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The uptake of Persistent Identifiers (PIDs) has increased in recent years and has improved
the Findability, Accessibility, Interoperability and Reusability (FAIR) of various research related
objects (e.g., data, software, researchers and research organisations). The uptake of PIDs for
physical aspects of research (such as samples, artefacts, reagents and analyses instruments)
has thus far been embraced primarily for use in the fields of Earth and life Sciences. Wider
adoption of PIDs for physical aspects of research can improve the findability and accessibility
of these resources, which will allow for data to be put into more detailed context. By using
PIDs all the information about a sample or artefact could be more easily available in a single
location, allowing for persistent links to other sources of relevant information. Through the
use of interoperable (metadata) standards and shared forms of documentation it will be easier
to collaborate across multiple disciplines and the reusability of resulting data and the physical
samples and artefacts themselves will improve. Wider adoption of PIDs for physical aspects
of research is challenging, as research communities will have to work together to establish
relevant standards that are meaningful across multiple domains. The infrastructure for wider
adoption already exists, it is now up to research communities to adopt standards and PIDs for
the physical aspects of their research and up to funding and research institutes to support this
broader adoption.
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1. Introduction

Recent years have seen an increased focus on improved research data management in scholarship. It no
longer suffices that the data supporting the conclusions of publications are ‘available upon request’. Data
being available upon request often results in data loss as the data is not always readily available or the
authors can no longer be contacted (Vines et al, 2014). Providing these data as supplementary materials
makes the data more accessible than having data available on request, however, long term preservation of
supplementary materials is challenging. Supplementary materials are not consistently accessible and have
limited standardisation in the file formats used and in their internal organisation, hampering systematic
review or tracking of the data (Anderson et al, 2006; Evangelou et al, 2005; Santos et al, 2005). The pre-
dominant PDF file format of supplementary files is not always ideal for reuse, as data collection and analysis
generally takes place in other file formats (Kwon, 2019). Furthermore, supplementary materials are not
always persistently available, leading to broken links and possible data loss (Kwon, 2019).

Instead, all data supporting scientific results are increasingly made available through data reposito-
ries (Digital Science et al, 2019; European Commission, 2017; Stall et al, 2019). Making the data available
by archiving it in a data repository follows the recommendation of the FAIR principles (Wilkinson et al,
2016). The FAIR principles provide guidance on how to make data Findable, Accessible, Interoperable and
Reusable. These principles recommend that data should be ‘Findable’ on the internet, using a persistent
identifier (PID) that allows citation and tracking of the data. The information about the data (metadata)
should be ‘Accessible’. The data should be in commonly used and preferably open file formats and described
in standardised vocabularies to be ‘Interoperable’ with other data. By accompanying the data with proper
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documentation and a user license the data can become ‘Reusable’ for other researchers, facilitating collabo-
ration and maximising impact of the research outputs.

The FAIR principles “apply not only to data’ in the conventional sense, but also to the algorithms, tools
and workflows that led to that data” (Wilkinson et al, 2016). In the Beijing Declaration the term data is used
“very broadly, to comprise data (stricto sensu) and the ecosystem of digital things that relate to data, includ-
ing metadata, software and algorithms, as well as physical samples and analogue artefacts..” (Hodson et al,
2019). In the European Code of Conduct for Research Integrity, research data is also generally described as
“research materials in all their forms (encompassing qualitative and quantitative data, protocols, processes,
other research artefacts and associated metadata) that are necessary for reproducibility, traceability and
accountability” (ALLEA, 2017). The Beijing declaration and European Code of Conduct refer to physical
samples and artefacts as data, which can include samples such as biological specimens of plants and insects,
minerals, soil, sediments, rocks, water, air, art, maps and physical texts, archaeological and synthetic materi-
als, and tissues from humans and animals. The application of the FAIR principles to these physical samples,
as well as reagents and instrument data, can address several challenges that these disciplines are currently
experiencing. For example, it can be challenging to find information about samples that have been used in
previous research. Often, naming conventions of physical samples and artefacts are not formalised and as
a result, sample names can be ambiguous and heavily reliant on personal preferences, as well as subject to
name changes over the course of a sample’s lifecycle. This means that it is possible that different samples
can be assigned the same name, or that a single sample has multiple names that are difficult to relate to
each other which makes it difficult to track samples or resources across studies (Bandrowski et al, 2015;
Devaraju et al, 2017; Hsu et al, 2020). Even if samples and artefacts follow a formalised naming convention,
the detailed sample or resource descriptions are often not publicly available as they are rarely listed in the
published literature (Bandrowski et al, 2015; Hills, 2015). Furthermore, catalogues or databases that offer
this detailed information are usually not (publicly) available (Devaraju et al, 2017). This results in a loss of
information that hampers the interpretation and reuse of research that is based on physical resources.

There thus remains a need to extend the FAIR principles to physical samples, artefacts, reagents, and
analysis instruments, as these are essential for several research domains. Information generated using physi-
cal samples should be well documented and persistently available so that others are able to find the data, as
well as verify and reuse the data. Ensuring that these samples and artefacts are available for wider reuse is
more efficient as new sample and field campaigns are costly in terms of time and resources and not always
possible. Collection and curation of samples and artefacts is a time-consuming endeavour and deserves rec-
ognition in the form of attribution, which could be enabled by making physical resources citable. Making
information and data generated from physical samples more widely available in a standardised manner will
facilitate collaboration across different research groups and disciplines, as it will be easier to identify which
analyses have already been performed and see where the gaps in knowledge persist.

2. Findable and Accessible: Persistent identifiers

In order to expand the FAIR principles to physical aspects, physical data should be Findable. This can be
done through the use of persistent identifiers (PIDs), long-lasting references on the internet to files, web
pages, or other objects. These references will remain functional, ensuring access to the digital object. PIDs,
such as Digital Object Identifiers (DOIs), have been in place for twenty years now and have been primarily
used for published manuscripts.' Recent years have seen the introduction for PIDs for multiple research
components, e.g., data and software, but also the more physical aspects of research such as research activi-
ties, research and funding organisations, as well as researchers themselves (Table 1).

All these persistent identifiers can be linked to each other, just as they are all related in the research life
cycle. Project FREYA® has been working on a PID Graph that allows standardised cross linking between pub-
lications, data, researchers, institutes and funders (Fenner and Aryani, 2019). This work could be extended
to include links to the instruments, reagents, artefacts and physical samples that are analysed, in order to
be more representative of the entire research life cycle and to be able to integrate all the information of the
data ecosystem (Figure 1).

! https://www.doi.org/doi_handbook/1_Introduction.html.
% https://www.project-freya.eu/en.
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Table 1: Overview of persistent identifiers for physical research components, such as samples, resources,
instruments, funding and research institutes and researchers.

Persistent Full name Object Webpage Starting

identifier year

IGSN International Geo Physical samples https://www.igsn.org/ 2007
Sample Number

ORCID Open Researcherand ~ Researchers https://orcid.org/ 2009
Contributor [Dentifier

RRID Research Resource Resources (antibodies,  https://www.rrids.org/ 2014
Identifiers model organisms and

software projects)
FundRef ~ Open Funder Registry ~ Funder https://gitlab.com/crossref/open_ 2016
funder_registry

RAID Research Activity Research activities https://www.raid.org.au/ 2017
Identifier

RoR Research Organization  Research organisations  https://ror.org/ 2019
Registry

PIDINST Instruments Persistent Identification https://www.rd-alliance.org/groups/ 2020

of Instruments

persistent-identification-instruments-wg

Figure 1: Linking different aspects of research, including physical samples, artefacts, instruments and rea-
gents (after the PID Graph (Fenner and Aryani, 2019)). Photo credit: Esther Plomp/Dean Calma — IAEA®,

Persistent identifiers for physical aspects of research
Persistent identifiers for physical aspects of research are already available or promoted by several initiatives.
Some examples are listed (in chronological order) below:

® https://www.flickr.com/photos/iaea_imagebank/8160673319. (CC BY-SA 2.0).
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The International Geo Sample Number (IGSN) makes samples discoverable and accessible since 2007,
primarily for the Earth Sciences. The implementation of IGSN ensures that measurements based on samples
can be repeated and validated, or that new measurements can be made (Devaraju et al, 2017). The initiative
was established with funding from the National Science Foundation and uses the handle system (based on
the DataCite metadata scheme) to assign persistent identifiers to physical samples, sampling features from
which the sample was taken, a collection of samples and subsamples (samples derived from an existing sam-
ple) (Devaraju et al, 2017; Lehnert et al, 2019). The landing page of the persistent identifiers contains more
detailed information of the registered resources (Devaraju et al, 2017).

Research Resource Identifiers (RRIDs) were introduced in 2014 and provide information on research
resources (reagents, materials and tools used to produce the findings of the study) used in biomedical lit-
erature (Bandrowski et al, 2015). The successful uptake of RRID, now used in over 120 journals, is mainly
due to the journals introducing requirements and instructions to authors (Bandrowski et al, 2015; Hsu et
al, 2020). Thanks to the use of RRIDs, resources used can now be identified in 95% of the cases, compared
to 50% without RRIDs (Hsu et al, 2020). To make the curation of these resources more manageable, a semi-
automated curation tool was developed to validate RRIDs in published papers: SciBot (Babic et al, 2019; Hsu
et al, 2020).

The foundations of the Distributed System of Scientific Collections (DiSSCo)* were laid in 2015.
DiSSCo is an European effort to make biodiversity data more FAIR through the use of persistent identifiers
(Digital Collection and Digital Specimen objects).

Persistent Identification of Instruments (PIDINST) aims to set up PIDs for operational scientific instru-
ments to provide analysis metadata that helps to set the data into context (Stocker et al, 2020). Efforts have
been undertaken by the PIDINST working group members of the Research Data Alliance since 2017, with
primarily Earth Science use cases (Stocker et al, 2020). PIDINST provides metadata such as the instrument's
name, a textual description, the institution where the instrument is situated, the manufacturer and other
entities/objects that relate to the instrument (Stocker et al, 2020). The PIDINST schema facilitates links
among instruments, journal articles, datasets and other research objects (Stocker et al, 2020).

3. Interoperable: Envisioned challenges

The infrastructure is available to implement persistent identifiers for physical aspects of research, but
broader adoption beyond the Earth and Life Sciences (Bandrowski et al, 2015; Devaraju et al, 2017; Hsu et al,
2020; Stocker et al, 2020) is currently still limited.

Adopting persistent identifiers in different research fields will be challenging, as each discipline has its
own data culture and jargon that complicates the use of shared schemas, registries, controlled vocabularies
and ontologies (Poirier and Costelloe-Kuehn, 2019). There will be no common standard that is meaning-
ful for the variety of experimental techniques used across different subdisciplines (Stocker et al, 2020).
Developments on exploring a core requirement set of metadata, or a ‘bullseye’ that defines a common core
kernel (Wyborn et al. 2020), that can be extended with discipline specific community standards are needed
for a broader adaptation of persistent identifiers for physical samples, artefacts, reagents and instruments
(Figure 2). Without a certain degree of standardisation it will be difficult to provide interoperability and
compare samples, reagents and instruments across disciplinary boundaries. Efforts are being undertaken
by IGSN (Sloan Foundation IGSN 2040 Project) to support disciplines other than the Earth Science com-
munity in using persistent identifiers for physical samples (Aronsohn, 2018). This will require adaptation
of the current IGSN policies and metadata/categorisation schemes to support a broader diversity of sample
times from these disciplines (Aronsohn, 2018; Lehnert et al, 2019). A solution to address the diversity of
multiple disciplines would be to have more detailed information (such as information on sub- or composite
samples, field programmes, protocols, technical set ups of instruments), next to the core metadata require-
ments, available on a landing page associated with the persistent identifier. This ensures that the informa-
tion needed by discipline specific research communities is also persistently available (Stocker et al, 2020).

Research communities will need to establish their requirements for documentation of physical aspects
of research and establish (meta) data standards where needed. Professional societies are in a good posi-
tion to start or to facilitate this work, but grass root developments should also be encouraged through
funding opportunities, such as the support from the Sloan Foundation for IGSN (Aronsohn, 2018). Where

* https://www.dissco.eu/.
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Figure 2: To ensure interoperability across disciplinary boundaries (e.g., Archaeological Sciences, Material
Sciences, Earth Sciences, Environmental Sciences, Life Sciences, Forensic Sciences, Chemical Sciences), it is
important to have a degree of shared metadata and PIDs. Next to the shared metadata, discipline specific
information and documentation can be made available.

disciplinary boundaries need to be crossed, the Research Data Alliance® and FORCE11 provide important
international and inter-disciplinary places for (meta)data discussions.

4. Reusable: Community engagement

For the successful adoption of persistent identifiers for physical aspects of research, increasing awareness
about the available infrastructure and established standards is needed. This includes highlighting the ben-
efits that persistent identifiers bring to researchers. Examples are numerable, as persistent identifiers and
associated landing pages improve the sharing of contextual data, which can be interpreted across disci-
plines. These records are citable, providing attribution and visibility for sharing this type of data or providing
access to physical samples and artefacts. Another example of a direct incentive to adopt PIDs are require-
ments from publishers to use them in publications. As the introduction of RRIDs highlighted (Bandrowski et
al, 2015; Hsu et al, 2020), it is important that researchers are provided with training or instruction templates
to facilitate implementation and registration of persistent identifiers. Herein lies an opportunity for publish-
ers, institutional research data management or repository support staff.

The efforts that are involved in making physical data FAIR should be rewarded. This can be done by taking
FAIR physical data in to account in promotion and tenure processes at institutes and in the assessment of
research proposals. This would require the inclusion of physical samples and research data in the defini-
tion of data in policies of funding and research institutes, following the example of the Beijing Declaration.
Similarly, (inter)national integrity codes can follow the definition of data from the European Code of Conduct
for Research Integrity. The inclusion of physical data in policies recognise the value of physical samples
and resources and awareness could be further increased by including physical aspects in data management

® See the work by the Physical Samples and Collections in the Research Data Ecosystem Interest Group (https://www.rd-alliance.
org/groups/physical-samples-and-collections-research-data-ecosystem-ig) and the Persistent Identification of Instruments Work-
ing Group (https://www.rd-alliance.org/groups/persistent-identification-instruments-wg).
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plans. Funders can furthermore ensure the long term sustainability of the infrastructures that enable FAIR
physical data by offering financial support through dedicated funds or calls.

To further improve the reusability of physical samples and artefacts, their accessibility to other research
groups could be improved. There are several institutes that already provide external access to their physical
samples. For example, biobanks make samples and data available for reuse in medical research. The NASA
lunar sample building houses and prepares the Apollo samples for shipment to researchers, with nearly 400
samples distributed per year to research and teaching projects.® An important role could be played by muse-
ums and institutional repositories in the curation of physical samples and artefacts, ensuring preservation
and access not only to the collected data but also the physical resources themselves. Initiatives such as the
Global Sustainability Coalition for Open Science Services (SCOSS)’ could potentially improve the sustain-
ability of such infrastructures.

5. Conclusion

The application of the FAIR principles to physical aspects of research can greatly improve the preservation,
interpretation and reusability of this type of research. To facilitate the adoption of persistent identifiers
for physical aspects of research, research communities will need to establish leading practices and (meta)
data standards for the collection of information. Researchers can be supported in these efforts by funders,
publishers, institutional support staff, and professional organisations. Existing initiatives in Earth and Life
Sciences provide important examples of how persistent identifiers will allow others to verify and reuse the
data, as well as the physical samples and artefacts themselves. Implementation of persistent identifiers and
standardisation in documentation will result in greater impact of research that involves physical resources,
as well as increased visibility for researchers that make this type of data available.
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