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ARTICLE INFO ABSTRACT

Keywords: Recently, the NMBP-35 Horizon 2020 projects - NanoMECommons, CHARISMA, and Easi-stress - organised a
Characterisation collaborative workshop to increase awareness of their contributions to the industry "commons" in terms of
Manufacturing

characterisation and digital transformation. They have established interoperability standards for knowledge
management in characterisation and introduced new solutions for materials testing, aided by the standardisation
of faster and more accurate assessment methods. The lessons learned from these projects and the discussions
during the joint workshop emphasised the impact of recent developments and emerging needs in the field of
characterisation. Specifically, the focus was on enhancing data quality through harmonisation and stand-
ardisation, as well as making advanced technologies and instruments accessible to a broader community with the
goal of fostering increased trust in new products and a more skilled society. Experts also highlighted how
characterisation and the corresponding experimental data can drive future innovation agendas towards tech-
nological breakthroughs. The focus of the discussion revolved around the characterisation and standardisation
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processes, along with the collection of modelling and characterisation tools, as well as protocols for data ex-
change. The broader context of materials characterisation and modelling within the materials community was
explored, drawing insights from the Materials 2030 Roadmap and the experiences gained from NMBP-35 pro-
jects. This whitepaper has the objective of addressing common challenges encountered by the materials com-
munity, illuminating emerging trends and evolving techniques, and presenting the industry’s perspective on
emerging requirements and past success stories. It accomplishes this by providing specific examples and high-
lighting how these experiences can create fresh opportunities and strategies for newcomers entering the market.
These advancements are anticipated to facilitate a more efficient transition from Industry 4.0 to 5.0 during the

industrial revolution.

1. Introduction

The materials community has confronted several challenges in EC-
funded projects, which sometimes require collective engagement of
experts to come up with harmonised solutions and realise a broader
impact across markets. The European Materials Characterisation Council
(EMCQ) is essential to support collaborative European projects on
adapting to new EC directives and to facilitate the wider impact of
achievements regarding the strategic objectives and Industry 5.0
application needs in the characterisation field [1,2]. By aiding the sci-
entific and technical excellence of novel characterisation tools and in-
frastructures with the support of strategic roadmaps, innovative
outcomes are realised towards the digital transition and the increment of
EU Industrial competitiveness worldwide [3-9]. This is a collective
effort between the various platforms who are contributing to the wider
landscape of materials markets, such as the Energy Materials Industrial
Research Initiative (EMIRI), European Materials Modelling Council
(EMMC), European Technology Platform for Advanced Engineering Mate-
rials and Technologies (EUMAT), and Advanced Materials Initiative
(AMI2030) which recently published the Materials 2030 Roadmap [10].
These platforms are joining forces with stakeholders to develop and
transfer to the society novel technologies and materials. Especially
under the umbrella of AMI2030 initiative, such collaboration is envi-
sioned to reshape EU industry, aiding policies and regulations towards a
stakeholder-driven economy [11], and outcome-oriented roadmap to
support the emerging innovation markets and their corresponding
needs.

This work is the outcome of a joint workshop organised by the three
H2020-NMBP-35 projects, where experts and stakeholders, cooperating
under the umbrella of EC-funded projects and various platforms, were
brought in a common table to discuss about emerging scientific and
technological topics and share their knowledgeable insights. The views
of 28 experts were collected, representing multiple sectors in the ma-
terials field and 10 different countries in Europe, UK, and Norway: 10
experts from universities, institutions, and Research and Technology
Organisations (RTOs), 1 from a national standardisation body, 1 from a
Small-Medium Enterprise (SME), 8 experts from the industry, and 9
representatives from European initiatives and platforms.

The main topics covered were characterisation and standardisation,
the suites of modelling and characterisation tools, as well as data ex-
change procedures. The Materials 2030 Roadmap and the lessons-learnt
from NMBP-35 projects thematic covered the broader landscape of to-
day’s materials characterisation and modelling community’s concerns.

This work aims to provide the materials community with answers to
common dilemmas, to shed light on new trends and evolving techniques,
as well as to outline the industry views on emerging needs and success
stories of the past with specific examples, which can create new op-
portunities and strategies for new entries to market derived as outcomes
by high-level EC-funded projects.

2. European landscape on materials characterisation and
modelling domains

2.1. Standardisation in fit-for-materials characterisation

Nowadays the creation of standards fit for materials is an emerging
demand by materials markets. The characteristic example of magnetic
measurements, in which the materials key properties may be totally
different depending on the assessment method (i.e. most common watt-
metric measuring method) and type/anisotropy of material [12]. Thus,
there is a significant need for standardisation in characterisation, as
highlighted by this example and considering the impact of
fit-for-purpose materials standards across different domains. The use of
improved and agreed standards is essential not only for activities related
to commercialisation but also for science and innovation as such [13].
The evolution of standards can have a generalised impact as an enabler
for easier data and information exchange. This is the motivation of
companies in getting involved in the standardisation system, trying
to change or improve existing standards since there is a constant demand
for accuracy, consistency, and reliability, especially regarding analytical
techniques and technological aspects. As an example, ELODIZ is working
within CHARISMA project in the revision and improvement of the
standardisation landscape of Raman spectroscopy [14]. It was under-
lined that the new challenges related to the green and digital transition,
as well as data science must be addressed by implementing widely
accepted industrial commons, confirming that the consistency of stan-
dards across different domains is critical for international collaboration
and establishing an international, broadly implemented, and easily
applicable standardisation system.

It is encouraging that many European projects are engaged in
standardisation processes, because their consortia can allocate their
technical expertise and power to help advance and implement the
standards. The scientific community has identified the need and benefits
of cooperating with Standardisation Committees to find ways to exploit
the results of Research and Innovation (R&I) activities. Also, developing
FAIR (Findable, Accessible, Interoperable, and Reusable) [15] databases
and common strategies for storing and sharing data will contribute to
dealing with some of the current challenges in research. However, a
standardisation framework yet to be realised; ongoing work within
IUPAC task groups and the Committee on Publications and Chem-
informatics Data Standards is moving towards this direction, empha-
sising on FAIR data, data interoperability, and machine readability [16].

However, there still remains the challenge of engaging and moti-
vating experts to participate in such standardisation activities. For
instance, industries are profit-focused and outcome-oriented. Hence,
they use predominantly in-house equipment and SOPs/methods for their
products without the need to involve third parties. On the other hand, it
takes time for academia to join standardisation work, which is consid-
ered a complicated task, often unnecessary for their research workflow
and unjustified as extra cost. In the NMBP-35 joint workshop it was
highlighted that the scientific community can identify the drivers for
standardisation by answering the questions "why do we need stan-
dards?" and "what is the impact that will be created?". Contributing to
standardisation by either improving existing standards with the findings
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of the project or developing a new standard based in their outcomes will
enhance the impact of the project results and facilitate their market
uptake.

Especially, in light of the climate and energy crisis, online and non-
destructive characterisation tools can broaden the opportunities for
minimising manufacturing footprint by advanced process control [2].
Advanced process analytical tools (PAT) can minimise manufacturing
footprint. For instance, Raman spectroscopy is an interesting
non-contact technique that essentially works with UV, visible and near
infra-red (NIR) light, which is an attractive feature to analyse and assess
glass quality [17]. This can be regarded as a symbiotic
material-characterisation pair. Glass manufacturing requires tremen-
dous amounts of energy for processing, as often remarkably high tem-
peratures are employed, in the range of 1500 °C and sometimes also rare
and expensive ingredients like lithium, which could be challenging to
acquire. Raman opens the possibility to control and monitor the process
online [17], which from the glass end-user perspective is important
because it enables glass manufacturing to become resource efficient.
Another benefit of glass characterisation by Raman spectroscopy is that
it is a simple technique to investigate material properties even in liquid
form, which cannot be achieved by classical optical methods, neither
diffraction methods, which are difficult to be implemented, nor NMR
methods, which may not be as accessible as Raman, due to the high cost
of NMR technique. Standardisation for the glass manufacturing industry
is difficult at the moment. However, much can be achieved with Raman
methods development, since there are a lot of materials and process
parameters under consideration that can be assessed, such as the
manufacturing history and the impurities [18].

2.2. Characterisation and modelling suites

Harmonising Raman measurement and calibration procedures to
achieve reproducibility can open interesting perspectives for the
numerical methods to complement the characterisation methods.
For instance, an existing gap was outlined in the organisation and
accessibility of data on glass manufacturing and properties, which re-
stricts the data exchange and exploitation of in-house research data
[19], thus reducing the opportunity of Al capabilities expanding to the
glass sector. There is a wide range of glass data, but the vision to exploit
these data is currently missing. The only data that can be accessed and
used are derived from personal research. Raman spectroscopy can be a
potential suitor for acquiring material information from a high dimen-
sional parameter space related to the material structure, which is
starting from the order of the number of few atoms. On that basis, new
data generation would be the key ingredient to bring machine learning
into the spotlight, realising a wider impact in the exploration of the
parameter space [20]. This includes the mining of relevant material
parameters that are derived from Raman spectra in combination with
glass thermal processing history, including thermal processing windows,
cooling speed and temperatures, and with glass properties data. Thus,
the correlation of the broadbands that represent superpositions of the
complex arrangement modes can be linked to a prediction model for
material properties that can be deployed to monitor very subtle changes
of the material quality, which is of main industrial interest.

Another topic raised was how physics-based models’ exploitation
can fit into the characterisation suites of the future, and specifically
electronic models for Raman spectra simulation or supporting the
assignment of spectral features to materials features. NMBP-35 project
CHARISMA is contributing to such objective under the framework of
open science, developing models that will be accessible and open to
public; for example, models related to reference materials for calibra-
tion. Ab-initio methods and DFT are used to build the physical models of
the systems that are studied. There is planned effort to calculate their
Raman spectra and identify the spectral features and validate calcula-
tions with experiment. The project will also support the acquisition of
spectra without influence of the optical part or any other contribution by
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the environment, aiming to the pure material response. The spectra data
generated will be made available in the NOMAD repository and all
project outcomes will be open and accessible there.

On the digitalisation pillar, the applications/graphical user in-
terfaces (GUIs) that are being developed, can be integrated with Al
and lead to exciting applications in the use cases; however, it was argued
that performance bottlenecks could appear, and then it would be chal-
lenging to address them and investigate whether it would be the data,
the model, or both that would be the real problem. The limited inter-
action between theory and experiments, especially if someone considers
that theory can be disrupted by an experiment, was identified as an
obstacle in the past, and there is no clear consensus, still, on how to
address this limitation [21]. This refers to the framework where
data-driven and physics-based modelling is required, from developing
and designing a new material to using the material or eventually the
product. It is a mission for EMCC and EMMC to bring these topics
together and to propose dedicated actions and task group exercises to
address the common challenges that materials research communities are
trying to solve at present, including data models and software, and
consider how ML and Al integrated approaches in use cases can generate
impact and value for industry [2].

The cooperation between modelling and characterisation commu-
nities was identified as a key feature to meet the needs for accelerated
product development. VIPCOAT project, as well as other projects
involved in similar topics to NMBP-35 projects, is working to implement
an innovation platform which brings together industry, academia,
government, standardisation, and other legal bodies, as well as society,
by materialising the European Vision on Open Innovation Frameworks
[22]. In connection to characterisation and the well-aimed landscaping
of the actions needed for standardisation, standardisation could be
bringing the solution to the problem of the high-quality data de-
mands for the development of modelling suites to cover several as-
pects of materials development. In addition, the importance of
understanding what society needs was highlighted, because society is
the real end-user. Modelling and characterisation should eventually
address society’s requests by offering sustainable, circular, and
ethically-bound solutions to the materials market. Moreover, it was
emphasised that EMMC and EMCC can act as facilitators towards
meeting the societal and industrial needs by bringing those communities
to work together for such scope in a framework of cooperation,
communication, and synergy.

2.3. Al and data exchange procedures

Process parameter optimisation is a big case study of Al exploitation,
because even a slight percentage of improvement in the efficiency of a
model can be a deal-breaker. In that case, after the user sets the target,
machine learning algorithms can give useful output on necessary ad-
justments in order to achieve the objectives set in the design phase of the
manufacturing process. Thus, since data access is a critical aspect for
data science, it is crucial to have suitable databases where data
integrity is protected and preserved. There is a gap on organised data-
bases or datasets, as commented for the glass manufacturing sector,
where there is potential for data exploitation opportunities utilising in-
house produced data and data used by industry, but this also requires a
framework with open access for exchange procedures and external
management. Ansys, for example, is conducting a lot of work utilising
artificial intelligence in exploiting small- to big-size data, and apart from
the commercially available and very restricted data, it also works with
open-access tools, such as PyAnsys, a rich open-access Python environ-
ment with multiple possibilities offered to the users. However, data
exchanges between big industry players are difficult since IP issues can
arise. The current strategy of EU industry is to exchange and share data
only in the framework of collaborative projects; even there, companies
and industry, in general, are eager to share their data.

Another cornerstone of the NMBP-35 joint workshop discussions was
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the importance of Al and alternative methods to help with data
exploitation since Al is a great interpolation system. Furthermore,
while societal and geographical data are considered as big data and,
thus, a big effort is needed for their processing, materials data, consid-
ered as small to medium sized and coming out from machine lines, are
an excellent source of data to be used in Al There, Al holds a key role,
since the experiments from which data are derived are often expensive,
difficult to reproduce or can be performed only on the boundary con-
ditions. Thus, all the space in between can be filled with data from AI,
and is a great place for Al to flourish in materials science field [23,24].
To that end, companies such as Ansys, offer open access data under
commercial terms, and also work with open access tools (their own or
third party) to build a technological ecosystem, such as PyAnsys.

In the future, Al is expected to offer the potential to reproduce the
simulation of e.g. Raman spectroscopy, and generate spectra corre-
sponding to material structural properties via the development of
physics informed machine learning and explainable machine learning.
Therefore, industry does not underestimate the power of basing some Al
prediction on, for example, a Raman peak ratio. Physics informed and
explainable machine learning can achieve high impact in the materials
science landscape if there is integration with databases and access to
vast amounts of annotated semantic data [25,26]. An interesting point is
that Al can, in some cases, fill in data gaps, and thus, dataset
completeness can be increased, which is crucial when indexing data in
public repositories. In other cases, Al is going to be an ever-extending
body of knowledge for an industrialist. At present, there are good ex-
amples of applications in additive manufacturing (AM), where a lot of
data is generated for every build and product. It is claimed that there are
about 140 parameters that could be utilised for optimising a specific
product, and the level of complexity increases considering many ma-
chines across many products. In this direction, data analytic techniques
like machine learning and artificial intelligence will play a key role in
AM, thus having a disruptive character. AI, however, can be
misleading in cases of industrial business transactions and of commu-
nications, and thus it is required to be able to transport information and
to rationalise Al strategies beyond the black box model development
step. Therefore, industry considers Al as a useful tool for data exploi-
tation and processing, for example using it to base prediction on a
Raman peak ratio. However, Al should be used with caution since it
could lead to false data production at times.

So far, one main limitation of Al is identified as the scenario where
the predictive modelling is genuinely derived from a statistics/proba-
bilistic perspective, similar to the suggestion/recommendation systems
that can suffer from unforeseen changes in the trend of data, including
statistical/computational/human/systemic biases [27]. For example, Al
and generated models were not effective in the beginning of the
pandemic because the situation suddenly changed the context of the
machine learning, and the new data in those sectors were not repre-
sented by the previous statistics. Implementing Al in combination with
known norms and equations could bridge such gaps. Since it is going to
be disruptive as a technology, what is needed is to work together with
the best combination of equations representing the existing theory and
background knowledge. In this direction, there have been new de-
velopments in physics informatics. Physics equations can be used to
build the engine of solving complex tasks, i.e. in the calculation of un-
known equation parameters via the utilisation of partial differential
equations, in efficient manner and is expected to lead to fruitful and
productive outcomes [28]. Simplicity provided by any means of Al or
assessment methods is appealing and sometimes very powerful. In sci-
ence, as soon as physics is involved in the background calculations,
one should expect efficient calculations, as well as disruptive
impact of the predictions, overcoming the bottleneck of the black
box effect. Although, there is still scepticism from the research infra-
structure side about Al and potential impacts, which might be overcome
as soon as scalable, adaptive, and explainable machine learning para-
digms rise utilising physics norms and improving societal skill-force and
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access to open Al tools [25,26,29]. In conclusion, Al in materials science
applications remains a bright field of R&I since there are many open
questions, still waiting for the scientists and the community to answer.

3. Materials 2030 Roadmap - characterisation and modelling as
horizontal enablers

NMBP projects and EC strategic objectives escalated over the years
from the level of materials improvement and innovation into more
complex objectives of components and systems of components, with an
increment in the level of accomplishment. In this process, Advanced
Materials 2030 Initiative (AMI 2030) can play a key role to drive the
research agenda into the right direction. The challenge to do that
effectively depends on engaging relevant and representative stake-
holders of the European landscape, considering the broadness of the
defined Strategic Materials Innovation Markets [30], as well as from
shaping their scope and strategic objectives in order to translate them
into research and innovation methodologies.

The policies and vision for 2023-2030 will include dedicated actions
for characterisation enablers that will be involved in the innovation
paths for materials innovation markets, which requires close interaction
with Safe and Sustainable by Design (SSbD) frameworks. Characterisa-
tion has a broad impact on materials markets since every evaluation of
properties contains a characterisation enabler, and these are concomi-
tant in every call for materials development. At present, the three NMBP-
35 projects are harmonising characterisation methodologies using ma-
terials at high readiness level for exploiting standardised tools to in-
dustry, which is part of the ongoing Materials 2030 Roadmap [30].
Furthermore, the SSbD framework needs to introduce and work with
new methods, and improve the existing ones. Thus, there is an exciting
potential for characterisation, and practically, for all the markets that
are seeking sustainable high-performance materials, i.e., sustainable
textiles, sustainable packaging, sustainable agriculture, etc. for
combining sustainability and safety in parallel, which are part of the
digitalisation framework, aiming to ensure that new technologies will
have the minimal (negative) impact on people and planet.

3.1. Digitalisation policy in Europe

At high level of policy, everything is driven towards green and digital
in various technologies that are contributing with data and knowledge
generation to this field. The first message, as brought from AMI 2030
initiative, is that an end-to-end approach is taken about generated ma-
terials data by both modelling and characterisation. Industries have
already joined the Materials Digitalisation working group 1, contrib-
uting to setting the stakeholder-driven priorities towards the strategic
outcomes in a stakeholder-driven EU economy.

Regarding the AMI 2030 Digitalisation working group [31], a start-
ing point has been to investigate what data we have today, and what is
the need to access and use that data. Then the second priority is the
constantly generated new knowledge. Data generation is an ongoing and
living process that certainly surpasses the access to huge data, where it is
still unclear how to define robust pathways towards data openness and
data management, as well as methods to analyse and process this data.
The main problems are around the management and documentation of
metadata, e.g., a common methodology for expanding domain ontology
and representation of knowledge in i.e., knowledge graphs. An iterative
process is required to perform-assess—improve the materials design
phase, and throughout the product life cycle. It has been a challenge to
identify the context of this iterative management and documentation
process and the right path to address it collectively in the Materials 2030
Roadmap, which has been done via several horizontal strategic actions
[10]. To achieve a good system for documentation and management of
data, policymakers should be engaged, and support the developments in
that direction, so that the widely accepted strategic research innovation
agenda driven by AMI 2030 initiative can be translated into actions that
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are straightforward at the policy level. This is another big and emerging
challenge, which requires collective effort.

AMI 2030 will be organised through a certain governance process.
The digitalisation agenda is really driving the materials field via a sys-
tem run by the community. Specifically, EMCC and EMMC will play a
big role, because both represent the stakeholders and experts that are
driving the innovation markets by helping industry to benefit from
materials informatics and novel R&I methodologies and exemplifying
their application across industrial sectors. To achieve AMI2030's ob-
jectives, there is the need for its goals to be well-defined to deliver on
what these innovation markets need and beyond, and ultimately to
realise the benefits for the end-user that actually is the society. Since the
priorities can only be a few, there is an ongoing effort to capture the
current state of the art across different fields. The vision of the necessary
developments integrates and homogenises the diversity of approaches
indicated by experts in the new version of the Materials 2030 Roadmap,
building on the previous accomplishments of EC FP and Horizon Europe
programmes.

At more specific level of digitalisation, the semantics, ontology,
EMMO, CHADA, and interoperability to modelling, Al, and characteri-
sation could have a positive impact IoT in industry. The characterisation
(meta)data structure (CHADA) is a unique result which has been
standardised, and is used to extract the semantics for characterisation.
NanoMECommons is taking specific use cases of characterisation to
extract the specifications and links/interdependencies of methods ac-
cording to end-user needs. There is an effort to simplify the completion
process because currently completion includes free text, which can make
it almost impossible to transform human readable forms into machine-
readable language to represent the domain knowledge. Thus, one
emerging need is to have a glossary that describes the characterisation
and the background knowledge around it, so CHARISMA and Nano-
MECommons projects are documentating the terminologies used for
each characterisation technique in a collaborative environment, i.e.
Wikidata, which can be used for open collaboration between experts and
research community. It is important to engage more experts in this effort
of trying to determine widely accepted terms for describing the exper-
iment of characterisation, and such great impact could be the outcome of
a synergy between NMBP-35 and other characterisation projects, such as
OntoTrans and Big Map projects, on characterisation semantics.

Another challenge that was highlighted during the NMBP-35 work-
shop was that there have been projects that performed tasks on ontology
development before the CHADA standardisation, and it is needed to
define the framework for the utilisation of ontologies already developed
following different standards. EMCC as well as EMMC can be the plat-
form to facilitate the coordination of those efforts in the digitalisation
domain, and facilitate the reuse and expansion of ontologies by sectors.
For example, TEESMAT project has established the terminology for
energy sector and batteries, whereas in NanoMECommons it is amongst
the objectives to expand the domain knowledge in the standardised
methods for materials/product properties nanomechanical assessment.
In that end, another key point is about the common vocabulary. Thus, a
more efficient way to collaborate is created, as well as to generate and
analyse the data, which is opening the road for multiple applications and
the similar philosophy helps further integration of all these different
characterisation techniques and CHADA. One recent outcome in this
direction is the ontology based on CHADA CHAMEO [42], which is a
machine readable version of CHADA and supports interoperability in the
characterisation domain based on EMMO principles [43].

3.2. Industrial competitiveness and high-level innovation goals aided by
collaboration framework and centralisation of knowledge

From an industrial point of view, sustainability should be a major
industrial driver, as it is now, and will be in the future, for the auto-
motive company Stellantis (former FIAT), for instance, which has a
global approach to material engineering. At the first years of Stellantis,
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an industrial plan was published focusing on a complete decarbonisation
of the products by 2050, with a 50 % reduction of COy emissions by
2030. To meet this challenge, a deep intervention is needed not only on
propulsion and energy storage systems. This process involves several
different materials and sustainability approaches. Amongst the strategic
objectives of Stellantis by 2030 are the increase of the green material
content in metallic components to 50 %, and in polymer components to
35 % by weight [32,33]. The expected impact on the mobility sector is
high, emphasising the vision of a half-tone vehicle instead of 1 tone.
Regarding energy storage, not only the active material in the battery
cell, but the whole battery pack needs to ensure specific performances,
including thermal dissipation and automation, two major industrial
challenges to overcome that will be big drivers in the immediate future.

Designing against failure is and will remain a technologically
relevant priority in materials engineering. One critical need in materials
development is to build the required knowledge to prevent failures and
introduce defect tolerance [34,35], as well as to develop fast and ac-
curate testing methods for materials assessment as a “Hardware Cloud”,
including virtual prototyping (“Software Cloud concept”) [34]. It was
noted that in most of the occasions car companies do not manufacture all
their product’s parts themselves. Therefore, there is the need establish
collaborations and partnerships to assess materials and ensure that their
structure and properties comply with the specifications to enter the
markets, and are safe and ready for responsible use. Still, the materials
ultimate requirement is to be leading to affordable end-products.

Another topic was about the need for a framework for sharing
background knowledge and data, which currently exists only in the
form of collaborative projects. Synergies and coherent communication
are lacking and are underexploited for characterisation and modelling
communities to produce common suites or tools that are easy to un-
derstand. Furthermore, when industries and IPs are put in a collabora-
tive and partnership context, technologies and data that are protected by
background knowledge which cannot be shared. Therefore, community
experts and end-users are sceptical about bringing in their background
within common projects with other companies, due to competition.
Although this question is often complex to address, there has been
progress in regards to openness.

Stellantis, for example, started sharing material information almost
20 years ago with the IMDS system that was created by a car maker
consortium to share the material components until the basic substances
composition [36]; several years of discussion were needed in order to
manage the level of disclosure that the supplier was comfortable with.
Therefore, it has been a common case in collaborative projects, to enter
in a direct communication channel with the material supplier and
end-user, in order to ensure that royalties and ownership are properly
disclosed regarding materials information, which are the competitive-
ness assets. Direct support from the end-user to the supply chain, and
vice versa can facilitate and spur collaborative innovation [37]. The
end-user will endorse the material provider to increase the TRL of
research and innovation activity in the specific field, and in the end
enable the product to have the adequate readiness level to enter the
market. In any case, material information is owned by the supplier, so
the whole supply chain needs to be involved in this discussion, and the
activities related to production are managed by suppliers, not by
end-users. Recently, EU automotive industries partnered together in an
innovation network for knowledge sharing with a dedicated materials
data space, CATENA-X [38], which aims to advance quality manage-
ment, logistics, maintenance, supply chain management, productivity
and sustainability, laying on the foundation of the European cloud data
infrastructure GAIA-X.

Another topic raised was about the ongoing establishment of the
digitalisation agenda, and the stakeholders needs regarding exploiting
data produced in the past. Specifically, end-users store massive amounts
of data generated by production, characterisation, and modelling.
Focusing on the technical part of reusing data in a dynamic manner, a
challenge to confront in the future, it was questioned whether end-users
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benefit from past data to design new materials or components, especially
when data were produced 10 or more years before. It was concluded that
data do not expire or age, even though it can be worth to reproduce
specific data due to a low cost and improved value compared to previ-
ously generated data, and overall, it seems wise to keep the data stored.

Companies are outcome-driven, and this could imply that decision-
making is aided by static designs based on the outcome of materials
characterisation, and thus empiricism in validating that materials meet
the specifications to reach the market. On the other hand, utilising
previously generated data to identify modelling-aided process windows
and optimising the operations based on evidence-driven implications for
process design can be a more efficient strategy for both increasing the
TRLs and for the final product design in entering the market faster and
with success. Thus, a question was raised, from an end-user perspective,
if data are used to exploit new products or industrial digitalisation ob-
jectives, which for example, come into characterisation and digital-
isation strategies used for benchmarking new materials. There is a need
to cultivate a data-rich way of thinking, which requires multiple levels of
actions, starting with education of people and society [34], and multiple
sources of information that bridge the physical to digital world.

It was noted that in-house data repositories of end-users are estab-
lished about specific characterisation techniques, and the data gener-
ated by those techniques are exploited to produce material cards for
materials modelling. This is an internal policy applied by Stellantis, and
specifically two strategies are followed concerning materials. One
regarding the evolution of a traditional material, where composition, as
well as physical and chemical behaviour are employed in order to seek
for new challenges, new boundaries, and performances driven by the
market. In other cases, the approach to material engineering and design
is more disruptive, seeking for important evolution of industrial prod-
ucts to meet new product requirements. In conclusion, as an outcome
from these questions it was commented that data cannot be reproduced,
expire or age, even though there can be specific data worth to be
reproduced due to a lower cost and improved value compared to when
data were generated, and overall, it is beneficial to keep all data stored.

Characterisation methods and improvement of materials and prod-
ucts is a symbiotic process. For the evolutive material, the characteri-
sation and validation activities, as well as experience and data, are used
in a disruptive approach in order to innovate, to build new know-how
and knowledge. In the process, the characterisation methods must be
defined and improved. Stellantis exploits its repositories in a collabo-
rative environment with external institutions and universities, where a
method is developed in deeper detail and with different instruments,
which are not accessible in the internal facilities. This strategy has been
employed to build common competencies and share knowledge on
disruptive materials development, thus sharing a common background
with clear ownership rights of the method for testing and the method for
material development.

3.3. Success stories of centralised knowledge and data exploitation in the
past

There are clear business cases for storing, sharing and reusing
precious knowledge and data generated in the past. he first influencing
example is the one of Dow Corning Corporation (glass manufacturer),
with the end-user focusing on glass materials production with improved
impact resistance for aerospace and defence sectors. That project was
dropped before its accomplishment; however, the end-user stored the
data and metadata, and then about 2007 was able to resurrect them
when Steve Jobs was seeking for a glass to be indestructible on iPhones,
benefitting with a huge commercial interest [39]. Granta Design Ltd.
(acquired by Ansys Inc. in 2019) was involved in data management
solutions for Dow Corning Corporation, and continues to be the indus-
trial leader for materials information management software such as
Ansys Granta MI. This is the foundation that end-users are laying today
and with open innovation digital ecosystems within their companies and
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with a clear business case for reusing precious knowledge and data
generated in the past.

The second story is about Japan’s paradigm. Japan provided every
company and industry with access to a centralised database created to
build a common know-how in depth, which provided security and
strategic advantage for the development of advanced research and
technology in Japan back in 1980 s’ and till today [40]. The European
Community was suggested to see the benefits in mimicking this and
focus the efforts across a common research line, specifically on data
saving and ensuring availability with adequate guidelines and clear
ownership rights, and case specific management for stakeholders own-
ing precious data. Following this paradigm can enable more companies
to flourish like the Dow Corning success story and increase their market
share by orders of magnitude.

3.4. Vision for sustainable partnership models in EU

Europe should steer to industry towards joining partnerships, Euro-
pean initiatives and innovation platforms can materialise the vision of
creating a collaboration ecosystem between industry and research in-
frastructures, including academia. In Nanoscience Foundries and Fine
Analysis (NFFA) project, partners are offer access to both large in-
frastructures and laboratories for industry, affording access to
distributed research infrastructure from large synchrotrons to sophisti-
cated laboratory methods, which often is considered as a limiting factor.

One issue is the intellectual property rights, which sometimes pre-
cludes the publication of results, which has to be strategically handled,
finding formulas to satisfy both sides. Another aspect debated was about
NFFA’s role as an intermediary working between research in-
frastructures and industry, where a profit can be made by research in-
frastructures. Therefore, their strategic implementation agenda and plan
can be included in EMCC Roadmap supporting the vision for required
actions to be taken within the next 5 years.

In the view of a business/sustainability plan, it was discussed that
both industry and research infrastructures can benefit throughout the
process of materials development; in pre-competitive phase, industry is
often very open to publish, because they use model systems, with limited
use of confidential know-how. Confidentiality issues may arise when a
product enters a phase of readiness, which is closer to the market or
application. In this case, this is even an advantage because NFFA project
members can use the access for precompetitive phase in order to work
with industry to make them approve, accept and assume their meth-
odology. Thus, when the product enters the stage where information is
sensitive and confidential, then industry will be happy to pay for ser-
vices, since they will have trust in the methods due to successful pre-
vious cooperation, and they will not have to pay for taking the risk,
which means that industry will be willing to establish more
collaborations.

Another discussion topic was the motivation of industrial partners
joining initiatives such as NFFA, EMCC or AMI 2030. By participating
and contributing to calls for roadmapping activities and working closely
with experienced and skilled experts across industrial sectors, they
contribute to bringing an organic process into innovation agenda and
industrial revolution. This has been enabling in terms of engagement
with emerging needs and problems faced by industries being recorded,
thus making such exercise more efficient, and to shape a broader
perspective on the requirements for the next developments.

Participation in collaborative projects and initiatives with stra-
tegic impact in material engineering enables the creation of collabora-
tive frameworks, which allow stakeholders to share data more freely
among themselves and with other industrial sectors, the extensive
research and innovation activities needed to ensure product competi-
tiveness motivate such collaboration. For instance, Stellantis partici-
pates in collaborative projects with other automotive industries with
competing interests, sharing data with competitors [38]. Thus, in-
dustries rely on collaborative initiatives; this also has additional
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benefits, i.e., keeping technicians up to date with the current state of the
art and being able to follow the materials evolution, especially consid-
ering that employees are oriented to follow a long-term career in the
companies. Thus, the overall impact is keeping products up-to-date,
meeting the society needs, and upskilling the personnel in disruptive
sectors of materials and methods evolution, as well as keeping up with
the testing instruments and standard materials, which are evolving as
well.

4. Conclusions, takeaway messages, and outlook

Instrument suppliers are working towards dedicated and affordable
solutions for end-users, which means that highest capabilities and res-
olution are not required in every application. When a new instrument
with lower capabilities or resolution is going to be used, but more
affordable, for a well-suited application, a trust concern becomes an
issue. There is a need to develop methods to validate and perform the
harmonisation and standardisation of these tools that are useful.
Advanced and more reliable technology through harmonisation will
open a wide range of application arenas. In the case of Raman spec-
troscopy, there are examples with Raman handheld devices applied to
compounds detection. It would not be daring to consider that the future
would bring Raman detection even in mobile phones. Standardisation
differs from harmonisation, regulations, and certification/conformity
assessment and is considered by the European Commission (EC) as one
of the tools that can make the projects’ results acceptable to the indus-
trial sector and realise their uptake in the market. The importance of
standardisation was outlined to facilitate the industrial transition and
acceptance of such innovative methods and products developed within
Research and Innovation (R&I) projects.

The critical challenge is developing new methodologies and tech-
nologies and harmonising and standardising them appropriately to
achieve higher capacity. New tools, enabling faster data exchange and
processing of many measurements, combined with automatisation, will
contribute to the broader application of the NMBP-35 projects’ results in
the industrial sector. Regarding materials data uniqueness, stemming
from different instrument suppliers and hardware features, an example
was given by CHARISMA project on Raman spectroscopy development
and standardisation. It was noted that through benchmarks of reference
materials, algorithms, and protocols developed, accurate, and consistent
data collection and handling is possible, regardless of the Raman
equipment used.

The transforming society and the undergoing digitalisation activities
are pushing for new solutions to cope with different forms of crisis,
including the supply chain, energy, health, and environment (already
confronted to some extent). It was shown that standard assessment
methods can also have a role in social exploitation of new project-
derived technologies. In a context of projects achievements and their
corresponding new technologies, people can have in the future first-
hand experience of the application of physical and chemical princi-
ples. These projects afford changes to the best interest of society.
Delivering high-tech to non-technically educated users requires intuitive
user-friendly devices and interfaces; for example, plug&play or single-
button automated routines. This may be challenging to implement,
but it will foster maximum society engagement. Such scope is where
data science, artificial intelligence, common metrics, data analytics, and
the implementation thereof in a robust software is critical. People hav-
ing more access to validation process rather than trusting the given label
or any other label, could see such technologies naturally entering the
markets, just as they have seen barcode scanners in supermarket telling
the product prices. Increasing societal awareness of technologies helping
people’s day-to-day life on food or any other application may, in turn,
upskill the society. The harmonisation of technologies and data science
all together will bring the technology to users who are not necessarily
highly educated in the art. The only limit will be in the imagination and
funding.
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In addition, in terms of digitalisation efforts, there is a common
interface for NMBP-35 projects, which has been transformed into an
initiative via EMCC working groups for synergy on the terminology
development for characterisation. This initiative facilitates sharing of
the domain knowledge towards interoperability and wider impact. It is
important to engage the community on common challenges like this,
where the aim is to capture and organise the metadata of characterisa-
tion, because after that, AI will excel when accessing structured data.
This could find application in the automation: automate procedures,
analysis, or methodologies execution in smart manufacturing plants,
and even implement and reproduce part of testing automatically with
the support of robotics.

In order to envision the latter, i.e., the robotics reproducing experi-
ments, the community has to define a strategy to (i) capture the thoughts
of the scientist, (ii) conceptualise knowledge and (iii) assess correlative
information to perform evidence-based decisions, and (iv) assure that
the cognitive knowledge for the methods can be stored and reused in an
interoperable manner (i.e., according to EMMO guidelines). This is
much in relation with another European initiative, MAPs, coupled with a
collaborative spirit from USA and Canada, and coming from the concept
of autonomous or self-driving labs, articulated through the workshop
report Materials Acceleration Platform [41].

Besides that, it should be noted that the community needs the
structured data and terminology to be in machine-readable form and
accessible to achieve IoT wireless connection, which is a mean of
improving the application of the technologies; if you can connect a
handheld Raman device to the network, the user can get instant com-
parison of your data utilising the power of databases, in order to auto-
mate and simplify the analysis task for the users. Machine readability of
methods’ outputs holds much promise for extracting fast and vast
amount of data from any single measurement and analysing existing
data silos.

Following the success stories of the past, the centralised data man-
agement was considered as a policy to build the momentum for Euro-
pean materials excellence in the next 40-50 years. Industries show
interest in opening their data and sharing background knowledge under
the right conditions and framework. Competition is a hurdle to consider;
however, European policies of digitalisation, circularity, and SSbD foster
an ongoing evolution of materials engineering in numerous innovation
markets; this is the hallmark of a new era. The technologies are tran-
sitioning to achieve decarbonisation goals, so that evolutionary mate-
rials are currently in the precompetitive stage, where industries and
suppliers are open to establishing collaborative schemes in order to
build the required know-how to realise new entries in the market.

There is an opportunity for Europe to establish a centralised plan for
data management in the digitalisation agenda, which can address the
needs for exploiting materials data and standardised materials testing
methods in an adequate framework. Materials data can be exploited in
dynamic materials manufacturing windows, supporting innovation,
safety, and sustainability by design, whereas it can be a thesaurus of
knowledge to be used in future breakthroughs, including Al empowered
exploitation, according to societal needs. In addition, standardised
methods can be used by industries as a tool for producing ecolabels and
materials cards which are representative of the material quality, com-
mercial value, and added-value to society. To facilitate this vision, data
exchange procedures should be enabled by the storage of organised data
for testing methods that allow the stakeholders to seek for adequate and
quantitative techniques that serve structure- and materials-specific
testing, validation, and benchmarking. Beyond data organisation, it
was highlighted that in order to exploit data we need models. On the
NMBP 35 and other relevant projects, there is work in the making, with
emphasis on the heart, on the soft art of the measurement methods. The
touching base with the very specific applications of NMBP-35 projects is
through the data treatment and analysis of information generated.

NFFA and EMCC are continuously developing their networks,
bringing together stakeholders and experts from multiple disciplines to
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identify major challenges, new trends, and industry and societal needs.
All this information is put together in a harmonised manner in strategic
roadmaps, and the advantage of testing a Roadmap is that it is offering
the capability of opening a large network of infrastructures to industry.
Thus, the vision of the Roadmap can be broadened by actually the
Roadmap going “live”, and giving the feedback in a dynamic and organic
manner with impactful directions to solve upcoming new and unfore-
seen industrial and societal challenges.
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Appendix. Example on use case that showcases the long-term
horizon beyond the NMBP-35 project results on materials
assessment methods and social benefits

There has been the paradigm of CHARISMA project with the Raman
tools that are being developed, which can provide benefits to multiple
sectors. An example in the food supply chain was introduced, where
Raman would be applied to assess the state of packaged meat if the
actual due date depends on the state and concentration of Raman active
chemical substances related to the microorganisms inhibition that are
employed by ENCAPSULAE active packaging. Meat has a foreseen ex-
piry date based on expected shelf-life, and is discarded regardless of its
status, but the useful life can be shortened or lengthened depending on
the packaging and storage conditions. Raman spectroscopy would
enable in-situ test and on-demand re-asses the shelf-life date on the la-
bels of meat as soon as it remains compliant with the safety specifica-
tions for consumption. This is a very valuable social technological token
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EU citizens, who can envision the impact of applying physics with
simplified plug-and-play tools for analysis directly in their lives.

In this case, an argument was presented to show the importance of
standardised assessment methods versus Al and data-driven intelli-
gence, when checking the state of the agent that is protecting the food by
preventing bacteria growth. It is important to prove that these additives
capacity is not depleted, rather than hoping that the food will be pro-
tected by assuming or making a predictive modelling estimate. For this
specific example, standardised methods based on the level of protection
are required for food market logistics, because one can assess what is
changing with time and if an additive is efficient with any Raman in-
strument and provide feedback to management procedures. Thus, an
end-user or supplier should then be able to prioritise delivery and dis-
tribution of the products with shorter lifetimes, saving the fully pro-
tected for later distribution. This apparently trivial approach is
instrumental to minimise wasted out-of-date perishables. This concept
can be applied in many formally equivalent cases.

References

[1] European Materials Characterisation Council (EMCC) website. (http://charact
erisation.eu/). (Accessed 23 February 2023).

[2] C. Charitidis, M. Sebastiani, G. Goldbeck, Fostering research and innovation in
materials manufacturing for Industry 5.0: the key role of domain intertwining
between materials characterization, modelling and data science, Mater. Des. 223
(2022), 111229.

[3] Klaessig Haase, EU US roadmap nanoinformatics 2030, in: E.N. Cluster (ed.), 2018.

[4] N. Adamovic, J. Friis, G. Goldbeck, A. Hashibon, K. Hermansson, D. Hristova-
Bogaerds, R. Koopmans, E. Wimmer, The EMMC Roadmap for Materials Modelling
and Digitalisation of the Materials Sciences, ZENODO, 2020.

[5] E.P. Koumoulos, A.-F. Trompeta, R.-M. Santos, M. Martins, C.Md Santos,

V. Iglesias, R. Bohm, G. Gong, A. Chiminelli, I. Verpoest, P. Kiekens, C.

A. Charitidis, Research and development in carbon fibers and advanced high-
performance composites supply chain in Europe: a roadmap for challenges and the
industrial uptake, J. Compos. Sci. 3 (3) (2019) 86.

[6] X. Liu, D. Furrer, Vision 2040: a roadmap for integrated, multiscale modeling and
simulation of materials and systems in: E.H. Pratt, Whitney, Connecticut Jared
Kosters and Jack Holmes, Nexight Group (ed.), NASA/CR, Silver Spring, Maryland,
2018.

[7] B.C.B.Charitidis, S.Diplas, C.Eberl, G.Goldbeck, N.S.Kiran, E.Koumoulos, H.Marvin,
C.Minelli, M.Sebastiani, F.C.Simeone, S.A.M.Tofail, E.Zschech, EMCC Roadmap for
Materials Characterisation, European Materials Characterisation Council (EMCC),
2017.

[8] E.T. Platform, Tooling Technology Roadmap 2030, 2019.

[9] A. Kirstin, M.B. Nardelli, Andriy Zakutayev, Lubos Mitas, Stefano Curtarolo,
Anubhav Jain, Marco Fornari, Marzari Nicola, Ichiro Takeuchi, Martin L. Green,
Mercouri Kanatzidis, Mike F. Toney, Sergiy Butenko, Bryce Meredig, Stephan Lany,
Ursula Kattner, Albert Davydov, Eric S. Toberer, Vladan Stevanovic, Aron Walsh,
Nam-Gyu Park, Alan Aspuru-Guzik, Daniel P. Tabor, Jenny Nelson, James Murphy,
Anant Setlur, John Gregoire, Hong Li, Ruijuan Xiao, Alfred Ludwig, Lane
W. Martin, Andrew M. Rappe, Su-Huai Wei, John Perkins, The 2019 materials by
design roadmap, J. Phys. D Appl. Phys. 52 (2019).

[10] Materials 2030 Roadmap, 2022.

[11] S.P. Klaus, Vanham, Stakeholder Capitalism: A Global Economy that Works for
Progress, People and Planet, John Wiley & Sons, Inc, 2021.

[12] S. Elfgen, D. Franck, K. Hameyer, Characterisation of soft magnetic materials by
measurement: evaluation of uncertainties up to 1.8 T and 9 kHz, AIP Adv. 8 (4)
(2018), 047208.

[13] K. Blind, The impact of standardisation and standards on innovation, 2016, pp.
423-49.

[14] A. Ntziouni, J. Thomson, L. Xiarchos, X. Li, M.A. Banares, C. Charitidis, R. Portela,
E. Lozano Diz, Review of existing standards, guides, and practices for Raman
spectroscopy, Appl. Spectrosc. 76 (7) (2022) 747-772.

[15] M.D. Wilkinson, M. Dumontier, I.J. Aalbersberg, G. Appleton, M. Axton, A. Baak,
N. Blomberg, J.W. Boiten, L.B. da Silva Santos, P.E. Bourne, J. Bouwman, A.

J. Brookes, T. Clark, M. Crosas, I. Dillo, O. Dumon, S. Edmunds, C.T. Evelo,

R. Finkers, A. Gonzalez-Beltran, A.J. Gray, P. Groth, C. Goble, J.S. Grethe,

J. Heringa, P.A. t Hoen, R. Hooft, T. Kuhn, R. Kok, J. Kok, S.J. Lusher, M.

E. Martone, A. Mons, A.L. Packer, B. Persson, P. Rocca-Serra, M. Roos, R. van
Schaik, S.A. Sansone, E. Schultes, T. Sengstag, T. Slater, G. Strawn, M.A. Swertz,
M. Thompson, J. van der Lei, E. van Mulligen, J. Velterop, A. Waagmeester,

P. Wittenburg, K. Wolstencroft, J. Zhao, B. Mons, The FAIR guiding principles for
scientific data management and stewardship, Sci. Data 3 (2016), 160018.

[16] Development of a Standard for FAIR Data Management of Spectroscopic Data,
Chemistry International, vol. 42(no. 3), 2020, pp. 28-9.

[17] S.N.S. Moraes, D.L. Morgado, M. Nalin, Application of Raman spectroscopy to
industrial research: determination of impurities in glass bottles, Vib. Spectrosc. 100
(2019) 57-63.


http://characterisation.eu/
http://characterisation.eu/
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref1
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref1
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref1
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref1
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref2
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref2
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref2
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref2
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref2
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref3
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref3
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref3
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref3
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref3
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref3
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref3
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref3
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref4
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref4
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref5
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref5
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref5
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref6
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref6
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref6
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref7
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref7
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref7
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref7
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref7
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref7
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref7
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref7
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref7
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref7
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref8
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref8
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref8

G. Konstantopoulos et al.

[18]

[19]
[20]
[21]
[22]
[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

D. Gonzalez-Garcia, D. Giordano, J.K. Russell, D.B. Dingwell, A. Raman,
spectroscopic tool to estimate chemical composition of natural volcanic glasses,
Chem. Geol. 556 (2020), 119819.

B. Barton, J. Thomson, E. Lozano Diz, R. Portela, Chemometrics for Raman
spectroscopy harmonization, Appl. Spectrosc. 76 (9) (2022) 1021-1041.

R. Luo, J. Popp, T. Bocklitz, Deep learning for Raman spectroscopy: a review,
Analytica 3 (3) (2022) 287-301.

D. Batens, J.P. Van Bendegem, Theory and Experiment: Recent Insights and New
Perspectives on Their Relation, 1st ed., Springer Dordrecht, 2012.

K. Natalia, K. Peter, L. Elefterios, L. Argiris, C. Welchy Leite, F. Jesper, Position
Paper: Open Innovation in Horizon Europe, Zenodo, 2022.

B. Meredig, Five high-impact research areas in machine learning for materials
science, Chem. Mater. 31 (23) (2019) 9579-9581.

M.F. Langer, A. GoeBmann, M. Rupp, Representations of molecules and materials
for interpolation of quantum-mechanical simulations via machine learning, npj
Comput. Mater. 8 (1) (2022).

X. Zhong, B. Gallagher, S. Liu, B. Kailkhura, A. Hiszpanski, T.Y.-J. Han, Explainable
machine learning in materials science, npj Comput. Mater. 8 (1) (2022).

R.K. Vasudevan, K. Choudhary, A. Mehta, R. Smith, G. Kusne, F. Tavazza, L. Vlcek,
M. Ziatdinov, S.V. Kalinin, J. Hattrick-Simpers, Materials science in the Al age:
high-throughput library generation, machine learning and a pathway from
correlations to the underpinning physics, MRS Commun. 9 (3) (2019).

R. Schwartz, A. Vassilev, K. Greene, L. Perine, A. Burt, P. Hall, Towards a standard
for identifying and managing bias in artificial intelligence, Natl. Inst. Stand.
Technol. Spec. Publ. 1270 (2022).

L. Papadopoulos, S. Bakalakos, S. Nikolopoulos, 1. Kalogeris, V. Papadopoulos,

A computational framework for the indirect estimation of interface thermal
resistance of composite materials using Xpinns, SSRN Electron. J. (2022).

B.L. DeCost, J.R. Hattrick-Simpers, Z. Trautt, A.G. Kusne, E. Campo, M.L. Green,
Scientific Al in materials science: a path to a sustainable and scalable paradigm,
Mach. Learn Sci. Technol. 1 (3) (2020).

A.M.I.A. 2030, The materials 2030 roadmap, 2021. (https://www.ami2030.eu/r
oadmap/). (Accessed 5th April 2023).

EMMC, AMI2030 — WorkGroup 1 Digitalisation has started, 2022. (https://emmc.
eu/news/ami2030-wg-1-digitalisation-has-started/). (Accessed 2nd May 2023).

[32]

[33]
[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

Materials Today Communications 36 (2023) 106607

Stellantis, Aggressive Electrification Roadmap, 2022. (https://www.stellantis.
com/en/responsibility/carbon-net-zero-strategy/vehicles). (Accessed 5th April
2023).

Stellantis, Long-term Strategic Plan, 2022.

J.-P. Correa-Baena, K. Hippalgaonkar, J. van Duren, S. Jaffer, V.R. Chandrasekhar,
V. Stevanovic, C. Wadia, S. Guha, T. Buonassisi, Accelerating materials
development via automation, machine learning, and high-performance computing,
Joule 2 (8) (2018) 1410-1420.

K.R. Trethewey, R.J.K. Wood, Y. Puget, P.R. Roberge, Development of a
knowledge-based system for materials management, Mater. Des. 19 (1-2) (1998)
39-56.

J.P. Schoon, IDMS. Integrated database management system, in: S.I. Nagler-
Breitenbach, H. (eds.), Datenbanksysteme, Springer, 1978, pp. 355-75.

J. Li-Ying, J. Forneris, S.B. Korsholm, A. Jensen, N. Zangenberg, How European big
science organizations and suppliers innovate through public procurement, Res.-
Technol. Manag. 64 (2) (2021) 46-56.

C.-X.A. Network, Release 3.0 — the foundation for the first Catena-X data space,
2023. (https://catena-x.net/en/news-dates/artikel/release-30-the-foundation-for-t
he-first-catena-x-data-room). (Accessed 6th April 2023).

J. McKenzie, Gorilla Glass: the unsung hero of the smartphone, 2022. (https://phys
icsworld.com/a/gorilla-glass-the-unsung-hero-of-the-smartphone/). (Accessed 6th
April 2023).

J.R. Lincoln, M. Hanada, K. McBride, Organizational structures in Japanese and U.
S. manufacturing, Adm. Sci. Q. 31 (3) (1986) 338.

Aspuru-Guzik, Alan, and Kristin Persson. 2018. Materials Acceleration Platform:
Accelerating Advanced Energy Materials Discovery by Integrating High-
Throughput Methods and Artificial Intelligence. Mission Innovation: Innovation
Challenge 6. Published Version: https://www.cifar.ca/wp-content/uploads/Missio
nlnnovationIC6Report.pdf Permanent link: http://nrs.harvard.edu/urn-3:HUL.Inst
Repos:35164974.

P. Del Nostro, G. Goldbeck, D. Toti, CHAMEO: an ontology for the harmonisation of
materials characterisation methodologies, Appl. Ontol. 17 (3) (2022) 401-421.
H. Martin Thomas, C. Silvia, B. Youness, S. Georg J, M. Gabriele, G. Gerhard, G.
Emanuele, Reliable and interoperable computational molecular engineering: 2.
Semantic interoperability based on the European Materials and Modelling
Ontology, Computer Science > Computational Engineering, Finance, and Science,
Cornell University, arXiv, 2020.


http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref9
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref9
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref9
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref10
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref10
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref11
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref11
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref12
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref12
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref13
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref13
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref13
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref14
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref14
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref15
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref15
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref15
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref15
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref16
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref16
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref16
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref17
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref17
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref17
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref18
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref18
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref18
https://www.ami2030.eu/roadmap/
https://www.ami2030.eu/roadmap/
https://emmc.eu/news/ami2030-wg-1-digitalisation-has-started/
https://emmc.eu/news/ami2030-wg-1-digitalisation-has-started/
https://www.stellantis.com/en/responsibility/carbon-net-zero-strategy/vehicles
https://www.stellantis.com/en/responsibility/carbon-net-zero-strategy/vehicles
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref19
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref19
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref19
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref19
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref20
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref20
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref20
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref21
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref21
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref21
https://catena-x.net/en/news-dates/artikel/release-30-the-foundation-for-the-first-catena-x-data-room
https://catena-x.net/en/news-dates/artikel/release-30-the-foundation-for-the-first-catena-x-data-room
https://physicsworld.com/a/gorilla-glass-the-unsung-hero-of-the-smartphone/
https://physicsworld.com/a/gorilla-glass-the-unsung-hero-of-the-smartphone/
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref22
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref22
https://www.cifar.ca/wp-content/uploads/MissionInnovationIC6Report.pdf
https://www.cifar.ca/wp-content/uploads/MissionInnovationIC6Report.pdf
http://nrs.harvard.edu/urn-3:HUL.InstRepos:35164974
http://nrs.harvard.edu/urn-3:HUL.InstRepos:35164974
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref23
http://refhub.elsevier.com/S2352-4928(23)01298-9/sbref23

	Materials characterisation and software tools as key enablers in Industry 5.0 and wider acceptance of new methods and products
	1 Introduction
	2 European landscape on materials characterisation and modelling domains
	2.1 Standardisation in fit-for-materials characterisation
	2.2 Characterisation and modelling suites
	2.3 AI and data exchange procedures

	3 Materials 2030 Roadmap – characterisation and modelling as horizontal enablers
	3.1 Digitalisation policy in Europe
	3.2 Industrial competitiveness and high-level innovation goals aided by collaboration framework and centralisation of knowledge
	3.3 Success stories of centralised knowledge and data exploitation in the past
	3.4 Vision for sustainable partnership models in EU

	4 Conclusions, takeaway messages, and outlook
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data Availability
	Acknowledgements
	Appendix Example on use case that showcases the long-term horizon beyond the NMBP-35 project results on materials assessmen ...
	References


