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ABSTRACT

Defect phase diagrams provide a unified description of crystal defect states for materials design and are central to the scientific
objectives of the Collaborative Research Centre (CRC) 1394. Their construction requires the systematic integration of heteroge-
neous experimental and simulation data across research groups and locations. In this setting, research data management (RDM) is
a key enabler of new scientific insight by linking distributed research activities and making complex data reproducible and reus-
able. To address the challenge of heterogeneous data sources and formats, a comprehensive RDM infrastructure has been estab-
lished that links experiment, data and analysis in a seamless workflow. The system combines: (1) a joint electronic laboratory
notebook and laboratory information management system, (2) easy-to-use large-object data storage, (3) automatic metadata
extraction from heterogeneous and proprietary file formats, (4) interactive provenance graphs for data exploration and reuse
and (5) automated reporting and analysis workflows. The two key technological elements are the openBIS electronic laboratory
notebook and laboratory information management system, and a newly developed companion application that extends openBIS
with large-scale data handling, automated metadata capture and federated access to distributed research data. This integrated
approach reduces friction in data capture and curation, enabling traceable and reusable datasets that accelerate the construction
of defect phase diagrams across institutions.

1 | Introduction is a structurally and chemically distinct atomic-scale configura-
tion that is spatially confined to the vicinity of a defect, such as a
grain boundary or dislocation [5-7]. Within this context, the
Collaborative Research Centre (CRC) 1394 is developing defect
phase diagrams that are analogous to thermodynamic bulk phase
diagrams and are designed to allow us to harness distinct defect
states to engineer materials with tailored properties.

The field of materials science and engineering is undergoing a
fundamental transformation driven by data-centric methodolo-
gies and digitalisation, which enable deeper insights by integrat-
ing complex, multidimensional datasets from experiments and
simulations [1, 2]. Crystal defects, including point, line and

lanar defects, such as vacancies, solute atoms, dislocations, .. . . . .
p Realising such defect phase diagrams, which give the atomic-

scale composition and structure of the most stable zero-
dimensional (0D), 1D or 2D defect states of observed lattice defects
as a function of chemical potential (Figure 1), requires the compre-
on environmental factors, with transitions that resemble phase  hensive integration of experimental and computational data across
changes [4]. This motivates the concept of a defect phase, which diverse instruments and methods. This introduces challenges in

stacking faults and grain boundaries, play a decisive role in deter-
mining strength, ductility and corrosion resistance [3]. Defects
can adopt different structural and chemical states depending
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FIGURE1 | Examples of the fundamental steps to determine defect phase diagrams and connect them to mechanisms and properties for materials
design by joint experimental and computational studies. Here, defect phases of different dimensionalities are considered as a function of chemical
potential in y-phases with the two stoichiometric compositions A¢B; and A;Bg as reference points. For a given type of defect, the atomic-scale structure
of the most stable configuration—the “defect phase”—changes, allowing the prediction as well as tailoring of the dominant lattice defects and the
resulting material properties in alloys. Images reprinted from [8] and [9], originally published under a CC BY 4.0 licence.

data heterogeneity, provenance and reproducibility: Each step in range of proprietary file formats. Computational methods increase
experimental workflows—from sample synthesis and preparation the complexity further, as data from atomistic simulations to con-
to characterisation—uses diverse instruments that generate a wide tinuum modelling need to be included [4, 10].
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In such large-scale, interdisciplinary collaborations, common
practices such as local storage, transfers via physical media or
email exchanges often impede systematic documentation of data
provenance, experimental details and simulation parameters,
thereby constraining collaboration. These limitations motivate
the need for a robust research data management system that
integrates heterogeneous data sources, supports automated
workflows, preserves end-to-end provenance and enables repro-
ducible analyses across distributed research groups. The National
Research Data Infrastructure for Materials Science (NFDI-
MatWerk) [11] was established to address the challenges of
data-intensive and data-driven materials science as a concise,
national initiative. Rather than a centralised ‘top-down’
approach, NFDI-MatWerk pursues a ‘bottom-up’ initiative where
so-called ‘infrastructure use-cases’ develop research data
management solutions that can then be made avaiable to the
materials science and engineering community aligned with
the FAIR principles (Findable, Accessible, Interoperable and
Reusable) [12].

In this work, we describe the solution developed and imple-
mented by CRC 1394, as an infrastructure use-case IUC04 in
NFDI-MatWerk, that allows the connection of heterogeneous
data and sources crucial to our scientific goals, and results in
FAIR data contributed to the scientific community. The process
of creating defect phase diagrams has often been shaped by dif-
ferent workflows and involved varied methods of data exchange,
making integration challenging [4, 8, 10]. The approach devel-
oped in this work allows researchers to collect, share and process
data across the collaboration, and introduces automated work-
flows, thereby allowing researchers to handle the data more effi-
ciently. Ultimately, this infrastructure will support the creation of
defect phase diagrams from a wide range of experimental and
simulated data.

1.1 | Requirements for Research Data
Management Systems in Collaborative
Environments

As the very first step, we need to consider the requirements for a
research data management system, particularly in a collaborative
environment. In this setting, these systems are pivotal to the dig-
ital transformation in materials science and engineering. They
help researchers manage, organise and share data across a
project’s life cycle. Most available systems either provide an elec-
tronic laboratory notebook (ELN) or a laboratory information
management system (LIMS). However, researchers need both
components to track the complete analysis chain end-to-end,
from sample creation to final publication, including physical
assets, instruments, consumables, standardised preparation steps
and experimental methods. An ELN replaces paper-based
records and enables systematic documentation of experiments
and results. A LIMS monitors the usage of scientific instruments,
tracks physical samples, records consumables such as chemicals
used in experiments and preparation, and stores standardised
methods.

Building on these basic components, we identify key require-
ments as follows:

« Tracking of physical samples and performed analyses

— Physical or computational samples from synthesis (or
sample acquisition) to final analysis, including derived
and intermediate samples,

- Processing steps applied to samples or used for their
creation,

- Tools employed, such as scientific instruments and
software,

- Data acquired from devices and generated in further
analysis steps,

« Consistent extraction of metadata for efficient and repeat-
able analysis workflows,

« Scalable and collaborative data storage allowing collabora-
tors to share data,

« Intuitive graphical user interface (GUI) with extensive
automation,

« Role-based access control and audit trails that satisfy insti-
tutional data governance,

« Efficient publication of relevant and curated research data
according to FAIR data principles.

Several research data management systems are available as com-
mercial and open-source solutions. In this work, we focus on
open-source systems because they can be operated and main-
tained by the community and avoid recurring licencing costs that
are often difficult to include in funding proposals.

Within the open-source landscape, we evaluated Coscine [13],
PASTA-ELN [14], eLabFTW [15], NOMAD Oasis [16], and
openBIS [17]. At the time of our decision (end of 2022), only
openBIS aligned reasonably well with the combined requirements
of an ELN and a LIMS as outlined above. OpenBIS is developed
and maintained by ETH Zurich as open-source software with a
large user community across the European research landscape
[17-23]. Originally employed in biological research, it now has a
substantial user base in materials science and engineering, includ-
ing national research institutions such as the Federal Institute for
Materials Research and Testing in Germany [19] and the Swiss
Federal Laboratories for Materials Science and Technology in
Switzerland [23]. This broad community helps address the specific
needs of materials science and engineering and benefits the soft-
ware’s development through cross-disciplinary exchange.

1.2 | Contribution of This Work

This work describes how we built a comprehensive research data
management system for the CRC 1394, with a focus on experi-
mental workflows.

In Section 2, we outline the boundary conditions, challenges and
opportunities in a heterogeneous, distributed research environ-
ment, including diverse instruments, proprietary file formats
and multi-institutional data governance policies. In Section 3,
we show how openBIS was customised for materials science
by extending schemas for samples, instruments, protocols and
datasets; introducing controlled vocabularies and validation
scripts; and implementing QR code-based sample tracking to pre-
serve end-to-end provenance. We illustrate these capabilities
with case studies in scanning electron microscopy (SEM) and
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micro-mechanical testing, including automated parsing of pro-
prietary formats and efficient registration and handling of
images, orientation maps and load-displacement curves. In
Section 4, we present a companion application that connects
openBIS to Coscine’s DataStorage.nrw object storage, stream-
lines data ingestion and retrieval, provides visual previews and
offers an interactive provenance graph for rapid discovery
and reuse. In Section 5, we demonstrate automated reports and
workflows that support structured documentation and standar-
dised analyses, thereby improving reproducibility across the
collaboration.

2 | Boundary Conditions, Challenges and
Opportunities

2.1 | Heterogeneous Research Environment

The scientific aims of the CRC 1394 require a diverse collabora-
tion across more than 20 research groups at four academic insti-
tutions and industrial partners, each contributing distinct
methods, instruments and information technology (IT) setups.
The research data management approach must accommodate
this heterogeneity while preserving provenance and comparabil-
ity across locations.

2.1.1 | Materials and Methods

A broad range of experimental techniques generates datasets at
multiple length scales that are crucial for understanding material
behaviour [5]. Bulk cast specimens often serve as starting points,
while thin films may be synthesised through combinatorial depo-
sition to explore compositional space [24]. These initial samples
undergo processing and are subdivided into smaller specimens to
allow characterisation by different groups in the collaboration,
each of which providing a distinct expertise, focus area and
experimental techniques [25]. The relationship between these
specimens can be modelled using parent-child relationships in
openBIS that are essential to capture the sample life cycle across
these steps.

After metallographic preparation, detailed surface analysis
using SEM reveals microstructural features such as grain bound-
aries and phases. Bulk samples are often subjected to micro-
mechanical testing to probe phase-specific deformation
behaviour, producing load-displacement curves that underpin
subsequent mechanical analysis.

Transmission electron microscopy (TEM) is further used to char-
acterise as-prepared, deformed or corroded regions with high-
resolution images including defects such as dislocations and
phase or grain boundaries. High resolution scanning transmis-
sion electron microscopy (HR-STEM) enables precise mapping
of atomic columns and local compositional variations, for exam-
ple using electron energy loss spectroscopy (EELS). Energy-
dispersive x-ray spectroscopy (EDS/EDX) and atom probe
tomography (APT) provide further sources of compositional
information across a sample surface (SEM and TEM) or includ-
ing 3D spatial locations and chemical identities of atoms (APT).
In both types of electron microscopes, diffraction data is used to
gather information on crystal structure and orientation with elec-
tron backscatter diffraction (EBSD) in particular providing large
datasets from sample surfaces.

Figure 2 visualises a typical sample life cycle in the CRC 1394,
showing how a single specimen progresses through synthesis,
preparation, characterisation and data generation across multiple
groups and instruments.

The thick black arrow highlights how one sample can undergo
multiple processing and characterisation steps and how data are
produced at multiple points, as described in more detail below:
work often begins with bulk cast specimens as starting material,
or with thin films synthesised by combinatorial deposition (sam-
ple creation). After synthesis or acquisition, samples undergo
metallographic preparation (such as grinding and polishing)
and are subdivided into smaller specimens (by cutting or ion
beam milling) so different groups can perform complementary
analyses in parallel (sample preparation). In this example, a pol-
ished sample is initially characterised at its surface. SEM with
EBSD reveals microstructural features including grains and
phases along with their orientations, providing foundational
images and diffraction data for subsequent interpretation
(surface and microstructural analysis). Nanomechanical testing
probes phase, composition or orientation-specific deformation
behaviour and produces load-displacement curves that serve
as a basis for analyses of the mechanical behaviour and proper-
ties (nanomechanical analysis). Using focused ion beam (FIB)
milling and orientation information from the previous EBSD
analysis, electron-transparent lamellae can be extracted from
the performed nano-indents for conventional or high-resolution
(S)TEM analysis of the induced dislocations, stacking faults or
other defects within deformed regions.
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FIGURE 2 | Example of a synthesis and characterisation workflow
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typically performed in the CRC. Devices and consumables are indicated
with a light blue border, and examples of data produced are indicated
with an orange border. The thick black arrow highlights how one sample
can undergo multiple processing and characterisation steps.
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In this way, information is gathered across a range of specimens
of decreasing size from an original casting, and different methods
are used jointly to extract data on structure and properties with
correlated conditions under which these observations took place.
Together, this ensemble of physical specimens, acquired data and
their connections allows us to extract relevant information for
the creation of a defect phase diagram and mechanism/property
maps—if we can record, store and access all other experimental
and computational data sources and methods (density functional
theory, molecular dynamics, mathematical image analysis,
machine learning,...) relating to the same set of thermodynamic
equilibria.

The diagram in Figure 2 distinguishes equipment and consum-
ables with light blue borders (e.g., microscopes, preparation
equipment, abrasives and lubricants), emphasising the impor-
tance of recording device settings, attachments and materials
used to ensure reproducibility and comparability across institu-
tions. Orange-bordered elements denote examples of data prod-
ucts generated along the workflow, such as micrographs,
orientation maps, spectra and mechanical response curves.

The devices and experimental setups used by each team are dis-
tributed across institutions. Each group employs specialised and
often highly individualised instruments for preparation and anal-
ysis. Each device has unique attachments, capabilities, limita-
tions, calibration states and setup requirements, often coupled
with specific software versions and environmental conditions.
Central documentation of these details ensures that variations
between experiments driven by device settings and configura-
tions can be tracked and accounted for, thereby enhancing repro-
ducibility and comparability across institutions.

2.1.2 | Data and Information Technology

One of the main challenges in multi-institutional collaboration is
that research groups often employ similar experimental and
computational methods but use different instruments and soft-
ware environments. This diversity in hardware, analysis tools
and computational infrastructure results in non-uniform or
non-interoperable data formats, metadata structures and access
protocols, which complicate seamless data exchange and joint
analysis. Institution-specific data governance policies further
constrain data management and sharing across sites.

To address these challenges, the research data management sys-
tem must provide a unified framework that accommodates all
researchers regardless of location or local regulations. It should
integrate all data formats used by the collaboration and handle
them consistently, shifting the burden of data availability and
exchange from individual researchers to the system. Ideally,
researchers interact with the system through common interfaces
and workflows to contribute and access data, independent of data
origin or local computing environment.

2.2 | Large-Scale Data Storage

One of the main challenges of establishing an integrated LIMS is
to incorporate and handle all data recorded from the scientific
instruments, make them accessible for the subsequent data anal-
ysis and track the provenance of the data and results throughout
the life cycle of the entire process.

This challenge has two major aspects: the technical setup and
user access. On the technical side, the storage system must
accommodate multiple terabytes of data. While data from
nano-indentation may be relatively small, techniques such as
SEM, EBSD, TEM and APT produce substantial datasets; for
example, EBSD measurements can reach hundreds of gigabytes
per file.

The storage system should be resilient against failure, provide
backups and ideally be geo-redundant to safeguard against cata-
strophic data loss. On the researcher side, the data storage system
needs to be available across a wide range of devices, from the
scientific instruments from which the data are uploaded, to
the individual analysis workstations. The data storage system
needs to be accessible for all researchers, regardless of their loca-
tion and their IT setup as discussed in Section 2.1.2.

While openBIS allows the integration of a large storage system as
part of the instance setup, the requirements are best met by
Coscine [13]. The Coscine project was established in a collabo-
ration of IT centres from multiple universities in the state of
North Rhine-Westphalia (NRW), Germany. DataStorage.nrw
(previously RDS-S3) is one of the provided solutions and is built
on S3 storage technology [26]. This service offers storage capaci-
ties of up to 125 terabytes per project and per application, back-
ups and geo-redundant storage.

While openBIS does not natively support the S3 storage technol-
ogy, it does support the concept of ‘Linked Data’. In this model,
files remain in an external system, and openBIS stores links and
metadata describing the content and where to find it. Because this
mechanism was developed in a different context, further integra-
tion is required to use it effectively in our setup; we address this in
the companion application described in Section 4.2.

3 | Customising OpenBIS for Materials Science
3.1 | Initial Setup and Custom Objects

The default installation of openBIS provides a wide range of tools
to describe and represent all stages of a scientific experiment,
from sample synthesis to the experiment itself, and the subse-
quent analysis. However, it does not include domain-specific
metadata tailored to the materials science community. Therefore,
the generic openBIS setup needs to be configured and extended
to reflect the concepts, workflows and standards specific to the
concrete environment it is used in. As a first step, all relevant
object and dataset types are defined together with the fields to
be completed by the researchers or populated through automated
processes [27]. This process is time-intensive in a collaborative
setting, where a joint set of definitions and terminology must
be agreed upon as an important initial step, but it also provides
an opportunity to engage not only internally but also with the
larger materials science and engineering community to harmo-
nise terminology and to prepare links to emerging knowledge
graphs and ontologies.

Figure 3 shows a tailored openBIS instance: the user-facing ELN
and LIMS interface (a) and the administrator view of object types
(b). Researchers can reuse the inventory of instruments, methods
and consumables by linking the relevant parts to their ELN
entries. This creates a comprehensive record of the work and
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FIGURE 3 | Tailored openBIS setup for materials science. (a): ELN-LIMS graphical interface highlighting the (reusable) inventory of instruments,

methods and consumables visible to the researcher. (b): Examples of relevant object types displayed in the Admin GUI

reduces manual data entry, while preserving provenance and
enabling automation based on structured metadata.

3.2 | Sample Tracking

In the physical world, experiments are centred around the phys-
ical specimen that is used and the instruments or methods it is
subjected to. Similarly, from a research data management
perspective, samples must also be addressed in two ways.
First, the physical sample needs to be tracked and linked to
the steps, data and results produced during the experiment (this
section). Second, the sample must be represented in the ELN and
LIMS and linked to its physical counterpart (Section 3.3).

In openBIS, each object is associated with an immutable identi-
fier (permlId) that can be rendered as a QR code label. By creating
an object for each sample and attaching the QR code label to the
physical specimen, researchers link the physical item to its elec-
tronic record and can retrieve provenance via mobile scanning in
the openBIS interface. This enables tracking as samples move
between groups and supports later archiving. Each entry captures
key metadata such as dates and comments, strengthening the
overall traceability and interpretability of the stored information.

A key part of the scientific work in the CRC 1394 is to compare
and connect experimental results with simulation studies.
Computational and experimental data are produced under differ-
ent conditions and assumptions. The infrastructure represents
each category independently, along with its corresponding con-
textual metadata, leaving the assessment and analysis to the
researcher. To enable consistent handling, a shared digital repre-
sentation is used for both experimental and computational sam-
ples, combining compulsory fields common to both with optional
fields that preserve type-specific information.

We define this Object Type as follows: the schema includes com-
pulsory fields, such as dimensions and location, so that the server
rejects entries when critical information is missing. Composition
is stored as separate fields, one per chemical element and

validation scripts perform automated data quality checks; for
example, the total composition must sum to 100%.

Establishing a common terminology across research groups ena-
bles a shared language, which, in turn, makes sharing data and
establishing workflows easier across groups. Such a common ter-
minology can be formalised as a ‘controlled vocabulary’ and rep-
resented as drop-down menus to help the researchers to choose
the agreed terminology for specific items or actions. An example
is shown for the case of experimental samples in Table 1. Because
defects are central to the research questions, researchers can
annotate samples with defect tags. Examples of metadata stored
in the ‘Sample’ Object Type are included in Figure 4.

Documentation within the openBIS instance guides researchers
in assigning parents and children consistently across groups, see
Figure A4 for further details. By preserving these relationships,
researchers can systematically reconstruct a sample’s entire
experimental history and correlate experimental outputs with
corresponding simulations.

Figure 4 illustrates the concept of the sample Object Type devel-
oped in this work, using data from [8, 28] as representative exam-
ples. The left panel shows the digital representation of an
experimental specimen, whose electronic record links to a QR
code that can be attached to the corresponding physical sample.
The middle panel depicts the equivalent digital object used to
represent a simulation input derived from the same material sys-
tem. The right part of the figure illustrates how parent—child rela-
tionships can be used to describe how samples are made.
Multiple samples can be merged together, for example during
welding. More commonly, a large sample is cut into several
pieces to allow different characterisations.

As data generation within the CRC 1394 continues to accelerate,
we have focused on building and validating the underlying
research data management framework in parallel. Using repre-
sentative, well-characterised datasets from [8, 28], we developed
and tested the workflows and digital representations of samples
in openBIS. This proactive approach ensures that the
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TABLE 1 | Non-exhaustive list of terms used to categorise experimental samples.
Sample Type Description
Rod Long and narrow sample produced by extrusion
Sheet Flat and thin solid sample
Bulk Generic macroscopic specimen
APT Tip Sharpened needle for Atom Probe Tomography
TEM Lamella Ultra-thin slice for Transmission Electron Microscopy
Thin Film Thin coating on a substrate

Micro Pillar

Small vertical structure fabricated to investigate mechanical properties

Name B3.1_Ab3 Normo

RWTH-IMM:E08 ocation
ment 1 Ta Element 1
ement 1a 38 Element 1 at
Element 2 Fe ement 2
ement 2 a 62 Element 2 at

Element

(a) Element 2

Merging
TaFe2 C14 Bulk Sample 1 Sample 2 Sample 3
\\\ [ /,‘
- ! :
virtual Combined
Ta Sample
33.3333333
Fe Splitting
66.6666666 Original
Sample
Piece 1 Piece 2 Piece 3
(b) (c)

FIGURE4 | Thesample Object Type. Comparison of an experimental sample (a) and a computational sample (b), the dashed line highlights optional

fields. Examples of how multiple samples can be linked through parent-child relationships (c).

infrastructure is fully prepared to handle and interlink forthcom-
ing experimental and simulation data as the collaborative
research advances.

3.3 | Electronic Laboratory Notebook

ELNSs enable researchers to document their work in a detailed and
organised manner, replacing physical paper notebooks to track
experiments across synthesis, preparation, characterisation and
analysis. In the following, we use micro-mechanical testing com-
bined with SEM to illustrate how openBIS, tailored to materials
science, supports end-to-end documentation and provenance.

Researchers start by creating a new ‘Experiment’ in openBIS,
either in their personal space, or, ideally, in a shared space.
The shared space allows multiple researchers to work in the same
environment and remains accessible even as collaborators join or
leave the project.

Samples used in the experiment can be sourced externally or syn-
thesised in-house and added either to the same space where the
experiment entry is created or to a general inventory available to
all researchers, which additionally stores devices and consum-
ables. In the case of the CRC 1394, we have created a common
area for all the samples from the collaboration. This enables use
of a single openBIS instance across multiple research groups
while maintaining access to common sample repositories.
Researchers can then add all relevant details regarding sample
preparation, for example consumables and instruments used

in grinding and polishing, as well as a session at the electron
microscope to record the data in this specific example.

Because many details are defined during the initial setup of the
openBIS installation, researchers need to provide relatively few
new entries. They reuse pre-defined entities for consumables, devi-
ces and standardised preparation methods, link them to their
experiments and record only parameters that they vary, along with
environmental conditions such as temperature and humidity
when suitable sensors are not available. This also includes records
that are not contained in the files produced by the scientific instru-
ments but that are essential for the subsequent analysis.

Figure A3 shows a controlled vocabulary for experimental tech-
niques used throughout the collaboration. Using controlled
vocabularies as drop-down menus, as well as spreadsheets in
the ELN, the researchers can be supported in adding the required
information manually, providing a structured approach to guide
them through the process.

Even when researchers need to develop a custom approach, they
benefit from the pre-defined entities. They can copy an existing
object and modify only the fields that require change, for exam-
ple starting from a metallographic preparation protocol and
extending the etching time by editing the timing field. The
ELN entry also contains records of the data captured from scien-
tific instruments described in more detail in Section 3.4.

Figure 5 illustrates the final entry in the ELN for a micro-pillar

compression test. The left-hand side of the figure shows the nav-
igation bar, which contains multiple micro-mechanical tests
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o Q v i - . q o
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= © X + New & Edit @® Upload More ..~
> EXP: SEM Experiments - Freund -
> EXP: TEM Experiments - Freund ' General

Experimental Details

v Objects Tip Type:
Flat Punch
> [ CaMg2 Nanoindentation Tip Material: Meta data
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FIGURE 5 | An example of how a micro-mechanical testing step can be represented in openBIS. Details about the micro-pillar compression

experiment are recorded in a standardised manner.

below the ‘Objects’ folder. The right-hand side shows the experi-
ment entry with the object type and device details used in this
test. A spreadsheet captures key information such as micro-pillar
dimensions, enabling automated workflows as highlighted in
Section 5.2.

Since all parts of the analysis life cycle can be captured in a simi-
lar way, the relations between these entries as well as the instru-
ments, methods and consumables used across the chain can be
tracked to establish full provenance. Figure 6 shows a hierarchi-
cal graph of linked samples, processes and devices and represents
a concrete example from the workflow shown earlier in Figure 2.
Each node of the graph can be explored by clicking on the respec-
tive element in the graphical interface. The figure is built around
the sample highlighted in green in the second-to-last row of the
graph. Moving upwards, researchers can follow the sample’s
provenance from synthesis to the experiments where it was used.
‘Devices’ represent scientific instruments, together with their
description, such as the nano-indentation device. ‘Exp’ or
‘Experimental Step’ represent entries in the ELN. The experi-
mental step is a generic template, whereas ‘Exp’ has been specif-
ically tailored for micro-mechanical testing or SEM to capture
relevant information. Parts of the graph have been omitted to
keep the figure readable. In Figure 7, we highlight a different

sample from an earlier study [29]. Moving downwards from
the indented sample highlighted in green, researchers can follow
subsequent analysis and processing steps. On the left-hand side,
micro-pillars are created in a bulk sample using ion milling and
are imaged in a SEM before compression. On the right-hand side,
we highlight the fabrication of an electron-transparent lamella,
from which data is collected in a transmission electron micro-
scope on two separate instances.

3.4 | Handling Data and Metadata

Data captured from scientific instruments or simulation outputs
typically contain rich metadata that describe instrument settings
during acquisition, software configurations, sample identifiers
and contextual information such as environmental conditions.
Rather than asking the researchers to add these metadata man-
ually, the data-handling process should include automated pars-
ing to extract relevant metadata and register them in the ELN for
consistent, reproducible analysis.

There are two main challenges in metadata extraction: first,
materials science and engineering data are heterogeneous,
spanning many methods and instruments, and vendors seldom
provide standardised, open file formats. As a result, each vendor

®VvO Mech Test Device:iNano (IMM)

! \

®©vEO Micro Mech Exp:B5.1_pb2_SI+SRJT

\;
—

®©VO Experimental Step:Metallography y  ®OVO Sample:B5.1_pb2-aftermelt

®©VO Sample:B5.1_pb2-aftermetallo

©VvO sample:B5 1_pb2_nanomechanically_tested

| T

®©VO Sample:B5.1_ub2_STEM_Lamella ®VQ Sem Exp:B5.1 EBSD ®VOQ Sem Exp:B5.1_ub2_SE_postindent ®VQ Sem Exp:B5.1_ub2_TEAM_postindent

Sample
Preparation

_

FIGURE 6 | Graphical representation of the provenance and history of a sample that underwent nano-indentation and was characterised by SEM

and EBSD. The sample is then transferred across laboratories and undergoes further characterisation The sample from which the query starts is

highlighted in green.
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~ ~

®©VO Mech Test Device:InSem (IMM) ®VO Experimental Step:Metallography_Laves_CaMg2_202203 VO Sample:CaMg2

VO sample:CaMg2_afterMPC OV Sem Exp:CaMg2_SEM_beforeMPC  ®VQ Experimental Step:2022_06_01_TEM_CaMg2_50°C ®VQ Experimental Step:2022_06_09_TEM_CaMg2_50°C

— J
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®VO sample:CaMg2_afterindent

©VvO sample:CaMg2_Lamella ®VO sem Exp:CaMg2_SEM_afterindent

/ \

FIGURE 7 | Graphical representation of the provenance and history of a sample that underwent both nano-indentation and micro-pillar
compression and characterised by SEM and conventional TEM. The sample from which the query starts is highlighted in green.

typically uses proprietary, often binary formats that must be
decoded before metadata can be extracted; some vendors pub-
lish specifications, while others do not, requiring reverse engi-
neering. For each instrument and each software version, the
community must determine whether the format is known
and supported, whether existing tools can read the files and
extract metadata or whether new software needs to be devel-
oped. This challenge affects the academic community as a
whole and is best addressed through coordinated efforts such
as the NFDI-MatWerk. Starting from the initial metadata
schema developed earlier in the CRC [25], definitions are
improved and expanded as more data formats become available,
which are published online [27].

The second challenge concerns technical integration when files
are registered in openBIS. OpenBIS provides ‘dropboxes’ that
assume that data are stored locally within the server and can
be copied to dedicated folders on the local file system. This
mechanism relies on Jython [30] which bridges Java (in which
openBIS is developed) and Python. However, Jython has not
been updated since Python 2.7 and does not allow integration
of external libraries. Consequently, the stack provided for meta-
data extraction is outdated, and community tools for file parsing
and analysis cannot be integrated through this route [31-33].
Although the openBIS development team has recognised this
limitation, a workable replacement is not available in the near
term. As a result, the existing mechanisms do not support meta-
data handling for cloud-based object storage, which is required
by the distributed nature of CRC 1394. We, therefore, imple-
ment metadata extraction outside the legacy stack, via a
Python workflow in a companion application described in
Section 4 below.

4 | Companion Application for OpenBIS

In order to overcome the challenges that remain after tailoring
openBIS for materials science and engineering, we have devel-
oped a companion application that integrates the following
functionality:

« Data upload and retrieval from cloud-based object store (S3).

« Registration of externally stored files as linked data in
openBIS.

« Extraction of metadata from proprietary formats and regis-
tration in openBIS.

The companion application is built with the Streamlit web devel-
opment framework [34] and can be hosted on a dedicated server
or local machines. It operates separately from openBIS and com-
municates with the server through the Python application pro-
gramming interface, pyBIS. While this requires the researcher
to interact with two graphical interfaces, it enables integration
of interactive visualisations, community-developed tools and
project-specific features, as well as tailoring the functionality
to the specific needs of the researchers of the collaboration. In
the following, we describe the key aspects of the companion
application in more detail.

4.1 | Adding Data and Metadata to Electronic
Laboratory Notebook Entries with the Companion

App

The companion application allows researchers to add relevant
data and metadata in the ELN. Figure 8 summarises the overall
process, and Section 4.2 below describes data handling and meta-
data extraction in more detail.

Researchers start from an existing experimental sample in the
openBIS web interface either by navigating the sidebar or by scan-
ning the physical specimen’s QR code label (Step 1). In Step 2, they
create an entry in the ELN, to store, for example, images acquired
by a SEM or measurements using EBSD, EDS/EDX, or electron
channelling contrast imaging. Using parent-child relationships
in openBIS, this notebook entry is linked to the sample, establish-
ing provenance. In Step 3, researchers complete the notebook
entry. For SEM, a customised template with a moderate number
of fields reduces manual input because most fields can be extracted
automatically from the uploaded files (see Section 4.2). In Step 4,
the scientific instrument is linked (e.g., a specific SEM model),
which automatically adds instrument details to the experiment
without requiring manual intervention. Finally, in Step 5, the
researchers use the companion application to upload the data
to the corresponding entry in the ELN, specifying the Dataset
Type, which defines the fields that are filled automatically during
metadata extraction.

4.2 | Data Handling and Automatic Metadata
Extraction

Figure 9 illustrates the process from the researcher’s perspective:
first, the researchers need to authenticate both with openBIS and
the cloud object storage to obtain write access. This also gives the
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FIGURE 8 | Example workflow of how researchers use the ELN with the companion application to add data and metadata to ELN entries.
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FIGUREY9 |
dedicated to registering data and another (c) is used for data retrieval.

researchers access to the relevant parts in openBIS inside the com-
panion application and allows them to upload files to the external
storage. The companion application then retrieves the ELN entries
that the researcher is authorised to access, and the researcher
selects the experiment to which the data should be linked.

Because a file type alone does not uniquely identify the scientific
instrument or the software used to generate it, researchers must
select the appropriate metadata parser from a list of available
options before uploading data. Each file format requires a dedi-
cated method to extract information, and the internal data struc-
ture often differs between vendors, even for the same instrument

An overview of the companion application. A sidebar (a) enables the researcher to navigate between pages and actions. One page (b) is

type. Vendors also use different terminology for equivalent phys-
ical quantities. In SEM, for example, Table A1 shows that Vendor
A labels the acceleration voltage as ‘EHT’, Vendor B as ‘HV’ and
Vendor C as ‘Beam.HV’. To ensure consistent metadata represen-
tation within the research data management system, we first
define a unified superset of terms and then map vendor-specific
names to this vocabulary in the metadata parsers. This vocabu-
lary can subsequently link to a formal ontology [35, 36], which
supports semantic interoperability and enables integration of the
data into knowledge graphs. Figure 10 illustrates how openBIS
displays the extracted metadata together with the corresponding
micrograph, allowing researchers to access both data and
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FIGURE 10 | Extracted SEM metadata view in the ELN-LIMS GUI (a) alongside corresponding image of a deformed micro-pillar (b).

metadata directly. When no parser exists, researchers can still
register and link the file; they can later enrich it with metadata
once a parser becomes available.

These challenges also imply that researchers typically cannot
open files easily and verify that they have accessed the right data
they are looking for. The companion application addresses this
limitation with an integrated preview function similar to modern
file browsers. It automatically generates thumbnails for image
data and tailored previews for non-image data where possible.
As shown in Figure 11, the system can extract an orientation
map from EBSD data and store it in the cloud as a preview image.
This functionality allows the researcher to confirm file content
before downloading and processing. Researchers can select
and download multiple files simultaneously. The companion
application also includes a ‘Create slides’ feature that lets
researchers compile selected images into a slide deck for sharing.
Each slide contains one image and a corresponding table of meta-
data, as shown in Figure A6.

4.3 | Finding Samples through an Extended
Hierarchical Graph

The openBIS system itself already provides hierarchical graphs as
discussed earlier and illustrated in Figures 6 and 7. However, the
native graph’s appearance depends on where the researcher
opens it in the interface, and its interaction model is relatively
static. Although researchers can expand linked entities and view
metadata, expanded nodes quickly consume screen space and
make navigation cumbersome.

To improve sample discovery and provenance exploration, the
companion application includes an extended, interactive hierar-
chical graph as shown in Figure 12. The graph uses colours to
distinguish entity types such as samples, protocols, experiments
and instruments, and it presents a consistent layout regardless of
the entry point. Starting from material elements, researchers can
filter to find samples that contain a specific chemical element and
then traverse linked protocols, instruments, experiment entries
and associated datasets. Researchers can hover over any node

7 Select ELN V Preview Name

O Go - TEAM_B6.1_20230918.tif_0

Type Registration Date peri
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()

FIGURE 11 | Example of EBSD data visualised in the companion application. The orientation map is extracted from the EBSD data and stored as a
preview image. Then, clicking on this thumbnail, a larger version, shown here in the screenshot, is presented in the companion application. Researchers
can then quickly verify that the files hold the relevant information before downloading and analysing them in more detail. Data taken from [37].
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FIGURE 12 | Extended hierarchical graph viewed in the Companion App. The graph shows all samples, methods and ELN entries for all samples
containing iron (a) and aluminium (b). The additional metadata that is accessible by hovering the mouse cursor over the respective element is addi-

tionally illustrated in (a). This figure uses the same experimental sample as Figure 6.

to reveal key metadata in a tooltip, such as composition, dimen-
sions, instrument model, acquisition date and dataset counts and
click on nodes to open the corresponding record.

5 | Workflows and Automation

Once the research data management system is established in the
everyday practice of the researchers, its functionality can be
extended beyond a documentation and archival tool: because
data and their provenance are accessible within one environ-
ment, automated workflows can be built on top of the established
structures. For example, routine analysis steps can be integrated
into the data registration or executed as scheduled tasks. This
benefits researchers in several ways. First, standardised data
quality checks and baseline analyses are executed automatically,
ensuring consistency across researchers and reducing manual
effort. Second, a common software environment delivers identi-
cal results for identical inputs, improving reproducibility. Third,
automation alleviates the burden of running routine analyses
manually, allowing researchers to focus on specialised tasks
aligned with their scientific objectives.

In the following, we provide two examples that illustrate the ben-
efits of this approach: automated reports and automated standard
analysis.

5.1 | Automated Reports

A key part in making research reproducible is to establish the
provenance of not only the scientific results and the samples,
instruments and software used but also of the preparation steps
required to obtain those results. For example, before a metallic
sample can be used in micro-mechanical testing, electron micros-
copy or other analysis, it must be prepared metallographically as
appropriate for the analysis. The detailed steps can be stored as a
‘standard operating procedure’ (SOP) or a ‘protocol’ in openBIS
and linked to the relevant entry in the ELN. Several protocols
have been defined to capture details related to metallographic

preparation. To make this more accessible to the researchers,
we have implemented an automated report that summarises
the procedure in a table (Figure 13). Preparation details are con-
solidated from different objects linked through parent—child rela-
tionships and displayed in a tabular format. Researchers can
quickly verify that all steps are appropriate for the planned work,
and the report provides a convenient template for documenting
methods in subsequent publications.

5.2 | Automated Analysis in Micro-Mechanical
Testing

Micro-pillar compression testing [38] is a micro-mechanical test-
ing technique in which focused ion beam fabricated pillars, typi-
cally a few micrometres in diameter, are compressed using a
nano-indenter to probe the plastic deformation behaviour of
small volumes of material. It enables quantitative investigation
of size effects, slip mechanisms and local microstructural phe-
nomena under well-controlled, near uniaxial stress conditions,
bridging the gap between nano-indentation [39] and standar-
dised bulk mechanical testing.

A standard baseline analysis is the construction of the stress-strain
curve, which shows the sample’s response under mechanical load-
ing. Because this curve should be derived as a first step in further
analysis, we implemented an automated workflow (Figure 14).
The researcher creates an entry in the ELN using a customised
‘Micro Mech Exp’ template and fills in the relevant details as
defined by the template. As shown in Figure 14a, multiple
micro-pillars milled from the same specimen are documented,
and the researcher uploads the raw load-displacement data as
described in Section 4.2.

A set of Python scripts, executed as a scheduled job on a dedi-
cated server, retrieves the relevant data and metadata from
the object storage and openBIS for each ‘Micro Mech Exp’
instance. The workflow converts load—displacement to stress—
strain using the recorded geometry and generates the stress-
strain curves. The figures are then uploaded as datasets to the
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FIGURE 13 | Automatically generated summary report of metallographic preparation steps in the ELN-LIMS graphical interface. All details
are extracted from data entered by the researcher, showing the abrasive materials and lubricants used in the preparation of the sample. Data taken
from [37].
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FIGURE 14 | Automated analysis in openBIS for the example of micro-pillar compression tests. An ELN entry for micro-mechanical testing (‘Micro

Mech Exp’), containing details for multiple micro-pillars milled in the sample (a). Using two examples (MP1, orange, and MP2, blue), the stress-strain
curves can be automatically derived from the data uploaded by the researcher and shown in the bottom left corner. The axes for each stress-strain curve
have been rescaled using the dimensions of the micro-pillar. The figures are uploaded back to the ELN entry and can be viewed in the companion
application (b).
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same entry in the ELN and become available in the companion
application (Figure 14b). These scripts provide a starting point for
researchers to perform more specific analyses in Jupyter note-
books, ensuring consistent, reproducible baseline analyses.

6 | Conclusion and Outlook

Establishing a comprehensive research data management system
for heterogeneous collaborations requires integrating data from a
wide range of scientific instruments with proprietary formats,
aligning metadata schemas across disciplines, accommodating
diverse IT setups and linking physical entities such as samples
and instruments to their digital representations. Within the
CRC 1394, combining openBIS as an ELN and a LIMS with a
companion application addresses much of this need. Tailored
electronic records, controlled vocabularies, validation scripts,
QR code labels and parent-child relationships enable end-to-
end provenance and customisation to match research group
requirements. The companion application complements
openBIS by providing cloud storage integration, automated
extraction of metadata from uploaded files and automated
reports and workflows that support structured documentation
and standardised analyses. By providing the described frame-
work, we aim to establish an infrastructure tailored to the needs
of researchers in materials science and engineering, enabling
them to accelerate scientific discoveries related to defects.
Specifically, our infrastructure aids in curating and organising
datasets, building the foundation researchers need to construct
defect phase diagrams.

In future work, we will expand the set of vendor-specific file
formats from which metadata are extracted automatically
and integrate Jupyter Hub into the openBIS setup to allow
researchers to access standardised analyses and workflows
directly from a web browser, with convenient access to all rele-
vant data and metadata for a given analysis. We will also extend
the rollout of tablets across research groups to make data entry
and access more convenient when moving between different
parts of the laboratories without consistent access to desktop
computers. Finally, although openBIS already provides export
functionality to repositories such as Zenodo [40], we will extend
this to include data stored in the cloud and additional details
currently available through the companion application, ensur-
ing that published datasets are findable, accessible, interopera-
ble and reusable.
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Information section. Supporting Fig. A.1: Mechanical polishing details
described in [37]. Supporting Fig. A.2: A protocol to represent the pro-
cess of creating an electron-transparent membrane using focused ion
beam milling. The protocol is used for different samples. Supporting
Fig. A.3: A view of the Vocabulary Browser in the ELN-LIMS GUI show
casing categories of experimental techniques. Supporting Fig. A.4:
Screenshot showing documentation of micro-pillar compression tests
stored in openBIS. Supporting Fig. A.5: Screenshot showing documen-
tation centred on atom probe tomography stored in openBIS. Supporting
Fig. A.6: Example showing slide deck creation from data registered in
openBIS. Supporting Table A.1: A non-exhaustive list of metadata that
can be extracted from SEM images.
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