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Abstract – In recent years, data science and engineer-
ing have faced many challenges concerning the increasing
amount of data. In order to ensure findability, accessabil-
ity, interoperability and reusability (FAIRness) of digital
resources, digital objects as a synthesis of data and meta-
data with persistent and unique identifiers should be used.
In this context, the FAIR data principles formulate require-
ments that research data and, ideally, also industrial data
should fulfill to make full use of them, particularly when
Machine Learning or other data-driven methods are under
consideration. In this contribution, the process of provid-
ing scientific data of an industrial testbed in a traceable and
FAIR manner is documented as an example.
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1. INTRODUCTION AND STATE OF THE ART
In 2016, the FAIR principles (and their 15 subprinci-
ples) which provide guidelines to improve the Findability,
Accessibility, Interoperability, and Reusability of digital re-
sources such as code, data sets, research objects, and work-
flows were published [1]. Given the widespread and in-
creasing advancement of digitalization, the main focus of
the guideline is on machine-readability, i.e. the ability of
computers to find, access, (inter)operate with, and reuse
data with minimal or no human intervention. The FAIR
principles only describe attributes and behaviors but do not
provide strict rules to achieve the desired FAIRness for dig-
ital resources, i.e., they only serve as a framework for the
sustainability of data. FAIR and metrological sound data
are a basis for the exchange of digital measurement val-
ues in research and industry [2]. Thousands of petabytes
of data collected every year cannot be used to their full po-
tential as the data are often not FAIR-compliant [3]. Apart
from the pure FAIR framework, the interoperability of mea-
surement data requires an unambiguous machine-readable
provision of its metrological properties. Essential metadata
are units of measurement, types of physical quantities, and
where appropriate, traceability to measurement standards in
the form of measurement uncertainty provided by calibra-
tion. In this contribution, an existing data set of a lifetime
test of an electromechanical cylinder (EMC) is restructured

and extended with metadata in a manner that conforms to
the FAIR principles and addressing metrological properties
by application of the D-SI metadata model [4].

2. USE CASE
The used test bed (cf. fig. 1) consists of an EMC as de-
vice under test (DUT) and a pneumatic cylinder, which
simulates an axial load on the DUT [5]. Typically, more

Fig. 1: SmartUp Unit (small picture) used together with the ZeMA
DAQ for data acquisition of the testbed for an EMC life time test
(big picture).

than 500,000 working cycles of duration 2.8 s are executed,
where each consists of a forward stroke, a waiting time and
a return stroke. Data are recorded with the help of two dif-
ferent data acquisition systems (DAQ).
The ZeMA DAQ acquires data of eleven different sensors
during each cycle. Three motor current sensors, one micro-
phone, three accelerometers (at the plain bearing, the ball
bearing, and the piston rod), and four process sensors (ax-
ial force, velocity, pneumatic pressure, and active current
of the EMC motor) with different sampling rates are used
in the test bed. In addition, the SmartUp Unit (SUU) (cf.
fig. 1) records Global Navigation Satellite System (GNSS)
timestamped data continuously with three Micro-Electro-
Mechanical Systems (MEMS) sensors [6]: a 9-axis inertial
measurement unit, a 3-axis accelerometer, and a combined
pressure and temperature sensor.
The only link between both data acquisition systems is a
trigger signal of the ZeMA DAQ indicating the start of a
working cycle. This trigger signal is recorded with the SUU
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to enable the alignment of both data sets. The aligned data
set used in this publication was acquired during a lifetime
test of an EMC executed in April 2021 which lasted ap-
prox. 16.5 days. The data format of this aligned data set is
suitable for the use of an automated toolbox for statistical
machine learning [7]. It consists of numerical measurement
values which can be associated to a corresponding unit of
the “Système international d’unités” (SI) [8].

3. ACHIEVING FAIR DATA
The creation of a FAIR data set for the given use case can
be broken down into different aspects, each with a specific
contribution to one or more of the FAIR principles. This
is also summarized by the blue (contributes) or light grey
(does not contribute) symbols next to the headings of the
following sections.

3.1. Open and Known Formats
The use of common, well-described and open (source) data
formats provides the foundation of a FAIR data set [9]. Be-
cause the selected use case consists of large amounts of
numerical data, the Hierarchical Data Format Version 5
(HDF5) is chosen. It provides excellent support by allow-
ing to structure numerical data in a filesystem-like hierarchy
and to add annotations for an alignment of metadata with a
description of the numerical data to every node in this hi-
erarchy. The annotation possibilities of HDF5 are utilized
by storing relatively short strings in the data-interchange
format JavaScript Object Notation (JSON) which represent
dictionary entries of key-value pairs corresponding to the
specific node. The structure of the corresponding HDF5
file is shown in figure fig. 2. It integrates two main parts
corresponding to two different measurement systems each
consisting of groups representing sensors and/or physical
quantities. As the ZeMA DAQ is based on sensors, each
measuring only a single physical quantity, no further HDF5
group is needed in this case. In contrast, the SUU sensors
each measure more than one physical quantity. Thus, a fur-
ther HDF5 group is inserted, which has the name of the
corresponding sensor (BMA_280 in this example).

Fig. 2: HDF5 file (grey) structure containing groups (green), data
sets (orange) and associated metadata (blue).

3.2. Semantic Descriptors
Semantically expressive concepts used to describe the
metadata are an important step towards not only machine-
readable but machine-interpretable data. To our knowledge,
no single metadata scheme provides all the necessary con-
cepts required for the present use case. Therefore, different
ontologies and knowledge representations are used to de-
scribe specific aspects of the data set:

• Digital System of Units (D-SI) [4],
• Dublin Core (DC) [10],
• Quantity, Unit, Dimension and Type (QUDT) [11],
• Resource Description Framework (RDF) [12], and
• Sensor, Observation, Sample, and Actuator (SOSA) [13].

By using existing and semantically enriched knowledge
representations as a basis, researchers, organizations, insti-
tutions, machines or algorithms are enabled to understand
the data set without the expert knowledge of the initial cre-
ator. Once the meaning of the data is clear, the selection of
applications for analysis and processing can become more
informed.

3.3. Top Level Metadata
One of the most important steps preceding the (re)use of
appropriate data is to find it. With the help of machine-
readable top level metadata, both humans and computers
can easily find the digital resource.
The top level metadata are split into four groups with sev-
eral subproperties. Where appropriate, identifiers from the
Dublin Core ontology are used and specified by the dc:
prefix. In the group “Project”, general information is stored
about the project in which the data set was generated. The
creators of the data set are listed in the group “Person”. In
the “Publication” group, the DOI and the license can be
found among other information. To assign the data set to
a unique EMC test, the “Experiment” group provides in-
formation about the specific test. The following list is not
complete, but provides suggestions for the properties of the
four different groups as used in the EMC data set:

• Project: fullTitle, acronym, websiteLink, funding-
Source, fundingAdministrator, funding programme,
fundingNumber, acknowledgementText

• Person: dc:author, e-mail, affiliation
• Publication: dc:identifier, dc:license, dc:title, dc:type,

dc:description, dc:subject, dc:SizeOrDuration, dc:issued,
dc:bibliographicCitation

• Experiment: date, DUT, identifier, label

Top level metadata in JSON are added as shown in list. 1.
In this contribution, only the most important top level meta-
data are shown. The complete list of all top level metadata
for this EMC data set is included in the published data set
itself [14].



3.4. Publication
For publication, several aspects need to be considered.

3.4.1. Publishing License
The selection of a suitable publishing license enables the
reuse of existing data not only by the creators, but also other
researchers. In general, the license defines who can reuse
the data for which purposes and how the usage should be re-
ported. Guidance for such a decision is given, e.g., in [15].
For the EMC data set, a Creative Commons Attribution 4.0
International (CC-BY-4.0) license is chosen to maximize
reusability, as it places no restrictions on any entities using
the data as long as the original creators are credited.

1 "Project": {
2 "fullTitle": "Metrology for the Factory of the

Future",
3 "funding programme": "EMPIR",
4 "fundingNumber": "17IND12"
5 },
6 "Person": {
7 "dc:author": ["Tanja Dorst", "Maximilian Gruber

", "Anupam Prasad Vedurmudi"],
8 "e-mail": ["t.dorst@zema.de", "maximilian.

gruber@ptb.de","anupam.vedurmudi@ptb.de"],
9 "affiliation": ["ZeMA gGmbH", "Physikalisch-

Technische Bundesanstalt", "Physikalisch-
Technische Bundesanstalt"]

10 },
11 "Publication": {
12 "dc:identifier": "10.5281/zenodo.5185953",
13 "dc:license": "Creative Commons Attribution 4.0

International (CC-BY-4.0)",
14 "dc:title": "Sensor data set of one

electromechanical cylinder at ZeMA testbed
(ZeMA DAQ and Smart-Up Unit)",

15 "dc:subject": ["measurement uncertainty", "
sensor network", "MEMS"],

16 "dc:SizeOrDuration": "24 sensors, 4776 cycles
and 2000 datapoints each"

17 },
18 "Experiment": {
19 "date": "2021-03-29/2021-04-15",
20 "DUT": "Festo ESBF cylinder",
21 "identifier": "axis11"
22 }

List. 1: JSON code for the most important top level metadata.

3.4.2. Online Access Repository
The finalized data set is published at the online service Zen-
odo [16], which specializes in Open Science. Other plat-
forms with a similar scope also exist, e.g., PTB-OAR [17].
Only publication in suitable archives with searchable meta-
data ensure that others are able to find and access the cre-
ated data set.

3.4.3. Persistent Identifier
To make the data set addressable under a globally unique
and persistent identifier, a Digital Object Identifier (DOI) is
generated within the Zenodo service [16]. DOI is a standard
(ISO 26324:2012) widely used in the scientific community

to resolve an identifier to the current storage (web)site [18].
Even if the data is no more available online, the DOI still re-
solves to some information about the data set and its repos-
itory.

3.4.4. Example Access Code
Alongside the publication at an online service, basic scripts,
for the EMC data set in Python and MATLAB®, are pro-
vided to facilitate the file opening.

3.5. Quantity, Unit and Sensor Metadata
At its core, the data set provides numerical measurement
data from different sensors. To foster a clear understand-
ing of the numerical data, it is required to add metadata
with suitable machine-readable descriptions of the underly-
ing quantities, units and sensors. Each group of actual mea-
surement data (the "leaf-folders" of fig. 2) is associated with
its own specific metadata. In list. 2 the JSON representation
of this metadata is shown for two exemplary quantities of
this data set.

1 "/ZeMA_DAQ/Sound_Pressure": {
2 "sosa:madeBySensor": "G.R.A.S.46BE",
3 "rdf:type": "qudt:Quantity",
4 "si:unit": "\\pascal",
5 "qudt:hasQuantityKind": "qudt:SoundPressure",
6 "qudt:value": {
7 "si:label": "Sound pressure",
8 "misc": {
9 "raw_data": False,

10 "comment": "Converted from ADC values based
on appropriate conversion."

11 },
12 },
13 "qudt:standardUncertainty": {
14 "si:label": "Sound pressure uncertainty"
15 }
16 },
17 "/PTB_SUU/BMA_280/Acceleration": {
18 "sosa:madeBySensor": "BMA 280",
19 "rdf:type": "qudt:Quantity",
20 "si:unit": "\\metre\\second\\tothe{-2}",
21 "qudt:hasQuantityKind": ["qudt:Acceleration", "

qudt:Acceleration", "qudt:Acceleration"],
22 "qudt:value": {
23 "si:label": ["X acceleration", "Y

acceleration", "Z acceleration"]
24 },
25 "qudt:standardUncertainty": {
26 "si:label": ["X acceleration uncertainty", "Y

acceleration uncertainty", "Z
acceleration uncertainty"]

27 },
28 "misc": {"interpolation_scheme": "cubic"}
29 }

List. 2: JSON code for the metadata of the sound pressure sensor
G.R.A.S.46 BE of the ZeMA DAQ and the 3-axis accelerometer
BMA 280 of the SUU.

According to the recommendations from the D-SI meta-
data model si:unit introduces a mandatory machine-
readable definition of the unit of measurement based on
the SI system. Elements from the QUDT ontology add



information and semantics describing the measured data
(e.g., qudt:value), and the type of associated mea-
surment uncertainty (qudt:standardUncertainty).
SOSA provides a relation to the sensors creating the data
(sosa:madeBySensor).

3.6. Traceable Measurement Data
The actual numerical measurement data for a single quan-
tity are provided by two multidimensional arrays of equal
dimensions. One array qudt:value stores the measured
values in the unit specified by the metadata. Another ar-
ray qudt:standardUncertainty stores the standard
uncertainty of the measured value in the same unit. The
uncertainty information can be derived from datasheets or
from calibration measurements. Both arrays are named in
the same way as their corresponding metadata entries by
design. The number of rows are the number of cycles, the
number of columns are the number of datapoints and mul-
tiple pages (up to three) correspond to different directions
(X, Y, and Z).

4. DISCUSSION OF THE FAIRNESS LEVEL
The data set is evaluated according to the FAIR data matu-
rity model [19]. All indicators belonging to the four main
FAIR data principles are rated and the mean values for each
main principle are shown in fig. 3. The evaluation of all in-
dicators already shows a good agreement, however, certain
aspects should still be further improved. It should be kept
in mind that even if the maximum value for all indicators is
reached, it is not guaranteed to represent meaningful data.

5. CONCLUSION
In this contribution, the extension of an existing data set for
an EMC lifetime test with metadata according to the FAIR
principles has been demonstrated. The data set including all
metadata can be downloaded at Zenodo (https://zeno
do.org/record/5185953) in the HDF5 file format.
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