline, cobalt oxide, Fe2O3 nano 
particles iron oxide 

Sintering 

Powder is packed together and heated to high temperatures. The welding together of powdered plastic 
particles at temperatures just below the melting or fusion range. The particles are fused together to form 
a relatively strong mass, but the mass, as a whole, does not melt and may retain some porosity. 
(Ashby, Ferreira, & Schodek, 2009; Chariditis, Georgiou, Koklioti, Trompeta, & Markakis, 2014; Grzesik, 
2008). 
Flash-sintering: sintering materials in very short times and at lower temperatures compared to traditional 
sintering methods. 
Pressure-sintering: activated by pressure, high enough to interact with 
or affect the contact pressure between particles. 
 

nano-grain zirconia nickel, oxide nano-powders, 
nano-grain titania, polycrystalline 

Nanolithography 

LIGA is a three stages micromachining technology used to manufacture high aspect ratio 
microstructures. (Saile, 2009). Nanostructures or their arrays can be synthesized, by a directed growth 
process or by a constrained growth from one to few nanometers. Several lithographic techniques are 
used for patterning in the nanoscale region. Some of the main techniques include:   
-photolithography: transferring geometric shapes on a photomask to the surface of a light-sensitive 
chemical on the substrate. (Ashby, Ferreira, & Schodek, 2009)  
- electron beam lithography (EBL): Transferring a pattern onto the surface of a substrate by first 
scanning a thin layer of organic film, resist, on the surface by a tightly focused and precisely controlled 
electron beam, exposure, and selectively removing the exposed or nonexposed regions of the resist in 
a solvent (Altissimo, 2010) 
- scanning probe lithography (SPL): group of patterning techniques, wherein localized tip-sample 
interactions are used in order to directly or indirectly (via a resist film) generate nanoscale 
characteristics. 
(Krivoshapkina, Kaestner, Lenk, Lenk, & Rangelow, 2017; Ashby, Ferreira, & Schodek, 2009; Chariditis, 
Georgiou, Koklioti, Trompeta, & Markakis, 2014; Grzesik, 2008) 
 
 
 
 
 
 
 
 
 
 

1D nanostructures,  
nanocatalysts, 
semiconductors, 
nanowires 
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Specific synthesis 
methods 

Summary description 
Typical engineered nanomaterials  

(Hashmi, 2014; Tantra, 2016) 

(Molecular) Self-assembly 

Molecular self-assembly uses the highly anisotropic bonding nature of asymmetric molecules to cause 
them to self-assemble into tubes rather than spheres, forming cylindrical micelles. The amphiphilic 
molecules are then removed with an appropriate solvent or by calcining to obtain individual nanowires. 
(Ashby, Ferreira, & Schodek, 2009; Chariditis, Georgiou, Koklioti, Trompeta, & Markakis, 2014; Palmer 
& Stupp, 2008) In self-assembly processes, atoms or molecules organize themselves into patterns or 
structures in the nano- or micron scale, driven by different forces such as chemical (e.g., the formation 
of crystals from a solution) or physical forces. To achieve better control of the growth and production 
speed, self-assembly may be directed by external fields such as magnetic, electric, or flow, or by 
confining growth through templates 
(Hashmi, 2014) 

nano-sized semiconductors (quantum dots),  
metal nanowires, 
nano-belts, 
nano-dots 
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4. REGULATION 

Current international and industrial standards provide guidance and regulated information for 

nanotechnology and nanomaterials (ISO, 2017; ASTM, 2017). The International Organization for 

Standardization (ISO) constituted the Technical Committee ISO/TC 229 with the main objective of 

standardization in the field of nanotechnology. Several standards were (and are being) developed to 

embrace terminology, nomenclature, instrumentation, metrology, test, characterization and 

classification methodologies, modelling, simulation and, also, health, safety and environmental 

practices.  

ISO/TC 229 committee is composed by thirty-seven participants’ countries and fourteen observers’ 

countries, in four main areas: 

- Terminology and nomenclature, convened by Canada; 

- Measurement and characterization, convened by Japan; 

- Health, Safety and Environment, convened by United States of America; 

- Material Specification, convened by China.  

Specific electrotechnical issues are addressed by the International Electrotechnical Commission 

(IEC) within ISO/TC 229, a joint committee. Currently, there are fifty-five published ISO standards 

under the direct responsibility of ISO/TC 229, among Technical Specifications (TS), Technical 

Reports (TR) and ISO, and forty ISO standards under development that include Approved new Work 

Item (AWI), Committee Draft (CD), Draft International Standard (DIS), Draft Technical Report (DTR), 

Draft Technical Specification (DTS), New Proposal (NP), Proof of a new International Standard 

(PRF), TS and Working Draft (WD).  

The American Society for Testing and Materials (ASTM), by means of its Committee E56, dedicated 

to nanotechnology, developed a total of eighteen standards for nanotechnology that provides 

guidance for nanomaterials and nanotechnology, regarding terminology, properties’ testing, and 

issues of health and safety. Eighteen ASTM standards are published with(in) five main areas of 

intervention, Education and Workforce Development, Environment, Health, and Safety, Informatics 

and Terminology, Nano-Enabled Consumer Products and Physical and Chemical Characterization.  

 

5. NANOMATERIALS FOR INDUSTRIAL APPLICATIONS 

Due to the wide variety of nanomaterials and its classification types and approaches, international 

standard ISO/TR 11360:2010 describes a classifying system, named “nano-tree” for their 

categorization, and, also, nano-objects, nanostructures and nanocomposites, including the diversity 

of physical, chemical, magnetic and biological properties. In this thesis, the nanomaterials are 

grouped into eight major categories.   

5.1. Carbon based  

Carbon is known to be the most versatile element that exists on Earth. It is an element that adopts 

chemical bonds of distinct character and with different hybridizations (sp, sp2, sp3). It is capable of 

forming four covalent bonds, and it is also capable of forming bonds with various geometries, such 

as single, double and triple bonds, tetrahedral geometries, linear structures, as well as polar and 

non-polar bonds showing different structures of carbon (allotropes). The best known examples are 
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diamond, graphite, nanotubes, fullerene and graphene, showing distinct properties and structures. 

Carbon nanotubes (CNT), carbon nanofibers (CNF), carbon black, graphene flakes and fullerenes 

are nanomaterials that have been used in several industrial applications and are still investigated for 

new products development. 

CNTs were discovered in 1991 by Iijima (1991), being a cylindrical carbine molecules with a few 

nanometres in diameter and with a length that can reach several microns. CNTs are graphitic 

filaments ranging from 0.4 to 500 nm diameters, being available with varying lengths, up to several 

hundred micrometers, depending on the chosen generation method (Chariditis et al., 2014; Teo et 

al., 2003). Single walled CNTs (SWCNTs) are composed of a single cylindrical sheet of graphene 

and multi walled (MWCNTs) several concentric, coaxial rolled up graphene sheets (Murray et al., 

2012). Specifically, the CNT diameters are typically 0.4 to 2 nm and up to 200 nm respectively for 

SWCNTs and MWCNTs, as illustrated in Figure 2. 

 

 

Figure 2 - Conceptual diagram of single-walled carbon nanotube (SWCNT) and multiwall carbon nanotube (MWCNT) 

 

Carbon nanofibers (CCNFs) are formed by graphene nanocones or ‘‘cups’’ and sometimes are 

referred to as ‘‘stacked-cup carbon nanotubes’,’ with diameters ranging from 70 to 200 nm depending 

on the carbon nanofibre type (De Jong & Geus, 2000). SWCNTs can be either metallic or 

semiconducting, depending on the orientation of graphitic filaments. Their applications in the area of 

polymer composites as fillers, microelectronics, energy storage and sensors have been well 

documented (Volder et al., 2013). SWCNTs and MWCNTs are two of the eleven tested components 

by the OECD testing nanomaterials programme (OECD, 2006). 

Fullerenes are composed of an even number of sp2 hybridized carbon atoms that form 12 pentagonal 

rings and � hexagonal rings, where: � = (� − 20) 2⁄  and � is the number of carbon atoms in the 

molecule. Being a part of the new carbon materials, due to the high electrochemical stability, small 

size, specific morphology and well-ordered structure (Kamat, 2006), present special features which 

allows the application in energy conversion systems, including organic solar cells (Ganesamoorthy, 

Sathiyan, & Sakthivel, 2017) and in dermatological, cosmetic and personal care products (Mousavi, 

Nafisi, & Maibach, 2017; Boxall et al., 2007).  

The nanometer dimension and its morphology provides C60 with physical and chemical properties 

that distinguishes it from other traditionally used carbon materials, such as good thermal conductivity, 

high electroconductivity and special mechanical properties. Moreover, control of the pore structure 

and change of the fullerene chemical functional groups are possible, allowing to tailor their features 

(Coro, Suárez, Silva, Eguiluz, & Salazar-Banda, 2016). The molecular structure of the C60 buckyball 

is illustrated in Figure 3. 
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Figure 3 - Molecular structure of the C60 buckyball 

 

The uses of derivatives of C60, as adsorption electrodes, biosensors, screen printed systems, as well 

as the aforementioned fullerenes solar cells were reported in the review as well. More recently, 

fullerene derivatives such as [6,6]-phenyl-C60-butyric methyl ester (PCBM), have been used in 

printing technologies and C60 derivatives jointed with polyanilines were applied in mobile phones, 

electronic applications and microwave, among other devices (Coro, Suárez, Silva, Eguiluz, & 

Salazar-Banda, 2016).  

Graphene is a planar monolayer of carbon atoms arranged into a two-dimensional (2D) honeycomb 

lattice with a carbon–carbon bond length of 0.142 nm (Nanowerk, 2012), as illustrated in Figure 4., 

Graphene is the material with the highest electrical conductivity known so far. The thermal 

conductivity of graphene is higher than that of both CNTs and diamond. At nano-scale, graphene is 

also the strongest material known to man. It has a breaking strength about 200 times greater than 
that of steel.  

 

 

Figure 4 - Schematic of a graphene layer 

 

Recent years witnessed the high growth in the synthesis of graphene-based nanomaterials and the 

exploitation of their wide applications, mainly due to their striking physicochemical properties, 

particularly associated to the high electronic and thermal conductivity (Zhu, Du, & Lin, 2017). 

Incorporating graphene-based materials into solar cell is a cost-effective possibility to boost its 

stability, optical transmittance and, also, the general performance, as studied in (Ubani et al., 2016). 

Sensing applications is also a field in which graphene is applied. In (Alberto et al., 2015) graphene 

oxide–optical fibre coatings onto optical fibres are characterized for sensing applications. (Zhu, Du, 
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& Lin, 2017) reviewed graphene-like 2D nanomaterial-based biointerfaces for the biosensing 

applications. 

Particularizing in graphite and its allotropes, graphene, graphene oxide (GO), carbon nanotubes 

(CNTs), and reduced graphene oxide (RGO), have considerable application in quantum physics, 

nanoelectronics, catalysis, nanocomposites and sensor technology due to the structure and 

geometry uniqueness (Zhang et al., 2017). For example, GO foam is proposed for water 

remediation/purification as described in (Henriques et al., 2016) with improved performance and high 

selectivity for the removal of mercury in water. Lujanienė et al. (2017) studied the use of magnetic 

graphene oxide based nano-composites for the removal of radionuclides and metals from 

contaminated fluids. Furthermore, Santhosh et al.(2016) and Das et al. (2015) reviewed the potential 

of graphene as an adsorbent for the removal of twenty-two organic pollutants and fifteen heavy metal 

ions and, also, in environmental remediation, specifically in pollution monitoring and sustainable 

agriculture, respectively. Kumar, Kim, Park, Hong, & Kumar (2017) reviewed the offer valuable 

insights of graphene and its related nanomaterials as the platform for the treatment of several organic 

pollutants in aqueous media. GO is also reviewed and highlighted by Yang et. al. (2015) and 

Maharubin et al. (2016) for hydrogen storage; lithium (ion and air) batteries; anode, cathode, lithium 

sulfur batteries; supercapacitors management; and capture and conversion of harmful gases. 

Graphene has a great potential application within the energy field as energy storage, renewable 

energy sources and energy transmission, as stated in (Li, Yang, & Son, 2017) that also summarizes 

the evolution in graphene nano batteries, specially dedicated to battery electric vehicle technology 

as well envisage the graphene battery applications. Kant, Shukla, Sharma, & Biwole (2017) present 

a study on heat transfer of phase change materials, using graphene nanoparticles for thermal energy 

storage. The applications of graphene-encapsulated materials are highlighted by Morales-Narváez 

et al., (2017). Rasheed et al. (2016) reviewed the graphene based nanofluids and nanolubrificants, 

particularly their synthesis, thermal conductivity, critical heat flux, rheological studies and tribology. 

  

Diamond nanoparticles occupy a special niche within nanomaterials due to the combination of 

outstanding chemical resistance, mechanical performance, biocompatibility, and electronic and 

optical properties. The core feature of diamond is its characteristic arrangement of sp3 hybridized 

carbon atoms, tetragonally coordinated in a diamond cubic structure. The specificity of nanodiamond 

properties have applications in the biomedical field, microelectronic processing, for seeding CVD 

diamond film growth, in vivo, (bio)imaging, lubrification and polishing and nanodiamond in solvents 

for potential areas of fuel additives, synthetic oil additives, polymers and coolants or thermal fluids, 

as fully described in the review (Nunnet al., 2017). Diamonds are also considered to quantum sensing 

on the nanoscale as highlighted by (Plakhotnik, 2017). The usage of nanodiamonds for drug delivery 

is addressed by (Neburkova, Vavra, & Cigler, 2017) with coating nanodiamonds with biocompatible 

shells. 

In a nutshell, carbon based nanomaterials are most widely used in the field of energy applications 

and have potential applications in the fields of hydrogen storage, energy storage and water 

purification. Solar cells and fuel cells are further potential areas of application of carbon based 

nanomaterial in the field of energy related applications. Biosensors are the next most common 

application mentioned in literature, having more publications than the wider topic of medical & health. 

In the category of medical & health two main applications are specified, for the use of carbon based 

nanomaterials, namely tissue engineering and drug delivery systems. 
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5.2.  Metals and Alloys 

Vance et al. (2015) states that metals and alloys are a class with highest presence in Nanotechnology 

Consumer Products Inventory and Nanodatabase. It incorporates gold (Au), silver (Ag), platinum (Pt) 

and palladium (Pd) alloy, copper (Cu) nanopowders, cadmium (Cd), iron (Fe) nanoparticles, nickel 

(Ni), cobalt (Co), aluminium (Al), zinc (Zn), manganese (Mn), molybdenum (Mo), tungsten (W), 

lanthanum (La), lithium (Li), rhodium (Rh), Titanium (Ti), among others. Metallic nanoparticles 

describe nanosized metals with dimensions with a size range of 1 to 100 nm regarding thickness, 

width and length. The publications referring metallic nanoparticles increase every year, with the most 

interesting metals studied being: Au, with applications in biotechnology, catalysis, biomedicine, 

sensors and electronics (Hussain, Thu, Amiad, Ahmed, & Khan, 2017); Ag, applied in biology, 

medicine, electronics, textile, optical and solar cells, as identified in (Zhang, Tang, & Vlahovic, 2016); 

Pt, with the demonstration of potential usage in nano- catalysts, electrical conductivity, optics and 

nonlinear optics (Stepanov, Golubev, Nikitin, & Osin, 2014); Pd, focused in industry-required 

chemical processes (Saldan, Semenyuk, & Marchuk, 2015); Zn, in sensors, energy harvesting, 

electronics, biomedical, antiviral areas (Sirelkhatim et al., 2015); Cd, mainly dedicated to biological, 

cosmetic, microelectronic technology, counterfeiting and solar cells applications (Presland, 2010); 

Cu, applied in catalysis, gas sensors, magnetic storage media, batteries, solar energy transformer, 

semiconductors, biomedicine and field emission (Singh, Kaur, Mohit, & Rawat, 2016); and finally Fe, 

with applications in bioengineering, biomedical, and catalytic (Ali et al., 2016; Chariditis et al., 2014). 

They exhibit diversity on several characteristics, with special properties as large surface-area-to-

volume ratio and surface energies, transition between molecular and metallic states with specific 

electronic structure, quantum confinement, plasmon excitation, short range ordering and ability of 

storing excess electrons. 

Metal oxides such as CeO2, ZrO2, ZnO, CuO, Al2O3, NiO, TiO2, Fe2O3, Fe3O4, are also highlighted 

due to their electrical, mechanical, chemical, optical and magnetic properties (Yang & He, 2012), 

with individual applications in several technological fields. Usage is represented in semiconductors, 

pigments in paints, piezoelectrics, ferrofluids, piezoelectric devices, surface acoustic wave devices, 

luminescent, catalysts/photocatalysts, sensors, sun screens and UV absorbers, in optical devices, 

high-density information storage, magnetic resonance imaging, antibacterial, antioxidant, neutron 

capture therapy, cancer therapy, solar energy devices, and in medical field as well, such as in 

magnetic hyperthermia, bioimaging, cell labelling, targeted drug delivery, etc. As fillers in some 

suitable polymers would yield several novel potential applications including electronic, food 

packaging and storing (Boxall et al., 2007). 

 

5.3. Ceramic 

Ceramic nanoparticles are mainly composed of carbides, oxides, phosphates and carbonates of 

metals and metalloids such as calcium, titanium, silicon (Thomas et al., 2015). Ceramics such as 

hydroxyapatite (HA) for medical applications mainly, as drugs delivery, tumours, tissue response of 

nano-HA-collagen implants, nanoapatite and nanoapatite/organic implants in vivo (Ferraz, Monteiro, 

& Manuel, 2004); silica (SiO2) applied in luminescence, photovoltaic cells, Cancer cell imaging, DNA 

and microarray detection, bar coding, gene or drug delivery (Goswami, 2017); titanium oxide (TiO2), 

with applications in solar cells, catalysts, sensors, paints, fabric coatings, catalysis, cosmetics, 

papers (Goswami, 2017); zirconia (ZrO2) dedicated mostly to electrochemical applications, catalytic 

systems, oxygen sensors and fuel cells (Behbahani, Rowshanzamir, & Esmaeilifar, 2012) and 

alumina (Al2O3), suitable for refractory materials, abrasives, electronic packaging materials, 

composites  and corrosion resistant ceramics (El-Amir, Ewais, Abdel-Aziem, Ahmed, & El-Anadouli, 
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2016) were generated from new synthetic methods to enhance their physical-chemical properties, 

pursuing the cytotoxicity reduction in biological systems (D’Amato et al., 2013). Out of all the areas 

of ceramic nanoparticles applications, biomedical field is the most explored, but there are 

applications in pharmaceutical fields (Moreno-Vega et al., 2012). 

Nanoclays are natural nanomaterials in the clay fraction of soil, among which montmorillonite and 

allophane are the most relevant ones. Montmorillonite is a crystalline hydrous phyllosilicate. 

Organically-modified montmorillonites or named ‘organoclays’, formed by intercalation of quaternary 

ammonium cations, have been applied as rheological modifiers and additives in cosmetics, paints, 

and inks, greases also as carriers and delivery systems for the controlled release of drugs. Perhaps 

the largest, single utilization of organoclays over recent years might be in the manufacture of 

polymer-clay nanocomposites. Organoclays are also useful in pollution control and water treatment 

(Theng & Mora, 2009). 

Clay polymer/nanocomposites, in particular clay/nylon-6 nanocomposites, were used as timing belt 

covers for Toyota cars, in collaboration with Ube. After that, Unitika introduced nylon-6 

nanocomposites for engine covers on Mitsubishi’s GDI engines. In August 2001, General Motors and 

Basell announced the application of clay/polyolefin nanocomposites also, an assistant component 

for GMC Safari and Chevrolet Astro vans16, after their application in doors of Chevrolet Impalas16. 

More recently, is the development, by Noble Polymers of clay/polypropylene nanocomposites for 

structural seat backs in the Honda. At the same time, Ube developed clay/nylon-12 nanocomposites 

for automotive fuel system components and lines. Additionally to automotive applications, 

clay/polymer nanocomposites have been used to enhance barrier resistance in beverage 

applications and drink packaging applications. More recently, Mitsubishi Gas Chemical and Nanocor 

have co-developed Nylon-MXD6 nanocomposites for multilayered polyethylene terephthalate (PET) 

bottle applications (Gao, 2004). 

Yang & Tighe (2013) reviewed nano-materials in hot mix asphalt. Clay nanoparticles are the primary 

materials applying in the construction of asphalt. Adding nanoparticles as nanoclay, nanosilica and 

nanotubes in asphalts increase the viscosity of binders and improves the rutting and fatigue 

resistance of the mixtures of asphalt. 

 

5.4.  Semi-metal/semiconductor  

Semi-metal refers to elementary boron (B), silicon (Si), germanium (Ge), arsenic (As), antimony (Sb), 

tellurium (Te) and polonium (Po) from 13 to 16 groups of the periodic table of elements. With a 

physical behaviour of electric and thermal semiconducting, these are an interesting option for several 

applications. Boron is highlighted in areas as semiconductors, protective coatings, high density fuels 

and cancer treatments (Shin, Calder, & Ugurlu, 2011) synthesized with a thermal plasma system. 

Silicon is well known for applications within the electronic field, particularly concerning diodes and 

transistors production. At nanoscale, silicon manifests changes in optical and electronic properties 

when its size approximates to the bulk Bohr radius, for silicon, 4 nm. Huan & Shu-Qing (2014) used 

numerous physical and chemical techniques for synthesizing to analyse its properties. Potential 

applications rely in light-emitting, energy and electronic fields and photocatalysts. Additionally to 

these applications, Mangolini (2013) highlighted areas for the usage of silicon nanocrystals in 

photovoltaics, batteries and thermoelectrics.  

Germanium was also widely used for the fabrication of diodes and transistors. At nanoscale, Vaughn 

II, & Schaak (2012) studied the colloidal germanium and germanium-based nanomaterials, 

reinforcing their applicability in a wide range of applications as optoelectronics, bio-imaging, and 
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energy conversion and storage, biological and medical, solar cells, field-effect transistors, spintronic 

devices, chemical sensors, photodetectors, imaging and photothermal therapy, solar cells (GeS, 

GeSe), photocatalysis (Ge3N4), non-volatile phase change memories (GeTe), and thermoelectrics. 

In 2010, Chin & Cheong (2010) reviewed the antimony oxides synthesis, properties and applications, 

focusing them mainly in chemical, sensing, and semiconductors areas. Electrical properties of 

tellerium nanowires were tailored, via surface charge transfer doping providing it for applications in 

high-performance optoelectronic devices such as visible light photodetector (Luo et al., 2012).  

With electrical conductivity between a conductor and an insulator, when size of semiconductor 

materials is reduced to nanoscale, their physical and chemical properties change substantially, 

resulting in unique properties due to their large surface area or quantum size effect (Suresh, 2013).  

Suresh (2013) reviewed methods and applications of semiconductor in many fields, such as solar 

cells, nanoscale electronic devices, light-emitting diodes, laser technology, waveguide, chemical, 

and biosensors, packaging films, superabsorbents, components of armor, parts of automobiles, and 

catalysts. Semiconductor nanomaterials such as Si, Si-Ge, GaAs, AlGaAs, InP, InGaAs, GaN, 

AlGaN, SiC, ZnS, ZnSe, AlInGaP, CdSe, CdS, and HgCdTe etc., were reinforced since they exhibit 

excellent application in computers, laptops, tablets, smartphones, mobile terminals, satellite dishes, 

fibre networks, traffic signals, car taillights, and air bags. 

 

5.5. Organic/inorganic  

Inorganic nanoparticles cover a broad range of substances including elemental metals, metal oxides, 

and metal, already mentioned. Many of these, including ZnO, FeO, SiO2, CeO2, and TiO2, are often 

used due to their distinct photo catalytic properties. Elemental metals, as, Fe, Pt, Pd, Cu, Ni, Ag, Au 

and Co of nano-metric dimensions are widely used for antimicrobial, optical, catalytic, electronic, and 

sensing applications, as well as doping agents. Nano-wires of Au, Cu, Si, and Co are commonly 

applied as conductors and semiconductors. The utilization of metal oxide is frequent in industries of 

paints, cosmetics, and plastics products, as well for the production of components of rubber 
additives, catalytic converters, biomedical imaging, photovoltaic cells, sensors, and for 

environmental remediation (Goswani et al., 2017). Dastjerdi & Montazer (2010) reviewed the 

application of inorganic nano-structured materials in the alteration of textiles, particularly on their anti-

microbial properties.  

Organic nanoparticles include carbon-based nanomaterials and nanosheets, described in Section 

5.1. Carbon-based. Virlan et al. (2016) reinforced the relevance of organic nanoparticles, due to their 

nontoxicity for cells, either bioinert or biodegradable and, also, to avoid side effects in other tissues 

of the organism. For the specific area of health, in treatment of oral diseases, organic nanoparticles, 

such as chitosan, silk fibroin or other biodegradable polymers, including poly(lactic-co-glycolic) acid 

(PLGA) were studied.  

 

5.6. Polymers  

Polymers at nanoscale are synthesized by reacting elements with organic polymers for common 

applications. Medical field is one of their major applications, particularly in drug delivery (Goswani et 

al., 2017). Examples of nanoparticles polymers and applications are highlighted, such as Ag- 

polyethylene glycol (PEG) for biomedical purposes, Ag- poly(vinylpyrrolidinone) (PVP) in optical 

application, antimicrobial food industry, textile, biosensors areas, Ag-citrate in drug delivery systems, 

antibacterial and luminescence, Cu2O in conductors, catalysts, electrodes, diodes; thin-film 
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transistors, and solar cells, CeO2 on Fuel cells, catalysis, luminescent, gas sensors, polishing and 

ferromagnetic material, SiO2 (Section 5.3.) with applicability in Luminescence, photovoltaic cells, 

TiO2 (Section 5.3.) within solar cells, catalysts, sensor fields. 

Magnetic iron-polymer nanoparticles also have applications mainly (with)in biomedical area. 

Examples are PEG, Poly (GMA), Polystyrene (PS), Poly (iso-butylene) and Poly(methyl 

methacrylate) (PMMA) and Poly (styrene-GMA) for bioscreening. Nanoparticles of magnetic 

bimetallic polymer applications are also presented in the review of Goswani et al. (2017) in 

biotechnology, magnetically-guided drug delivery systems, biomedical and hyperthermia related to 

polyisobutylene-alt-maleic anhydride (PIB-alt-MA), poly(diallyldimethylammonium chloride (PDDA), 

PVP and PEG respectively.   

Dendrimers are artificial macromolecules, which structure is similar to a tree. Belonging to a class of 

hyperbranched synthetic polymer systems, they have the possibility to be added to chemical species, 

such as detection agents, imaging agents, targeting components, biomolecules, 

pharmaceutical/therapeutic agents, radio ligands and affinity ligands, for various bioanalytical 

applications as reviewed in Kumar et al. (2016).  

From drug-delivery to coatings, the attractiveness in hyperbranched polymers is growing, as 

confirmed by the increase of the number of publications in this area (Singh, Dar, & Hashmi, 2014). 

 

5.7. Composites  

Nanocomposites refer to a class of materials in which one or more phases with nanoscale 

dimensions (0-D, 1-D, and 2-D) are embedded in a metal, ceramic, or polymer matrix. The addition 

of the nanoscale second phase aims to provide a synergy between the constituents, to enhance 

novel properties. Properties of nanocomposites rely on a range of variables, particularly the matrix 

material, which can exhibit nanoscale dimensions, degree of dispersion, size, shape, load and 

orientation of the nanoscale second phase but also it interaction with the matrix (Ashby, Ferreira, & 

Schodek, 2009). 

The potential of the nanocomposites lies in their  multifunctionality, the possibility of making unique 

combinations of properties unachievable with traditional materials. They include control over the 

distribution in size and dispersion of the nanosize constituents, tailoring and understanding the role 

of interfaces between structurally or chemically dissimilar phases on bulk properties. Figure 5 

illustrates a scheme of a silicon-carbon nanocomposite granule formed through a hierarchical 

bottom-up assembly process. 

 

Figure 5 - Scheme of a silicon-carbon nanocomposite granule formed through a hierarchical bottom-up assembly process 

(Iijima, 1991) 
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Nanocomposite materials can also be obtained from the mixing of carbon nanoparticles and a 

polymer matrix. Among the various nanocomposites types, the polymer-matrix nanocomposites have 

been the most analyzed (Ashby, Ferreira, & Schodek, 2009). It consists of a matrix made from a 

polymeric material while the second phase, commonly low percent by weight, wt%, is dispersed 

within the matrix and has nanoscale dimensions. The small size of this phase leads to exclusive 

properties. In addition, due to the nanoscale size of the reinforcing phase, the interface-to-volume 

ratio is significantly higher than in conventional composites. Consequently, the volume fraction of the 

second phase can be decreased, without the degradation of the desired one. Paul & Robeson (2008) 

also highlighted the usage of polymer matrix, initially with exfoliated clay and recently with carbon 

nanotubes, carbon nanofibers, exfoliated graphite (graphene), nanocrystalline metals and a host of 

additional nanoscale inorganic filler or fiber modifications and loss of studies with organic–inorganic 

nanocomposites based on sol–gel chemistry which have been investigated for several decades. 

Carbon is one of the most abundant elements in nature; carbon atoms can form complicated 

networks that are fundamental to organic chemistry and the existence of life. Due to its potential and 

flexibility, namely allotropes of carbon, that have various properties, from hard, diamond, to soft, 

graphite, from insulative, diamond, to semi-conductive, graphite, and conductive, graphene, and from 

light absorbing, graphite, to diaphanous, diamond (Zhang et al., 2017). Palmero (2016) refers 

ceramic-polymer nanocomposites for bone-tissue regeneration, as an efficient strategy to improve 

functional and structural properties of synthetic and synthetic polymers. Also in the biomedical field, 

where this strategy is exploited for developing new and improved synthetic scaffolds to overcome 

autografts and allografts’ constraints, polymer/metal nanocomposites appears with interesting 

applications, namely, antibacterial effect, antimicrobial textile and food industries, as described in 

(Zare & Shabani, 2015). Copper-polymer nanocomposites were described as a cost-effective and 

good option biocide to use in antibacterial surfaces (Tamayo, Azócar, Kogan, Riveros, & Páez, 

2016). Elastomer/thermoplastic modified epoxy nanocomposites also addressed by (Vijayan, Puglia, 

Al-Maadeed, Kenny, & Thomas, 2017) to exploit the use and potential of microscale 

elastomers/thermoplastics and nanoscale fillers to modify epoxy systems. (Daud, Kama, Shehzad, 

& Al-Harthi, 2016) considered a review of graphene/layered double hydroxides nanocomposites 

particularly regarding their synthesis and applications (with)in oxygen evolution reaction, hybrid 

sensors, supercapacitors, adsorption, catalysis, flame retardant materials and water purification.  

 

5.8. Quantum dots 

Quantum dots (QDs) are semiconductor nanocrystals characterized as reactive to control their 

optical properties. Due to their photoluminescence, quantum dots have applications in in vivo 

biomedical imaging and live cell imaging (Sturzenbaum et al., 2013), labeling of cell and DNA and to 

image cell receptors (Goswani et al., 2017).  

 

5.9. Nanofluids 

Nanofluids are a new class of fluids engineered through dispersing nanometer-sized materials, such 

as nanoparticles, nanofibers, nanotubes, nanowires, nanorods, nanosheets and/or droplets, in base 

fluids. Nanofluids are nanoscale colloidal suspensions that contain condensed nanomaterials. It’s a 

two-phase system with a solid phase in another one, the liquid. Nanofluids have been found to have 

enhanced thermophysical properties, as thermal conductivity and diffusivity, viscosity, and 

convective heat transfer coefficients, compared to base fluids as oil or water (Yu & Xie, 2012). Wong, 

(2010) and Yu & Xie (2012) reviewed the applicability of nanofluids in electronic applications, 

transportation, industrial cooling applications, heating buildings and reducing pollution, nuclear 
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systems cooling, space and defense, mass transfer enhancement, energy storage, solar absorption, 

friction reduction, magnetic sealing, antibacterial activity, nanodrug delivery, intensify microreactors, 

nanofluids as vehicular brake fluids, nanofluids-based microbial fuel cell and nanofluids with unique 

optical properties.  

Jama et al. (2016) presented a review on nanofluids, their preparation, characterization, nanoparticle, 

base fluid and synthesis process and applications. Nanofluids applications are referred to in cooling 

applications, in vapor compression cycles, in microchips, server, automotive (Bigdeli, Fasano, 

Cardellini, Chiavazzo & Asinari, 2016), aerospace, defense cooling, heat exchanger, biomedical and 

mechanical processes energy industry, solar energy and desalination, optical, friction diminishing, 

magnetic sealing, detergent and geothermal energy extraction.  

 

6. INDUSTRIAL/COMMERCIAL USE OF NANOTECHNOLOGY 

Section 5 of the current chapter described the major categories of nanomaterials and their 

applicability mainly based on research conducted by investigators within higher education institutions 

and R&D centers. Within the scope of the work of this thesis, it is crucial to understand the practical 

application of them in Society. The latest report of OECD (OECD, 2016) measured the current value 

of the nanomaterials’ market at around 20 billion euros, predicting an increase of their effective 

commercial use. Focusing in the real utilization of nano-based products (with)in Society and aligned 

with this objective, Vance et al. (2015) redeveloped the Nanotechnology Consumer Products 

Inventory (CPI) by leading a research effort to increase its usefulness and reliability. With that as a 

main goal, it was created a set of eight new descriptors for consumer products, that includes 

information pertaining to the nanomaterials contained in each nano-based product. The project’s 

motivation was based on the recognition that a diverse group of stakeholders from academia, 

industry, and state/federal government had become high dependent on the inventory as a very 

important resource of the pervasiveness of nanotechnology in Society. In 2015, CPI listed 1814 

consumer products from 622 companies among 32 countries.  

From the project of the CPI optimization, and aligned with this thesis’ mission, the following highlights 

are considered: 

-Health and fitness category gathers the highest number of them with a total of 762 (42% of the total 

amount); 

- Silver is the nanomaterial most frequently used, i.e., 435 products (24% of the total amount); 

- About 29% of the CPI, around 528 products, contain nanomaterials suspended in a variety of liquid 

media and dermal contact is the most probable exposure scenario from their utilization; 

- 1288 products (71% of the total amount) of the products don’t present enough supporting 

information to corroborate the claim that nanomaterials are used; 

- 846 products (47% of the total amount) advertise the composition of, at least, one nanomaterial 

component; 

 -62 of the previous 846 products list more than one nanomaterial component; 

- there are 39 different types of nanomaterials, which have been grouped into five main categories: 

metal, carbonaceous, silicon, not advertised and other.  

- 37% of the products belong to the metals’ group; 
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- Titanium oxide, silicon oxide and zinc oxide are the most produced ones, based on large-scale 

production. 

Currently, the redeveloped CPI has 1827 inventoried products for consuming.   

With a consumer products’ orientation, the Japan’s National Institute of Advanced Industrial Science 

and Technology developed an inventory related to nanotechnology-claimed consumer products 

(Michelson, 2013).  

Two European consumer organizations, European Consumer Voice in Standardization (ANEC) and 

European Consumer Organization (BEUC) developed an inventory of the consumer products that 

contained nano-claims. However, the latest version, dating from 2012, only presented information 

regarding silver nano-based products. (BEUC). Latest information dates from 2012. Maintaining the 

focus in nano-based products available for consumers, the Technical University of Denmark’s 

(Department of Environmental Engineering), the Danish Consumer Council and the Ecological 

Council launched the “The nanodatabase” that inventories nanomaterials that can be acquired. 

Currently it presents 2870 products that can be purchased (The Nanodatabase, 2017).  

There are examples of industrial research within this topic, prevailing at the multinational level 

enterprises from various sectors. BASF is one of the leaders in chemical area, followed by L’Oreal, 

one of the biggest holders of nanotechnology patents.  

Under the scope of the Horizon 2020, since 2014, 976 projects related to “nano” were financed, and 

a total of 2404 if also including the funding programme 7FP. Focusing on European projects for 

which, at least, one of the objectives is to explicitly deepen the collaboration among stakeholders 

regarding nanotechnology, REACHnano (2017) intends to provide to industry and stakeholders an 

easy-to-use tool with the main objective the risk assessment of nanomaterials along their lifecycle. 

Additionally, NANOLEAP (2017) project‘s goal is to promote industrial applications cases related to 

nanotechnology. Finally, one of the aims of NANoREG (2017) is the establishment of a closer 

collaboration between stakeholders, especially authorities and industry, considering risk 

management of nanomaterials. 

 

7. TRENDS IN NANO-BASED PRODUCTS 

OECD identified forty key and emerging technologies for the future, mapped into four quadrants that 

represent broad technological areas (OECD, 2016): biotechnologies, advanced materials, digital 

technologies, and energy and environment. Nanomaterials are highlighted in the advanced material 

quadrant. However, their applications and usage are transversal to other technologies and areas, as 

presented in Section 5 of the current chapter. The utilization of nanoparticles/materials within energy 

and environment, digital and biotechnologies fields reinforce the relevance of understanding their 

potential and increase the mission of a responsible fabrication and product’s life-cycle to respect 

Society. Furthermore, nanomaterials are expected to have impact in research and, mostly, 

consequent commercial applications and usage in industry sectors (OECD, 2016; EC, 2014). The 

description in Section 5 reinforces OECD and EC’s conclusions of the main sector of Society 

regarding applications in medicine, imaging, energy, catalysis and lightweight construction, among 

others.  

Medicine is the area with highest expectations for the usage and improvements provided by 

advanced nanomaterials (OECD, 2016; Vance et al., 2015). Other sectors of Society are highlighted 
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as well, such as textile by nanofibers, including military safety, energy with smart polymeric 

nanomaterials and food packing industry (EC, 2014).  

In EC (2014), graphene and related materials are evidenced as promoter of enhanced applications, 

processes and products in a large range of sectors and industries. Future trends consider a better 

understanding of its physical properties, decrease the economic cost, and increase its production. 

Potential areas of application include consumer electronics, efficient energy storage solutions, such 

as lightweight batteries for electric cars, biological and chemical sensors, replacing option of scarce 

elements as platinum in the role of catalysts in chemical processes, coatings and lightweight 

composite materials for vehicles, aircrafts and satellites, and vehicles. Graphene, due to its 

uniqueness of combination of nano-scale electronic and optical properties, could be a potential 

possibility for the next generation of electronics, displays and photovoltaic panels. Its flexibility allows 

for considering it to address fundamental societal challenges in Europe, e.g., in ICT, air and land 

transport, building and cities, (renewable) energy production and in healthcare applications, amongst 

others. 

In the energy sector, reduction of costs and efficiency improvements are estimated in wind-power 

and in photovoltaic cells, as well as for storage, in batteries and superconductors. In the transport 

sector it is also highlighted, considering that new graphene-based composite materials will improve 

the fuel efficiency of road vehicles and aircraft, reducing their weight also. 

Focusing the trend analysis in applications, nanomaterials will improve or create smart polymers for 

smart irrigation and environmental biotechnology (OECD, 2016; EC, 2014). There is the conviction 

that nanomaterials, particularly multilayer ones, will have a strong utilization for ICT and transport, 

advanced smart multifunctional foams with improved structural integrity, sound absorption and 

dielectric losses;  

Nanoporous materials in assembled products as gas storage, batteries will be capitalized and the 

exploitation of quantum phenomena in nanomaterials will allow their application in several 

nanoelectronic and nanophotonic applications. 

Das, Sen, & Debnath (2015) reviewed the recent trends in nanomaterials applications within the 

thematic of environmental monitoring and remediation. Twenty-six different nanoparticles 

applications are listed for environment remediation and thirty-four embracing also monitoring and 

energy efficiency, namely for renewable energy systems, detection and monitoring of pollutants, 

management of waste, soil and land treatment. Conclusions highlighted the early R&D stage of most 

of the nanomaterials reviewed, reinforcing the scarcity of those that are already commercially 

available.  

 

8.  CURRENT BARRIERS AND OBSTACLES 

Despite the enormous growth of nanotechnology and its relevance, the uncertainty inherent to a 

relatively “new” technology subsists, especially due to the scarcity of information and studies 

regarding their impact on health and on the environment. This is seen as a limiting factor to a broader 

incorporation of nanotechnology in industry (EC, 2013). 

The use of nanomaterials in different consumer and commercial applications raises questions about 

the potential risks that might arise if people or the environment become exposed to nanomaterials 

during their manufacture, use or disposal. As nanomaterials come in a variety of forms based on 

both their chemical composition and their physical structure, the environmental, health, and safety 
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risks may differ (Persons et al., 2014; Thomas, 2011). The experimental studies reported so far are 

not systematic yet, since this is a very new field and information is limited. Performed in vivo-in vitro 

tests are not certificated, being addressed to a diverse scope of applications with no comparable 

results. 

The European Commission, through the Registration, Evaluation, Authorization and Restriction of 

Chemicals (REACH), identify and manage risks linked to the substances imported, manufactured 

and marketed. Only recently it is developing efforts to address nanomaterials directly. Regarding the 

workplace exposure management, the European Agency for Safety and Health at Work (OSHA) 

published several contents regarding occupational risks and prevention in the healthcare sector 

(EASHW E-fact 73, 2013) and maintenance work (EASHW E-fact 74, 2013), as well as good 

practices in the management of these materials (ECHA, 2012). In the United States, the National 

Institute for Occupational Safety and Health (NIOSH) recently released the recommended exposure 

limits to individuals working with carbon nanotubes (Persons et al., 2014). Several European Union 

industrial sectors are covered by specific regulations that also regard nanomaterials (Bartl, 2014): 

Waste Electrical and Electronic Equipment (WEEE) - Directive 2012/19/EU (electronic waste 

management); Restriction of the use of certain hazardous substances (RoHS) - Directive 2011/65/EU 

(hazardous substances in electrical and electronic equipment usage); Commission Regulation 

169/2011 (authorization of diclazuril as a feed for guinea fowls); Commission Regulation 10/2011 

(plastic materials and articles intended to come into contact with food); Commission Regulation 

1223/2009 (on cosmetic products); and Commission Regulation 528/2012 (making available on the 

market and use of biocidal products). 

Even considering the efforts that have been developed, the lack of information and the lack of 

knowledge about safety and occupational health risks and environmental impact of several 

nanomaterials and nanoparticles are still present and it is mandatory to protect all the involved, 

providing detailed and specific data. Schulte et al. (2013) suggested five criterion actions that should 

be practiced by the stakeholders at the business and societal levels towards a responsible 

nanotechnology development. These include: 

- Anticipate, identify and track potentially hazardous nanomaterials in the workplace; 

- Assess workers’ exposures to nanomaterials; 

- Assess and communicate hazards and risks to workers; 

- Manage occupational safety and health risks; 

- Foster the safe development of nanotechnology and realization of its societal and commercial 

benefits. 

The uncertainties, concerns and barriers for a deeper number of nano-based products commercially 

available are referred and reinforced in most of the references used in this thesis. Table 4 highlights 

some of them. 
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Table 4 – Identified barriers to higher commercial nano-based products available in the market 

Reference 
Barriers to higher commercial nano-based products available in the 
market 

RSPD, 2004 

. Impact of nanotechnology in human health 

. Inadequate characterization and measurement tools for on-line and in- 
line monitoring and processing at nanoscale 
. Uncertainty of the advantages of new nano-based products or technique 
economically advantageous compared to the existing similar function one 
. Scaling up from academic laboratories to large-scale production (with) 
industry 
. Insufficient understanding and knowledge for synthesize complex 
nanostructures at large-scale  and enable the design and production of 
desired nano-based products with particular features  
. Lack of specific regulation for standardization of processes and 
classification 
. Uncertainty regarding insurance cover related to nano-based products  
. Health and environmental concerns due to existing uncertainties 
. Risk and hazard data still incomplete 
 

Boxall et al., 2007 

. Scientific evidence indicates that free nanoparticles can penetrate 
cellular barriers 
. Exposure to some forms of nanoparticle can lead to an increased 
production of oxyradicals and potential oxidative damage to the cell  
. Little is known about the impacts on the environment that may result  
from the release of nanomaterials, especially free nanoparticulate forms 
 

Ashby, 2009 

. Several unaddressed open questions about health impact of 
nanomaterials 
. Studies with limited scopes and small sample sets which resulting 
conclusions may or may not have the general applicability claimed 
. Research gaps in several areas namely, general exposure risks, effects 
of specific composition, particle size and shape 
. Unbalanced between statements (communication) and confirmation of 
hazards 
. Difficulties in addressing toxicological effects due to the wide variety of 
nanomaterials forms, sizes, shapes, processes 
 

Hasmi et al., 2011 

. Occupational health and safety 

. Effects of exposure levels 

. Pollution assessment and treatment 

. Dedicated life cycle for nano-based products inexistent embracing 
energy use for synthesis, raw-materials evaluation of technology and 
waste products disposal 
 

Chariditis, Georgiou, Koklioti, Trompeta, & 
Markakis, 2014 

. Safety issues 

. Health hazards 

. Environmental, health and toxicity issues related to the synthesis stage 

. Insufficient research concerning toxicological and ecotoxicological 
properties of nanoparticles 
 

EC, 2014 

. Optimum balance between exploitation of nano-based products and 
processes and safety and environmental assessment 
. Lack of data on exposure to nanomaterials via the environment 
. Deepening risk assessment should be performed on a case-by-case 
basis, using pertinent information 
 

Vance et al., 2015 

. Unstandardized methods and metrics for nanomaterial characterization 
and labelling 
. Inexistence of a unified European registry for the decrease of production 
costs for industries, beneficiting consumers, producers and governments 
in consumer products 
 

CarbonInspired, 2015 

. Not advantageous the cost of production of nano-based products versus 
economical profit 
. Lack of information regarding nanomaterials potential 
. Lack of knowledge regarding nanomaterials  
. Occupational health and safety concerns 
. Uncertainties regarding environmental impact  
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Reference 
Barriers to higher commercial nano-based products available in the 
market 

OECD, 2016 

. Cost of the R&D instrumentation for advanced nanomaterials 

. Research, stifles investigation in many academic laboratories and 
hampers innovation in small companies 
. Delay of commercial-scale production due to lack or inadequate 
understanding of physical and chemical processes at the nano-scale and 
to the inability to control the necessary high-throughput production 
. Unintended hazards, toxic effects, to humans and environment 
. Nanomaterials, in some specific environments, probably need regulation 
. Risk assessment still presents a considerable lack of data of exposure 
of nanomaterials to the environment, requiring more research 
 

Sia, 2017 

. Current regulatory framework doesn't guarantee traceability of the 
market 
. Unique regulation about presence of nanomaterials labels 
. Lack of evaluation of security and sustainability of nanomaterials and 
nanotechnologies that include risk analysis along the nano-based 
products' life cycle also life cycle assessment 
. Uncertainty of the implications of nanotechnology concerning toxicity, 
biodegradability of nanoparticles and nanomaterials, effects in health 
. Unpredicted financial consequences in large-scale production of nano 
based products compared to the traditional ones 
 

 

In the next chapter, selection strategies for materials and techniques will be presented. Particular 
attention will be given to ecodesign and nanotechnology-related tools. 

 



 

 

CHAPTER III. DESIGN MODELS AND PROCESSES 

1. INTRODUCTION 

Models, processes and tools accessible in the literature and that may be used to the evaluation and 

decision-making of materials and fabrication techniques are presented in this chapter. The selection 

strategies for materials and processes are highlighted, as well the eco-design tools and the current 

models specifically dedicated to nanotechnology.  

 

2. DESIGN PROCESS OF A PRODUCT 

Being “design” a word of Anglo-Saxon origin that means the translation of ideas and/or a market 

need into information that might be used to a product’s manufacturing, materials and processes must 

be considered and are, indubitably, linked. To transform a material, it is necessary a process. The 

creation and production of a product imposes a combination of material and process that addresses 

the objective of the producer. The procedure of choosing the best solution for a specific objective, 

this is, a specific application, is still a challenge nowadays (Ashby, Shercliff, & Cebon, 2007). 

Furthermore, the number of possibilities from input data of materials to output data and product, 

represents a complex optimization problem if regarding to performance, efficiency, benefit-cost, 

societal challenges, that raises the requirements of choosing the most suitable options. As described 

by Ashby (2011), as an example of the large amount of information, the properties of materials are 

well documented in handbooks, such as ASM Materials Handbook along twenty-two volumes.  

Nowadays, in an era of digital data, procedures and algorithms used for management of large amount 

of data (by collecting, storage and manipulation) are particularly challenging. The digital technologies 

forced the need for new or readjusted approaches to lead information, namely scientific and 

technological, towards community, either academic (research and scientific), civil and/or 

industrial/business, with the goal of improving the decision-making process, particularly the quality 

and reliability of its decisions (Brunswicker, Bertino, & Matei, 2015). Furthermore, data is considered 

the new raw material of the 21st century (Maude, 2012), and the capability of handling and extract 

value from it, in an optimized way, is one of the challenges of today’s Society.  

Moreover, in the last decade, the relevance of the management of abundant and massive data, 

became almost impossible to process by means of traditional procedures due to their size and 

complexity (Janssen, Voort, & Wahyudi, 2017). Due to the huge amount of data provided by digital 

media available, this conducted to the definition of Big Data, attributed to Roger Magoulas from 

O’Reilly media in 2005 with a simple definition of “big data is when the size of the data becomes part 

of the problem”.  Big Data became an area of study for users and researchers (Elgendy & Elragal, 

2016; Akoka, Comyn-Wattiau, & Laoufi, 2017; Yaqoob et a., 2016; Horita, Albuquerque, Marchezini, 

& Mendiondo, 2017). Innumerable steps for the Big Data process initiating with data acquisition and 

resulting in a decision/solution can be confirmed in literature. Numerous examples of steps to take 

can be found for the management of data, namely (Bizer, Boncz, Brodie, & Erling 2012; Chen & 

Liu,2014; Marx, 2013). Independently of the number and terminology of them, a common set of steps 
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can be clustered, such as data acquisition, data processing and output data, after decision-making. 

Currently, Big data is featured by means of three (or more) Vs: Volume, Velocity and Variety (McAfee 

& Brynjolfsson, 2012). Gandomi & Haider (2015) added three more Vs to the aforementioned ones, 

that are: Value, Veracity and Variability. However, even if it could provide more accuracy and detail, 

the additional Vs increased the complexity in handling data (Elgendy, & Elragal, 2014).  

Considering the three Vs, the volume, is translated into size of data, velocity, into the speed of the 

input and output data and variety, related to the types of data and sources. Veracity refers to 

(in)completeness of data, out-of-date and/or contains additive noise (Gandomi & Haider, 2015). The 

quality of data is also important to address as a multidimensional concept describing properties of 

the information such as timeliness, accuracy, (in)completeness, consistency, fitness and relevance 

for its usage (Miller, 1996; Wang & Strong, 1997). Research regarding the use of data showed that 

it influences the quality of decision-making (Keller & Staelin, 1987). Consequently, Big Data quality 

might influence decision-making quality. Janssen, Voort, & Wahudi, (2016) showed that quality of 

the input (source) data, the processing of it and how to transfer the data is assured, influences the 

quality of decision-making.  

Focusing data and its management in(to) the design and manufacturing of a product, which is part 

of this thesis work, the selection of materials and processes embraces volume, velocity, variety of 

materials and hundreds of processes to shape, join and finish products or a system. Since the decade 

of 1990, with Farag (1989), Dieter (1991), Crane, Charles & Furness (1997), Ashby (1999); Lewis 

(1990) and recently Ashby, Brechet, Cebon, & Salvo (2004), relate the selection of material with 

strategy and quality. Introducing the term, strategy, the selection of material encompasses the 

methods adopted but also the definition of a coherent plan and actions that lead to an evident impact 

of the product on the market (Porter, 1980; Porter, 2008). 

One of the particularities of optimized design of a product or system is that of selecting, from a wide 

domain, the materials and processes that best meet the needs and demands of the design, seeking 

the performance’s maximizing and minimizing of its cost. The challenge, being always an ongoing 

process, is that of matching the most adequate material and process’s attributes to the design 

requirements. 

Particularizing attribute of material and processes, its nature is important to explore. Attributes can 

be translated as numbers, e.g. density; others are Boolean, e.g. recyclable; and some of them, e.g. 

resistance to corrosion, can be expressed by means of ranking. The match with the design 

requirements presuppose four basic steps: (1) a method for translating design requirements into a 

feature for material and, also, for process. (2) a procedure/methodology for screening out the ones 

that don’t address the specifications, leading to filtered domain, different from the original. (3) a 

scheme for ranking the selected materials and process, and (4) search method to support information 

regarding the top-ranked selected options, providing background data about strengths, weaknesses, 

usage’s historic and future potential applications (Ashby, Brechet, Cebon, & Salvo 2004).  

It is crucial to understand the nature of the information, particularly regarding materials and 

processes for the product’s manufacturing. Figure 6 gathers data for materials and processes. 
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Figure 6 – Data nature and data support information (adapted from Ashby, Brechet, Cebon, & Salvo (2004)) 

 

Quantitative data promotes an easier management of information which streamlines the decision-

making. A specific value provides a narrowed domain for subjective interpretation. On the other hand, 

qualitative data, independently of the chosen allocation as based in ranking or a simple on/off 

classification, can lead to a wider universe of solutions. The source of data, in which the quantitative 

or qualitative data relies, offer distinct approaches with different historic methods, such as analytic, 

empirical, statistical, theoretical, practical and other types of supporting information.  

Beyond the data, the selection strategies are also determinant. D’Errico (2015) states that a selection 

strategy works by considering the possibilities (variety) of conversion a set of input data, of the 

product, into a set of output data. In a nutshell, an effective material and process selection strategy 

shall seek solutions capable of putting into a product the customer (Society) requirements and, at 

the same time, providing the perception to users that their expectations have been finally satisfied. 

Figure 7 illustrates the design process of a product (Ashby, Brechet, Cebon, & Salvo, 2004). 
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Figure 7 - Design process of a product (adapted from Ashby, Brechet, Cebon, & Salvo (2004)) 

 

Considering as the starting point the market need, carefully identified, and stating the problem to 

solve, the essence of a product design and development follows the stages of the idea materialization 

by means of concept development with several possible scenarios, its embodiment and deepened 

for an accurate approach in which cost is considered. The product specification is relevant for an 

analysis before the production stage. After a first draft, and accordingly to the initial requirements, 

the re-design, during stages embodiment and detail, is possible to optimize the prototype and 

preceding the production phase. 

The information of the chosen materials and processes are needed during all stages of the product’s 

design process, with a wide database of all materials and processes at the top and a filtering process 

until the bottom, in order to obtain an optimized solution regarding the selected materials and 

processes of production.  

The strategies for the materials and processes selection should obey distinct steps, related to the 

phase of the production chain. In a nutshell, under the scope of the thesis objectives, the following 

major considerations are highlighted: 

- Material selection with an ideal minimization of the cost, assuring the product’s attributes goals, and 

the embodied energy involved; 

- Manufacture with a minimization of the energy consumption during the production stage and its 

related costs. Processing or fabrication properties of the materials must be attained; 

- Transport with an ideal minimization of the overall costs; 

- Usage with an ideal minimization of the energy consumption (if applicable) and electrical losses; 

Product specification 

Concept 

Embodiment 

Detail 

Market need 

Problem statement 

Production 
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- Final disposition with a preferential option for recyclable and non-toxic materials. 

To pursuit the solution that best fits the objectives of the material selection stage, it is crucial to exploit 

the properties, mechanical, thermal, electrical, magnetic, optical, eco and chemical, offered by the 

materials and the optimal process that materializes the product (Ashby, Shercliff, & Cebon, 2007; 

Ashby & Johnson, 2014; Ashby, 2011; D’Errico, 2015).     

For that matter, it is necessary to establish the strategy and procedures to conduct the proper 

material(s) selection for a specific end and main attributes of materials must be highlighted. Figure 8 

reveals the cycle for material selection that is dependent and conditioned by its function and specific 

application. Materials’ attributes and documentation are important, as reinforced in Figure 8.  

 

Figure 8 – Material selection determined by function (adapted from Ashby, 2011) 

At the same time, the processes selection is also important and determinant in the design chain. A 

process is a method of joining, shaping or finishing a material (Ashby, Shercliff, & Cebon, 2007; 

Ashby & Johnson, 2014; Ashby, 2011). The selection of one of the process depends on the chosen 

material(s) and the shape of the final product aligned with design requirements, as illustrated in 
Figure 9. 

 

Figure 9 - Processing selection (adapted from Ashby, 2011) 
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The methodology of selecting a process, like for the materials, is, naturally, iterative and the routes 

considered, from material to the final product, depend on the considered objectives and normally 

based on the production costs. The manufacturing processes can be classified as follows in Figure 

10. (Ashby, Shercliff, & Cebon, 2007; Ashby & Johnson, 2014; Ashby, 2011). 

 

 

Figure 10 – Classes of processes (adapted from Ashby, 2011) 

 

The classes of processes can be separated in distinct layers, named primary shaping and secondary 

processes. The first iteration is dedicated to shaping of primary forming processes, while the 

secondary ones are related to machining and heat-treating, changing shapes and/or properties.  

Similarly to materials classification, the taxonomy of the process domain is presented in Figure 11.  
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Figure 11 – Taxonomy of the  process (adapted from Ashby, 2011) 

 

Being design an iterative and adaptive process, as previously mentioned, and finding an optimal – 

local or global – solution, has similarities to an optimization process. The optimization concept is 

clearly identified as an analysis engine of complex decisions involving variable values to quantify the 

performance and assessing the quality of decisions. The (full or partial) search of solutions intends 

the monetization of the resources one has access to and the minimization of the associated costs. 

However, it is quite extensive the number of possible interactions between variables and between 

variables and constraints, which implies the formulation of an approximate reality problem instead of 

a real problem (Ashby, Brechet, Cebon, & Salvo, 2004). 

Within the engineering concepts, performance, cost and optimization are related in a very clear 

mode. It is intended to optimize the systems, to minimize costs and substantially improve their 

performance. Material and process selection methodologies in engineering design are, similarly, 

dedicated to support decisions often based in a high percentage of uncertainty and constraints. 

Material selection methodologies, as it happens in an optimization problem, are built to seek the 

optimum choice of materials throughout a combination of key factors, having, as an output, a product 

that materializes the desired properties and, expectedly, the global optimum solution.  

The analogy to the product’s design encounters several common points, namely the domain 

definition and building as a starting point, the formulation of the problem (idea), the constraints and 

the search algorithm with the aim of an optimal solution. As for an optimization algorithm, the search 

is repeated until the best solution is achieved. There is a direct relation with the product’s design that 

considers correction, modification, re-design through the aforementioned stages, repeating the 

selection procedure. 

But, regardless the main aim of the strategy, a material and process selection strategy is performed 

proceeding with three main consequential tasks as follows:  

- The translation of customer or user needs and demands – that is, listen to the market – for the 

product, influenced by material characteristics requirements;  
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- Considering the requirements, namely the material key-features inventory, as defined above, the 

development of the performance metrics to measure how well a material suits a set of requirements;  

- A search algorithm, particularly, a structured and consistent material selection method, to: (a) 

explore a solution domain, (b) identify materials that accomplish the constraints, and (c) rank them 

by their capacity to address the requirements.  

Description of distinct selection strategies can be found in the following references (Farag, 1989; 

Dieter, 1991; Crane, Charles, & Furness, 1997; Lewis,1990; Ashby,1999; Ashby, Brechet, Cebon, & 

Salvo, 2004; Porter, 1980; Porter, 2008). Figure 12 illustrates the implementation process that is the 

basis of all selection strategies described in literature. 

 

 

Figure 12 – Implementation process for material and processes selection (adapted from Ashby, Brechet, Cebon, & Salvo 

(2004)) 

 

Based on a set of inputs, the acquired data, and regardless the strategy to select, the aim is to obtain 

a set of outputs that is translated in a selection of the best material and process for a specific and 

required application. Highlighted by Deng & Edwards (2007) and Ashby, Brechet, & Cebon (2004), 

a detailed and comprehensive review of the strategies and methods for material selection is 

presented, being possible to identify three major groups: 

-Free search, implying quantitative analysis of data; 

-Questionnaire-based data, based on expertise capture; 

-Analogy, referenced in case studies, an inductive reasoning and analog procedure. 
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2.1. Free search data 

The quantitative analysis, as already mentioned, provides a faster way to obtain the needed 

information in a more efficient mode. Consequently, the probability of obtaining new and innovative 

solutions is higher. However, it requires a profound and dense database, suitable to be analysed 

using the conventional engineering methods. Figure 13 illustrates the involved stages. 

 

 

Figure 13 - Free search data and different stages (adapted from (Ashby, Brechet, Cebon, & Salvo 2004) and Ashby,2011)) 

 

In a nutshell, it is possible to consider the element/component attribute/function of the specific 

application, the main constraints that must be respected and the objective function to be optimized. 

Once again, the similarity with an optimization problem is noticeable.  

The selection stage proceeds in three main phases: (i) screening, ranking and information-

referenced as translated in Figure 14. Screening intends to filter the material and processes that 

don’t meet the constraints; (ii) ranking, as the expression states, ranks the possible solutions by 

means of performance metrics based in the objective function, and (iii) Information-referenced step 

considers the collection of the ranked solutions that best address the identified need. 

Design

Material

Design analysis
Function What does the component do?

Constraints What essential conditions must be met?

Objective(s) What is to be maximised or minimised?
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Figure 14 - Three main phases of general selection stage of both materials and processes (adapted from Ashby, Brechet, 

Cebon, & Salvo (2004)) 

 

2.2. Questionnaire-based data 

Questionnaires-based data provides the designer information by means of gathering the existent 

expertise in the specific field, providing a database to the user (Lovatt, 1998a; Lovatt, 1998b; Lovatt, 

Bassetti, Shercliff, & Brechet, 1999; Lebacq, Brechet, Jeggy, & Salvo, 1998; Lebacq, Brechet, 

Shercliff, Jeggy, & Salvo, 2002). The subjectivity related to the type and content of the questions 

may introduce redundancy to the acquired information, as well its accuracy. An example is 

represented in Figure 15 in the following. 

 

SCREENING

All materials and processes

Apply constraints on 

material attributes, 

compatibility with process 

and shape

Apply constraints on process 

attributes, compatibility 

with material and shape

RANKING

Subset of materials and 

processes

Use performance metrics 

(objective) to develop and 

index for ranking

Use cost model to estimate 

unit cost.

Rank by production cost

SUPPORTING INFORMATION

Ranked subsets of materials 

and processes

Local expertise, case studies 

of use, design guidelines, 

failure analyses, …

Local expertise, availability 

of equipment and tooling

Final selection of material and 

process

Material Selection Process Selection



 

39 

 

Figure 15 - Questionnaire-based data example 1 (adapted from Ashby, Brechet, Cebon, & Salvo (2004)) 

 

General questions are presented and focused on the type of materials, features and main attributes. 

This type of structure allows that all the questions are asked by the designer, but all of them aren’t 

necessarily answered. In the structure represented in Figure 16, in contrast, the answering to all 

questions is mandatory.  

 

 

Figure 16 - Questionnaire-based data example 2 (adapted from Ashby, Brechet, Cebon, & Salvo (2004)) 
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2.3. Analogy case-studies-based data 

The analogy case studies-based data is grounded on experience. The inputs are the design 

requirements, while the transfer function exploits knowledge of previous problems providing potential 

new solutions that will be processed and tested (Kolodner, 1993; Ashby & Johnson, 2001; Lae, 

Lebacq, Brechet, Jeggy, & Salvo, 2002). Figure 17 indicates the typical representation of analogy 

case studies-based data. 

 

 

Figure 17 - Typical representation of analogy case studies-based data (adapted from Ashby, Brechet, Cebon, & Salvo (2004)) 

 

The new product design is considered and its features identified. The search seeks the historic 

common characteristics. The obtained data reveal the used materials and processes that will feed 

the current one. 

 

2.4. Specialized software and database tools 

Currently, several specialized softwares and databases are provided to the designer to streamline 
the material and processes selection and in a more efficient way, reinforcing the described three 
main selection strategies. In Table 5 the main softwares are presented. 
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Table 5 - Main current specialized softwares and database tools 

Name of the software  Objective of the software Type of selection strategy Evaluation method 

CES - Granta Design  

 

Materials and process 
selection, databases for 
materials and processes. 
A  number of specialized 
database on materials and 
processes and the 
possibility to create new 
ones 

Free searching Screening of the database 

Fuzzymat  

 

Materials and process 
selection,  same 
databases as CES, multi-
criteria selection using 
fuzzy logic algorithm 

Free searching Screening on the 
database 

CAMD 

Landru 

Materials and process 
selection,  same 
databases as CES, expert 
guide for developing the 
set of requirements 
implementation of coupled 
equation and value 
analysis 

Free searching and 
questionnaire 

Screening of the database 
by a recursive algorithm 

Fuzzy Composite 

Pechambert Duratti 

Optimization of 
composites materials, 
matrix, fiber, and 
architecture. Expert 
compatibility database for 
process. 

Free searching Genetic algorithm and 
screening.  Micro-
mechanics models to 
create possible solutions 

Sandwich selector 

Lemoine 

Optimization of materials 
selection and 
dimensioning for structural 
Sandwich structures 

Free searching Genetic algorithm and 
screening. Mechanics 
modes to create possible 
solutions 

Creep selector 

Lemoine 

Selection of polymer in 
creep design 

Free searching Phenomenological and 
modelling and screening 
method 

Fuzzyglass 

Bassetti 

Optimization of glass for 
properties and 
processability. Database 
of correlation logic 
coefficients. 

Free searching  Simplex algorithm coupled 
with fuzzy logic 

Fuzzy extrude 

Heiberg 

Optimization of aluminum 
extruded  alloys selection, 
including extrudability and 
shape via expert rules 

Questionnaire Screening  

Fuzzycast 

Heiberg 

Optimization of aluminum 
cast alloys selection, 
including hot tearing and 
mould filling via expert 
rules 

Questionnaire Screening 

STS  

Landru 

Selection of surface 
treatments according to 
the compatibility with the 
base material and the 
required function 

 

Questionnaire Screening proximity on a 
tree 
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Name of the software  Objective of the software Type of selection strategy Evaluation method 

VCE  

Landru 

Identification of value 
coefficients in a design 
procedure from existing 
solutions 

Analogy  

MAPS 

Landru 

Identification of 
applications for a material 
from a properties / 
performance profile 

Free searching Screening  

Astek 

LeBacq 

Selection of optimal joining 
methods 

Questionnaire Screening 

Astek expert 

Lae 

Selection of optimal joining 
methods from existing 
solutions 

Analogy, case based 
reasoning 

Proximity on a tree 

CES aesthetics 

Johnson 

Suggestion for industrial 
design from a database of 
objects 

Analogy, case based 
reasoning 

 

Failure expert 

Bouget 

Guide to failure analysis 
and possible solutions 
from a database based of 
cases 

Analogy, case based 
reasoning 
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Together with these software examples, in Table 6 the main material databases are listed. 

 

Table 6 -Main material databases 

Name of the 
database of 
materials  

Objective of the database 

Matweb Searchable database of material properties includes data sheets of thermoplastic and thermoset 
polymers such as ABS, nylon, polycarbonate, polyester, polyethylene and polypropylene; metals 
such as aluminum, cobalt, copper, lead, magnesium, nickel, steel, superalloys, titanium and zinc 
alloys; ceramics; plus semiconductors, fibers, and other engineering materials 

Granta Design 

 

Manage information on the materials (metals, plastics, composites, and more) that are essential 
to their businesses. Granta helps them to develop and apply material intelligence, making better 
materials decisions, saving time and money, and reducing risk as they optimize their products. 
Granta also provides supporting resources to thousands of university educators worldwide as 
they teach the next generation of engineers, scientists, and industrial designers about materials, 
processes, and sustainability 

Matbase Offers multiple entry points into the largest collection of material properties on the web to date. 
The database includes physical, mechanical and environmental properties on all major material 
categories, i.e. ferrous metals, non-ferrous metals, polymers, industrial ceramics, wood, glass, 
composites and fibers, natural and artificial. Compare material properties in a few clicks, browse 
through material categories or find information on materials simply selecting one or more 
properties or keywords; Transparent – Matbase uses standard expressions, quantities and units. 
Mathbase only use a materials trade or brand name if no standard is available. Mathbase strives 
to present material properties in a way that they can easily be compared, even when comparing 
materials from different categories; Independent – Matbase is an indepent initiative. Mathbase 
doesn't get or accept sponsorship from manufacturers, suppliers or federations. Mathbase 
depends on advertisments and donations from visitors. The database is based on the Idemat 
Database from the Delft University of Technology in the Netherlands 

Omnexus Offer technical data on all chemicals and materials from all suppliers in the world in industries of 
plastics & elastomers, coatings ingredients, adhesives ingredients, cosmetics, polymer additives, 
bio-based chemicals & materials 

 

 

3. ECODESIGN TOOLS  

(With)in the scope of this thesis, ecodesign is highlighted and considered a key-element for the 

conducted work.  

Aditionally, the societal challenges, reinforced in the current work at nano-scale, and an example of 

industrial development, balanced with environmental and human health issues, are drivers for study 

and implementation of strategies towards efficient resource’s use that also embraces the 

denomination of the circular economy concept. A core of the circular economy concept is the 

assessment of materials within a closed-looped system, enhancing the use of natural resource use, 

while diminishing pollution or avoiding resource constraints and assuring economic growth (Winans. 

Kendall, & Deng, 2017). Underlying this concept, valorization and recovery of waste allow the reuse 

of materials back into the supply chain, finally providing a decoupling of the economic growth from 

environmental issues, namely, losses (Elia, Gnoni, & Tornese, 2016; Ghisellini, Cialani, & Ulgiati, 

2016). Ghisellini, Cialani, & Ulgiati (2016), and Su, Heshmati, A., & Geng, Y. (2013), among others, 

attribute the definition of the concept to Pearce and Turner (1989). Stahel and Reday (1981) 

introduced features of the circular economy, focusing in industrial economics, conceptualizing a loop 
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economy to describe industrial strategies for waste prevention, regional job creation, resource 

efficiency, and dematerialization of the industrial economy. Currently, contemporary understanding 

of the circular economy and, more relevant, its practical applications to economic systems and 

industrial processes, has evolved to incorporate different characteristics and added value from a 

variety of concepts that share the idea of closed loops, such as McDonough & Braungart (2002), 

Commoner (1971), Stahel (2010), Lyle (1994), Graedel & Allenby (1995), Benyus (2002), and Pauli 

(2010). 

Despite its practical utilization since the 70’s, the most consensual definition has been framed by 

Ellen MacArthur Foundation, introducing circular economy as “an industrial economy that is 

restorative or regenerative by intention and design” (EMF, 2013). The importance of the topic is 

confirmed by the European Environmental Agency that focuses on encouraging recycling and 

recovery strategies all along the lifecycle of a product (EEA, 2016). Currently, it is possible to define 

three major categories of the current application of the circular economy, as described in Winans, 

Kendall, & Deng (2017): 1) policy instruments and approaches; 2) values chains, materials flows, 

and products, and 3) technological, organizational and social innovation. The three categories have 

a common base, grounded on the funding programmes that sustain research and development. 

European funding areas for the period of 2018 to 2020 envisages circular economy as a priority and 

a key-element not only for current projects and initiatives integration and improvement but also the 

investment in R&D of new and advanced systems that will reinforce the new approach to economic 

growth aligned with environmental impact. 

Naturally, ecodesign stands as mandatory in the design process. Focusing in the industrial 

application, it promotes the consideration of environmental issues and aspects during the product 

development process with the main aim at the minimization of the environmental impact through the 

product life cycle (ISO 14006, 2011; Rossi, Germani, & Zamagni, 2016). Being one of the identified 

major concerns regarding nanotechnology, it is of big relevance to highlight the current tools applied, 

particularly, in the industrial sector, reinforcing the objective of the current thesis work in developing 

a tool and building an index that listen to the market needs and demands, aligned with the societal 

challenges.  

Rosse, Germani, & Zamagni (2016) performed a review of the principal eco-design tools and 

methods over the past twenty years, with the main goal to present the major obstacles the 

effectiveness of their implementation in the industrial and business sectors.  (Bovea & Pérez-Belis, 

2012) also reviewed tools combining methods for evaluating environmental requirement with 

methods for integrating them with other traditional requirements, as illustrated in Figure 18  
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Figure 18 - Tools for integrating environmental aspects into the design process (adapted from Bovea & Pérez-Belis, 2012) 

 

To establish a reference, criteria were considered, following the thesis objectives, to classify methods 

and tools related to the ecodesign, namely, the context of the product development (Baumann, 

Boons, & Bragd, 2002), the functional aspects (Navarro, Rizo, Ceca, & Ruiz, 2005), development 

process and life cycle stages (Kortman, Van Berkel, & Lafleur, 1995; Bovea & Pérez- Belis, 2012), 

the tool characteristics (Janin, 2000), highlighting the type of data, quantitative or qualitative, the 

support for the user (Byggeth & Hochschorner, 2006) and the level of integration in companies’ 

environment and dynamic (Poulikidou, Bjorklund, & Tyskeng, 2014). 

In the perspective of the most used tools and methods addressed in the literature, eight clusters of 

ecodesign are presented for the implementation of eco-design principles and procedures. Life Cycle 

Assessment (LCA) framework for the quantification of the environmental impact of products/services 

along the life cycle stages (ISO 14040, 2006 – reviewed in 2016), and commercial core software 
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tools as GaBi (2017), SimaPro (2017) and also an open source tool, the OpenLCA (2017), among 

others. Other integrated tool is the Computer Aided Design (CAD) that helps to quantify the 

environmental performances related to a product or service considering the overall life cycle. 

Diagram tools have the goal to accomplish the same objective, but focused on qualitative and semi-

quantitative evaluations, being MECO Matrix, developed by Wenzel (1998) an example. Checklists 

and guidelines support designers in choosing the best design solution by considering the product 

features for a quick evaluation, being particular important and useful during the first steps of the 

design process, as exemplified by Meinders (1997), Nordkil (1998) and Behrendt, et al. (1997). 

Designers seek to optimize specific product requirements with the main objective to satisfy customer 

needs and address markets highly competitive dynamic regarding products. Considering this 

approach, material and processes selection are particularly and strategically important. Finally, 

methods to support eco-design activities based on structured framework are presented and collected 

accordingly to their main objective, namely for support enterprises under the scope of ecoinnovation, 

implementation of the whole life cycle and for integration of distinct different tools, which is one of 

the main priorities, as already mentioned, of the European Commission. 

Four main barriers where identified in the review of Rossi, Germani, & Zamagni (2016) for the 

deepening usage of the ecodesign tools in companies’ context.  First of all, the necessity for 

dedicated knowledge (Ritzén, 2000) regarding the environmental impact and, consequently, the 

proper utilization of the ecodesign tools and methods. Secondly, the time spent in activities (Van 

Hemel & Cramer, 2002), also the very limited resources, both personal and financial, (Hillary, 2004), 

especially (with)in small and medium enterprises. The large offer of tools is also considered a barrier 

(Araujo, 2000) that increases the difficulty to choose the best option for the company purpose and 

necessity. The latter results in an over-formalization of methods and tools, leading, as a 

consequence, to the divergence between the academic method and the industry reality as presented 

by Cross (2000), Blessing (2002), among others. 

In a nutshell, despite the current barriers for a better and deeper usage of ecodesign tools in 

industrial and business sectors, there are potential opportunities to leverage its utilization, namely 

for the selection of materials and processes that are closer to the recommendations and directives 

of the topic. During the design process, the analysis of materials, including at nano-scale, 

environmental responsibilities are of high importance and one of the societal obligation of producers, 

being from academies and/or industrial sector.  

Figure 19 translates the strategy considered by Ashby, Shercliff, & Cebon (2007) for minimizing the 

impact of the design process of a product towards its penetration in the market.  
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Figure 19 -Method of selection to minimize the impact of the phase on the environment (adapted from Ashby, Shercliff, & 

Cebon, (2007)) 

 

The objective of rational selection of materials and processes embracing the environment impact, 

named ecoselection, as an objective starts with the identification of the stage of the product that 

requires more concern. The Directive 2009/125/EC, European Energy-using Products, establishes 

a framework for the setting of ecodesign requirements for energy-related products. It requires that 

manufacturers of all products that use energy “shall demonstrate that they have considered the use 

of energy in their product as it relates to materials, manufacture, packaging, transport and 

distribution, use, and end of life. For each of these the consumption of energy must be assessed and 

steps to minimise it identified”.  

Particular attention is given to end of life, with numerous options, some of them reinforced as 

priorities, by means of incentives, funding programmes, recommendations and directives, inclusively, 

aligned with the aforementioned circular economy concept and implementation, namely, recycling, 

reengineering and reuse and as showed in Figure 20. (Ashby, Shercliff, & Cebon, 2007).  
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Figure 20 - End of life options: landfill, combustion, recycling, refurbishment or upgrading, and reuse (adapted from 

Ashby,2011) 

 

Caballero-Guzman & Nowack (2016) reviewed, with deep detail, the released information on 

engineered nanomaterial(s) in the perspective of the usefulness of the current data for material flow 

modelling (MFA). Gottschalk, Sun, & Nowack (2013) also reviewed the environmental concentrations 

of engineered nanomaterials in the modelling perspective and analytical studies. Both mention the 

relevance of understanding the behaviour of the nano-based product release, into environmental and 

technical compartments, as assumed in the review. Conclusions highlighted by Caballero-Guzman 

& Nowack (2016) are: 

- Release assessment focus in lack of information regarding nano-based products flows to the 

environment; 

- Need for more systematic assessment of the nano-based product categories referenced by their 

release potential; 

- Need for coherent evaluation of release across all value chain of contemporary applications; 

- Need for the increase of information regarding engineered nanomaterials and nano-based products; 

- Growth of nano-based products in the market should be equally followed by research of their 

release as a priority, embracing environment impact and exposure assessment. Information should 

include mass of the engineered nanomaterial incorporated, potential of release, prediction of toxicity 

and the affected environmental compartments;  

- Development of recommendations, protocols and standards to improve characterization of the 

material release; 

- Definition of realistic scenarios that better translate the transformations and impact occurred during 

release; 

- Improvement of cooperation between researchers and nano-based product manufacturers for 

higher understanding of this topic; 

- Initial characterization provided by literature should be extended to a more complete description of 

the applications offered by nano-based products. Consequently, need for the identification of the 
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characterization measures to infer predicted environmental exposure and toxicity for a specific 

application. 

 

4. NANOTECHNOLOGY TOOLS 

Being the aim of the thesis work a bigger usage of nanotechnology, as well as the optimization of 

materials and techniques addressing societal challenges and, finally, the international agenda for 

responsible research, innovation and competitiveness, it is of crucial importance to understand the 

current models, tools, regulation related to it, particularly the main features, and capacity for 

integration due to the relevance of capitalizing the developed work under the scope of nano field.  

The uncertainties related to nano-based products impose better and bigger knowledge and efforts 

for a more informed Society, in order to capitalize its potential. Furthermore, nanotechnology is one 

of the key enabling technologies identified by the European Union according to the 2020 strategy 

(COM, 2009; COM, 2012), and as preconized for the period 2018 - 2020 under the scope of Horizon 

2020 funding programmes. 

Subramanian et al. (2016) compared five well documented and developed nanotechnology 

frameworks dedicated to risk management and assessment, and describes a sixth one, the 

Sustainable Nanotechnology Decision Support System (SUNDS).  

The selected frameworks are: 

- International Risk Governance Council (IRGC), (IRGC, 2017), that comprises five elements: 1) risk 

pre-Assessment; 2) risk appraisal 3) characterization and evaluation; 4) risk management, and 5) 

risk communication to study how stakeholders and civil society understand risk and participate in the 

risk governance process; 

- Comprehensive Environmental Assessment (CEA), (Powers et al., 2012), that provides systematic 

framework for organizing complex information and, also, a structured process for obtaining 

transparency in judgments about the implications of such information. It is a meta-assessment 

approach that combines features and outcomes of existing assessment methods, including life-cycle-

based approaches, decision support techniques, cost–benefit analysis, along the basic risk 

assessment paradigm; 

- Certifiable Nanospecific Risk Management and Monitoring System (CENARIOS®) (TUV SUD, 

2017), stands as the first certifiable nano-specific risk management and monitoring system that 

provides a knowledge of hazard and risk assessment, including risk monitoring tools to minimise the 

potential risks; 

- Streamlined Life Cycle Risk Assessment (SLCRA) (Shatkin, 2012), provides a framework for 

identifying and evaluating environmental burdens related to life cycles of materials and services, from 

cradle-to-cradle, since it considers the recyclability of materials; 

- LICARA NanoSCAN framework (Som et al., 2014; Harmelen et al., 2016) is a tool for the self-

assessment of benefits and risks of nanoproducts. It is a modular web based tool that supports SMEs 

in assessing benefits and risks related to existing or new nano-based products. It scans benefits and 

risks during nano-based products life cycle in comparison to a reference one with a similar 

function/functionality to enable and enhance the development of sustainable and competitive nano-

based products.  
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For the comparison of the five frameworks, seven evaluative criteria were chosen: 

- Life cycle thinking; 

- Triple bottom line, highlighting the Ethical Legal and Social Implications (ELSI) data that suggests 

the additional social and economic impacts besides the environmental one, regarding nano-based 

products (Seear et al., 2009); 

- Inclusion of stakeholders, particularly from industry (Malsch, 2015); 

- Risk management, standing one of the major concerns of (potential) users; 

- Benefit-risk assessment of nano-based products; 

- Nano-uncertainty related to current gaps in knowledge regarding nano-based products; 

- Adaptive response to new information. 

As an outcome, a Sustainable Nanotechnology Decision Support System (SUNDS) (Subramanian 

et al., 2016) was conceptualized, being a decision framework that aims to address the gap previously 

presented, by means of designed two tiers. The first one comprises LICARA NanoSCAN and the 

second includes CENARIOS®. 

The relevance of the nanotechnology field is reinforced by the initiatives and actions of the European 

Commission and OECD. Currently, the European Commission delegated to European Chemicals 

Agency (ECHA) the responsibility with this regard and with the creation of the European Union 

Observatory for Nanomaterials (EU-ON) on December 7th 2016, with the main aim of “better access 

to relevant and understandable information about nanomaterials both for European citizens and 

experts” (ECHA/PR/16/16). A study commissioned by the DG-Environment, European Commission 

(Wijnhoven et al., 2010), was conducted to develop a methodology to identify consumer products 

containing nanomaterials. It was a considerable step towards the knowledge related to the thematic.  

OECD (OECD, 2006) also presented a Testing Programme of Manufactured Nanomaterials that 

considers nanomaterials that are already in use in commercial applications, leading to questions 

regarding potential unintended hazards to humans and to the environment. The programme tested 

eleven nanomaterials: 

- Cerium oxide (ENV/JM/MONO(2015)8); 

 -Dendrimers (ENV/JM/MONO(2015)9; 

- Fullerenes  (ENV/JM/MONO(2016)21); 

- Gold nanoparticles (ENV/JM/MONO(2015)7); 

- MWCNTs (ENV/JM/MONO(2016)20); 

- Nanoclays (ENV/JM/MONO(2015)10); 

- Silicon dioxide (ENV/JM/MONO(2016)23);  

- Silver nanoparticles (ENV/JM/MONO(2015)16/PART1…7);  

- SWCNTs (ENV/JM/MONO(2016)22); 

- Titanium dioxide (NM100-NM105) (ENV/JM/MONO(2016)25); 

- Zinc oxide (ENV/JM/MONO(2015)15/PART1…3). 
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4.1. Nano-based databases 

Two types of databases on nanomaterials/nanotechnology can be defined. Product databases and 

non-product databases. The product databases provide information about products containing 

nanomaterials, while non-product databases offer data related to the use of nanotechnology and 

nanomaterials in general.  

 

4.1.1 Product databases 

Product databases provide information of nano-based products: 

- Woodrow Wilson database (The Project on Emerging Nanotechnologies); 

- ANEC-BEUC 2010 inventory of consumer products containing nanomaterials (ANEC-BEUC 2010); 

- Online database of German Environmental NGO ‘BUND’ (Friends of the Earth Germany); 

- The Mintel Global New Products Database (GNPD); 

- Household Products Database;  

- Cosmetic Products Notification Portal (CPNP); 

- The nanodatabase is developed by the DTU Environment, the Danish Ecological Council and 

Danish Consumer Council, and is an inventory of products that contain nanomaterials or are 

marketed with the word 'nano'. 

 

4.1.2. Non-product databases 

The non-product databases offer an overview of information related to the potential toxicity and/or 

hazard of nanomaterials:  

- The OECD Database on Research into Safety of Manufactured Nanomaterials, as mentioned 

above; 

- JRC NanoHub. Update of data suspended in January 2016 to congregate information, related to 

nanomaterials and provided by JRC, under the responsibility of ECHA; 

- REACH registration database; 

- Nanotechdata is a platform that provides information about existing products, methods and 

requirements.  

 

4.2. Specialized tools fully or partially dedicated to nano-scale  

Specialized tools, fully or partially, dedicated to nano-scale are still in a low number. Highlighting 

them is relevant to the work under the scope of the thesis objectives.  

Atomistix toolkit (ATK) and Virtual Nano Lab is a complete software for nanoscience, providing the 

opportunity to simulate electrical transport properties of nanodevices on the atomic scale.  

The nextnano offers to the users a software for semiconductor devices with simulators for calculating, 

in a consistent manner, the realistic electronic structure of three-dimensional heterostructure 

quantum devices under bias and its current density close to equilibrium.  
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BioVida Materials Studio is a complete modelling and simulation environment designed for 

researchers in materials science and chemistry to predict and understand the relationships of a 

material’s atomic and molecular structure with its properties and behaviour, including at the nano-

scale. 

Crystal Studio is a software package for crystallography. It is a comprehensive tool for user-friendly 

creation, 3D graphical design, display and manipulation of crystal and macro-molecular structures, 

surface or interfaces and defects and for the simulation of X-Ray, neutron and electron diffraction 

patterns and allows the creation of nanotubes, nanocones and nanotube structures assembling. 

SPIP™ is a software package for nano- and microscale image processing and Nanobridges software 

incorporates a NanoProfiler, a tool to predict different properties of nanoparticle’s using the nano-

QSAR models. 

Precautionary Matrix (Hock et al., 2013) allows the prediction of “nanospecific risk potentials” for 

synthetic nanomaterials and for their applications for consumers, workers and environment.  

Stoffenmanager nanotool (Van Duuren-Stuurman et al., 2012) is a web-based tool, allowing the 

qualitatively assess occupational health risks from inhalation exposure to Manufactured Nano 

Objects  

NanoRiskCat (NRC) (Hansen et al., 2011) is a screening tool for the decision support for 

nanomaterials, able to identify, categorize and rank exposure and effects of nanomaterials used in 

consumer products. For that, information is based on data available in the peer-reviewed scientific 

literature and in regulatory relevant sources. 

 

In the next chapter, Chapter IV, the Nano Technology Usability tool will be described as a potential 

instrument to overcome the identified barriers in Chapter II, with the objective of adding value to the 

current nanotechnology based tools that already exist in the market. 

 



 

 

CHAPTER IV. NANOTECHNOLOGY USABILITY INDEX TOOL 

1. INTRODUCTION 

The two previous chapters highlighted relevant information to pursuit the objective of the thesis work. 

High variety of data related to nanoparticles nanomaterials, fabrication techniques and applications, 

uncertainties and limitations, selection and materials processes, among others, have been 

emphasised. Table 7 summarizes and maps the highlights considered. 

 

Table 7 - Highlights from Chapter II and Chapter III 

Highlights Chapter Section 

High variety of data related to nanoparticles 2 2; 5 

High variety of data related to nanomaterials 2 2;5 

High variety of data related to (potential) applications 2 5 

High variety of data related to fabrication techniques 2 3 
Regulation is still under development in some of the stages of the nano-based product 
life cycle 2 4; 8 

Low number of projects focused on the commercial use of nano-based products 2 6 

High cost of R&D equipment for advanced nanomaterials 2 8 

Uncertainties about health impact  2 8 

Uncertainties about environmental impact  2 8 

Concerns about occupational health and safety 2 8 

Financial advantages of nano-based products versus current ones 2 8 

Massive data difficult to process and optimize with current traditional procedures 3 2 

Relevance of the information of the chosen material and processes of synthesis 3 2 

Necessity of dedicated knowledge within industry regarding environmental impact  3 3 

Lack of time, in the industrial context, to ecodesign activities  3 3 
Limited resources, personal and financial, in industry sector to allocate within the 
thematic of ecodesgin 3 3 

Large offer of ecodesign tools defocus the objective and specific purpose  3 3 
Selection and materials processes need to be closer to the market needs and demands 
also aligned  with directives and recommendations 3 3 
Release of nano-based products and engineered nanomaterials need more information, 
to be more close to reality 3 3 

More complete information about applications that incorporate nanomaterials 3 3 

Specialized tools dedicated to nano-scale are still low 3 4 
Inclusion of stakeholders, particurly from industry, to leverage nano-based products 
commercialization and acquisition 3 4 

Inexistence of an integrated tool for nano-based products  3 4 
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The need for a dedicated analysis and evaluation tool to support a confident decision making process 

of enhancing or investing in a nanotechnology product or service is evidenced and might be an added 

value to the current nanotechnology reality and an attempt to overcome current challenges. 

Seeking these goals, in this chapter, the NanoTechnology Usability (NTU) index tool, created and 

developed within this work, will be described in detail and its different stages explained. The NTU 

tool was developed to fill, or decrease, the current gap regarding the nanotechnology-based products 

and its effective application in the market. Furthermore, the NTU tool intends to improve and optimize 

the nano-based products according to the raw material used, the production techniques and the 

specific application purpose. Despite the technology developed in Higher Education Institutions & 

Research Centers, the nano-based products in the market present a shy expression when compared 

to the non-nano-based ones. The tool’s architecture was created to accomplish the following 

objectives: 

- Detailed – characterization of the stages of the nano-based product development chain; 

- Comprehensive – effective linkage in one-single tool with a cradle-to-cradle approach of the product 

development process: raw material and components; production technologies and equipment; usage 

and impact in the market; 

- Flexible – depending of the nano-based product and/or the specific application or the product’s 

maturity, the NTU tool allows the dynamic optimization of each module, maintaining the others and/or 

adapting them accordingly to the evolution process; 

- Enlightening – considering the current uncertainties and obstacles regarding the nano-based 

products usage, the NTU tool offers relevant data to address them; 

- Strategic – a realistic analysis of the market needs and demands regarding the nano-based product 

and its specific application. 

 

2. NANOTECHNOLOGY USABILITY INDEX SCHEMATIZATION 

Products that incorporate nanotechnology follow the same manufacturing cycle as conventional 

products and that is generically illustrated in Figure 21. One or more raw materials are transformed 

by a production technology into a new material, component or product. To attain the final product 

this step is repeated for the different materials and transformation processes, possibly having several 

in-between stages and assembly processes. What makes the difference between a conventional 

product and a nanotechnology based one is that at least one of the materials used is a nanoparticle, 

in the latter. Nanoparticles are objects that have at least one of its three dimensions on the order of 

100 nm or less, but even more important than their size is, most of the times, the fact that this reduced 

size may influence their physical, chemical and/or biological properties (Santos et al., 2015). 
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Figure 21 - Life cycle of a generic manufactured product 

 

Conventional product manufacturing processes benefit from several modelling tools to assist 

optimization and decision making, such as the Granta Design Tools, referred in Section 4 of Chapter 

III. The applicability of the existing software to manufacturing processes that incorporate 

nanoparticles is rather limited, because of the size influence on material properties and consequently 

on their processability, health and environment impact or recyclability. Most examples focus in 

sustainability of nanotechnology (Schaper-Rinkel, 2012). 

The NTU tool provides the analysis based on a weighted decision making support process, following 
a structured modular and systematized approach, as illustrated in Figure 22. The main purpose of 

the NTU tool is to gather information from suppliers, developers, manufactures and users on the 

different (nano)materials, processes and attained characteristics, as well as features of competing 

products, evaluate data, to score its adequacy, cost and eco & social issues and by these means to 

create the environment for a better informed decision making process. 

 

 

Figure 22 - Illustration of the main stages and dimensions of the NTU analysis tool 

 

In this sense, and following Figure 22, the NTU tool was designed based on two main stages. The 

first one is denominated the Data Acquisition stage, focused on the data acquisition for the nano-

based product developed, and offering an extensive and detailed description of the raw material, its 

properties and related features for the intended specific application.  

The second stage of the NTU tool, the Evaluation stage, offers the user a data evaluation considering 

three main pillars for its maturity to enter the market. The Eco & Social indicator, the (global) Cost 

indicator and the Adequacy indicator, put focus on the usage, not only by considering the specific 

proposed application but also taking into account a comparative analysis of the current competing 

products. 
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2.1. The Data Acquisition stage 

The Data Acquisition stage of the NTU tool analyses a nano-based product for a specific application 

from its origin to its practical usage, requiring information from four major topics: 1) raw material(s); 

2) production; 3) product and 4) application, as it will be explained bellow. It considers four main 

modules, as illustrated in Figure 23 and described in the following. 

 

 

Figure 23 - Data acquisition stage schematization 

 

Pre-stage: Identification of the raw material(s) and of the nano-based raw material(s), with reference 

to ISO/TS 80004-2:2015, of the nano-based product. 
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Module I: Raw material(s) 

The Raw material(s) module comprises the raw material characterization considering the life cycle, 

by means of considering the raw material’s recycling process and the occupational health and 

security factors taking into account: 

Main attribute(s): One of the most relevant parameters of module I, since it highlights the main 

attribute(s) that justifies the chosen raw material for the nano-based product and specific application, 

as addressed by Ashby, Ferreira, & Schodek (2009); 

Origin: Information regarding the supplier of the raw material, referred in Section 2 of Chapter III and 

addressed by Elgendy & Elragal (2016); 

Cost: Information regarding the acquisition and/or extraction cost of the raw material, referred in 

Chapter II, Sections 3, 7 and 8 and Chapter III, Sections 2 and 4; 

Recyclability requirements: Description of the recyclability conditions for the considered raw material, 

including the procedures for recycling and standards, referred in Chapters II, Sections 3 and 8 and 

Chapter III, Sections 2 and 4; 

Occupational, Safety and Health factors: Being one of the concerns for the current rate of 

nanotechnology produced versus practical application, it is of a major importance to describe the 

occupational, safety and health (OSH) factors and potential hazards of each raw material and safety 

and protective measures to consider in order to minimize the impact in health and safety. This is 

referred in Chapter II and Chapter III, Section 3. 

 

Module II: Production  

The Production module focuses in the financial, health, environmental impacts and measuring the 

costs and the energy consumption related to nanomaterials production/manipulation/assembling 

(Jung & Lee, 2014; EASHW, 2013). 

Main function(s): Description of the main function of the consumable/equipment for the specific 

nano-based production and application; 

Function cost/consumable: Reference of the ratio between quantity per element unit consumed, 

referred in Chapter II, Sections 3, 7 and 8 and Chapter III, Sections 2 and 4; 

Energy usage: Measured in kWh, unit of energy equivalent to one kilowatt (1 kW) of power sustained 

for one hour, referred in Chapter II, Section 8 and Chapter III, Section 2; 

Environmental impact: Description of the environmental impacts, if exist, of the usage of the specific 

consumable/equipment considered, referred in Chapters II, Sections 3 and 8 and Chapter III, 

Sections 2 and 4; 

Occupational, Safety and Health impact: Being one of the concerns for the current rate of 

nanotechnology produced versus practical application, it is of a major importance to describe the 

potential hazard of each consumable and safety and protective measures to consider in order to 

minimize the impact in health and safety. Referred in Chapter II and Chapter III, Section 3; 

Output characteristics: Characteristics of the output component or product. 

 

 



 

58 

Module III: Product 

The Product module analyses the potential of the nano-based product regarding its performance for 

the specific application. This module has particular relevance of the effective establishment of the 

communication channel between developers and the potential users, due to the fact that the 

performance indicator is dependent on the market needs and demands. 

Performance: Oriented for the client, an analysis of the product’s performance is described with the 

focus of the specific application of the nano-based product developed, addressed by Caballero-

Guzman & Nowack (2016) and Hashmi (2011); 

Safety: Considers the general safety requirements of the nano-based product referenced by General 

Product Safety Directive (GPSD) 2001/95/EC;  

Final disposition: considering a (potential) cradle-to-cradle approach of a product, describing the 

nano-based product final disposition. Addressed by Winans. Kendall, & Deng (2017), referred in 

Chapters II, Sections 3 and 8 and Chapter III, Sections 2 and 4. 

 

Module IV: Application  

The Application module presents the highest proximity to the market, since it predicts the applicability 

of the nano-based product, and translates it considering the current Technology Readiness Level 

(TRL) of the product, the type of innovation (Schaper-Rinkel, 2012) that it offers and its impact.  

Technology Readiness Level: Highlights the technology maturity of the nano-based product 

referenced on a scale from 1 to 9 and linked to the Technology Readiness Level (TRL) definition of 

the European Commission definition; 

Type of innovation: Characterization of the nano-based product regarding the type of innovation. It 

is considered, aligned with the objective of the thesis, the product and/or process type of innovation 

is considered as highly or medium, as referred by Oslo manual (OECD, 2005); 

Innovation impact: Based on the scales attributed by Garcia & Calantone (2002), defines the impact 

towards the current market, based on analysing if it is radical, really new or incremental, according 

to the technology at the micro level. 

To the best knowledge of the author, the discussion of each stage, as highlighted by the NTU tool, 

will provide valuable and strategic information required for the decision-making process. 

Furthermore, the NTU tool can also be used to individually evaluate each module or stage allowing 

the improvement and management of each one in a comprehensive manner. 

 

2.2. Evaluation stage 

 

The Evaluation stage has a major role in the NTU tool to achieve the NTU index. Evaluation is the 

process of making comparisons for the purpose of improving decisions, this is, it compares what has 

been accomplished (evidence) with what should have been accomplished (criteria) and then makes 

a judgment about how well it was done (Taylor-Powell, Rossing & Geran, 1998; Weiss, 1999). For 

the comparison and the feasibility of the evaluation process, it is of great importance the systematic 

collection of information about the activities, characteristics and outcomes of programmes to be used 

to reduce uncertainties, to improve effectiveness and make decisions regard to what is the 
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programmes’ role (Patton, 1986). An addition factor for an effective evaluation stage is the 

establishment of proper criteria (Mendenhall & Scheaffer, 1973). 

Resuming, evaluation is a purposefully systematic and scientific tool that, based on a historic, can 

assist decisions in short-medium and long terms. It needs to be grounded considering specific 

parameters about a project/idea/service/product and obtaining answers.  

The evaluation stage of the NTU tool allows the user to evaluate the acquired data and of the 

considered nano-based product, provided by the first stage to obtain a weighted decision, taking into 

consideration all the main steps of the product development, bounded by the options regarding the 

raw materials and production processes considered for the specific application.   

The evaluation is particularly and strategically relevant due to the realistic analysis it provides with 

the main goal of an effective and successful penetration of the nano-based product into the market. 

It envisages its potential, considering all production chain, from suppliers of the raw materials to lead 

users’ feedback and potential identification of clients. 

Being an instrument for decision-making, the type of evaluation of this stage is based on a rating 

scale, with a cost-benefit and cost-effectiveness design analysis. It embraces two main pillars of 

evaluation, the formative and the summative. The formative evaluation considers its implementation 

during the development of the nano-based product. It is conducted while the product is being 

developed and it focuses on identifying the progress towards the objectives. Consequently, it can 

improve one of the modules or even the whole of the first stage of data acquisition. The summative 

evaluation occurs by examining and predicting the effects of the nano-based product in the market.  

With the major goal being to enhance the number of nano-based products usage in the market, it is 

particularly important to establish the standards for the evaluation design (UNICEF, 2010) 

considering: 

- Utility standards, to increase the extent of stakeholders that consider evaluation valuable; 

- Feasibility standards, to enhance the efficiency and effectiveness of evaluation being realistic, 

prudent and frugal; 

- Propriety standards, to assure that an evaluation will be conducted legally, ethically and with due 

regard for the welfare of those involved in the evaluation, as well as those affected by its results. 

- Accuracy standards intend that an evaluation will reveal and convey technically adequate 

information about the features that determine worth or merit of the data that is in analysis. For the 

defined purpose and to diminish the current identified uncertainties that might contribute for the 

current gap between the nano-based products developed in higher education institutions and R&D 

centers, three impact indicators were created for the evaluation of the developed (or in development) 

nano-based product.  

The impact indicators evaluate the data acquired in the first stage with the goal of a weighted 

decision. The evaluation process follows a rating scale from 1 to 5, similar to the ones used in 

European funding programmes, in order to assess the potential viability and success of the 

nano-based product for innovation and market’s competitiveness. Furthermore, it discretizes the 

scores to readjust and/or optimize the product development, since the evaluation is formative, 

regarding individual or set of parameters from raw materials, components, techniques, equipment to 

complementary production stages related to OSH, recyclability and environment. In a nutshell, the 

impact indicators, factors and measures are described in Table 8. 
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Table 8 - Impact indicators, factors and measures of the Evaluation stage of NTU tool 

# Impact indicator 
Factors of the impact 

indicator 
Factors’ Measures 

1 Eco and Social  Environmental Recyclability 

Environmental data 
Environmental impact 

Occupational Safety and 
Health (OSH) 

OSH data 
OSH impact 

2 Cost  Economical  Raw material cost 

Price of equipment 
Human Resources salaries 

Energy  Energy consumption 
Energy cost 

3 Adequacy Product  Product performance data 
Product performance for the 
specific application 
Current TRL 

Competitors  Type of Innovation 
Innovation impact 

SWOT analysis 
 

 

2.2.1. Eco and Social impact indicator 

The Eco and Social (Eco & Social) impact indicator measures the environmental and social impacts 

of the nano-based product in Society, translated in well-being, quality of life, consumption behaviours 

and patterns and social practice in societies. It embraces relations between individual and 

organisations but also with products and infrastructures and with nature, by means of two factors, 

environmental and OSH. It is widely perceived that there is an important need for further information 

and knowledge regarding the consequences of manufactured nanomaterials on human health and 

the environment. It also includes uncertainties associated to hazards to health that may arise during 

the production, manipulation, usage and disposal of the aforementioned materials. Furthermore, the 
increase of nanomaterials that are being produced resulted in an urgent need to address exposure 

and risk assessment data gaps. 

Environmental: The interaction of human with nature is particularly relevant for the environmental 

impacts. International organizations are focused on this factor as determinant for R&I policies’ 

optimization, considering wide disseminated knowledge and new practices that intend to the 

behavioural mind-set change (UNESCO, 1997). In this sense, three measures are applied for an 

accurate and society driven decision making, recyclability, environmental data and environmental 

impact. 

Recyclability is crucial – of both specific raw material(s) and the ended nano-based product – 

especially because, currently, products containing nanomaterials are being recycled with the same 

procedures of similar products without them. No nanomaterials-separation-focused of products is 

known and the existing recycling techniques do not consider the potential risks due to the nano-

materials characteristics and, consequently, the derived waste.  
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Being one of the identified major concerns, not exclusively by the nano-based product producers but 

also a priority on the decision-makers’ agendas, it is often recognized that recycling operations, and 

environmental data and impact aren’t carried out with techniques and information that meet the 

standards of an environmental optimal waste management, neither of a well-documented process 

for a more accurate decision.       

Besides a more user-friendly approach, the NTU tool offers a detailed explanation of its usage to 

provide a better and consciously score of the nano-based product. A reference point scheme is 

described attributing excellence on ISO 14001:2015 standards as the maximum score, reinforced by 

the product/production certification, and environmental data and impact and recyclability fully clear 

and detailed. Table 9 indicates the Environmental factor scoring, followed by NTU. 

 

Table 9 - Environmental factor of the Eco & Social impact indicator 

Factor Excellent Reference points Score 
 
 
 
 
 
 
 

Environmental 
 

Product and production 
process regarding 
environmental impact 
fully described and 
certificated under the 
scope of ISO 
14001:2015 standard. 
The impact is clearly 
stated and all possible 
hazards are taken into 
the consideration. Raw 
materials and final 
product with 
recyclability detailed 
data and instructions. 
  

Product/Production description is clear, fully 
detailed and certificated. It has no negative impact 
to environment. Recyclable with detailed user 
information and recyclability conditions compliance.  

 
5 

Product/Production description is partly detailed 
and certificated. It has a small negative impact to 
environment. Recyclable with general information 
or biodegradable. 

4 

Product/Production fully described as standard and 
without certification It has a medium level impact to 
environment. Non-recyclable. 

3 

Product/Production partly described as standard 
and without certification. It has a strong negative 
impact to environment. Non-recyclable. 

2 

Product/Production with no description and 
information. Environmental impact is unknown. 
Without information about its recyclability. 

1 

 

 

OSH: Occupational and Safety Health of the users that manipulates nano-based products is a 

relevant issue to be considered and scored with the NTU tool.   Users within nanotechnology-related 

laboratories/industries have the potential to be exposed to uniquely materials with novel sizes, 

shapes, and – consequently - physical and chemical properties. Furthermore, occupational health 

risks associated with manufacturing and nanomaterials usage are not clearly understood. There is a 

scarcity of available information regarding potential exposure levels, and toxicity of the 

nanomaterials. With a deep uncertainty of the level of impact of nanotechonology in the OSH, it is of 

major importance to evaluate a nano-based product based on the OSH issue. Two measures are 

analysed considering the OSH factor: OSH data and its impact. The excellence, score 5, is obtained 

with a full compliance of the current standard OHSAS 18001:2007, reinforced by the data and impact 

of OSH as described in Table 10. 
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Table 10 - OSH factor of the Eco & Social impact indicator 

Factor Excellent Reference points Score 
 
 
 
 
 
 

OSH 

Product and 
production process 
regarding OSH impact 
fully described and 
certificated under the 
scope of OHSAS 
18001:2007 standard. 
The impact is clearly 
stated and all possible 
hazards are taken into 
the consideration. 
 
  

Product/Production description is clear, fully detailed and 
certificated. There is no impact to humans, personal 
protective equipment is not required.  

5 

Product/Production description is clear, fully detailed and 
certificated. OSH impact is average. It is obligatory to use 
personal protective equipment.  

 
4 

Product/Production is described as standard and without 
certification. OSH impact is average. It is obligatory to use 
personal protective equipment and safety measures. 

 
3 

Product/Production partly described as standard and 
without certification. OSH impact is average. It is obligatory 
to use personal protective equipment and safety measures. 

2 

Product/Production with no description and information. 
The OSH impact is unknown. More research has to be 
done 

1 

 

 

2.2.2. Cost impact indicator 

Focused on diminishing the gap between the nano-based products developed in laboratories and its 

effective usage the (overall) cost involved in the production is a mandatory requisite to evaluate the 

practicability and potential success in(to) the market. A detailed analysis is conducted defining two 

factors, the economical and energy based criteria. The first one with qualitative and quantitative data, 

while the second one relies on the energy consumption and the associated cost.   

Economical: To obtain a full description of the all chain production costs and in order to optimize the 

nano-based product manufacturing, the economical factor analyses three measures to its 

accountability: 

- The raw material is characterized with the price for acquisition and/or extraction and identification 

of the suppliers;   

- The price of equipment is presented, with the description of the features for the specific nano-based 

product and the identification of the supplier; 

- The human Resources salaries, indexed to the country’s reality, including the unemployment rate 

and the minimum wage.   

The Economical factor excellence aims to provide a complete cost characterization of the raw 

materials, equipment and human resource salaries including the best suppliers’ option, i.e. the value 

for the best ratio quality/price. The Economical factor considerations, reference points and score are 

listed in Table 11. 

 

Table 11 - Economical factor of the Cost impact indicator 

Factor Excellent Reference points Score 
 
 
 

Economical 

Raw material, equipment 
costs and human resources 
salaries completely 
characterized, including the 
identity of the suppliers (if 
verified) with the lowest 
market value. 

Raw material and equipment costs with 
the lowest value of the market 

5 

Raw material and equipment costs with 
the average price of the market 

4 – 3 
 

Raw material and equipment costs with 
the highest value of the market 

2 – 1 
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Energy: The Energy factor represents and reinforces the commitment of reducing the energy 

consumption by 20% - compared to the projected levels – by means of a description of the consumed 

energy which aims to increase the efficiency of energy usage and reduce the energy demand. This 

factor consists in the energy consumption value and the associated cost. It allows the possibility to 

optimize the production stage of the nano-based product. The excellence, maximum score of 5, is 

achieved by energy costs completely characterized, including the energy consumption price and a 

low consumption rate, as described in Table 12 . 

 

Table 12 - Energy factor of the Cost impact indicator 

Factor  Excellent Reference points Score 
 
 

Energy 

Production energy costs 
completely characterized, 
including energy 
consumption price.  

Low energy consumption 
 

5 
 

Average energy consumption 
 

4 – 3 
 

High energy consumption 2 – 1 

 

 

2.2.3. Adequacy 

The NTU tool presents the commitment to diminishing the gap between the developed nano-based 

products and its effective usage in the market, leading to an improvement on innovation, 

competitiveness, well-being and quality of life of Society. To accomplish this challenge, it is 

mandatory to develop a tool that establishes the adequate communication between the producer and 

the client. For this reason, the third impact indicator of the evaluation stage, despite the fact of being 

based on the production stage and raw materials utilization, considers the customer side, with an 

objective and business-oriented analysis of the nano-based product for a specific application and 

accordingly the Society’s needs and demands. This perspective foresees an added value to the 

current tools, particularly to the nano-based products, techniques and production processes topics. 

The adequacy of a product, not only nano-based, implies a conscious and coherent study, of the 

market, protecting and leveraging both the fundamental and applied R&D conducted nowadays, to 

the possibility of a wider usage and, at the same time, addressing the current societal challenges.  

For that purpose, the proposed adequacy impact indicator consists in two factors: the (nano-based) 

product and the (current) competitors. 

Product: Focused on the nano-based product and the essential role of characterization, referenced 

by the chosen raw materials and production techniques, the nano-based product is evaluated. Three 

measures are defined to consolidate the evaluation of the product:  

- The product performance data measures the level of its characterization of its composition, 

properties, attributes, main functions and required tests to fulfil the defined requirements;     

- The product performance for the specific application, as defined at the initial stage of the NTU tool 

utilization. The lead users’ feedback and/or market needs and demands are also highlighted;  

- The current Technology Readiness Level (TRL) is a quantitative measure that enriches the 

evaluation using a well-known indicator from the producer’s side.  

The three elements for the product’s factor evaluation are described in Table 13, in which the 

excellence of the product considers it totally characterized concerning composition, properties, 
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attributes and functions. Product performance regarding desired characteristics are outstanding and 

TRL is high.  

Table 13 - Product factor of the Adequacy impact indicator 

 

 

Competitors: Understand the market’s needs and demands and, at the same time, identify the current 

competitors, offers an added value to the analysis and study of a product’s viability. The competitors 

factor encompasses three measures to enhance the accuracy of the evaluation (RSPD, 2004):   

- The type of innovation is identified, only focused on the technological innovation field, namely the 

product and process types of innovation. Product innovation is the presentation of a good or service 
that is new or significantly improved with respect to its characteristics or intended usage. It 

encompasses significant improvements in technical specifications, components and materials, 

incorporated software, user friendliness or other functional characteristics. A process innovation is 

the implementation of a new or significantly improved production or delivery method. It includes 

significant changes in techniques, equipment and/or software (OECD, 2005);   

- The second measure used for the analysis of the factor competitors of the adequacy impact 

indicator is the innovation impact, presenting three types: radical innovations, really new innovations 

and incremental innovations. Radical innovations have been defined as innovations that embody a 

new technology that results in a new market infrastructure (Garcia & Calantone, 2002). Really new 

innovations comprise the majority of innovations. It is defined as moderately innovative products. 

The incremental innovations are defined as products that provide new, enhanced or upgraded 

features, benefits, and/or improvements to the existing technology in the current market;  

- The SWOT analysis measure indicates the weaknesses and strengths of the nano-based product 

and the comparison to similar products offered by competitors. The excellence of the competitors 

 
Factor 

Excellent Reference points Score 

 
 
 
 
 
 
 
 
 
 
 
      Product   

Product totally 
characterized 
concerning 
composition, 
properties, 
attributes and 
functions. Product 
performance 
regarding desired 
characteristics are 
outstanding. 
TRL is high. 

Product description is clear and fully detailed, especially the 
main feature(s) for the specific application and validation 
tests have been done. It has great characteristics for the 
application. Also high TRL (actual system proven in 
operational environment). 

5  
 

Product description is clear and fully detailed, especially the 
main feature(s) for the specific application and validation 
tests have been done, but not all requirements are fulfilled. 
It has average characteristics for the application. TRL is 
quite high (system prototyping demonstration in an 
operational environment).  

4 
 

Product description is clear and the main feature(s) for the 
specific application and validation tests is detailed. It has 
average characteristics for the application. TRL is also 
average (system or technology validation in relevant 
environment or prototyping demonstration in a relevant end-
to-end environment).  

3  
 

Product described as standard: composition. It has poor 
characteristics for the application. TRL is also very low 
(analytical and experimental critical function and/or 
characteristic proof-of concept, process validation in 
laboratory environment).  

2 
 

Product with no or poor description. It doesn’t have great 
characteristics for the application. TRL is the lowest (basic 
principles observed and reported, technology concept 
and/or application formulated). 

1  
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factor is characterized by the type of innovation, clearly stated in the product, and /or process and 

having radical innovation impact in relation with competing products. Detailed list of the similar 

competing products in the market, clear identification of the weaknesses and advantages are 

presented in a SWOT analysis. Competitors factor is summarized in Table 14. 

 

Table 14 - Competitors factor of the Adequacy impact indicator 

Factor Excellent Reference points Score 
 
 
 
 
 
 
 
 

 
Competitors 

Type of innovation 
clearly stated in 
product and process 
and having radical 
innovation impact in 
relation with 
competing products. 
Detailed list of the 
similar competing 
products in the 
market. Clear 
identification of the 
weaknesses and 
advantages. Very high 
performance in a 
SWOT analysis.  

The product represents a radical innovation 
impact and process and product type of 
innovation. Detailed list of the similar 
competing products in the current market and 
a very high performance in a SWOT analysis. 

5 

The product is innovative regarding product 
and process type of innovation and 
represents a really new innovation impact. 
Detailed list of the similar competing products 
in the current market and a high performance 
in a SWOT analysis. 

4 

The product is an incremental innovation and 
represents a process or product type of 
innovation. Detailed list of the similar 
competing products in the current market and 
a good performance in a SWOT analysis. 

3 

The product is very low incremental impact 
innovation and represents a product or 
process innovation. It doesn’t show much 
potential in market. The product has a low 
performance in a SWOT analysis.  

2 

The product doesn’t show any potential in the 
market and presents bad performance in a 
SWOT analysis.  

1 

 

 

The evaluation stage classification is a quantitative result of natural values from 1 to 5, obtained per 
impact indicator through the average of the sum of the score of factors of the impact indicator. The 
maximum score per impact indicator is five (indexed as excellence) and the minimum score per 
impact indicator is one. 

The NTU tool has been fully described in the current chapter. Chapter V in the following will present 
the implementation of NTU in four case studies with distinct maturity levels, types of nanomaterials 
and synthesis. 

 





 

 

CHAPTER V. CASE STUDIES 

1. INTRODUCTION 

In this chapter, the utilization of the NTU tool and the corresponding NTU decision making will be 

applied to four case studies, namely, the superhydrophobic coating in helmet screens, the 

nanocrystalline diamond coating, the water-cleaning graphene tea bags and the nanopaint. The case 

studies were chosen based in wider diversity regarding the nano-based product type, the specific 

application, the maturity level, the type of nanomaterial(s) and synthesis. The detailed data will be 

presented and analysed. 

 

2. SUPERHYDROPHOBIC COATING IN HELMET SCREENS  

The safety of a biker could largely benefit if helmet screens can repel water droplets in a rainy day. 

The water adhesion to a surface, due to the cohesion characteristic of water, based on the 

hydrocarbon nature of polymers used in the helmet screens, can lead to visual interferences. The 

application of a transparent and super-hydrophobic coating to the screens could therefore be of great 

importance. 

Among many techniques that can be used for superhydrophobic and water-repellence surface 

modification, plasma polymerization of silicon compound, such as hexamethyldisiloxane (HMDSO), 

are considered to have a great potential and, furthermore, are an environmentally friendly 

technology. 

This nano-based product is in the design process stage. 

In this case study and for the purpose of the NTU tool implementation, the synthesis technique of 

HMDSO coating on polycarbonate (PC) helmet screens is chosen to be by atmospheric pressure 

plasma polymerization, following the procedure suggested by Y-Y Ji et al. (2007). In this paper, the 

authors report the successful coating of PET fibres. Other similar procedures are reported in the 

scientific literature (Ji, Chang, & Hong, 2009; Ji, Kim, Kwon, & Lee, 2009; Zanini et al., 2005). 

A schematic presentation of the plasma polymerization system is shown in Figure 24. 
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Figure 24 - Schematic diagram of plasma coating system apparatus (from Ji et al., 2008) 

 

2.1. Data Acquisition stage 

2.1.1. Pre-stage 

The nanomaterial incorporated in the present product is the HMDSO particles that form the coating. 

 

2.1.2.  Raw materials  

Raw materials identification, their cost, recyclability and Occupational Safety and Health (OSH) 

impact are listed in Table 15. The substrate materials, the helmet polycarbonate (PC), are supplied 

by the helmet producer and therefore there is no added cost associated to them. The consumable 

materials are: liquid hexamethyldisiloxane (HMDSO) at a concentration of 98% that may be supplied 

by Sigma-Aldrich and that has the capability of being deposited as a transparent and super-

hydrophobic coating; and argon, an inert gas used to assist the deposition process, at a purity of (at 

least) 99,95%, that may be supplied by Air Liquide.  

 

Table 15 - Raw material for superhydrophobic helmets screens 

Material Helmet Polycarbonate (PC)  

Main attribute(s) Transparency 

Origin Helmet Producers 

Cost n.a. (supplied by helmet producer (client)) 

Recyclability conditions Completely recyclable; Eco Indicator 99: 0.43 Pt (Matbase, 2016) 

OSH factors Low risk component 

Material Hexamethyldisiloxane (HMDSO) 98%, Aldrich 

Main attribute(s) Transparent and super-hydrophobic coating 

Origin Sigma Aldrich 

Cost 41.10€/ 500ML (Sigma Aldrich, 2016a) 

Recyclability conditions n.a. 

OSH factors Flammable liquids (Category 2), H225; Acute aquatic toxicity (Category 1), H400; 
Chronic aquatic toxicity (Category 1), H410; F Highly flammable R11; N Dangerous for 
the environment R50/53 (Sigma Aldrich, 2016a) 
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Material Argon gas to support HMDSO coating 

Main attribute(s) Inert gas 

Origin Air Liquide 

Cost 5.40€ /m3 

Recyclability conditions n.a. 

OSH factors Gas under pressure; Suffocating at high concentration; No ecological risk (Air Liquide, 
2016) 

 

 

2.1.1. Production 

 

The coating is produced by an in-line atmospheric radio frequency (RF) plasmas processes, using a 

mixture of Argon gas and HMDSO liquid. The system does not require any vacuum line and is 

operated in an in-line mode, not in a batch mode. It can be easily scaled up for application to large 

substrate surfaces or continuous processing. 

The power electrode in Figure 24 is connected to a 13.56 MHz RF supply through an L-C matching 

unit and is covered with a quartz tube as a dielectric. The gap between the quartz tube and the 

ground electrode is 1 mm, while the distance between the plasma device and the sample is 2 mm. 

The atmospheric RF glow-discharge plasma system is connected to plasma generator 13.56 MHz 

with a maximum power of 1 kW. Typically, samples are treated at a plasma power of 100–300 W, 

especially 200 W and at a speed of 20 mm/s. The plasma is generated in ambient air with the argon 

gas being supplied through a gas hole array. Introduction of argon gas flow is very important for 

uniform and stable plasma generation within the capability of the RF power supply used for the 

experiment. 

Equipment, consumables and the parameters considered in this report are listed in Table 16. In 

the production process, the energy (electricity) usage is bellow 1kWh. HMDSO is used at a rate of 

17 mililitre per minute, which corresponds to a cost of about 1.40 € per hour. Argon is used at a 

rate of 1.1 liter per minute (lpm), which corresponds to a cost of about 0.36 € per hour. Although 

the toxicity of HMDSO, the amount used in the production process is below the hazardless level, 

therefore the production has a low environmental impact. 
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Table 16 - Production for superhydrophobic helmets screens 

Equipment / Consumables Atmospheric RF (13.56 MHz) glow-discharge plasma system with a maximum 

power of 1 kW 

Main function Deposit the HMDSO coating 

Function Cost /Consumable n.a. 

Energy Usage ~ 0,5 kWh 

Environmental Impact n.a. 

OSH Impact Flammable liquids; Hot surface. 

Output characteristics After this process the coating is finished 

Equipment / Consumables Hot plate 

Main function Vaporize HMDSO 

Function Cost /Consumable 17 mililitre per minute (mlpm) 

Energy Usage ~ 0,1 kWh 

Environmental Impact n.a. 

OSH Impact Flammable liquids; Hot surface. 

Output characteristics n.a. 

Equipment / Consumables Argon gas 

Main function Bubble HMDSO 

Function Cost /Consumable 0.1 litre per minute (lpm) 

Energy Usage n.a. 

Environmental Impact No ecological risk (Air Liquide, 2016a) 

OSH Impact Gas under pressure; Suffocating at high concentration. (Air Liquide, 2016a) 

Output characteristics n.a. 

Equipment / Consumables Argon gas 

Main function Stable discharge 

Function Cost /Consumable 1 (lpm) 

Energy Usage n.a. 

Environmental Impact No ecological risk (Air Liquide, 2016) 

OSH Impact Gas under pressure; Suffocating at high concentration. (Air Liquide, 2016a) 

Output characteristics n.a. 

 

 

2.1.2. Product 

The helmet screens with superhydrophobic coating, produced according to (Ji et al., 2008), are 

believed to present a good hydrophobic surface and without reduction of transparency of the PC 

screen, the two main characteristics for the desired application.  
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The risk of contamination by nanotechnology applied in the helmet screen can arise, eventually from 

one of three phases: 1) the production stage; 2) the release of nanoparticles in the lifetime of the 

product; and 3) the dispersion of nanoparticles in the disposal of the component. On the production 

stage, taking into account that the production is made in a proper and controlled environment the 

safety risk is low. During service time and at the product disposal in the end of life, the risk is also 

low. The screen can be recycled, as being made by a 100% PC polymer. Table 17 summarizes the 

product’s characteristics. 

Table 17 - Superhydrophobic helmet screens characteristics 

Product Helmet screens with superhydrophobic coating 

Performance From the literature, the application of the HMDSO coating in polymers is effective in 
the creation of a transparent and superhydrophobic coating, therefore, to the best 
knowledge of the author, it will also display good result in PC. 

Safety  At the production stage considering that production is made in a clean and controlled 
room, there is no risk of dispersion of nanoparticles in to the environment ambient. 
During service time and at the product disposal at its end of life, the eventual release 
of HMDSO is in very low concentrations, therefore the risk is also low. 

 

Final disposition Due to the low thickness (few nanometres) of the HMDSO, the recyclability of the PC 
helmet screen is not compromized, therefore the screen can be recycled as an 
ordinary PC polymer. 

 

 

2.1.3. Application 

 

The TRL of this product is between 3 to 4. Analytical and experimental critical proof of concept 

validation is shown. Active Research and Development (R&D) is initiated with analytical and 

laboratory studies. Also, demonstration of technical feasibility using breadboard or brass board 

implementations that are exercised with representative data. Component/subsystem validation in 

laboratory environment is also carried out by means of a standalone prototyping implementation and 

test, integration of technology elements and experiments with full-scale problems or data sets. The 

type of innovation focused in the product, is in the category of new intermediate raw material and 

new functional part. An incremental innovation impact is considered, as showed in Table 18. 

 

Table 18 - Superhydrophobic helmet screens application 

Application Helmet screens with superhydrophobic coating 

TRL The technology readiness level (TRL) of this product is of 3 to 4. 

Type of innovation Type of innovation focused in the product, in the category of new intermediate raw 
material and new functional part. 

Innovation impact The innovation is incremental. 
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2.2. Evaluation stage 

 

As information is gathered, it can now be analysed making use of the NTU evaluation algorithm, 

creating a critical scoring from environmental and OSH data, the production costs and the satisfaction 

of the functional requirements settled for the product.  

 

2.2.1. Impact Indicator 1: Eco and Social  

 

The Eco & Social impact indicator is based on Environmental and OSH factors. Environmental factor 

is based on recyclability, environmental data and the impact to environment. From the information 

gathered in the data acquisition stage, the polycarbonate helmet screens with the HMDSO coating 

continues to be recyclable, as it was without the coating. If the coating application is done in a 

controlled space, the negative impact for the environment is therefore low. As previously referred, 

and despite the toxicity of HMDSO, the amount used in the production process is below the 

hazardless level, and therefore the production has a low environmental impact. According to the 

reference points of Table 19, a score of 4 can then be attributed since the product and production 

description is clear and with detailed, it has low negative impact to environment, consequently, 

presents detailed user information and recyclability conditions compliance. No reference is made to 

certification in data acquisition, nevertheless, to the best knowledge of the author, it can be attained. 

 

Table 19 - Environmental factor of the Eco & Social impact indicator for superhydrophobic helmet screens 

Factor Excellent Reference points Score 
 
 
 
 
 
 
 
Environmental 
 

Product and production 
process regarding 
environmental impact 
fully described and 
certificated under the 
scope of ISO 
14001:2015 standard. 
The impact is clearly 
stated and all possible 
hazards are taken into 
the consideration. Raw 
materials and final 
product with 
recyclability detailed 
data and instructions. 
  

Product/Production description is clear, fully 
detailed and certificated. It has no negative impact 
to environment. Recyclable with detailed user 
information and recyclability conditions compliance.  

 
5 

Product/Production description is partly detailed 
and certificated. It has a small negative impact to 
environment. Recyclable with general information 
or biodegradable. 

4 

Product/Production fully described as standard and 
without certification It has a medium level impact to 
environment. Non-recyclable. 

3 

Product/Production partly described as standard 
and without certification. It has a strong negative 
impact to environment. Non-recyclable. 

2 

Product/Production with no description and 
information. Environmental impact is unknown. 
Without information about its recyclability. 

1 

 

OSH factor consists of the analysis of OSH data and impact. OSH data was easily collected from 

raw material and equipment suppliers, being clearly stated in the research. Products and 

production description and also clear and detailed. If desired it can be certificated OHSAS 

18001:2007 standard. From the reference point of Table 20, the score of OSH factor is 4, where a 

product and/or production description is clear, fully detailed and certificated, with average OSH 

impact and obligation to use personal protective equipment. The final average score of the impact 

indicator Eco & Social is therefore 4. 
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Table 20 - OSH factor of the Eco & Social impact indicator for superhydrophobic helmet screens 

Factor Excellent Reference points Score 
 
 
 
 
 
 

OSH 

Product and 
production process 
regarding OSH impact 
fully described and 
certificated under the 
scope of IOHSAS 
18001:2007 standard. 
The impact is clearly 
stated and all possible 
hazards are taken into 
the consideration. 
 
  

Product/Production description is clear, fully detailed and 
certificated. There is no impact to humans, personal 
protective equipment is not required.  

5 

Product/Production description is clear, fully detailed and 
certificated. OSH impact is average. It is obligatory to use 
personal protective equipment.  

 
4 

Product/Production is described as standard and without 
certification. OSH impact is average. It is obligatory to use 
personal protective equipment and safety measures. 

 
3 

Product/Production partly described as standard and 
without certification. OSH impact is average. It is obligatory 
to use personal protective equipment and safety measures. 

2 

Product/Production with no description and information. 
The OSH impact is unknown. More research has to be 
done 

1 

 

 

2.2.2. Impact Indicator 2: Cost 

 

Analysing the cost indicator, it considers in separated terms the financial cost and the energy cost in 

order to highlight differentiation factors. Economical factors depend of the raw material cost, also on 

equipment and installations investments required and Human Resources salaries.  

In what concerns raw material costs for the superhydrophobic helmet screens, and not considering 

the PC screens, the cost is below 2 euros per operation hour. Considering that the plasma can 

deposit the HMDSO film in one screen in less than a minute, this leads to a cost per screen bellow 

0,05 euros. Considering the reference points of Table 21, the economical factor is scored with a value 

of 4.  

Table 21 - Economical factor of the Cost impact indicato for superhydrophobic helmet screens r 

Factor Excellent Reference points Score 
 
 
 

Economical 

Raw material, equipment 
costs and human resources 
salaries completely 
characterized, including the 
identity of the suppliers (if 
verified) with the lowest 
market value. 

Raw material and equipment costs with 
the lowest value of the market 

5 

Raw material and equipment costs with 
the average price of the market 

4 – 3 
 

Raw material and equipment costs with 
the highest value of the market 

2 – 1 

 

The Energy cost factor consists of the energy consumption and its cost. In the production process, 

the energy (electricity) usage is bellow 1kWh. This represents a low energy consumption and 

therefore a score of 5 can be attributed to the energy factor, as scored in Table 22. From these two 

analyses factors, the average score of the impact indicator Cost is 4,5. 
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Table 22 - Energy factor of the Cost impact indicator for superhydrophobic helmet screens 

Factor  Excellent Reference points Score 
 
 

Energy 

Production energy costs 
completely characterized, 
including energy 
consumption price.  

Low energy consumption 
 

5 
 

Average energy consumption 
 

4 – 3 
 

High energy consumption 2 – 1 

 

 

2.2.3. Impact Indicator 3: Adequacy 

The Adequacy is related to the product attributes and the competing products. In what concerns the 

product performance data, its relation with the specific application and the overall technology 

readiness level (TRL) of the proposal, the collected information indicates that the application of the 

HMDSO coating in PC is effective in the creation of a transparent and superhydrophobic coating. 

Therefore, to the best knowledge of the author, it is adequate for the application being here 

considered. The TRL was considered to be between 3 and 4, and due to this TRL level, the product 

factor of the adequacy impact indicator cannot be above 3, as illustrated in Table 23. 

 

Table 23 - Product factor of the Adequacy impact indicator for superhydrophobic helmet screens 

 

The Competitors’ factor highlights the relation with competing products and consists of the type of 

innovation, innovation impact and analysis of internal strengths and weaknesses, as well as external 

opportunities and threats.  

 
Factor 

Excellent Reference points Score 

 
 
 
 
 
 
 
 
 
 
 
      Product   

Product totally 
characterized 
concerning 
composition, 
properties, 
attributes and 
functions. Product 
performance 
regarding desired 
characteristics are 
outstanding. 
TRL is high. 

Product description is clear and fully detailed, especially the 
main feature(s) for the specific application and validation 
tests have been done. It has great characteristics for the 
application. Also high TRL (actual system proven in 
operational environment). 

5  
 

Product description is clear and fully detailed, especially the 
main feature(s) for the specific application and validation 
tests have been done, but not all requirements are fulfilled. 
It has average characteristics for the application. TRL is 
quite high (system prototyping demonstration in an 
operational environment).  

4 
 

Product description is clear and the main feature(s) for the 
specific application and validation tests is detailed. It has 
average characteristics for the application. TRL is also 
average (system or technology validation in relevant 
environment or prototyping demonstration in a relevant end-
to-end environment).  

3  
 

Product described as standard: composition. It has poor 
characteristics for the application. TRL is also very low 
(analytical and experimental critical function and/or 
characteristic proof-of concept, process validation in 
laboratory environment).  

2 
 

Product with no or poor description. It doesn’t have great 
characteristics for the application. TRL is the lowest (basic 
principles observed and reported, technology concept 
and/or application formulated). 

1  
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The first measure is the type of innovation. From the analysis of the considered case study, the type 

of innovation is settled in the category of new functional part. In what concerns the innovation impact, 

the superhydrophobic characteristic does not represent a radical innovation, therefore the resulting 

innovation is incremental. From the data acquired, a SWOT analysis is presented in Table 24. 

Described weaknesses can be easily overcome with technology development and a better 

investigation on equipment and installation costs. The major concern is the lack of significant unfair 

advantages in relation with external competitors. A patent protecting the technology could be useful, 

however since, this is a technology already reported in the scientific literature, the industrial patent 

must go beyond it. 

 

Table 24 - SWOT analysis for superhydrophobic helmet screens 

 

Placing side by side the above statements with the references points of Table 25, a score of 3 is 

given to the factor competitors. This results in an adequacy impact indicator of 3. 

 

Table 25 - Competitors factor of the Adequacy impact indicator for superhydrophobic helmet screens 

Factor Excellent Reference points Score 
 
 
 
 
 
 
 
 

 
Competitors 

Type of innovation 
clearly stated in 
product and process 
and having radical 
innovation impact in 
relation with 
competing products. 
Detailed list of the 
similar competing 
products in the 
market. Clear 
identification of the 
weaknesses and 
advantages. Very high 
performance in a 
SWOT analysis.  

The product represents a radical innovation 
impact and process and product type of 
innovation. Detailed list of the similar 
competing products in the current market and 
a very high performance in a SWOT analysis. 

5 

The product is innovative regarding product 
and process type of innovation and 
represents a really new innovation impact. 
Detailed list of the similar competing products 
in the current market and a high performance 
in a SWOT analysis. 

4 

The product is an incremental innovation and 
represents a process or product type of 
innovation. Detailed list of the similar 
competing products in the current market and 
a good performance in a SWOT analysis. 

3 

The product is very low incremental impact 
innovation and represents a product or 
process innovation. It doesn’t show much 
potential in market. The product has a low 
performance in a SWOT analysis.  

2 

The product doesn’t show any potential in the 
market and presents bad performance in a 
SWOT analysis.  

1 

 

 

Internal External 
Strengths Weaknesses Opportunities Threats 

Product 
characteristics are 
adequate to the 
application; 
 
Cost per part is low. 

TRL is low (3-4); 
 
Equipment and 
installation costs not fully 
described. 

Product presents an 
incremental innovation 
in relation to competing 
products. 

Copy of technology 
process or alternative 
processes can be 
developed by  the 
competitors .  
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2.2.4. Key impact indicators summary 

 

Table 26 presents the summary of the studied impact indicators. Figure 25 and Figure 26 illustrate 

the clustered column view and radar graph of the impact indicators, respectively.  

 

Table 26 - Key impact indicators for superhydrophobic helmet screens 

Measures 
Factors of the impact 

indicator 
Score Impact indicator Score 

Recyclability 

Environmental 4 

Eco & Social 4 

Environmental data 

Environmental impact 

OSH data 
OSH 4 

OSH impact 

Raw material cost 

Economical 4 

Cost 4,5 

Price of equipment 

HR salaries 

Energy consumption 
Energy 5 

Energy cost 

Product performance 
data 

Product 3 

Adequacy 3 

Product performance for 
the specific application 

Current TRL 

Type of Innovation 

Competitors 3 Innovation impact 

SWOT analysis 

 

Another interesting way of illustrating impact indicators is clustered column, as showed in Figure 

25Figure 33, and by radar graph, as showed in Figure 26. It consists of the scale from 1 to 5, and 6 

equal parts which stand for 3 main impact indicators. The essence of this graph is the marked area. 

If more space is covered it means the project is more developed and in better stage. Also the graph 

points out the weakest sectors which clearly need improvements.  
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Figure 25 - Clustered column of impact indicators for superhydrophobic helmet screens 

 

  

Figure 26 - Radar graph of impact indicators for superhydrophobic helmet screens 
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2.3. Discussion – Decision Making 

 

The application of the NanoTechnology Usability (NTU) index tool for the case study of HMDSO 

coatings on polycarbonate (PC) helmet screens by atmospheric pressure plasma polymerization, 

following the procedure suggested by Y-Y Ji et al. (2007) was carried out in this section. Relevant 

data about raw materials, required equipment, environmental and social impacts and the overall 

production and product characteristics has been acquired. 

The evaluation stage shows that the indicators involving ecological and social aspects, besides cost 

indicators, both financial and energy related ones, are highly scored. Adequacy indicators scoring 

are lower, not because the characteristics that the coated screen presents, but specially because of 

the lack of unfair advantages indicators, such as a possibility of issuing an industrial technology 

protection patent. It can also be concluded that the TRL must be improved, nevertheless, to the best 

knowledge of the author, this improvement can be easily done. 
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3. NANOCRYSTALLINE DIAMOND COATING 

Diamond is considered an ideal material for many applications due to its extreme properties. The 

strength of the carbon-carbon bond is the source of the exceptional mechanical properties of 

diamond. Dislocations of the atoms are difficult and consequently diamond is one of the hardest 

known substance. It is chemically inert and due to the high strength of the covalent bonds it is highly 

resistant to chemical attacks by acids or other chemical reagents. It is unmatched in being 

transparent from near the ultra-violet cut-off at 225 nm to beyond a wavelength of 100 μm. Diamond 

has a high thermal conductivity, about five times the one of copper at room temperature, and a very 

low thermal expansion coefficient. It is also a bio-inert material, being therefore suitable for biological 

applications. The application of thin layers of polycrystalline diamond, with tailored crystallites going 

from micrometre to nanometre range, can provide the means to incorporate the above mentioned 

characteristics to products such as mechanical seals, moulding dies, sensors and heat spreaders. 

(Neto et al., 2011; Neto, Oliveira, Ali, & Grácio, 2008; Santos & Neto, 2015; Santos, Neto, Ruch, & 

Grácio, 2012). 

Although there is a considerable number of techniques to obtain diamond coatings, hot filament 

chemical vapour deposition (HFCVD) is one of the most used, resulting from of its ability to coat 

substrates with complex and variable geometries. Briefly, this technique involves the deposition of 

carbon atoms resulting from the dissociation of a carbon-containing gas precursor on a solid 

substrate, as illustrated in Figure 27. Non-diamond substrate involves a previous nucleation step, 

providing the necessary surface reactivity to three dimensional growth until the grains coalesce. 

 

 

Figure 27 - Schematic diagram of the HFCVD system apparatus 
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Depending on the desired coating characteristics, the CVD parameters may differ. For the present 

case study, it will be considered that the goal is to obtain a nanocrystalline film of about 500 nm of 

thickness on a silicon mirror polished substrate. 

The nano-based product considered for the implementation of the NTU tool is a service providing. 

Type currently available to the market.  

  

3.1. Data Acquisition stage 

3.1.1. Pre-stage 

The first step of the NTU tool is to inquiry if nanoparticles are involved in the production process. In 

the present case study, the objective of the service is to produce a coating composed of 

nanocrystalline grains of diamond. 

 

3.1.2.  Raw materials  

For the production of the required coating service, raw materials, are necessary for the cleaning, 

pre-nucleation stage and deposition process. Materials to be used are: silicon, methanol and acetone 

for cleaning, diamond powder for the nucleation pre-treatment, argon, methane and hydrogen that 

are the precursor gases in the CVD process, and tungsten filaments for the CVD reactor. The list of 

characteristics are listed in Table 27. 

 

 

Table 27 - Raw material for silicon diamond coating 

Material Silicon wafer 

Main attribute(s) Substrate material 

Silicon <100>, N-type, diam. × thickness: 2 in. × 0.5 mm 

Origin Sigma Aldrich 

Cost 129.50 € / wafer 

Recyclability conditions Offer surplus and non-recyclable solutions to a licensed disposal company. Dissolve or 
mix the material with a combustible solvent and burn in a chemical incinerator equipped 
with an afterburner and scrubber. 

OSH factors Not a hazardous substance or mixture according to Regulation (EC) No. 1272/2008. 
Handle in accordance with good industrial hygiene and safety practice 

Material Methanol 

Main attribute(s) Cleaning and Nucleation pre-treatment 

Origin Sigma Aldrich 

Cost 27.00 € / litre 

Recyclability conditions Waste material must be disposed of in accordance with the Directive on waste 
2008/98/EC as well as other national and local regulations. 

OSH factors Highly flammable liquid and vapour. Toxic if swallowed, in contact with skin or if inhaled. 
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Material Acetone 

Main attribute(s) Cleaning 

Origin Sigma Aldrich 

Cost 37.10 € / litre 

Recyclability conditions Burn in a chemical incinerator equipped with an afterburner and scrubber, exerting extra 
care in igniting as this material is highly flammable. Offer surplus and non-recyclable 
solutions to a licensed disposal company. 

OSH factors Flammable liquids, Eye irritation, Specific target organ toxicity - single exposure. Use 
personal protective equipment. Avoid breathing vapours, mist or gas. 

Material Diamond powder 

Main attribute(s) Nucleation pre-treatment 

synthetic polycrystalline powder, ~1 μm 

Origin Sigma Aldrich 

Cost 206.50 € / gram 

Recyclability conditions Offer surplus and non-recyclable solutions to a licensed disposal company. 

OSH factors Not a hazardous substance or mixture according to Regulation (EC) No. 1272/2008.  

Use personal protective equipment. Avoid dust formation. Avoid breathing vapours, mist 
or gas. Avoid breathing dust. 

Material Argon gas (Purity ≥ 99,999%) 

Main attribute(s) Precursor gas (Deposition stage) 

Origin Air Liquide 

Cost 5.40 € /m3 

Recyclability conditions n.a. 

OSH factors Gas under pressure. Suffocating at high concentration. No ecological risk. 

Material Hydrogen gas (Purity ≥ 99,999%) 

Main attribute(s) Precursor gas (Deposition stage) 

Origin Air Liquide 

Cost 7.60 € /m3 

Recyclability conditions n.a. 

OSH factors Gas under pressure. Inflammable gas. 

Material Methane gas (Purity ≥ 99,5%) 

Main attribute(s) Precursor gas (Deposition stage) 

Origin Air Liquide 

Cost 15.00 € /m3 

Recyclability conditions n.a. 

OSH factors Gas under pressure. Inflammable gas. 
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Material Tungsten wire (Purity 99,95%; Diameter 0,25 mm) 

Main attribute(s) Capacity to sustain the temperature required for the gas dissociation (Deposition stage) 

Origin Advent Research Materials, Lda. 

Cost 0.90 € /m 

Recyclability conditions Offer surplus recyclability 

OSH factors Toxicologically inert. Gloves and safety glasses are recommended when processing. 

 

 

3.1.3. Production 

 

Prior to the deposition process and aiming to enhance the diamond nucleation density and growth, 

the substrate is subjected to a pre-treatment stage based on the ultrasonic agitation method. For 

that, the silicon substrate is immersed in a diamond solution of 1 µm particles in methanol and placed 

in an ultrasonic cleaning bath (Ultrasons-H.J.P. Select), with a vibration frequency of 40 kHz and a 

generator power of 150 W, for 30 min. 

The diamond coating of the substrate is obtained using a gas mixture composed by Ar (162.4 sccm), 

CH4 (1.6 sccm) and H2 (36.0 sccm). This argon abundant atmosphere is favourable to the growth of 

nanocrystals. The filaments used as hot energy source are a set of tungsten wires with 0.25 mm of 

diameter, and the deposition process occurs for 180 min, using a reactor pressure of 30 Torr. The 

equipment, consumables and the parameters considered in this case study are listed in Table 28. 

 

Table 28 - Production of the nanocrystalline diamond coating 

Equipment / Consumables Ultrasons-H.J.P. Select (40 kHz/150 W) 

Main function Nucleation stage 

Function Cost /Consumable n.a. 

Energy Usage ~ 0,1 kWh 

Environmental Impact Methanol and other vapours may be released 

OSH Impact Methanol and other vapours may be released 

Output characteristics n.a. 

Equipment / Consumables HFCVD 

Main function Deposition stage 

Function Cost /Consumable n.a. 

Energy Usage ~ 6 kWh 

Environmental Impact Small quantities of the precursors gas (most argon and hydrogen) and their radicals 
may be release. 

OSH Impact Hot surface 

Output characteristics After this process the coating is finished 
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Equipment / Consumables Methanol 

Main function Cleaning and Nucleation pre-treatment 

Function Cost /Consumable 20 mL / sample 

Energy Usage n.a. 

Environmental Impact Methanol may be recycled after use 

OSH Impact Highly flammable liquid and vapour. Toxic if swallowed, in contact with skin or if 
inhaled. 

Output characteristics n.a. 

Equipment / Consumables Acetone 

Main function Cleaning and Nucleation pre-treatment 

Function Cost /Consumable 20 mL / sample 

Energy Usage n.a. 

Environmental Impact Acetone may be recycled after use. 

OSH Impact Flammable liquids, Eye irritation, Specific target organ toxicity - single exposure. Use 
personal protective equipment. Avoid breathing vapours, mist or gas. 

Output characteristics n.a. 

Equipment / Consumables Diamond synthetic polycrystalline powder, ~1 μm 

Main function Nucleation pre-treatment. 

Function Cost /Consumable 1 μgr / sample 

Energy Usage n.a. 

Environmental Impact Diamond particles may be recovered after use 

OSH Impact Not a hazardous substance or mixture according to Regulation (EC) No. 1272/2008.  

Use personal protective equipment. Avoid dust formation. Avoid breathing vapours, 
mist or gas. Avoid breathing dust. 

Output characteristics n.a. 

Equipment / Consumables Argon gas (Purity ≥ 99,999%) 

Main function Precursor gas (Deposition stage) 

Function Cost /Consumable 180 ml/min 

Energy Usage n.a. 

Environmental Impact Not toxic to the environment 

OSH Impact Gas under pressure. Suffocating at high concentration. 

Output characteristics n.a. 
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Equipment / Consumables Hydrogen gas (Purity ≥ 99,999%) 

Main function Precursor gas (Deposition stage) 

Function Cost /Consumable 18 ml/min 

Energy Usage n.a. 

Environmental Impact Not toxic to the environment 

OSH Impact Gas under pressure. Inflammable gas. 

Output characteristics n.a. 

Equipment / Consumables Methane gas (Purity ≥ 99,5%) 

Main function Precursor gas (Deposition stage) 

Function Cost /Consumable 2 ml/min 

Energy Usage n.a. 

Environmental Impact Very low amount of methane is released. 

OSH Impact Gas under pressure. Inflammable gas. 

Output characteristics n.a. 

Equipment / Consumables Tungsten wire (Purity 99,95%; Diameter 0,25 mm) 

Main function Capacity to sustain the temperature required for the gas dissociation (Deposition 
stage) 

Function Cost /Consumable 50 cm 

Energy Usage n.a. 

Environmental Impact Tungsten is transformed into Tungsten Carbide in the deposition process. Offer 
surplus recyclability 

OSH Impact Toxicologically inert. Gloves and safety glasses are recommended when processing 

Output characteristics n.a. 

 

 

3.1.4. Product 

From the research group experience and the scientific literature, the application of the nanocrystalline 

diamond in silicon is effective in the creation of a coating with the properties that diamond exhibits. 

The hazardous of the consumable materials is low, if properly handled. The uncontrolled use of 

methanol, acetone, hydrogen and methane can lead to explosive conditions. The recovered 

materials may be recyclable and even provide a surplus. Both substrate and coating can be offered 

as surplus at the end of life cycle. Table 29 highlight some of the main characteristics of the product 

produced in the present case study. 
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Table 29 - Nanocrystalline diamond coating on a silicon wafer characteristics 

Product Silicon wafer coated with a 500 nm nanodiamond film 

Performance The used methodology is effective in the deposition of a nanodiamond coating in 
silicon and other substrate materials. The resulting film displays surface 
homogeneity and coalescence. 

Safety  The hazardous of the consumable materials is low if properly handled. The 
uncontrolled use of methanol, acetone, hydrogen and methane can lead to explosive 
conditions. 

Final disposition The recovered materials may be recyclable and even provide a surplus. Both, 
substrate and coating, can be offered as surplus at the end of life cycle. 

 

 

3.1.5. Application 

 

As displayed in Table 30, the TRL of this product is of 3-4 (experimental proof of concept or 

technology validated in lab), nevertheless, it can be easily improved to higher TRL values. This 

improvement depends on the application. Innovation is incremental for most of the diamond coating 

applications. 

Table 30 - Silicon wafer coated with a 500 nm nanodiamond film application 

Application Silicon wafer coated with a 500 nm nanodiamond film 

TRL The TRL of this product is of 3-4 

Type of innovation Type of innovation focused in the product, in the category of new intermediate raw 
material and new functional part. 

Innovation impact The innovation impact is incremental. 
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3.2. Evaluation stage 

 

3.2.1. Impact Indicator 1: Eco and Social  

 

Regarding the environmental impact of the production process, it can be considered as being low 

since most of the waste can be recycled and the emission to the environment is considered low. In 

terms of OSH, workers must be trained to manipulate the different equipment and consumables, in 

order to prevent any accident. Additionally, personal protective clothing must be used. Therefore, as 

showed in Table 31, the environmental factor can be referenced with a score of 4, even not being 

yet certified. To the best knowledge of the author, environmental certification could also be easily 

attained. Regarding OSH factor, as highlighted in Table 32, a score of 4 is also attributed. The 

combined Eco and Social impact indicator is then scored with a value of 4. 

 

Table 31 - Environmental factor of the Eco & Social impact indicator for silicon wafer coated with a 500 nm nanodiamond film 

Factor Excellent Reference points Score 
 
 
 
 
 
 
 
Environmental 
 

Product and production 
process regarding 
environmental impact 
fully described and 
certificated under the 
scope of ISO 
14001:2015 standard. 
The impact is clearly 
stated and all possible 
hazards are taken into 
the consideration. Raw 
materials and final 
product with 
recyclability detailed 
data and instructions. 
  

Product/Production description is clear, fully 
detailed and certificated. It has no negative impact 
to environment. Recyclable with detailed user 
information and recyclability conditions compliance.  

 
5 

Product/Production description is partly detailed 
and certificated. It has a small negative impact to 
environment. Recyclable with general information 
or biodegradable. 

4 

Product/Production fully described as standard and 
without certification It has a medium level impact to 
environment. Non-recyclable. 

3 

Product/Production partly described as standard 
and without certification. It has a strong negative 
impact to environment. Non-recyclable. 

2 

Product/Production with no description and 
information. Environmental impact is unknown. 
Without information about its recyclability. 

1 

 

Table 32 - OSH factor of the Eco & Social impact indicator for silicon wafer coated with a 500 nm nanodiamond film 

Factor Excellent Reference points Score 
 
 
 
 
 
 

OSH 

Product and 
production process 
regarding OSH impact 
fully described and 
certificated under the 
scope of OHSAS 
18001:2007 standard. 
The impact is clearly 
stated and all possible 
hazards are taken into 
the consideration. 
 
  

Product/Production description is clear, fully 
detailed and certificated. There is no impact to 
humans, personal protective equipment is not 
required.  

5 

Product/Production description is clear, fully 
detailed and certificated. OSH impact is average. It 
is obligatory to use personal protective equipment.  

 
4 

Product/Production is described as standard and 
without certification. OSH impact is average. It is 
obligatory to use personal protective equipment and 
safety measures. 

 
3 

Product/Production partly described as standard 
and without certification. OSH impact is average. It 
is obligatory to use personal protective equipment 
and safety measures. 

2 

Product/Production with no description and 
information. The OSH impact is unknown. More 
research has to be done 

1 
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3.2.2. Impact Indicator 2: Cost 

 

In the production process, the energy (electricity) usage is around 6 kWh. The deposition process 

for the required film will take approximately 3 hours. The cost sum of consumable for the pre-

deposition process is of about 1.50 euros. The deposition process, considering 3 hours for 

deposition, will use about 0.21 euros of gases and 0.45 euros of filament. The total cost is therefore 

around 2.15 euros in consumables. Not considering human resources cost, equipment nor the 

installations investment due to the current access regulation of the infrastructure, the production cost 

of the coating is far lower than the cost of the silicon wafer. As marked in Table 33, economical factor 

is scored with a 5. In what concerns energy quantification in terms of consumption and energy cost, 

the production process uses a low amount of energy (electricity), and, as presented above a low 

cost. A score of 5 can be attributed to the energy factor, as presented in Table 34, leading to a score 

of 5 in the cost impact indicator. 

 

Table 33 - Economical factor of the Cost impact indicator for silicon wafer coated with a 500 nm nanodiamond film 

Factor Excellent Reference points Score 
 
 
 

Economical 

Raw material, equipment 
costs and human resources 
salaries completely 
characterized, including the 
identity of the suppliers (if 
verified) with the lowest 
market value. 

Raw material and equipment costs with 
the lowest value of the market 

5 

Raw material and equipment costs with 
the average price of the market 

4 – 3 
 

Raw material and equipment costs with 
the highest value of the market 

2 – 1 

 

Table 34 - Energy factor of the Cost impact indicator for silicon wafer coated with a 500 nm nanodiamond film 

Factor  Excellent Reference points Score 
 
 

Energy 

Production energy costs 
completely characterized, 
including energy 
consumption price.  

Low energy consumption 
 

5 
 

Average energy consumption 
 

4 – 3 
 

High energy consumption 2 – 1 

 

 

3.2.3. Impact Indicator 3: Adequacy 

Analysing the adequacy of the study case based on the product attributes and the competing 

products, a lower scoring will be obtained. In what concerns the product performance data, its relation 

to the specific application, the scoring is high. Nevertheless, the overall technology readiness level 

(TRL) of the service is still low, although, to the best knowledge of the author, this could be easily 

surpassed. The product factor of the adequacy impact indicator cannot be above 3, as displayed in 

Table 35. 

As in the former case, the competitors’ factor highlights the relation with competing products and 

analyses the type of innovation, innovation impact and the internal strengths and weaknesses, 

together with external opportunities and threats.  
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First measure is type of innovation. From the analysis of the considered case study, the type of 

innovation is settled in the category of new functional service. In what concerns the innovation impact, 

the nanocrystalline diamond coating does not represent a radical innovation, therefore the resulting 

innovation is incremental. A SWOT analysis for the coating service is presented in Table 36. Shape, 

size and nature of substrate to be coated are not broadband, consequently it is considered a 

weakness hard to overcome, limiting the adequacy of the service. Together with the existence of 

alternative coating, it lead to a score of 2 in the competitors factor, as showed in Table 37, together 

with an adequacy impact indicator of 2.5. 

 

Table 35 - Product factor of the Adequacy impact indicator for silicon wafer coated with a 500 nm nanodiamond film 

 

Table 36 - SWOT analysis for silicon wafer coated with a 500 nm nanodiamond film 

 

 
Factor 

Excellent Reference points Score 

 
 
 
 
 
 
 
 
 
 
 
      Product   

Product totally 
characterized 
concerning 
composition, 
properties, 
attributes and 
functions. Product 
performance 
regarding desired 
characteristics are 
outstanding. 
TRL is high. 

Product description is clear and fully detailed, especially the 
main feature(s) for the specific application and validation 
tests have been done. It has great characteristics for the 
application. Also high TRL (actual system proven in 
operational environment). 

5  
 

Product description is clear and fully detailed, especially the 
main feature(s) for the specific application and validation 
tests have been done, but not all requirements are fulfilled. 
It has average characteristics for the application. TRL is 
quite high (system prototyping demonstration in an 
operational environment).  

4 
 

Product description is clear and the main feature(s) for the 
specific application and validation tests is detailed. It has 
average characteristics for the application. TRL is also 
average (system or technology validation in relevant 
environment or prototyping demonstration in a relevant end-
to-end environment).  

3  
 

Product described as standard: composition. It has poor 
characteristics for the application. TRL is also very low 
(analytical and experimental critical function and/or 
characteristic proof-of concept, process validation in 
laboratory environment).  

2 
 

Product with no or poor description. It doesn’t have great 
characteristics for the application. TRL is the lowest (basic 
principles observed and reported, technology concept 
and/or application formulated). 

1  

Internal External 
Strengths Weaknesses Opportunities Threats 

The CVD process is 
suitable to produce 
effective 
nanodiamond 
coatings 
 
Cost per part is low. 

TRL is low 
 
Shape, size and nature of 
substrate to be coated 
are not broadband; 
 
Equipment and 
installation investment 
are not considered in this 
case study. 

Significant number of 
applications requiring 
thin, hard, low friction, 
good thermal 
conducting and 
electrical isolation 
coatings 

Copy of technology 
process or alternative 
processes can be 
developed by  
competitors 
 
Other thin films can be 
used for some 
application  
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Table 37 - Competitors factor of the Adequacy impact indicator for silicon wafer coated with a 500 nm nanodiamond film 

Factor Excellent Reference points Score 
 
 
 
 
 
 
 
 

 
Competitors 

Type of innovation 
clearly stated in 
product and process 
and having radical 
innovation impact in 
relation with 
competing products. 
Detailed list of the 
similar competing 
products in the 
market. Clear 
identification of the 
weaknesses and 
advantages. Very high 
performance in a 
SWOT analysis.  

The product represents a radical innovation 
impact and process and product type of 
innovation. Detailed list of the similar 
competing products in the current market and 
a very high performance in a SWOT analysis. 

5 

The product is innovative regarding product 
and process type of innovation and 
represents a really new innovation impact. 
Detailed list of the similar competing products 
in the current market and a high performance 
in a SWOT analysis. 

4 

The product is an incremental innovation and 
represents a process or product type of 
innovation. Detailed list of the similar 
competing products in the current market and 
a good performance in a SWOT analysis. 

3 

The product is very low incremental impact 
innovation and represents a product or 
process innovation. It doesn’t show much 
potential in market. The product has a low 
performance in a SWOT analysis.  

2 

The product doesn’t show any potential in the 
market and presents bad performance in a 
SWOT analysis.  

1 
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3.2.4. Key impact indicators summary 

 

Table 38 presents, similarly to the previous case study, the summary of the studied impact indicators. 

Figure 28 and Figure 29 illustrate the clustered column and radar graph of the impact indicators, 

respectively. 

 

Table 38 - Key impact indicators for silicon wafer coated with a 500 nm nanodiamond film 

Measures 
Factors of the impact 

indicator 
Score Impact indicator Score 

Recyclability 

Environmental 4 

Eco & Social 4 

Environmental data 

Environmental impact 

OSH data 
OSH 4 

OSH impact 

Raw material cost 

Economical 5 

Cost 5 

Price of equipment 

HR salaries 

Energy consumption 
Energy 5 

Energy cost 

Product performance 
data 

Product 3 

Adequacy 2.5 

Product performance for 
the specific application 

Current TRL 

Type of Innovation 

Competitors 2 Innovation impact 

SWOT analysis 
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Figure 28 - Clustered column of impact indicators for silicon wafer coated with a 500 nm nanodiamond film 

 

 

  

Figure 29 - Radar graph of impact indicators for silicon wafer coated with a 500 nm nanodiamond film 
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3.3. Discussion – Decision Making 

 
The service chemical vapor deposition of nanocrystalline diamond films analysed in the current 

section, revealed itself to be an effective production process to attain homogenous and good quality 

films. Furthermore, it showed a high scoring level in economical, energy, ecological and social 

indicators. Nevertheless, analysing its adequacy concerning product attributes and the competing 

products, a lower scoring was obtained. The TRL of the service is still low, although, to the best 

knowledge of the author, this could be easily overpassed. Shape, size and nature of substrate to be 

coated are not universally open, which presents a weakness hard to overcome and limiting the 

adequacy of the service. Additionally, other coatings in the market can replace some of the attributes 

of a diamond coating. 
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4. Water-cleaning Graphene tea bags  

 

Water-cleaning tea bags, shown in Figure 30, containing a porous graphene oxide (GO) foam, have 

been developed with the purpose of removing dissolved mercury from water by adsorption 

(Henriques et al., 2016). The foams were synthesized by heating an aqueous solution of GO in the 

presence of ammonia to create a porous 3D material with a very high superficial surface area. After 

screening this material for its ability to adsorb various toxic pollutants, mercury was considered as a 

case study since it is one of the contaminants in Aveiro shallow waters, Portugal. Mercury is one of 

the top three on the EU’s priority list of hazardous substances in water, and the legislation dictates 

the end of its discharges, releases and losses by 2020 (Henriques et al., 2016). 

 

 

Figure 30 - Water-cleaning tea bags containing a porous graphene oxide. 

 

The nano-based product for the implementation of the NTU tool is a prototype developed in academy 

laboratories. 

A prototype was designed that consists on the encapsulation of the 3D carbon structures into 

permeable casings. This new architecture allows the easy recovery of the material after use in an 

aqueous medium, and furthermore making possible its application in locations that do not have 

specific infrastructures. The product is already developed as a laboratory prototype, having showed 

direct scalability (TRL3). In addition to the studies carried out under optimal conditions with ultrapure 

water, some studies were also conducted in a simulated real environment, river and seawater. The 

tea bag prototypes can remove 96% of the mercury dissolved in pure water in a day, which is more 

efficient than activated carbon, one of the standard techniques for removing this heavy metal. The 

present GO foam also performed well when used to treat river water containing pollutants other than 

just mercury and removing 82% of the metals in a day. Performance in sea water revealed to be 

worse, around 42%, because of other positive ions competing for functional groups on the surface 

of the foams. Nevertheless, the foams seem to have some significant advantages over existing water 

purification systems: they are simple to synthesize and should be easy to produce, in bulk, at 

relatively low costs. They are also not affected by pH, which is an important factor since, often, 

sorbents need that the pH level is optimized, adding an additional costs to treatments. 

A potential application for the teabags is the decontamination of waste water in industrial effluents. 

Another potential application could be drinking water purification in areas where mercury pollution is 

a problem. Currently, the European safe level for mercury in drinking water is 1 parts per billion, and 



 

94 

so far the presented GO tea bags are only able to bring it down to 3 ppb in samples. Therefore, the 

initial application priority can be assumed as the usage in industry. 

 

4.1. Data Acquisition stage 

4.1.1. Pre-stage 

The main raw material used in the current application is Graphene Oxide (GO), a nanomaterial 

obtained from the chemical exfoliation of graphite with a set of interesting properties and a high 

number of potential applications. 

 

4.1.2.  Raw materials  

 

The list of raw materials to produce water-cleaning graphene tea bags are listed in Table 39. 

 

 

Table 39 - Raw material for water-cleaning graphene tea bags 

Material Concentrated H2SO4 (50 mL) 

Main attribute(s) Highly corrosive strong mineral acid 

Origin Sigma-Aldrich 

Cost 163.5€ / 100ML 

Recyclability conditions Eco indicator (Consultants P, 2000): 22; FREEZE CRYSTALLIZATION; stripping process 

and a SATCO process (Li et al., 2014) 

OSH factors Faceshields, full-face respirator, Gloves, Goggles; Concentrated sulfuric acid may also 
react explosively with water addition 

Material Graphite (2 g) 

Main attribute(s) Most stable form of carbon, very soft and slippery 

Origin Sigma-Aldrich 

Cost 237.5€/113.4G 

Recyclability conditions Synthetic graphite electrodes are either manufactured and pieces are cut off or lathe 
turnings are discarded 300 USD/MT 

OSH factors Dust mask type N95 (US), Eyeshields, Gloves. 

Material KMnO4 (7 g) 

Main attribute(s) Strong oxidizing agent 

Origin Sigma-Aldrich 

Cost 28.6€/L 

Recyclability conditions Waste disposal facilities recommended 

OSH factors Eyeshields, Faceshields, Gloves, half-mask respirator. 
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Material H2O2 (30 wt% in water) 

Main attribute(s) strong oxidizer, bleaching agent and disinfectant 

Origin Sigma-Aldrich 

Cost 117.5€/500ML 

Recyclability conditions Waste disposal facilities recommended 

OSH factors Faceshields, full-face respirator (US), Gloves, Goggles, multi-purpose combination 
respirator cartridge (US), type ABEK (EN14387) respirator filter. 

Material HCl (0.1 mol dm-3) 

Main attribute(s) highly corrosive, strong mineral acid; chemical reagent 

Origin Sigma-Aldrich 

Cost 16€/1L 

Recyclability conditions Eco indicator (Consultants P, 2000): 39 

HCl waste back to its components - hydrogen and chlorine. Recycle the chlorine. 
Existing processes to do this have been inefficient and expensive 

OSH factors Eyeshields, Gloves, half-mask respirator (US), multi-purpose combination respirator 
cartridge (US) 

Material NH4OH (20% v/v) 

Main attribute(s) Complexant and base 

Origin Sigma-Aldrich 

Cost 20.20€/500ML 

Recyclability conditions Eco indicator (Consultants P, 2000): 160 

OSH factors Faceshields, full-face respirator (US), Gloves, Goggles. 

Material NH4SN (10 wt% wt%) 

Main attribute(s) Colourless, strong smell; solvent 

Origin Sigma-Aldrich 

Cost 16.7€/1L 

Recyclability conditions Eco indicator (Consultants P, 2000): 160 

OSH factors Eyeshields, Faceshields, Gloves, half-mask respirator; Contact with acids liberates very 
toxic gas. 

 

 

4.1.3. Production 

 

The production starts with the chemical exfoliation of graphite, which is based on the method 

suggested by William, Hummers & Offeman (1958). Concentrated H2SO4 (50 mL) is added into a 

250 mL flask filled with graphite (2 g) at room temperature. The flask is cooled to 0°C in an ice bath, 

followed by slow addition of KMnO4 (7 g), being then allowed to warm until room temperature. The 

temperature is then raised to 35°C with a water bath, and the mixture is stirred with a Teflon-coated 
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magnetic stirring bar for 2 hours (William, Hummers, & Offeman, 1958; Gonçalves et al., 2010; 

Gonçalves, et al., 2009; Yang et al., 2009). 

Afterwards, the reaction mixture is cooled with an ice bath, followed by the addition of distilled water 

in excess to the mixture. Then, H2O2 (30 wt % in water) is added until gas evolution is ceased. The 

resultant suspension is then intensively washed, first with a diluted solution of HCl (0.1 mol dm-3) and 

after with distilled water by filtration, being then centrifuged at 3000 rpm to remove any residual 

unexfoliated graphite and further oxidant agents. The resulting material is dried by lyophilization in 

order to obtain a non-agglomerated powder, the GO. 

As referred above, GO was prepared by the chemical exfoliation from graphite (Graphite powder, 

with a grain size <45 μm, purity ≥99.99%, Sigma-Aldrich). The referred 3D structures are built up by 

the simple self-assembly of GO sheets (4 mg/mL) with 1mL of NH4OH (20% v/v) in an autoclave at 

180°C during 12h (3DGO) (Li et al., 2014). Equipment, consumables and the parameters consider 

in this thesis are listed in Table 40. In the production process, the energy (electricity) usage is 

approximately 3,97 kWh/week, with an average usage of 5 hours per week.  

 

Table 40 - Production of the water-cleaning graphene tea bags 

Equipment / Consumables Teflon-coated magnetic stirring bar 

Main function stirring 

Function Cost /Consumable Don’t exist 

Energy Usage n.a. 

Environmental Impact Don’t exist 

OSH Impact Don’t exist 

Output characteristics n.a. 

Equipment / Consumables Autoclave (HSE, 2012). Model: VWR AS12 33L capacity 

Main function  

Function Cost /Consumable 5 hours/week usage 

Assume 30 minutes steam‐generating period (1175W), 25 minutes steaming period 
(471W), and 5 minutes drying process (106W) 

Energy Usage ~ 3,97,1 kWh/week 

Environmental Impact n.a. 

OSH Impact Autoclaves are pressure vessels; High-risk equipment. Usage should be covered by 
the “Provision and Use of Work Equipment Regulations 1998 (PUWER)” and the 
“Pressure Systems Safety Regulations 2000 (PSSR)” 

Output characteristics ISO 9001:2000, ISO 13485:2003 compliance for Quality management purposes 

 

4.1.4. Product 

As summarized in Table 41, the tea bag prototypes can remove 96% of the mercury dissolved in 

pure water in a day, which is more efficient than activated carbon at the same experimental 

conditions. The GO foam also performed well when used to treat river water containing pollutants 

other than just mercury, removing 82% of the metal in a day, although performance in sea water is 
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worse, around 42%. In what concerns OSH Impact, workers must be trained to manipulate the 

different equipment and consumables to prevent any accident. In proper working conditions the 

OSHT risk is relatively low. After use, the contaminated graphene tea bags may offer surplus 

recyclability for the recovery of mercury and other tea bag components. However it needs to be 

further validated in tests.  

 

Table 41 - Water-cleaning graphene tea bags characteristics 

Product Water-cleaning graphene tea bags 

Performance Mercury dissolved in pure water: GO tea bags can remove 96% in a day (better than 
activated carbon); 

Mercury dissolved in river water: GO tea bags can remove 82% in a day; 

Mercury dissolved in sea water: GO tea bags can remove 42% in a day; 

Safety  Workers must be formed to manipulate the different equipment’s and consumables 
to prevent any accident. In proper working conditions the OSH risk is relatively low. 

Final disposition Offer surplus recyclability for the recovery of mercury and other tea bag components 

 

 

4.1.5. Application 

As presented in Table 42, the TRL of this product is currently of 4 (Technology validated in 

laboratory), while the innovation impact can be considered incremental. 

Table 42 - Water-cleaning graphene tea bags application  

Application Water remediation 

TRL 4 

Type of innovation Type of innovation focused in the product, in the category of new intermediate raw 
material and new functional systems. 

Innovation impact The innovation impact is incremental. 
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4.2. Evaluation stage 

As the data acquisition stage is completed, the evaluation stage can be applied, analysing the 
environmental and OSH data, the production costs and the satisfaction of the functional requirements 
settled for the product, as carried out in the two previously case studies. 

 

4.2.1. Impact Indicator 1: Eco and Social  

 

Regarding the environmental impact of the production process, it can be considered as low, since 

most of the waste can be recycled and the emission to the environment is considered low. In term of 

OSH, workers must be trained to manipulate the different equipment and consumables to prevent 

any accident. Personal protective clothing must be used, as is the situation. 

Therefore, as showed in Table 43, the environmental factor can be referenced with a score of 5, 

even not being yet certified. To the best knowledge of the author, environmental certification could 

be easily attained. Regarding OSH factor, as highlighted in Table 44 a score of 4 is attributed. Eco 

& Social impact indicator is then scored with a 4,5 value. 

 

Table 43 - Environmental factor of the Eco & Social impact indicator for water-cleaning graphene tea bags 

Factor Excellent Reference points Score 
 
 
 
 
 
 
 
Environmental 
 

Product and production 
process regarding 
environmental impact 
fully described and 
certificated under the 
scope of ISO 
14001:2015 standard. 
The impact is clearly 
stated and all possible 
hazards are taken into 
the consideration. Raw 
materials and final 
product with 
recyclability detailed 
data and instructions. 
  

Product/Production description is clear, fully 
detailed and certificated. It has no negative impact 
to environment. Recyclable with detailed user 
information and recyclability conditions compliance.  

 
5 

Product/Production description is partly detailed 
and certificated. It has a small negative impact to 
environment. Recyclable with general information 
or biodegradable. 

4 

Product/Production fully described as standard and 
without certification It has a medium level impact to 
environment. Non-recyclable. 

3 

Product/Production partly described as standard 
and without certification. It has a strong negative 
impact to environment. Non-recyclable. 

2 

Product/Production with no description and 
information. Environmental impact is unknown. 
Without information about its recyclability. 

1 
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Table 44 - OSH factor of the Eco & Social impact indicator for water-cleaning graphene tea bags 

Factor Excellent Reference points Score 
 
 
 
 
 
 

OSH 

Product and 
production process 
regarding OSH impact 
fully described and 
certificated under the 
scope of OHSAS 
18001: 2007 standard. 
The impact is clearly 
stated and all possible 
hazards are taken into 
the consideration. 
 
  

Product/Production description is clear, fully 
detailed and certificated. There is no impact to 
humans, personal protective equipment is not 
required.  

5 

Product/Production description is clear, fully 
detailed and certificated. OSH impact is average. It 
is obligatory to use personal protective equipment.  

 
4 

Product/Production is described as standard and 
without certification. OSH impact is average. It is 
obligatory to use personal protective equipment and 
safety measures. 

 
3 

Product/Production partly described as standard 
and without certification. OSH impact is average. It 
is obligatory to use personal protective equipment 
and safety measures. 

2 

Product/Production with no description and 
information. The OSH impact is unknown. More 
research has to be done 

1 

 

 

4.2.2. Impact Indicator 2: Cost 

Energy (electricity) usage is around 3 kWh. The usage of the autoclave is of 5 hours per week.. Not 
considering human resources cost, neither the equipment and installations investment due to the 
current access regulation of the infrastructure, the production cost of the tea bag, considering the 
raw material prices an economical factor of 3, Table 45. In what concerns energy quantification in 
terms of consumption and energy cost, was scored with 3 also, as showed in Table 46. The 
classification leads to a 3 score in the cost impact indicator. 

 

Table 45 - Economical factor of the Cost impact indicator for water-cleaning graphene tea bags 

Factor Excellent Reference points Score 
 
 
 

Economical 

Raw material, equipment 
costs and human resources 
salaries completely 
characterized, including the 
identity of the suppliers (if 
verified) with the lowest 
market value. 

Raw material and equipment costs with 
the lowest value of the market 

5 

Raw material and equipment costs with 
the average price of the market 

4 – 3 
 

Raw material and equipment costs with 
the highest value of the market 

2 – 1 

 

 

Table 46 - Energy factor of the Cost impact indicator for water-cleaning graphene tea bags 

Factor  Excellent Reference points Score 
 
 

Energy 

Production energy costs 
completely characterized, 
including energy 
consumption price.  

Low energy consumption 
 

5 
 

Average energy consumption 
 

4 – 3 
 

High energy consumption 2 – 1 
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4.2.3. Impact Indicator 3: Adequacy 

 

Analysing the adequacy of the studied case as the product attributes and the competing products, 

the product performance data, and its relation with the specific application, the scoring is high, 

nevertheless, the overall technology readiness level (TRL) of the service is still low, although with 

the potential of being surpassed. The product factor of the adequacy impact indicator cannot be 

above 3, as displayed in Table 47. The competitors factor highlights the relation with competing 

products and analyses the type of innovation, innovation impact and the internal strengths and 

weaknesses, and external opportunities and threats.  

First measure is type of innovation. From the analysis of the considered case study, the type of 

innovation is settled in an improved product, with better performance from the available in the market. 

In what concerns the innovation impact, the tea bag does not represent a radical innovation, therefore 

the resulting innovation is incremental. The SWOT analysis for the tea bag prototype is presented in 

Table 48. Despite the innovation in the product, and a higher performance, there are alternatives to 

the product, already available for commercial use. It leads to a score of 3 in the competitors factor, 

as showed in, Table 49 and an adequacy impact indicator of 3. 

 

Table 47 - Product factor of the Adequacy impact indicator for water-cleaning graphene tea bags 

 

 

 

 
Factor 

Excellent Reference points Score 

 
 
 
 
 
 
 
 
 
 
 
      Product   

Product totally 
characterized 
concerning 
composition, 
properties, 
attributes and 
functions. Product 
performance 
regarding desired 
characteristics is 
outstanding. 
TRL is high. 

Product description is clear and fully detailed, especially 
the main feature(s) for the specific application and 
validation tests have been done. It has great 
characteristics for the application. Also high TRL (actual 
system proven in operational environment). 

5  
 

Product description is clear and fully detailed, especially 
the main feature(s) for the specific application and 
validation tests have been done, but not all requirements 
are fulfilled. It has average characteristics for the 
application. TRL is quite high (system prototyping 
demonstration in an operational environment).  

4 
 

Product description is clear and the main feature(s) for the 
specific application and validation tests is detailed. It has 
average characteristics for the application. TRL is also 
average (system or technology validation in relevant 
environment or prototyping demonstration in a relevant 
end-to-end environment).  

3  
 

Product described as standard: composition. It has poor 
characteristics for the application. TRL is also very low 
(analytical and experimental critical function and/or 
characteristic proof-of concept, process validation in 
laboratory environment).  

2 
 

Product with no or poor description. It doesn’t have great 
characteristics for the application. TRL is the lowest (basic 
principles observed and reported, technology concept 
and/or application formulated). 

1  
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Table 48 - SWOT analysis for water-cleaning graphene tea bags 

 

 

Table 49 - Competitors factor of the Adequacy impact indicator for water-cleaning graphene tea bags 

Factor Excellent Reference points Score 
 
 
 
 
 
 
 
 

 
Competitors 

Type of innovation 
clearly stated in 
product and process 
and having radical 
innovation impact in 
relation with 
competing products. 
Detailed list of the 
similar competing 
products in the 
market. Clear 
identification of the 
weaknesses and 
advantages. Very high 
performance in a 
SWOT analysis.  

The product represents a radical innovation 
impact and process and product type of 
innovation. Detailed list of the similar 
competing products in the current market and 
a very high performance in a SWOT analysis. 

5 

The product is innovative regarding product 
and process type of innovation and 
represents a really new innovation impact. 
Detailed list of the similar competing products 
in the current market and a high performance 
in a SWOT analysis. 

4 

The product is an incremental innovation and 
represents a process or product type of 
innovation. Detailed list of the similar 
competing products in the current market and 
a good performance in a SWOT analysis. 

3 

The product is very low incremental impact 
innovation and represents a product or 
process innovation. It doesn’t show much 
potential in market. The product has a low 
performance in a SWOT analysis.  

2 

The product doesn’t show any potential in the 
market and presents bad performance in a 
SWOT analysis.  

1 

  

Internal External 
Strengths Weaknesses Opportunities Threats 

Researchers detain 
the patent of the 
production procedure 
 
Good laboratory 
performance 
removing mercury 
from water 

Low TRL 
 
Low production capacity 

The performance is 
better than competing 
products 
 
Demand for such 
products 

Existence of 
alternatives 
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4.2.4. Key impact indicators summary 

 

Table 50 presents a summary of the studied impact indicators. Figure 31 and Figure 32 illustrate the 
clustered column and radar graph of the impact indicators, respectively. 

 

Table 50 - Key impact indicators for water-cleaning graphene tea bags 

Measures 
Factors of the impact 

indicator 
Score Impact indicator Score 

Recyclability 

Environmental 5 

Eco & Social 4,5 

Environmental data 

Environmental impact 

OSH data 
OSH 4 

OSH impact 

Raw material cost 

Economical 3 

Cost 3 

Price of equipment 

HR salaries 

Energy consumption 
Energy 3 

Energy cost 

Product performance 
data 

Product 3 

Adequacy 3 

Product performance for 
the specific application 

Current TRL 

Type of Innovation 

Competitors 3 Innovation impact 

SWOT analysis 
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Figure 31 - Clustered column of impact indicators for water-cleaning graphene tea bags 

 

 

  

Figure 32 - Radar graph of impact indicators for water-cleaning graphene tea bags 
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4.3. Discussion – Decision Making 

 

From the application of the NanoTechnology Usability (NTU) index tool, decision making indicators 

were highlighted. The production of the water-cleaning graphene tea bags has a very low 

environmental impact, with the highest NTU score in the case study. The occupational safety and 

health indicators are also high scores, therefore, since using the appropriated procedures, the risk is 

low. Production cost is moderated and monetary costs and energy spending have been scored 

average. 

The tea bag prototypes can remove 96% of the mercury dissolved in pure water in a day, which is 

better than activated carbon, a competing product. It also performed well when used to treat river 

water containing pollutants other than just mercury, removing 82% of the metal per usage day. Due 
to a richer mineral contents, the performance in sea water was around 42%. Researchers detain the 

patent of the production procedure, which is also a strength. Although the TRL is low, it can be easily 

developed. So far the production capacity is low and must be further developed to industrial levels. 

Although it is worth noting the existence of alternative products, the demand of this kind 

decontaminant product is high. 
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5. NANOPAINT 

Automotive industry is known for extensively replacing metal parts with plastic ones for many 

applications. However, namely for user related features, these new plastic parts must keep the 

aesthetic and the main properties of the metal components, i.e., the metallic appearance is of utmost 

importance, as well as the “cold sensation” of metal. 

Those features may be obtained by the well-known chrome-plated painting (Tyler, 1995; Mandich, 

1999), which is no more allowed in the sector due to environmental and health toxicity regulations 

(IARC, 1990; Mohapatra, Samantaray, & Parida, 2005). Physical Vapour Deposition process can 

produce good quality parts with metallic appearance, but with and increased price and very 

dependent on the quantities produced (Navinsek, Panian, & Milosev, 1999; Bozyaz, Urgen, & Cakr, 

2004). Another methodology that can be used to produce parts with metallic like appearance is the 

thermal spraying (Kuroda, Kawakita, Watanabe, & Katanoda, 2008). With an alternative being 

through polymer painting. Such technique is less costly, easier for industrial implementation and can 

be environmentally friendly. Nevertheless, polymer painting does not detain the metallic sensation 

that buyers typically like to see and feel. A way of attaining the latter is by enhancing the thermal 

properties of the polymeric paint and this may be done through the addition of nanoparticles with 

high thermal conductivity properties, such as carbon-like nanoparticles (carbon nanotubes) and iron 

nanoparticles. 

The nanopaint was based in the work developed at the Department of Mechanical Engineering of 

The University of Aveiro in the scope of a master dissertation from Schincariol (2016). Currently, the 

potential nano-based product is in the testing stage in the laboratories of the University of Aveiro.  

 

5.1. Data Acquisition stage 

5.1.1. Pre-stage 

Nanomaterials studied to be incorporated in the present product are Multi Walled Carbon Nanotubes 

(MWCNT) and Nano-Fe3O4 particles. Nano-aluminium particles are presented as alternative 

additive. 

 

5.1.2.  Raw materials  

The materials used or considered for the application of the nanopaint in the plastic parts are: the 

paint, diluent do dilute the concentrated paint, and the nanoparticles as described above. A cleaning 

fluid is also considered, in the present case ethyl alcohol. This raw materials are identified in Table 

51, as is their cost, recyclability and Occupational Safety and Health (OSH) impact. 
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Table 51 - Raw materials for nanopaint 

Material Paint “CELEROL® Basecoat 990-22 

Main attribute(s) High chrome effect 

Origin CIE STRATIS - Tratamentos, Lda. (Varzea, Barcelos). 

Cost  1.293 € – 2.605 € / per kilogram 

Recyclability conditions When exposed to high temperatures may produce hazardous decomposition products 
such as carbon monoxide and dioxide, smoke, oxides of nitrogen. Dispose of in 
accordance with local regulations. 

OSH factors Eyes: Causes eye irritation. Ingestion: May cause vomiting. No ingredient of this product 
present at levels greater than or equal to 0.1% is identified as probable, possible or 
confirmed human carcinogen by IARC, OSHA, NTP, ACGIH. Protective measures: do not 
eat or drink during work - no smoking. Avoid product contact with skin, eyes and clothing. 
Use personal protective equipment. Eye protection: use safety glasses or face shield 
(ANSI Z87.1 or approved equivalent). Hand protection: glove permeation data does not 
exist for this material. The following glove(s) from nitrile should be used for splash 
protection only. Skin and body protection:     personal should wear protective clothing as 
necessary to prevent skin contact. All parts of the body should be washed after contact. 

Material Diluent “CELEROL-Verdünner 902-82” 

(Ethyl acetate, Propanone, n-butyl acetate) 

Main attribute(s) Dissolve paint 

Origin CIE STRATIS - Tratamentos, Lda. (Varzea, Barcelos). 

Cost n.a. 

Recyclability conditions Offer surplus or non-recyclable product to licensed disposal company. Disposal is 
subject to user compliance with applicable law and product characteristics at time of 
disposal. Dispose of packaging as product. 

OSH factors H225 – highly flammable liquid and vapor (category 2). H336 - may cause drowsiness or 
dizziness (category 3). Causes serious irritation to the eyes (category 2), skin, the 
respiratory tract, the gastrointestinal tract.  May be harmful if inhaled or swallowed. Use 
respirators and components tested and approved under appropriate government 
standards such as NIOSH (US) or CEN (EU). For conditions of use where exposure to 
the dust or mist is apparent, a full-face dust/mist respirator may be worn. Handle with 
protective gloves. Gloves must be inspected prior to use and their material has to be 
impermeable and resistant to the product/ the substance/ the preparation. Face shield 
and chemical safety glasses/ goggles where splashing is possible. Impervious body 
covering clothing, flame retardant antistatic protective clothing. Not listed as a 
carcinogen by NTP, EPA, ACGIH or IARC 
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Material Multi Walled Carbon Nanotubes (MWCNT) 

Main attribute(s) Nanoparticles. External diameter > 50 nm; length of 10-20 µm; purity > 95%; density of ρ 
= 2.1 g/cm3. 

Origin “CheapTubes” 

Cost 0.89 € – 15.00 € / per gram 

Recyclability conditions Disposal must be made according to official regulations. Contact a hazardous materials 
removal company. Keep all carbon nanotube waste, packaging, and contaminated items 
segregated from other waste and dispose of with a materials removal company such as 
Safety Kleen or others. 

OSH factors May cause eye irritation. Inhalation is the most common route of exposure to airborne 
particles in the workplace. Inhalation may lead to the formation of lung Granulomas or 
possibly Mesothelioma. No known hazards for ingestion, but may irritate gastrointestinal 
tract. Eye Protection: ANSI 787 rated safety glasses with side-shields. Respiratory 
Protection: NIOSH N-100 or P-100 rated particulate respirator with full face mask. Skin 
Protection: Nitrile gloves (see below) or equivalent and protective clothing to prevent skin 
contact, such as cotton fiber lab coat or uniform or Tyvek coveralls. Gloves 
specifications: for any handling steps where the nanomaterial is part of a carrier 
liquid/solvent other than the aqueous suspension noted in the previous paragraph, 
gloves must be comprised of material that successfully passes ASTM F-739 (continuous 
liquid contact method). Gloves must be changed before the breakthrough time for the 
carrier liquid (as determined by the ASTM F-739 testing or by the manufacturer). No 
classification data on carcinogenic properties of this material is available from the EPA, 
IARC, NTP, OSHA or ACGIH. 

Material Nano-Fe3O4 

Main attribute(s) Nanoparticles. Spherical shape with a size < 30 nm; purity of 99%; surface area is about 
> 55 m2/g ; density is 2,1 g/cm3. 

Origin “NanoBond” 

Cost 0.76 € – 9.80 € / per gram 

Recyclability conditions Offer surplus and non-recyclable solutions to a licensed disposal company. Contact a 
licensed professional waste disposal service to dispose of this material. Contaminated 
packaging: dispose of as unused product. 

OSH factors Iron oxide is fairly innocuous and shouldn’t present a distinct health hazard. The primary 
hazard would be irritation of skin or mucous membranes upon contact. H319 Causes 
serious eye irritation. H335 May cause respiratory irritation. STOT SE Specific target 
organ toxicity - single exposure. Safety glasses with side-shields conforming to EN166 
Use equipment for eye protection tested and approved under appropriate government 
standards such as NIOSH (US) or EN 166(EU). For any handling steps where the 
substance is part of a carrier liquid, other than the aqueous suspension noted in the 
previous paragraph, gloves must be comprised of material that successfully passes 
ASTM F-739 (continuous liquid contact method). Gloves must be changed before they 
show degradation and before the designated breakthrough time for the carrier liquid (as 
determined by the ASTM F-739 testing or by the manufacturer). Handle with gloves. 
Gloves must be inspected prior to use. Use proper glove removal technique (without 
touching glove's outer surface) to avoid skin contact with this product. Dispose of 
contaminated gloves after use in accordance with applicable laws and good laboratory 
practices. Body protection – impervious clothing. The type of protective equipment must 
be selected according to the concentration and amount of the dangerous substance at 
the specific workplace. Follow the OSHA respirator regulations found in 29 CFR 
1910.134 or European Standard EN 149. Use a NIOSH/MSHA or European Standard 
EN 149 approved respirator if exposure limits are exceeded or if irritation or other 
symptoms are experienced. 
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Material Nano-aluminium particles 

Main attribute(s) Nanoparticles. Form of powder; silver- grey appearance; spherical shape with a size > 
45 nm; purity of 99.7%. 

Origin “US Research Nanomaterials, Inc.” 

Cost 0.28 € – 0.65 € / per gram 

Recyclability conditions Offer surplus and non-recyclable solutions to a licensed disposal company. Contact a 
licensed professional waste disposal service to dispose of this material. 

OSH factors This chemical is considered hazardous by the 2012 OSHA Hazard Communication 
Standard (29 CFR 1910.1200). P233: Keep container tightly closed. P210: Keep away 
from heat/sparks/open flames/hot surfaces. P271: Use only outdoors or in a well-
ventilated area. P280: Wear protective gloves/protective clothing/eye protection/face 
protection. P261: Avoid breathing dust/fume/gas/mist/vapors/spray. P264: Wash hands 
thoroughly after handling. Use personal protective equipment. Eye/face protection: safety 
glasses with side-shields conforming to EN166 Use equipment for eye protection tested 
and approved under appropriate government standards such as NIOSH (US) or EN 
166(EU). Skin protection: for any handling steps where the substance is in particulate 
form or in a suspension with pure water where the substance is not solubilized, the 
gloves must be comprised of material that successfully passes ASTM F-1671. For any 
handling steps where the substance is part of a carrier liquid, other than the aqueous 
suspension noted in the previous paragraph, gloves must be comprised of material that 
successfully passes ASTM F-739 (continuous liquid contact method). Gloves must be 
changed before they show degradation and before the designated breakthrough time for 
the carrier liquid (as determined by the ASTM F-739 testing or by the manufacturer). 
Handle with gloves. Gloves must be inspected prior to use. Use proper glove removal 
technique (without touching glove's outer surface) to avoid skin contact with this product. 
Dispose of contaminated gloves after use in accordance with applicable laws and good 
laboratory practices. Body protection: impervious clothing. The type of protective 
equipment must be selected according to the concentration and amount of the 
dangerous substance at the specific workplace. Respiratory protection: the EPA 
mandates the use of full face respirators with minimum N100 grade cartridges if there is 
any risk of exposure to carbon nanotube dust. For nuisance exposures use type P95 
(US) or type P1 (EU EN 143) particle respirator. For higher level protection use type 
OV/AG/P99 (US) or type ABEK-P2 (EU EN 143) respirator cartridges. Use respirators 
and components. 

Material Ethyl alcohol 

Main attribute(s) Cleaning. Pure 200 proof, anhydrous, ≥99.5% 

Origin “Sigma Aldrich” 

Cost 32.60 € / liter 

Recyclability conditions Prevent further leakage or spillage if safe to do so. Do not let product enter drains. Burn 
in a chemical incinerator equipped with an afterburner and scrubber but exert extra care 
in igniting as this material is highly flammable. Offer surplus and non-recyclable solutions 
to a licensed disposal company. 

OSH factors H225 – highly flammable liquids and vapors (Category 2), H319 – eye irritation (Category 
2). This substance/mixture contains no components considered to be either persistent, 
bio accumulative and toxic (PBT), or very persistent and very bio accumulative (vPvB) at 
levels of 0.1% or higher. No component of this product present at levels greater than or 
equal to 0.1% is identified as probable, possible or confirmed human carcinogen by 
IARC. Use personal protective equipment. Avoid breathing vapors, mist or gas. Ensure 
adequate ventilation. Remove all sources of ignition. Evacuate personnel to safe areas. 
Beware of vapors accumulating to form explosive concentrations. Vapors can 
accumulate in low areas. 
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5.1.3. Production 

 

To produce the nanocoating in the plastic parts, materials need to be prepared and applied. The 

production consists in a first stage on the preparation of the nanopaint, where the concentrated paint 

will be diluted and mixed with the selected nanoparticles (MWCNT, nano-Fe3O4 or nano-aluminium 

particles). This mixture is done in an ultrasonic tip system. After this stage, the coating stage is done. 

The coating stage is here simplified, and only the spray coating is considered. Paint baking and other 

complementary operations are not considered in this exercise. Cleaning with ethyl alcohol is 

considered in all stages. Equipment, consumables and the parameters considered in this report are 

listed in Table 52. 

 

Table 52 - Production of the nanopaint 

Equipment / Consumables Multi-Walled Carbon Nanotubes (MWCNT) 

Main function Nanoparticles. External diameter > 50 nm; length of 10-20 µm; purity > 95%; density 
of ρ = 2.1 g/cm3. 

Function Cost /Consumable 0.3 grams/ sample 

Energy Usage n.a. 

Environmental Impact Do not allow material to be released to the environment. In case of fire, the following 
can be released: Carbon monoxide (CO). Thermal decomposition will not occur if 
used and stored according to specifications. Dangerous products of decomposition: 
carbon monoxide and carbon dioxide. 

 

OSH Impact May cause eye irritation. Inhalation is the most common route of exposure to 
airborne particles in the workplace. Inhalation may lead to the formation of lung 
Granulomas or possibly Mesothelioma. No known hazards for ingestion, but may 
irritate gastrointestinal tract. Eye Protection: ANSI 787 rated safety glasses with side-
shields. Respiratory Protection: NIOSH N-100 or P-100 rated particulate respirator 
with full face mask. Skin Protection: Nitrile gloves (see below) or equivalent and 
protective clothing to prevent skin contact, such as cotton fiber lab coat or uniform or 
Tyvek coveralls. 

 

Output characteristics n.a. 
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Equipment / Consumables Nano-Fe3O4 

 

Main function Nanoparticles. Spherical shape with a size < 30 nm; purity of 99%;  surface area is 
about > 55 m2/g ; density is 2,1 g/cm3. 

Function Cost /Consumable 0.3 grams/ sample 

Energy Usage n.a. 

Environmental Impact Environmental precautions: do not let product enter drains. To the best of 
knowledge, the chemical, physical, and toxicological properties have not been 
thoroughly investigated. PBT/vPvB assessment not available as chemical safety 
assessment not required/not conducted. 

OSH Impact Iron oxide is fairly innocuous and shouldn’t present a distinct health hazard. The 
primary hazard would be irritation of skin or mucous membranes upon contact. H319 
Causes serious eye irritation. H335 May cause respiratory irritation. STOT SE 
Specific target organ toxicity - single exposure. Safety glasses with side-shields 
conforming to EN166 Use equipment for eye protection tested and approved under 
appropriate government standards such as NIOSH (US) or EN 166(EU). For any 
handling steps where the substance is part of a carrier liquid, other than the aqueous 
suspension noted in the previous paragraph, gloves must be comprised of material 
that successfully passes ASTM F-739 (continuous liquid contact method). Gloves 
must be changed before they show degradation and before the designated 
breakthrough time for the carrier liquid (as determined by the ASTM F-739 testing or 
by the manufacturer). Handle with gloves. Gloves must be inspected prior to use. 

Output characteristics n.a. 

Equipment / Consumables Nano-aluminium particles 

Main function Nanoparticles. Silver- gray appearance powder; spherical shape with a size > 45 nm; 
purity of 99.7%. 

Function Cost /Consumable 0.3 grams/ sample 

Energy Usage n.a. 

Environmental Impact Substances/mixtures which, in contact with water, emit flammable gases. Catches 
fire spontaneously if exposed to air. Environmental precautions: avoid release to the 
environment. Other adverse effects: do not allow product to enter surface waters, 
wastewater or soil. 

OSH Impact This chemical is considered hazardous by the 2012 OSHA Hazard Communication 
Standard (29 CFR 1910.1200). P233: Keep container tightly closed. P210: Keep 
away from heat/sparks/open flames/hot surfaces. P271: Use only outdoors or in a 
well-ventilated area. P280: Wear protective gloves/protective clothing/eye 
protection/face protection. P261: Avoid breathing dust/fume/gas/mist/vapours/spray. 
P264: Wash hands thoroughly after handling. Use personal protective equipment. 

Output characteristics n.a. 
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Equipment / Consumables Paint “CELEROL®, Basecoat 990-22, Highchrome effect” 

Main function Part of the base paint 

Function Cost /Consumable 50mL/ sample 

Energy Usage n.a. 

Environmental Impact Acute toxicity to the aquatic environment. 

OSH Impact Eyes: Causes eye irritation. Ingestion: May cause vomiting. No ingredient of this 
product present at levels greater than or equal to 0.1% is identified as probable, 
possible or confirmed human carcinogen by IARC, OSHA, NTP, ACGIH. Protective 
measures: do not eat or drink during work - no smoking. Avoid product contact with 
skin, eyes and clothing. Use personal protective equipment. Eye protection: use 
safety glasses or face shield (ANSI Z87.1 or approved equivalent). Hand protection: 
glove permeation data does not exist for this material. The following glove(s) from 
nitrile should be used for splash protection only. Skin and body protection: personal 
should wear protective clothing as necessary to prevent skin contact. All parts of the 
body should be washed after contact. 

Output characteristics n.a. 

Equipment / Consumables Diluent “CELEROL-Verdünner 902-82” 

Main function Part of the base paint 

Function Cost /Consumable 100mL/ sample 

Energy Usage n.a. 

Environmental Impact Acute toxicity to the aquatic environment. This mixture contains no substance 
considered very persistent or very bioaccumulative. 

OSH Impact H225 – highly flammable liquid and vapour (category 2). H226 STOT SE 3; H336 - 
may cause drowsiness or dizziness. Causes serious irritation to the eyes (category 
2ª), skin, the respiratory tract, the gastrointestinal tract.  May be harmful if inhaled or 
swallowed. Use respirators and components tested and approved under appropriate 
government standards such as NIOSH (US) or CEN (EU). For conditions of use 
where exposure to the dust or mist is apparent, a full-face dust/mist respirator may 
be worn. Handle with protective gloves. 

Output characteristics n.a. 

Equipment / Consumables Ultrasonic tip 

Main function Mixing stage 

Function Cost /Consumable (Investment: €5000) 

Energy Usage 1kWh 

Environmental Impact n.a. 

OSH Impact n.a. 

Output characteristics Nano-paint will be homogenised for application 
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Equipment / Consumables Spray gun for industrial use “Inart double action“ 

Main function Application of the coating 

Technical data: Nozzle diameter – 0.3 mm; Air consumption 15 – 50 PSI; Deposition 
capacity 20 cc; Hose – 150 cm; Suitable for artwork and painting design. 

Function Cost /Consumable (Investment: 58 € @ Anamorfose Lda) 

Energy Usage  

Environmental Impact Waste from solvent-based coatings is typically hazardous, and its management is 
regulated by the Resource Conservation and Recovery Act (RCRA), 40 CFR 260-
265.  In addition, when coatings are flammable liquids, storage requirements from 
OSHA is applied (29 CFR 1910). Emission of toxic compounds, evaporated solvents, 
odours and dust are possible and are the most common problems which are being 
encountered. 

 

OSH Impact When inhaled, finely dispersed paint and solvents can produce serious health 
hazards. Regulatory provisions such as those issued by the U.S. Occupational 
Safety and Health Administration dictate strict requirements to prevent unsafe use in 
work environments. Respiratory protection: NIOSH N95 or P100 filters. Also install a 
ventilator setup. Hand protection: latex gloves. 

 

Output characteristics After this process the coating is finished 

Equipment / Consumables Ethyl alcohol 

Main function Cleaning stage. Pure 200 proof, anhydrous, ≥99.5% 

Function Cost /Consumable n.a. 

Energy Usage n.a. 

Environmental Impact Ethyl alcohol can be recycled after use. At low concentrations and amounts, ethanol 
is rapidly metabolised without apparent harm. At higher concentrations, such as a 
result of leaks or spills, ethanol can have acute effects on a wide range of biota, 
where it may cause microbial death (ethanol is a disinfectant). 

OSH Impact H225 – highly flammable liquids and vapors (Category 2), H319 – eye irritation 
(Category 2). This substance/mixture contains no components considered to be 
either persistent, bioaccumulative and toxic (PBT), or very persistent and very 
bioaccumulative (vPvB) at levels of 0.1% or higher. No component of this product 
present at levels greater than or equal to 0.1% is identified as probable, possible or 
confirmed human carcinogen by IARC. Use personal protective equipment. Avoid 
breathing vapors, mist or gas. Ensure adequate ventilation. Remove all sources of 
ignition. Evacuate personnel to safe areas. Beware of vapors accumulating to form 
explosive concentrations. Vapors can accumulate in low areas. 

Output characteristics n.a. 
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5.1.4. Product 

The data obtained for the nanopaint, considering its performance, safety and final disposition is 
described in Table 53.  

 

Table 53 - Product characterization of nanopaint 

Product Nanopaint 

Performance As regards the carbon nanotubes, best results were recorded for both the thermal 
conductivity in liquid phase and that one in the solid phase, with a peak of λs = 0,192 
± 0,017 W/mK for 0,7 wt% of CNTs, equal to an enhancement of 108,7% compared 
to Paint200%. However, despite these improvements, CNTs cannot be used for the 
purpose of this application, due to the brightness variation already registered with 0.2 
wt% of CNTs. Excessive reduction in brightness cannot be accepted as this feature 
is crucial to get a chrome effect and, with CNTs percentages higher than 0.2 wt%, 
the colour change is even more evident, tending to a matte dark grey. 

The study carried out with nanoparticles of Fe3O4 has not led to the required solution, 
since it has failed on two important aspects. Firstly, the paint colour is significantly 
changed after the addition of nanoparticles and second, the thermal conductivity 
measurements in the liquid phase have not given satisfactory results. This has 
discard the possibility of using such nano – additive for this type of nanopaint. 

Although no tested, aluminum nanoparticles (nano-Al) may be a solution. The grey 
colour of the nano-Al makes to presuppose that they do not significantly vary the 
colour of the base paint, leaving unchanged the chrome effect required. 
Furthermore, the thermal conductivity of aluminium is 290 W/mK, around 4 order of 
magnitude higher than that one of the base paint (0,092 W/mK). It is visible that 
Aluminium nanoparticles are much cheaper than nanoparticles used in this work and 
because of the grey appearance it also may give better results. 

Safety  In what regards the hypothetical risk of contamination by nanoparticles used in 
nanocoatings, it mainly consists of three phases. 1) Production of nanocoating and 
application of them; 2) Release of nanoparticles in the lifetime of the coated 
component; and 3) Dispersion of nanoparticles in the disposal of the component. 
The risks of contamination of the first stage can be greatly reduced using nano-
filtering and dedicating hermetically isolated spaces systems for this process. The 
risk of releasing nanoparticles during the life cycle is undetermined: it cannot exactly 
be determined the quantity of nanoparticles that are released into the environment 
as it is a factor influenced by the speed of degradation of the nanocoating. However, 
it is conceivable believe that the nanoparticles can hardly abandon their positions, 
especially those at the innermost coating. In fact, they are incorporated and 
anchored in the polymer matrix (solid) and must be released in large quantities to be 
considered a hazard. (Ji, Kim, Kwon, & Lee, 2009) 

Final disposition In the phase of the nanopaint disposal, assuming it is disposed of in incinerators, the 
temperatures reached are sufficiently high to degrade a part of the nanoparticles, 
while the other part is present in the fumes and ashes that must be treated with 
systems of filtering to prevent release into the environment. 
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5.1.5. Application 

For the specific nanopaint, the innovation is focused in the product with an incremental impact. 
TheTRL lies in the range 3-4, as described in Table 54.  

 

 Table 54 – Nanopaint application 

Application Automotive industry 

TRL The technology readiness level (TRL) of this product is of 3 to 4. Analytical and 
experimental critical proof of concept validation is shown. Active Research and 
Development (R&D) is initiated with analytical and laboratory studies. Also, 
demonstration of technical feasibility using breadboard or brass board 
implementations that are exercised with representative data. Component/subsystem 
validation in laboratory environment: standalone prototyping implementation and 
test, integration of technology elements, experiments with full-scale problems or data 
sets. 

Type of innovation Type of innovation focused in the product, in the category of new intermediate raw 
material and new functional part 

Innovation impact Incremental innovation impact   
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5.2. Evaluation stage 

 

As the data acquisition stage is completed, the evaluation stage can be developed, analysing the 

environmental and OSH data, the production costs and the satisfaction of the functional requirements 

settled for the product, as done in the previous studied cases.  

 

5.2.1. Impact Indicator 1: Eco and Social  

 

Eco and Social impact indicator is based on Environmental and OSH factors. Environmental factor 

is based on three important measures, described in Chapter IV: recyclability; environmental data and 

impact to environment. 

Considering that the parts to be coated are ABS injected plastic, a commonly used material for car 

interior parts that are then painted with metal-aspect paints, the ABS part is the only raw material 

which is recyclable. All other materials are not recyclable and neither is the final product. Surplus or 

non-recyclable product should be given to licensed disposal company to remove coating before 

recycling the ABS. Environmental impact of the products used is clearly stated in the research. 

Products and production description is very clear, fully detailed and can be certificated. Equipment 

like spray gun has required documentation. As for nanoparticles which were used in this work all 

material safety data sheets (MSDS) are available from the origins. In what concerns the impact to 

environment, it is known that there are some threats analyzing this factor. Some components such 

as paint and diluent have acute toxicity to the aquatic environment. So, it is crucial to avoid any 

possible water contamination. Due to MSDS provided it is known that nanoparticles should not be 

released to the environment as well as it should not be allowed to enter drains.  

According to the above description and the reference points previously define, a score of 3 is given 

to environmental factor, as showed in Table 55, corresponding to a product and production fully 

described as standard, but without certification, having a medium level impact to environment and 

that is non-recyclable. 

 

Table 55 - Environmental factor of the Eco & Social impact indicator for nanopaint 

Factor Excellent Reference points Score 
 
 
 
 
 
 
 
Environmental 
 

Product and production 
process regarding 
environmental impact 
fully described and 
certificated under the 
scope of ISO 
14001:2015 standard. 
The impact is clearly 
stated and all possible 
hazards are taken into 
the consideration. Raw 
materials and final 
product with 
recyclability detailed 
data and instructions. 
  

Product/Production description is clear, fully 
detailed and certificated. It has no negative impact 
to environment. Recyclable with detailed user 
information and recyclability conditions compliance.  

 
5 

Product/Production description is partly detailed 
and certificated. It has a small negative impact to 
environment. Recyclable with general information 
or biodegradable. 

4 

Product/Production fully described as standard and 
without certification It has a medium level impact to 
environment. Non-recyclable. 

3 

Product/Production partly described as standard 
and without certification. It has a strong negative 
impact to environment. Non-recyclable. 

2 

Product/Production with no description and 
information. Environmental impact is unknown. 
Without information about its recyclability. 

1 
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OSH factor consists of the two measures analysed below: OSH data and impact. OSH data is clearly 

stated in the research. Products and production description is very clear, fully detailed and can be 

certificated. Equipment like spray gun has required documentation. As for the nanoparticles which 

were used in this work all material safety data sheets (MSDS) are given by the suppliers. Using 

MSDS it is known which materials are hazardous and what precautions have to be taken. As many 

materials are highly flammable it is mandatory to use personal protective equipment for eyes, skin 

and respiratory system. Respiratory equipment should be approved under appropriate government 

standards such as NIOSH (US) or CEN (EU). Safety glasses or face shields should be approved by 

ANSI Z87.1 or an equivalent. OSH impact, due to data which was gathered it is known that used 

materials and processes can induce damage to the human being. It can cause eye irritation and 

vomiting, so it is very important not to eat or drink during work as well as not to smoke. Ethyl alcohol 

causes serious irritation to the eyes (category 2), skin, the respiratory tract, the gastrointestinal tract.  

It may be harmful if inhaled or swallowed. Also it is know that using spray gun for this paint may 

cause emission of toxic compounds, evaporated solvents, odors and dust. That means all the 

precautions must be taken, staff has to be well informed and prepared in case of any accident. All 

materials don't have any known carcinogens confirmed by NTP, EPA, ACGIH or IARC.  

The score of OSH factor is 4 (vd. Table 56). Product and/or production description is clear, fully 

detailed and certificated. With average OSH impact and obligation to use personal protective 

equipment. The final average score of the impact indicator Eco and Social is therefore 3.5. 

 

Table 56 - OSH factor of the Eco & Social impact indicator for nanopaint 

Factor Excellent Reference points Score 
 
 
 
 
 
 

OSH 

Product and 
production process 
regarding OSH impact 
fully described and 
certificated under the 
scope of OHSAS 
18001:2007 standard. 
The impact is clearly 
stated and all possible 
hazards are taken into 
the consideration. 
 
  

Product/Production description is clear, fully detailed and 
certificated. There is no impact to humans, personal 
protective equipment is not required.  

5 

Product/Production description is clear, fully detailed and 
certificated. OSH impact is average. It is obligatory to use 
personal protective equipment.  

 
4 

Product/Production is described as standard and without 
certification. OSH impact is average. It is obligatory to use 
personal protective equipment and safety measures. 

 
3 

Product/Production partly described as standard and 
without certification. OSH impact is average. It is obligatory 
to use personal protective equipment and safety measures. 

2 

Product/Production with no description and information. 
The OSH impact is unknown. More research has to be 
done 

1 
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5.2.2. Impact Indicator 2: Cost 

 

Impact indicator is ruled by economical factors that depend of the raw material cost, equipment 

investment and human resources salaries, together with the energy consumption and costs. 

In what concerns raw material costs for the nanopaint case study, it is completely characterized and 

possible suppliers are identified. For nanoparticles, the cost really varies because it depends on the 

quantity being purchased. For example, multi walled carbon nanotubes (MWCNT) can cost between 

0.89€ and 15€ / per gram, buying it from “CheapTubes”. Nano-Fe3O4 nanoparticles bought from 

“NanoBond” can cost from 0.76€ to 9.80€ / per gram. Comparing prices with other nanoparticles 

available are considered to be an average price since there are more expensive ones but also 

cheaper, for example, aluminium nanoparticles (in powder shape) that cost 0.28€ - 0.65€ / per gram. 

Other materials like diluent and paint have prices relatively in the middle of the price range in the 

market. Second measure is the price of the necessary equipment. All used equipment is 

characterized, possible suppliers are identified and prices are clearly stated above in this research. 

The third measure is the human resources salaries. It could be starting from about 600€, which is a 

minimum wage. With this information, economical factor is scored with a value of 3, as marked in 

Table 57. 

 

Table 57 - Economical factor of the Cost impact indicator for nanopaint 

Factor Excellent Reference points Score 
 
 
 

Economical 

Raw material, equipment 
costs and human resources 
salaries completely 
characterized, including the 
identity of the suppliers (if 
verified) with the lowest 
market value. 

Raw material and equipment costs with 
the lowest value of the market 

5 

Raw material and equipment costs with 
the average price of the market 

4 – 3 
 

Raw material and equipment costs with 
the highest value of the market 

2 – 1 

 

Energy cost factor consists of the energy consumption and its cost. The major energy consumption 

in the application of the nanocoating is the baking furnace, that was not considered in the previous 

section. This is ignored because whatever the paint process, this stage will be necessary. The 

fundamental processes are completely characterized and consumption calculated for every process. 

An average energy consumption can be considered, meaning a score of the second part of “Impact 

Indicator 2” of 4, presented in Table 58. 

 

Table 58 - Energy factor of the Cost impact indicator for nanopaint 

Factor  Excellent Reference points Score 
 
 

Energy 

Production energy costs 
completely characterized, 
including energy 
consumption price.  

Low energy consumption 
 

5 
 

Average energy consumption 
 

4 – 3 
 

High energy consumption 2 – 1 

 

From these two analyses factors, the average score of the impact indicator Cost is 3.5. 
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5.2.3. Impact Indicator 3: Adequacy 

 

Adequacy is related to the product performance data and the product performance for the specific 

application, being It is also related to the current TRL. Additionally, the impact indicator is also 

affected with the relation of the product with competing products, measured by the type of innovation, 

innovation impact and a SWOT analysis. 

Starting by analysing the product compliance for the specific application factor consists of the 

following measures. First is product performance data. The product is totally characterized 

concerning composition, properties, attributes, main functions and tests to fulfil the requirements of 

the specific application. All experimental procedures were carried out and the results were discussed 

concerning materials, nanopaint production and application procedure. The most important 

experimental work was characterizing density, light reflection, colour identification, thickness, thermal 

conductivity of the solid and liquid paint and electrical conductivity measurements. The results 

showed the best way of preparing and applying nanopaint on the substrate so that it would be 

possible to achieve the best colour. Second is actual product performance considering objectives 

raised in the beginning of the initial research. Experiments showed that the most important 

requirement of getting metallic touch effect on polymeric auto parts was not acquired using 

nanoparticles of multi walled carbon nanotubes (MWCNTs) and Nano-Fe3O4. Also there was a 

significant change in colour which is not allowed. One of the positive establishments was an 

improvement in electrical conductivity. So in the future in order to get higher score of 4 or 5, it is 

needed to do more research and experiments using other nanoparticles. It will be necessary to do 

RGB analysis to assess changes in colour, thermal analysis in liquid and solid phases and electrical 

analysis to characterize the nanopaint. It is also recommended to carry out analyses with a 

thermographic camera to get photographic results that certify a possible improvement in the thermal 

conductivity. Third measure is current technology readiness level (TRL) of this product which is of 3 

to 4. Analytical and experimental critical proof of concept validation is shown. Active Research and 

Development (R&D) is initiated with analytical and laboratory studies. Also demonstration of technical 

feasibility using breadboard or brass board implementations that are exercised with representative 

data. Component/subsystem validation in laboratory environment: standalone prototyping 

implementation and test, integration of technology elements, experiments with full-scale problems or 

data sets. The score of first part of “Impact Indicator 3” is 1, as showed in Table 59.  
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Table 59 - Product factor of the Adequacy impact indicator for nanopaint 

 

The competitors’ factor highlights the relation with competing products and consists in three 

measures analysed below.  

First measure is type of innovation. From the analysis of the considered case study, the type of 

innovation relies on the product that is well detailed. Second measure is innovation impact. From the 

research which was carried out, it is highly evident that the resulting innovation is incremental. Such 

innovation concerns an existing product, service, process, organization or method whose 

performance has been significantly enhanced or upgraded. Incremental innovation might be of 

different stage depending on the sector or the product being modified. In this case, relatively simple 
product – paint used for polymeric auto components – was improved through use of higher 

performance components such as carbon nanotubes. Third measure is a quick SWOT analysis 

indicating the weaknesses and strengths as well as comparing the product to similar products offered 

by competitors. In Table 60 the SWOT analysis is presented and the competitors score in Table 61. 

 

  

 
Factor 

Excellent Reference points Score 

 
 
 
 
 
 
 
 
 
 
 
      Product   

Product totally 
characterized 
concerning 
composition, 
properties, 
attributes and 
functions. Product 
performance 
regarding desired 
characteristics are 
outstanding. 
TRL is high. 

Product description is clear and fully detailed, especially the 
main feature(s) for the specific application and validation 
tests have been done. It has great characteristics for the 
application. Also high TRL (actual system proven in 
operational environment). 

5  
 

Product description is clear and fully detailed, especially the 
main feature(s) for the specific application and validation 
tests have been done, but not all requirements are fulfilled. 
It has average characteristics for the application. TRL is 
quite high (system prototyping demonstration in an 
operational environment).  

4 
 

Product description is clear and the main feature(s) for the 
specific application and validation tests is detailed. It has 
average characteristics for the application. TRL is also 
average (system or technology validation in relevant 
environment or prototyping demonstration in a relevant end-
to-end environment).  

3  
 

Product described as standard: composition. It has poor 
characteristics for the application. TRL is also very low 
(analytical and experimental critical function and/or 
characteristic proof-of concept, process validation in 
laboratory environment).  

2 
 

Product with no or poor description. It doesn’t have great 
characteristics for the application. TRL is the lowest (basic 
principles observed and reported, technology concept 
and/or application formulated). 

1  
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Table 60 - SWOT analysis for nanopaint 

 

 

Table 61 - Competitors factor of the Adequacy impact indicator for nanopaint 

Factor Excellent Reference points Score 
 
 
 
 
 
 
 
 

 
Competitors 

Type of innovation 
clearly stated in 
product and process 
and having radical 
innovation impact in 
relation with 
competing products. 
Detailed list of the 
similar competing 
products in the 
market. Clear 
identification of the 
weaknesses and 
advantages. Very high 
performance in a 
SWOT analysis.  

The product represents a radical innovation 
impact and process and product type of 
innovation. Detailed list of the similar 
competing products in the current market and 
a very high performance in a SWOT analysis. 

5 

The product is innovative regarding product 
and process type of innovation and 
represents a really new innovation impact. 
Detailed list of the similar competing products 
in the current market and a high performance 
in a SWOT analysis. 

4 

The product is an incremental innovation and 
represents a process or product type of 
innovation. Detailed list of the similar 
competing products in the current market and 
a good performance in a SWOT analysis. 

3 

The product is very low incremental impact 
innovation and represents a product or 
process innovation. It doesn’t show much 
potential in market. The product has a low 
performance in a SWOT analysis.  

2 

The product doesn’t show any potential in the 
market and presents bad performance in a 
SWOT analysis.  

1 

 

 

Internal External 
Strengths Weaknesses Opportunities Threats 

Company 

• Have basic 
equipment needed. 
• Have many 
different human 
resources available 
from all 16 
departments of 
Aveiro University. 
• Relatively good 
location. 
• The research data 
is being updated 
constantly.  

Product 

• It has improved 
thermal and electrical 
conductivity. 
• Production cost is 
not high 
• Reasonable price 
• Easy manufacturing 
process 

Company 

• The brand has very 
limited financial 
resources. 
• There are not enough 
incomes to reach better 
results of the final 
product. 
• The final product needs 
improvements which 
can’t be done without 
acquiring extra materials. 
• More testing is still 
required. 
• Not fully established 
advertising strategy. 

Product 
• It is non - recyclable  
• It has a negative 
environmental impact 
• The wanted 
performance is not 
achieved fully 
• No brand recognition 

Company 

• Possibility to get 
some funds from EU. 
• Some international 
conferences and 
events nearby in the 
future might help to 
promote the innovation 
and the product as well 
as boost the sales. 

Product 
• Expanding the sector 
and possibilities of it. 
 

Company 

• The existence of other 
similar products by 
competitors. 
• Rivals can offer better 
price of similar 
products. 
• Competitors are better 
known by customers. 

Product 
• Competitors are fast 
to adapt to new 
products in the market. 
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From this analysis, the competitors factor is classified as the product is very low incremental impact 

innovation and represents a product or process innovation. It doesn’t show much potential in market. 

The product has a low performance in a SWOT analysis. This is ranked with a value of 2. Therefore, 

the final average score of the impact indicator 3, Adequacy, is 1.5. 
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5.2.4. Key impact indicators summary 

 

Table 62 presents the resume of the studied impact indicators. As done for previous case studies, 

graphical representation of the date can assist the interpretation of the results. In Figure 33 and 

Figure 34 it is visible that there are two weakest sectors. The lowest of all is product compliance for 

the application with score of 1. The last column of each impact sector is an average score. It shows 

different values for all 3 main impact indicators. To increase them, some conclusions have to be 

considered. 

 

Table 62 - Key impact indicators for nanopaint 

Measures 
Factors of the impact 

indicator 
Score Impact indicator Score 

Recyclability 

Environmental 3 

Eco & Social 3.5 

Environmental data 

Environmental impact 

OSH data 
OSH 4 

OSH impact 

Raw material cost 

Economical 3 

Cost 3.5 

Price of equipment 

HR salaries 

Energy consumption 
Energy 4 

Energy cost 

Product performance 
data 

Product 1 

Adequacy 1.5 

Product performance for 
the specific application 

Current TRL 

Type of Innovation 

Competitors 2 Innovation impact 

SWOT analysis 

 

As referred previously, an interesting way of illustrating impact indicators is by clustered column, as 

presented in Figure 33, and by radar graph, as showed in Figure 34. It consists of the scale from 1 

to 5, and 6 equal parts which stand for 3 main impact indicators. The essence of this graph is the 

marked area. If more space is covered it means the project is more developed and in better stage. 

Also the graph points out the weakest sectors which clearly need improvements.  
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Figure 33 - Clustered column of impact indicators for nanopaint 

 

 

  

Figure 34 - Radar graph of impact indicators for nanopaint 

0

0,5

1

1,5

2

2,5

3

3,5

4

4,5

5

E
n

v
ir

o
n

m
e

n
ta

l 
im

p
a

ct

O
S

H
 I

m
p

a
ct

A
v

e
ra

g
e

E
co

n
o

m
ic

a
l 

co
st

E
n

e
rg

y
 c

o
st

A
v

e
ra

g
e

P
ro

d
u

ct
 c

o
m

p
li

a
n

ce
 f

o
r 

th
e

 a
p

p
li

ca
ti

o
n

R
e

la
ti

o
n

 w
it

h
 c

o
m

p
e

ti
n

g
 p

ro
d

u
ct

s

A
v

e
ra

g
e

Eco and Social Impact Cost Adequacy

Impact indicators

1

1,5

2

2,5

3

3,5

4

4,5

5

Environmental impact

OSH Impact

Economical cost

Energy cost

Product compliance for the

application

Relation with competing

products



 

124 

5.3. Discussion – Decision Making 

 
After finishing all the NTU analyses tool stages, it is possible to establish the environment for well 

informed decision making. For this specific case of nanomaterials application for nanopaint, NTU tool 

was very effective and useful. It revealed that more research has to be conducted concerning 

environmental impact and recyclability because so far it has one of the lowest scores. Even though 

all required documents and certificates are available, the choice of materials has a big influence and 

probably should be reconsidered. In the future, this could become a bigger problem since recyclability 

and eco friendliness to the environment is starting to play a big role and its importance is growing. 

To abolish that impact or at least to decrease it some changes of raw materials should be introduced. 

One of the options is using less hazardous paint or diluent as well as nanoparticles which are less 

toxic.  

Another low score segment is from product compliance indicator. Part of it is current technology 

readiness level (TRL). Currently, this level is considerably low and it must be improved. To do so, 

the first step would be thorough testing of prototyping in relevant environment with reasonably 

realistic supporting elements as well as prototyping implementations on full-scale realistic problems.  

That would increase TRL and, in order to gain even better results some system prototyping 

demonstration in operational environment should be carried out. Meaning that most of the functions 

would be available for demonstration and testing. Another part is product performance which was 

very disappointing and considered to be of score 1. This is due to the fact that the final product didn’t 

achieve the requirements. 

Contemplating the key impact indicator of costs some refinements could be done as well. Even 

though the average score is 4, which is very high, some energy consumption reductions would be 

useful. Also the production and raw materials costs could be lower because that would significantly 

increase the chances of overcoming the already existing competitors. That is very important because 

neither a company’s or product’s brand is well known to the clients, so providing the product at even 

lower price would be a key factor to get the highest sales. 

In Chapter VI, the analysis and discussion of the results, namely of the four case studies, will be 

described at different layers of the NTU tool. A bottom-up approach will analyse all the stages of data 

acquisition stage of NTU and factors of the evaluation stage of NTU also. An overall view of the tool 

will be considered.  

 

 



 

 

CHAPTER VI. DISCUSSION OF RESULTS 

1. INTRODUCTION 

 

The implementation of NTU using four case studies of distinct nano-based products and 

nanomaterials, was carried out and detailed in Chapter V.  

For an easier reading of the discussion of the results in this chapter, they will be presented in different 

levels. Section 2 will be dedicated to the NTU results for each case study, while section 3 will consider 

a bottom-up approach, with the analysis of the modules and stages proposed in the data acquisition 

step of the NTU tool, together with the impact indicators developed for the data evaluation stage. 

Section 4 will focus on the discussion of the overall NTU as a support tool to address the challenges 

identified in Table 7 of Chapter IV. 

 

2. NTU USAGE IN CASE STUDIES  

As seen before, the NTU was used in four nano-based products with different realities.  

In case study 1, a superhydrophobic coating in helmet screens was analysed, a nano-based product 

that incorporates a single type of nanoparticles, that is, the organosilicon hexamethyldisiloxane 

(HMDSO). The applied synthesis technique applied was the atmospheric pressure plasma 

polymerization and the nano-based product is in the design product stage. The implementation of 

the NTU provided, in the data acquisition stage, a detailed description of the nano-based product, 

forcing the confirmation of data which wasn’t known. Namely, this data includes the suppliers of the 

raw material, the accreditation and certification of equipment and ISO standards respectively, and 

energy consumption of the equipment. Also in module III, product, there was a relatively high time 

consuming period to analyse the final disposition optimized procedure of the HMDSO nanoparticles. 

Application module was the easiest to characterize.  

The evaluation stage imposes the need to understand the market in a broader perspective rather 

than the scientific state of the art of similar applications, particularly to assess the adequacy impact 

indicator, namely the competitors item. The adequacy factor was the lowest score of the nano-based 

product with the same classification for the product and competitors factors. The incremental impact 

of innovation allied to the possibility of copy of the nano-based product weakens its competitiveness 

and, consequently, the adequacy impact indicator score. The uncertainties related to incomplete 

information regarding equipment and facilities costs may turn unfeasible a potential production of the 

nano-based product considered. From the readings of the radar graphs, the nano-based product 

value attractiveness relies in its low cost of production but not so close to the Society potential needs 

and demands in this application. 

Case study 2 dealt with a nanocrystalline diamond coating nano-based service that incorporates a 

single type of nanoparticle, nanocrystalline grains of diamond. The synthesis technique used was 
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hot filament chemical vapour deposition (HFCVD) and the nano-based product, currently, is a 

service, from an academy laboratory and available to the market. The data acquisition stage of the 

NTU tool allowed collecting the existing data of the nano-based product and add new ones, 

particularly regarding OSH, environment, production costs supplier data issues. Also, the 

accreditation and certification of equipment and ISO standards respectively were addressed, as well 

as energy consumption of the equipment utilized for the production module, where the application 

module was the easiest to characterize.  

In the evaluation stage, internal and external weaknesses in the SWOT analysis revealed the fragility 

stage of the nano-based product regarding the Society competitiveness. Competitors factor was the 

lowest, and adequacy impact factor as well. The incremental impact of innovation allied to the 

possibility of copy of the nano-based product, also weakens its competitiveness and, consequently, 

the adequacy impact indicator score. The uncertainties related to inexistent information regarding 

equipment and facilities costs, may turn unfeasible a potential production of the nano-based product 

considered. From the reading of the radar graph, the nano-based product value attractiveness relies, 

in a balance mode, in its low cost and energy cost. It is worth notinh that the value proposition 

compared to similar products available in the market might be an obstacle to its commercial use.        

Case study 3, a water-cleaning graphene tea bag nano-based product, incorporates one single type 

of nanoparticle, namely Graphene Oxide (GO). The synthesis technique applied is a hybrid, where 

a top-down approach was conducted by chemical exfoliation of the graphite and the bottom-up refers 

to functionalization  to generate particular GO. The nano-based product is a prototype from an 

academy laboratory. The data acquisition stage has highlighted, validated by the Eco & Social impact 

indicator, the maximum score of the nano-based product considering the environmental impact, 

which is of high relevance, considering the major barriers and concerns of nanotechnology, identified 

in Section 8 of Chapter II. The utilization of the autoclave for the generation of GO with a cadence of 

5 hours per week was shown to lower its competitiveness related to cost impact indicator score, as 

confirmed by the radar graph. The product analysis and assessment did stand out its performance 

in the success percentage of mercury removal as a value proposition and the demand, from Society, 

for such products. However, the low production capacity (internal) and the existence of alternatives 

was responsible to lower the final score.      

Case study 4, a nanopaint nano-based product, incorporates one of two types of nanoparticles, 

MWCNT and Fe3O4. The production technique chosen was sonication of the nanoparticles in the 

paint to attain a homogenous dispersion of the nanoparticles in the paint. Currently, the nanopaint is 

in the testing stage in academy laboratory environment. Data acquisition stage required medium-

high time consuming having, as an output, an exhaustive data collection. OSH and environmental 

issues were carefully explored due to the variety and nature of components and, particularly, the use 

of more than one type of nanoparticles.  Safety item of module III, product, addresses the release of 

nanoparticles during the nano-based product usage, which is of high uncertainty. Application module, 

module IV of the data acquisition stage, was the easiest to characterize. Evaluation stage process 

and scores indicates a disparity between adequacy, and the Eco & Social and cost impact indicators. 

Adequacy score is near the minimum, mostly related to the product factor, since the product 

compliance for the specific application was very low, 1. The relevance of the nano-based product 

performance towards market needs and demands is high, so, consequently, final score of adequacy 

decreased. Weaknesses reinforce the importance of address OSH and environment issues as well 

the similarity of the nano-based product to current commercial ones available for purchase that offer 

better price and are already know by the users.     
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3. BOTTOM-UP APPROACH ANALYSIS OF NTU 

NTU embraces two main functions, namely the data acquisition and the evaluation of data. Data 

acquisition stage is separated in four modules and a total of seventeen stages. The stages of the 

module Raw material(s) and production had a straight connection to the suppliers of the components 

and equipment needed to produce the nano-based product. It was necessary to explore the 

possibilities (market) to seek the best ratio price/adequacy to the function considered. Module 

product was the dedicated to the performance of the nano-based product, considering its potential 

to the market needs. The simplest stages to address were the ones integrated in the application 

module. The TRL as a global reference and innovation, both type and impact, didn’t request as much 

research and description efforts compared to the other modules. Table 63 describes the NTU data 

acquisition stage, highlighting the analyses per item and per module. 

 

Table 63 - Analysis and discussion of stages and modules of the data acquisition stage of NTU 

 

Data acquisition stage 
of NTU 

Discussion of results per stage  
  

 

Pre stage 

Identification of the nanoparticle(s)/nanomaterials 
integrated in nano-based product is relevant for the 
study and characterization of numerous items during 
NTU implementation, as OSH factors, environment, 
recyclability, selection of materials and techniques. 
Information of the nanoparticles in nano-based 
products might overcome current concerns  

Module I 
Raw 
material(s) 

Main attribute(s) 
The identification of the intended attribute(s), helped 
in the case studies and may improve the selection of 
the materials to generate a product  

Time-consuming for the data 
acquisition is evident. The 
data imposed by stages 
force an exhaustive study of 
the essential initial stage of 
a product's design, namely, 
selection of materials. For 
more complex nano-based 
products, including different 
type of 
nanoparticles/nanomaterials, 
it might be become 
unattracted to producers 

Origin 
Information of the source of raw material may 
contribute for the reliability of the acquired data, of 
the final nano-based product and low the overall cost   

Cost of 
acquisition/extraction 

Linked to the origin, is one of the market business 
indicators for the viability of a product 

Recyclability conditions 
Aligned with the societal challenges and 
environmental and economical responsibility of 
Society, it is a relevant parameter to consider 

OSH factors Information of the occupational safety and health are 
crucial within the thematic of nanotechnology 

Module II 
Production 

Main function 
Depending on the consumable and/or equipment, it 
might be badly addressed leading to redundant or 
even useless information  During the design process of 

a product, as evidenced in 
Chapter III, the selection of 
the technique(s) may lead  
to the optimization of the 
overall process. In academy 
laboratories, some of the 
topics are not properly 
considered. The need to 
study and analyse, in detail, 
seven stages, may reinforce 
the importance of the 
production process in the 
nano-based production 
chain 

Function cost 
Economical costs of the production stage are highly 
important, particularly with the objective of an 
analysis with the objective to be closer to the market 

Energy usage 

Energy consumption is crucial for several reasons: 
-Optimize energy consumption 
-Decide usage depending on electricity market rates 
-Possibility to apply NTU to other markets/countries 
-Analysis can provide other alternatives opportunities 

Environmental impact 
Aligned with the societal challenges and 
environmental and economical responsibility of 
Society, it is a relevant parameter to consider 

OSH impact  
Aligned with the societal challenges and 
environmental and economical responsibility of 
Society, it is a relevant parameter to consider 

Output characteristics 
As it was considered, in the development of NTU, no 
value proposition added 
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Module III 
Product 

Performance 
Highly relevant for the product potential commercial 
use. Maybe be one of the major items in the overall 
NTU data acquisition stage 

Having a tool that equally 
emphasizes 
the nano-based product 
relevance 
as the raw material(s), 
especially in the 
nanotechnology field, may 
be the central role of the 
NTU data acquisition stage.  
Safety should be split in 
more than one layer to 
integrate nano-based 
product behaviour during its 
usage. Release of material 
is not addressed, at least in 
an explicit way. 

Safety 

Safety of nano-based products is still one of the 
concerns and identified barrier (Section 8 of Chapter 
II) for a bigger number of nano-based products, from 
academies and R&D centers, in the market. 
However, the potential (hazard) release during usage 
isn't addressed properly or at all 

Final disposition 

The necessity of the producer to understand the all 
life cycle of the nano-based product, provides him 
with a wider view of the market also increases the 
responsibility to ponder it as mandatory in the design 
process of a product 

Module IV 
Application 

TRL TRL offers a reference, globally recognized and 
positioning following standardized measures 

With the objective to be 
closer to the market, module 
IV may be below the 
expectations regarding the 
type of characterization and 
level of relevance. The 
simplicity and facility in the 
characterization, not in the 
purpose probably 
misrepresent the objective  

Type of innovation 

The identification of the type of innovation was 
considered to help the producer of the nano-based 
product to understand the potential of it and also to 
analyze possibilities in design process, as relaying in 
product, process, both or, at the limit, a structural 
and strategic approach to other types of innovation, 
namely, marketing or organizational. Being easy to 
characterize, it might fall the main objective of its 
integration in NTU tool 

Innovation impact 

Similarly to "type of innovation", innovation impact 
should promote a deeper insight of the potential 
impact of the nano-based product, rather a 
characterization labelled by a reference. Scarcity of 
more analysis and study may induce to its 
usefulness within the scope of NTU tool 

 

 

Evaluation stage is composed by three impact indicators, each of them encompassing two factors. 

Both Eco & Social and Cost were more intuitive to analyse and to quantify accordingly to the metrics 

(measures). Adequacy was the closest to the market, due to the need research for similar products 

available for commercial use. Following the same format of the data acquisition stage analysis, Table 

64 validates the NTU evaluation stage, as an assessment to the nano-based product. 
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Table 64 - Analysis and discussion of the evaluation stage of the NTU 

Eco & Social 

Environmental 

Assess recyclability conditions and its potential and 
environmental data and its impact are mandatory, 
particularly for nano-based products. Understand and 
optimize the life cycle of the product may improve the 
uncertainty and concerns of the current market 
regarding environmental issues 

Eco & Social are linked in 
today's Society. The role 
of this impact indicator is 
aligned with the concerns 
related to nano based 
products 
  

OSH 
Assess OSH data and its impact is still relatively 
difficult when focused in R&D potential nano-based 
products within academies 

Cost 

Economical 
Being a quantitative measure and highly dependent to 
competitiveness factor and product's viability in the 
market, it must be represented in evaluation stage 

Cost is, naturally and 
undoubtedly, an impact 
indicator for the decision 
making of a nano-based 
product Energy 

Being a quantitative measure and highly dependent to 
competitiveness factor and product's viability in the 
market, it must be represented in evaluation stage, 
especially for the relevance as a societal challenge 

Adequacy 

Product  

Process and assess data for the specific application of 
the nano-based product, obligates the producer to 
have some a level of market-oriented vision that, 
perhaps, may lack in higher education laboratories 
nowadays. In this sense, consider the factor product is 
naturally fundamental  

Adequacy may be the 
most unlikely impact 
indicator for the NTU 
evaluation stage tool. The 
factors and measured 
considered intend to 
deepening the 
stakeholders’ involvement 
in the design process of a 
product.  Understand the 
market, characterize it 
and contextualize the 
nano-based product 
regarding its potential 
application and 
performance may lead to 
modifications during the 
design process, which is 
better in terms of costs 
materials and/or 
techniques selection 

Competitors 

Competitors proved to be the most demanding due to 
the type of investigation and domain of search, open 
to market, rather the study of literature and purely 
scientific considerations. Understand the reality is 
equally important and challenging  

 

 

4. NTU USAGE AS A SUPPORT TOOL FOR DECISION-MAKING 

NTU, as a support tool for the decision making of a potential nano-based product, was developed 

with the major goal of overcoming the current barriers, mainly increasing the number of nano-based 

products for responsible commercial use, aligned with the societal challenges. Transversal 

procedures were confirmed in all case studies during NTU implementation. Research based on 

similar products, already available for purchase, may lead to the optimization of the nano-based 

product design process or conversely, saving on costs if the objective would be the potential 

commercialization of the nano-based product. Data acquisition stage imposes time-consuming and 

the exploration, in a detailed and broader way, of data from suppliers, materials and processes 

selection. The data obtained in this stage is crucial to the evaluation process and, consequently, the 

decision making of the level of usability and approximation to Society needs and demands. The 

application of the NTU tool revealed a considerable time effort, but it provided, in a systematic mode, 

a database for the nano-based product for the specific application considered. Evaluation stage had 

a relevant role in an attempt to take the nano-based product closer to the market. Separated in two 
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distinct stages, they are complementary and both determinant to accomplish the NTU major 

objective. NTU tool is comprehensive since it considers data from suppliers to potential users, by 

means of the specific usage of the nano-based product and SWOT analysis included in the adequacy 

impact factor assessment. Moreover, seems to possess an integrative approach of the nano-based 

product along all chain of production. Despite this characteristic, no information is provided regarding 

the nano-based product utilization. Using Table 7 as a reference, the next one, Table 65, summarizes 

the highlights that were addressed during the implementation of the NTU tool in the four case studies. 

 

Table 65 - Addressed higlights during the NTU implementation 

Highlight  
Addressed 

High variety of data related to nanoparticles Yes 

High variety of data related to nanomaterials Yes 

High variety of data related to (potential) applications No 

High variety of data related to fabricaton techniques Yes 

Regulation is still under development  
in some of the stages of the nano-based product life cycle Yes 

Low number of projects focused on the 
commercial use of nano-based products No 

High cost of R&D equipment for advanced nanomaterials No 

Uncertainties about health impact  Yes 

Uncertainties about environmental impact  Yes 

Concerns about occupational health and safety Yes 

Financial advantages of nano-based products versus current ones Yes 

Massive data difficult to process and  
optimize with current traditional procedures No 

Relevance of the information of the chosen material 
 and processes of synthesis Yes 

Necessity of dedicated knowledge within industry 
regarding environmental impact  Yes 

Lack of time, in the industrial context, to ecodesign activities  N.A. 

Limited resources, personal and financial, in industry sector to allocate  
within the thematic of ecodesgin N.A. 

Large offer of ecodesign tools defocus 
 the objective and specific purpose  N.A. 

Selection and materials processes need to be closer 
to the market needs and demands also aligned 
 with directives and reccomendations Yes 

Release of nano-based products and engineered nanomaterials need 
more information, to be more close to reality N.A. 

More complete information about applications that incorporate nanomaterials Yes 

Specialized tools dedicated to nano-scale are still low N.A. 

Inclusion of stakeholders, particurly from industry, to leverage 
nano-based products commercializtion and acquisition N.A. 

Inexistence of an integrated tool for nano-based products  Yes 

N.A. Not applicable  
 



 

 

CHAPTER VII. CONCLUSIONS 

1. INTRODUCTION 

The presented work is a culmination of the development of a set of steps and tasks pursuing the 

accomplishment of the main goals of the assumed commitment at the beginning of the thesis. The 

definition, development and testing of an innovative NanoTechnology Usability (NTU) index tool was 

carried out to diminish the gap between the R&D conducted in Research Centers and its practical 

usage in the market. At the same time, this thesis assumed the goal of promoting the optimization of 

the selection process as well as of materials and eco-efficient techniques during the product’s 

manufacturing and/or fabrication.  

 

2. CONCLUSIONS 

With the major goal to create a tool that would potentially diminish the gap between the nano-based 

potential products developed in the R&D units within the higher education institutions and their 

commercial use, the NTU tool encompassed several maturity stages of its development. The review 

of the current nanomaterials and processes, particularly those that are commonly used in the nano-

based products available for commercial use, allowed to build an updated database within the 

context. Despite the current nano-oriented tools available, barriers, concerns and challenges for a 

bigger utilization of nanotechnology in the market were highlighted. NTU tool has the potential to 

address several of them in an integrative approach, allowing the user/producer of a nano-based 

product to, in one single tool, acquire data and evaluate it for a consistent and coherent decision-

making process.   

 

2.1. General conclusions 

 

The NanoTechnology Usability (NTU) index tool was created and developed to fulfil an identified gap 

between the R&D centers and the market. The international agenda, particularly European, 

envisages the need for integrated systems, capable of processing massive data to obtain the most 

adequate information to improve the decision making. At the same time, pursuits the capitalization 

of the research that already exists and put it into “practice”, allowing new or improved materials due 

to the R&D conducted by means of optimized materials and processes selection for specific 

application/functions, as referred in Chapters 2 and 3 of the thesis.  

The NTU tool revealed the capacity to collect relevant data for the nano-based product, tailored for 

a specific application, potentially aligned to the market needs and demands and its evaluation, 

considering three impact indicators that translate the societal challenges, in particular, regarding 

nanotechnology.  
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2.2. Nanotechnology 

 

The state-of-the-art related to nanotechnology and its practical usage in Society is a wide real 

database due to the variety of nanoparticles and, consequently, nano-based products and 

processes. The diversity is enhanced by the variants provided by the combination of nanoparticles 

of different sizes, shapes and the chosen syntheses. Trends reinforce the potential and beliefs 

related to nanotechnology, transversal to other key emergent technologies. The environmental 

impact and health issues were highlighted since that were identified as the major obstacles, as well 

the financial cost, for a bigger penetration of nano-based products into the market. 

 

2.3. Design models and processes  

 

The materials and processes selection are of particular importance for the optimization of 

nano-based products, in order to improve the decision making process, while enhancing the 

innovation level. Big data imposes optimization of the selection strategies, and Circular Economy 

pushes forward to a (even deeper) change of mindset, and consequent actions, up to the final 

disposition of products, i.e. in the context of this thesis, nano-based products. Current 

nanotechnology-oriented tools seem to have big potential to scale-up their performance and main 

functions, far beyond the current main functionalities. 

 

2.4. NanoTechnology Usability index tool application 

 

Four case studies were considered to apply the developed NTU tool. The chosen case studies 

offered a heterogeneity in several layers as the type of nanomaterials, the techniques in the 

production stage, the products and their specific application, namely the current TRL and type of 

innovation and its impact. The extension of the studies revealed some notices that are important to 

be considered.  

The identification, by the designer of the product, of the requirements of the product and the 

customer’s customization are fundamental for the perception of the needs and demands. The 

development of a tool and index that links both perspectives, from the supplier and raw material to 

the potential users, requires a detailed, but intuitive, tool. 

This tool collects all the information, applies selected filters as the main attributes and functional 

properties, associated potential risks and hazards, costs – economical and tailored energy 

consumption – and provides an evaluation by means of three impact indicators with six factors. This 

envisages a deep and comprehensive tool and ranking that intends to help the user/designer of a 

nano-based products to develop it with an expectable higher probability of usage.     

An early version of the NTU tool, in an embryonic stage – the data acquisition stage –, was used in 

the discipline of Advanced Production Technologies of both the Mechanical Engineering and 

Industrial Engineering and Management courses of the University of Aveiro, within the 

entrepreneurship projects module for the development of new nano-based products. A major 

outcome was a bigger awareness for the variety of materials and processes in this area.  
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3. FUTURE PERSPECTIVES  

Extensions to this work are already being carried, particularly with the application of the NTU tool to 

other nano-based products, including different target audiences, for distinct nano-based potential 

products developed in R&D in the industry sector. Among the potential future lines of research and 

development, further work is envisioned: 

- To optimize the NTU tool in order to include the reinforcement of participation from Society in the 

analysis, including other stakeholders besides “competitors”/manufacturers; 

- To develop a dedicated platform/software to operationalize all the data provided by the NTU 

implementation, while integration of the currently available databases and/or tools is also a possibility 

to ponder; 

- The education with (and for) nanotechnology, addressing the identified barriers of lack of 

knowledge, is also an area where the NTU tool can contribute. This idea has already led to the 

prototyping of two courses, namely, Advanced Production Technologies and a brand new one, Nano-

scale Processes and Technologies, of the Mechanical Engineering department. 
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