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Abstract — Magnetic measurements are vital to sup-
port European challenges in areas such as electric ve-
hicles; health; power transformation and harvesting;
clean, affordable and secure energy; information and
sensor technology. However, only very few European
NMIs have the capabilities to perform traceable mea-
surements of all of the most important magnetic quan-
tities. Consequently, the adoption of novel technologies
and materials is hindered by the lack of local metrolog-
ical expertise that research and development activities
in academia and industry could exploit. A new Euro-
pean project (TRaMM, 21SCP02), in the framework
of the Small Collaborative Projects (SCP) call 2021,
aims at transferring the expertise of INRIM (Italy)
in the field of magnetic calibration and measurements
to CEM (Spain) and NSAI (Ireland), thus addressing
market and stakeholder requirements in the European
Union and paving the way toward future smart special-
isation concepts at the European level.

I. INTRODUCTION

Magnetic measurements are relatively common in
academia and in industrial research and development, as
they are widely employed for the measurement of mag-
netic fields and for the characterisation of the magnetic
cores in sensors or electronics. In addition, they are used in
applications such as earth observation [1, 2], biomedicine
[3, 4, 5] and health and safety requirements regarding ex-
posure to electromagnetic fields [6, 7, 8] (The Electromag-
netic Fields Directive 2013/35/EU). However, so far, the
industrial and scientific communities have been unable to
fully benefit from traceable and reliable measurement re-
sults because of limited access to suitable calibration facil-
ities. With the global magnetic materials market continu-
ously increasing at an annual growth rate of about 9.6 %
[9], it is crucial to develop sustainable magnetic measure-
ment capabilities that will support these end-users.

Even though the calibration of teslameters and coils, or
the measurement of the magnetic properties of steel sheets
for power applications (electrical motors, transformers) are
already standardised, only few European NMIs are capable
of providing a comprehensive set of measurement and cal-
ibration services in these areas, which require very specific

instruments and techniques. In addition, new research ac-
tivities and industrial products, in the fields of biomedicine
[10], theragnostics [11], water remediation [12, 13], and
security [14, 15] are expanding the need for traceable mag-
netic measurements for e.g. the characterisation of mag-
netic nanoparticles, rings, ribbons or bulk materials, or
for sensing devices involving magnetoelectric phenomena
[16,17, 18, 19, 20].

Other fields requiring traceable and reliable magnetic
measurements are all those where magnetic materials are
exploited for energy conversion, harvesting and storage,
such as automotive and powertrains, aerospace, and smart
grids [21, 22, 23]. All these applications attract both sci-
entific research and industry, and offer development and
market opportunities especially for SMEs that wish to be
dynamic and innovative, offering breakthrough technolo-
gies and solutions to new potential customers and markets.
In spite of this exciting innovation and development, easy
access to the measurement and calibration capabilities for
magnetic field and magnetic material characterisations are
still mostly lacking, leaving industry and academia with
the unaddressed need to properly validate their technolog-
ical solutions through traceable magnetic measurements.

To partially fill the gap between the available expertise at
the European level, and the market and stakeholders needs,
a new project labelled TRaMM (Traceability routes for
magnetic measurements), within the Small Collaborative
Projects call 2021 [24], has been funded for the September
2022 - February 2024 timeframe. The project aims at col-
lecting as many stakeholders needs as possible in the field
of magnetic calibrations and measurements, and to trans-
fer the expertise of the Italian NMI (INRIM) in this field
to two partners, CEM and NSALI, respectively the NMIs of
Spain and Ireland, in order to strengthen the collaboration
at the European level and to offer a set of measurement
and calibration services to academia and industry that bet-
ter address their current needs. Figure 1 shows the PERT
diagram of the project.

II. NEED FOR THE PROJECT

Research relating to magnetic phenomena is well devel-
oped at the academic level in several European countries,
with many groups and laboratories active in the charac-
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Fig. 1. PERT diagram of the TRaMM project.

terisation of magnetic materials, and a few groups partic-
ularly specialised in this subject. Scientific competence
on magnetic measurements and on the characterisation of
magnetic materials is therefore available in many European
countries [25, 26], but most NMIs either do not offer any
calibration and measurement capabilities, or just the most
basic ones, leaving only very few NMIs (among which IN-
RIM, CMI, PTB, VSL), which are able to provide a wide
and complete offering on this topic [27].

The most developed measurement capability is magnetic
flux density. While secondary standards which use cali-
brated coils or probes (Hall probes, fluxgates, etc.) are
commercially available, their calibration status is often
questionable. The reason for this is the lack of adequate
metrological support throughout Europe. This, in turn, hin-
ders the development of a mature industry that can exploit
these technologies. A few academic laboratories and very
few NMIs (e.g. INRIM, CMI, PTB) also offer competen-
cies in the characterisation of magnetic materials. A few
methods have been standardised, mostly within the frame-
work of the IEC 60404 series of standards, especially con-
cerning power losses in the steel sheets that are used in
power technologies. Other methods have also been devel-
oped to the point that a few NMIs offer calibration and
measurement capabilities approved under the CIPM Mul-
tilateral Arrangement for the measurement e.g. of mag-
netic permeability, power losses, (BH) product, DC po-
larisation, coercivity in hard magnets, etc. in some ma-
terials with specific geometries. However, specialised re-
search laboratories have a plethora of different techniques
which allow for the measurement of the magnetic prop-
erties of materials in different forms (nanoparticles, thin
films, bulk samples, liquids), shapes (wires, ribbons, rings,
strips, films, etc.), at different temperatures (from liquid
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Helium to approximately 1000 °C), and at different fre-
quencies (from DC to GHz). Not all of these character-
isations are possible in all conditions, but the academic
research community and the instrumentation industry are
continuously developing new methods and techniques to
investigate the magnetic properties of materials in special
or uncommon conditions. These techniques, although sci-
entifically accepted, are rarely submitted to a true metro-
logical validation, partly because, in materials research, the
uncertainty deriving from the material under test, and the
difficulty in measurement reproducibility, tend to hide, to a
first approximation, the other uncertainty sources. In addi-
tion, ring comparisons among several laboratories have un-
derlined the difficulty of obtaining compatible results with
new measurement techniques (e.g. EU TD 1402 COST
Action RADIOMAG) and even with apparently consoli-
dated comparisons [28]. For this reason, new efforts have
recently been made from a methodological point of view,
to help to develop a metrological background in mag-
netic measurements, e.g. with new international standards
(ISO/TS 198071, ISO/TS 198072) for the characterisation
of magnetic nanoparticles [29, 30].

The task of extending the availability of traceable mag-
netic measurement and calibration services to more EU
countries cannot rely only on the presence of a local sci-
entific community that is expert in the field of magnetic
measurements, because the scientific community is mostly
oriented towards frontier research and rarely has the pos-
sibility, or the interest, to invest in a serious metrological
infrastructure, providing traceability and calibration facili-
ties. On the other hand, while the NMIs have the necessary
experience in providing this type of infrastructure, most
of them only have limited, if any, experience in magnetic
measurements, which cover a very large domain requiring
a wide set of competencies (magnetic measurements can
broadly be divided into two groups: 1) the measurement of
magnetic fields and 2) the measurement of the magnetic
properties of matter; these two groups require different
equipment and different approaches, and links to e.g. elec-
trical, frequency and temperature metrology are required
to guarantee a serious metrological infrastructure). In or-
der to ensure the quickest possible means of spreading this
knowledge, and to avoid duplicated efforts, a coordinated
effort is envisaged, involving the NMIs wishing to develop
their capabilities in magnetic measurements, and the NMIs
that through a longstanding scientific activity in the field
can offer high level training and a deep understanding of
the required metrological background and infrastructure.

III. OVERVIEW OF THE PROJECT

Figure 2 presents schematically an overview of the
project. While INRIM provides fundamental training
on magnetic measurements and calibration to CEM and
NSALI, the stakeholders’ needs are collected and will pro-
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Fig. 2. Scheme of the TRaMM project.

vide the basis for the advanced training. The training mate-
rials and the stakeholders’ needs will be shared online and
will be available to any interested parties. Thanks to the
newly developed national standards and to the newly ac-
quired competences, the consortium of the project will be
able to offer new services to the stakeholders and improve
the EU capabilities in the field of magnetic measurements
and calibration, thus closing the feedback loop.

IV. STAKEHOLDERS

Relevant stakeholders for the TRaMM project will
therefore belong to (but are not limited to) the follow-
ing categories: academia and research centres working
on magnetic materials and applied magnetism (for energy
transformation, actuation, sensing, biomedicine); indus-
tries belonging to electric vehicle supply chains (electric
motors) and power application supply chains (electric mo-
tors and transformers); industries belonging to sensor sup-
ply chains (magnetic field probes, position, rotation, an-
gle, speed, vibration, etc., detectors, bit detectors and sys-
tems for magnetic registration); industries belonging to the
magnetic field monitoring supply chain (measurement of
magnetic fields in or around industrial equipment, biomed-
ical devices such as NMR, personal exposure meters, etc.);
industries involved in medical device manufacturing; in-
dustries in the food supply chain (metal detection in food
processing); industries involved in electric and electronic
components (e.g. microwave components); academia and
research centres working on geomagnetism; industries be-
longing to the steel supply chain (manufacturers and indus-
tries processing semifinished products) and to the weakly
magnetic steel supply chains (aerospace, naval and military
industries).

Even though not directly addressed at them, the TRaMM
project is strongly focussed on stakeholders, as their needs
will form the basis of the knowledge transfer that will
take place among the NMIs making up the consortium.
The stakeholders needs will therefore be collected to form
a large set of requirements and expectations, in terms
of needed magnetic calibration and measurement services

(frequencies, intensities, kind of materials or samples,
etc.), that will be used to analyse the alignment between
the stakeholders high level needs and the metrology ser-
vices provided or planned by the NMIs.

INRIM, CEM and NSAI will contact as many potential
stakeholders as possible; however, any academic or indus-
trial partner interested in magnetic calibration and mea-
surement services is invited to contact the coordinator or
one of the three NMIs to share their needs and expecta-
tions, and possibly to be part of the stakeholders commit-
tee, in order to help heading the training and knowledge
transfer steps of the project.

V. TRAINING

The training process will involve expert personnel from
INRIM and interested personnel from both CEM and
NSALI, and will focus first on fundamental aspects of mag-
netic measurements and calibration, and then on more ad-
vanced topics of specific interest of the stakeholders com-
munity. Training events will be held both online and in
person, and all training material will be made publicly and
freely available online in order to reach as many poten-
tially interested partners and stakeholders as possible. Ad-
ditionally, interested NMlIs that are not formally involved
in the TRaMM project will have the possibility to attend
the training events, with the aim of reaching the widest
possible audience.

The training events will include several different ap-
proaches:

e classes on fundamentals of magnetism, magnetic ma-
terials and measurements;

e classes on advanced topics of magnetism, magnetic
materials and measurements;

e laboratories on measurements of magnetic fields and
magnetic properties of matter, calibration of measure-
ment equipment;

e hands-on sessions and videos on specific equipments
and measurement setups;

e classes and training on ensuring traceability of mag-
netic measurements and calibration.

The contents mentioned above will be developed ac-
cording to the stakeholders’ needs and the requests of the
participating partners.

The following measurement and calibration techniques
are among the ones that it will be possible to investigate in
the framework of the TRaMM project:

e dc and ac calibration of magnetic field probes (e.g.
Hall probes) under three-axial compensation of Earth
magnetic field;
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e calibration of a magnetic field standard through nu-
clear magnetic resonance;

e measurement of magnetic permeability of soft mate-
rials or ferrites;

e measurement of frequency-dependent power losses in
steel sheets;

e measurement of frequency-dependent power losses of
ferrites;

e measurement of static magnetic properties of
nanoparticles and nanoparticles dispersions;

e measurement of magnetic properties of hard magnetic
materials by vibrating sample magnetometer or B-H
meter.

The specific measurement and calibration techniques
that will be treated will be defined in agreement among
the project partners after a thorough investigation of their
and their stakeholders’ needs.

VI.  KNOWLEDGE TRANSFER AND IMPACT

The TRaMM project will create impact through its three
objectives. With Objective 1, the involved NMIs will iden-
tify their stakeholders’ needs for magnetic measurement
and calibration facilities and plan the development of the
services and measurement capabilities that they will offer,
in order to meet these needs. With Objective 2, the in-
volved NMIs will gain sufficient competencies to be able
to offer the subset of magnetic measurement and calibra-
tion capabilities that will be relevant to their stakeholders’
needs, as well as the required consultancy services that will
create immediate impact for the stakeholders. Finally, with
Objective 3 a smart-specialisation concept will be defined,
to promote the coordination among the participating NMIs
and other NMISs to pave the way for the future development
of their capabilities in magnetic measurements and calibra-
tion according to the stakeholders’ needs through a coordi-
nated approach to identify priority areas and strengthened
trust in capabilities. It is expected that the smart specialisa-
tion concept will create impact by widening the offering of
magnetic measurement and calibration capabilities in the
European Union, both through an increased number of ex-
pert NMIs in the field, and through an increased awareness,
among the stakeholders, of the availability of these capa-
bilities.

All of the aforementioned impacts will benefit existing
stakeholders, which include magnetic materials properties
research centres and universities, calibration laboratories,
the Earth observation industry, and companies performing
onsite testing of health and safety requirements regarding
exposure to electromagnetic fields with respect to the Elec-
tromagnetic Fields Directive 2013/35/EU. They also in-
clude the logistics industry which is required to measure
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the magnetic fields of shipments sent by air freight, and
the aviation industry which uses magnetic techniques for
the nondestructive testing of airframes.

In the longer term, the outputs from this project will en-
able more NMIs to acquire capabilities in magnetic mea-
surements and calibrations. This will even be possible af-
ter the end of this project, thanks to the availability of the
training material online.

A long-term impact of the project will be the part-
ners’ ability to participate in the standardisation activi-
ties and committees relating to magnetic testing, as the
project’s outcomes will be shared with EURAMET Tech-
nical Committee for Electricity and Magnetism. The part-
ners’ competencies on magnetic measurements will offer
the required knowledge to define the correct standardisa-
tion paths for new measurement techniques (e.g. the spe-
cific loss power for the materials that are used in biomed-
ical applications), or for existing techniques that are cur-
rently used in non-standard conditions (e.g. magnetic
fields at higher frequency values, high-intensity static mag-
netic fields in biological media, etc.).

To promote a wider impact, the TRaMM project will
also organise a workshop, toward the end of its funding
period (i.e. Fall 2023 - Winter 2024), where stakehold-
ers, other NMIs, academia, any interested parties will be
invited to join the project participants to share the expe-
rience developed during the project, and to analyse future
routes for improving the collaboration at the EU level, for
further extending the measurement and calibration capa-
bilities on magnetism and magnetic properties of materials,
for approaching standardisation bodies in order to drive the
development of new standards and regulations at the inter-
national level toward the stakeholders requirements. All
interested parties are invited to attend the workshop, and
can get in touch with the project participants for further
information and details.
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