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1. Introduction

Materials science and engineering is a
knowledge area with a broad interdisciplin-
ary basis in the natural sciences and
engineering disciplines,[1] making it highly
diverse. This diversity reflects into the cur-
rent process of digitalization of materials
science and engineering. Each community
and subdomain establishes its own materi-
als data structures with its own domain-
specific taxonomy and concepts.[2–4]

Semantic Web[5] technologies promise to
solve some of these challenges, as they
enable the integration of heterogeneous
knowledge, data, and tools through
ontologies[6–8] and crossdomain knowledge
graphs.[9–12] Nevertheless, implementing
these ontologies and knowledge graphs
requires the integration of knowledge
across various subdomains.[13,14] Effective
knowledge integration requires a deep
understanding of the subdomains
involved. This understanding helps

This article describes advancements in the ongoing digital transformation in
materials science and engineering. It is driven by domain-specific successes and the
development of specialized digital data spaces. There is an evident and increasing
need for standardization across various subdomains to support science data
exchange across entities. The MaterialDigital Initiative, funded by the German
Federal Ministry of Education and Research, takes on a key role in this context,
fostering collaborative efforts to establish a unified materials data space. The
implementation of digital workflows and Semantic Web technologies, such as
ontologies and knowledge graphs, facilitates the semantic integration of hetero-
geneous data and tools at multiple scales. Central to this effort is the prototyping of a
knowledge graph that employs application ontologies tailored to specific data
domains, thereby enhancing semantic interoperability. The collaborative approach of
the Initiative’s community provides significant support infrastructure for under-
standing and implementing standardized data structures, enhancing the efficiency of
data-driven processes in materials development and discovery. Insights and
methodologies developed via the MaterialDigital Initiative emphasize the transfor-
mative potential of ontology-based approaches in materials science, paving the way
toward simplified integration into a unified, consolidated data space of high value.
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identify suitable points for integration, such as places where tax-
onomies from different domains can be connected. Another
example is the creation of bridging concepts, properties, or equiv-
alency assertions that connect subdomains at an appropriate level
of abstraction.

At its core, materials science and engineering is based on
relationships between raw material composition–processing
steps–materials structure–materials properties–device perfor-
mance.[15,16] Each pair of research areas highlighted above can
be analyzed on multiple scales, experimentally or using simula-
tion methods.[17] Crossarea analysis is particularly challenging
sometimes due to the magnitude of the datasets but more often
due to the diffuse character and lack of specificity of relevant data.
In the chain of materials data relationships above, an often
encountered deficit is the lack of structural data which often hin-
ders the establishment of clear relationships to explicit process-
ing paths and resulting properties.[18,19] Current advances in
digital image recognition of microstructures[20,21] as well as in
analytical methods and digital data handling[8,22] hold promise
to close this gap. Well-annotated structured data together with
the advancing digital data handling are vital prerequisites for
the systematic information transfer along this chain of research

areas and pivotal to enable new strategies for accelerated material
development and consequently improved potential.[23,24]

Data management within the materials science community
traditionally relies on independent databases. Several material
acceleration platforms aim to integrate multiple databases and
approaches to enhance effectiveness and productivity in develop-
ing materials solutions.[25–27] Connecting the subdomains, their
databases, and data spaces would provide the materials science
community access to much broader data on different scales.[19,28]

For example, component design for reliability or lifetime expec-
tancy could be significantly improved if the local materials struc-
tures resulting from processing were known.[21,29] Achieving
these positive effects requires harmonizing data formats across
different databases and thereby going beyond hitherto-
implemented domain-specific workflow solutions like refs. [30,31].
This harmonization is a key issue in ensuring high level of inter-
operability among both public and private data custodians.[32,33] Of
course, it is crucial to maintain sovereignty over data repositories,
ensuring that the intellectual property and data confidentiality are
protected even in networks of material data repositories.

The present article outlines how the MaterialDigital Initiative
addresses these challenges. Funded by the German Ministry of
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L. Mädler
Department of Production Engineering
University of Bremen
Badgasteiner Straße 3, 28359 Bremen, Germany

www.advancedsciencenews.com www.aem-journal.com

Adv. Eng. Mater. 2024, 2401092 2401092 (2 of 25) © 2024 The Author(s). Advanced Engineering Materials published by Wiley-VCH GmbH

 15272648, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adem

.202401092 by B
ernd B

ayerlein - Fak - B
am

 B
erlin , W

iley O
nline L

ibrary on [20/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.aem-journal.com


Education and Research, this initiative consists of a platform
coordinating the activities of the different partners involved
and proposing harmonized solutions and tools for different
tasks.[34,35] In the first phase of the MaterialDigital Initiative,
13 projects were funded, aiming at the development of innovative
digital methods for solving current engineering problems. The
diversity of materials classes and themes covered by these proj-
ects is shown in Table 1. This initiative reflects the immanent
diversity of materials science and engineering in its different
aspects. Through a collaborative approach, the initiative has gath-
ered different techniques proposed in the individual projects and
developed convergent solutions applying methods of the
Semantic Web.

In this article, the concept of a data space in materials science
and engineering is first introduced in Section 2. Subsequently,
the specific features of MaterialDigital Initiative are detailed in
Section 3. Building on this foundation, Section 4 delves into
the development of application ontologies (AO), the ontological
framework, and an integration strategy for prototype knowledge
graphs, and their creation. This is the central theme of the paper.
Section 5 showcases exemplary analysis tools from the
MaterialDigital projects that benefit from leveraging ontologies.
Strategies for the ongoing enhancement of proposed tools and a
comparison with similar (inter)national initiatives are outlined in
Section 6 and 7. The sustainability of the MaterialDigital
Initiative, vital for its applicability and acceptance within the
materials science and engineering community, is also addressed
here. The article concludes in Section 8, summarizing key find-
ings and providing future directions.

In a differently scoped overview article, the development of
workflows during the first phase of the MaterialDigital
Initiative is described in more detail in ref. [36], where the focus
is on the incremental refinement of workflow concepts and the
underlying infrastructure that supports the FAIR principles. The
article also highlights specific challenges in workflow

standardization and their impact on interoperability and reus-
ability across multiple MaterialDigital projects.

2. Data Spaces in Materials Science and
Engineering

Digital transformation involves all scientific disciplines and is
advanced by the MaterialDigital Initiative in the field of materials
science and engineering. The significance of data-centric
approaches and methods, including artificial intelligence,[37,38]

is especially apparent in the production, acquisition, and man-
agement of vast data collections and their integration into digi-
tally interconnected repositories (see Section 2.1). Shared data
spaces[39] necessitate a delicate balance between data sovereignty
and transparency, facilitated by the application of appropriate
technologies and frameworks for data sharing and utilization
(see Section 2.2). This approach enhances data space ecosystems
and creates revenue opportunities (see Section 2.3). However,
adherence to the FAIR principles[32] is essential for realizing
these benefits. For instance, ensuring the reliability and crossdo-
main reusability of data is facilitated by comprehensive metadata
collection (see Section 2.4).

2.1. Data Production, Data Transfer, and Data Repositories

Researchers, engineers, and professionals are familiar with the
form and structure of original data in their domain of applica-
tion; however, automation methods supporting continuous data
production and refinement are often less understood. Original
data from experimental measurements (see Figure 1) frequently
arrives in undocumented, weakly defined, or origin-specific
forms. For instance, data might be presented as a comma-
separated values (CSV) file but could consist of multiple CSVs
with various type-value preludes. While domain experts may find

Table 1. Overview of Material Digital initiative projects of first funding period.

Project Short project description Partners References

DigiBatMat Digital platform for battery material data, knowledge, and their linking. 5 [179,180]

DIGIT
RUBBER

Digitalization in rubber processing on the example of extrusion. 7 [181,182]

DiProMag Digitalization of a process chain for the production, characterization, and prototypical application of magnetocaloric alloys. 2 [183,184]

DiStAl Digital strategy for the development of new, hot cracking-resistant Al powder alloys for selective laser melting. 2 [185]

GlasDigital Data-driven workflow for accelerated glass development. 4 [186,187]

iBain Intelligent data-guided process design for fatigue-resistant steel components using the example of bainitic microstructure. 3 [188,189]

KNOW-
NOW

Ceramic multilayer development through redesign of ontology-based knowledge systems. 4 [190,191]

KupferDigital Data ecosystem for digital materials research on the basis of ontology-based digital representations of copper and its alloys. 7 [192,193]

LeBeDigital Lifecycle of concrete - ontology development for the concrete production process chain. 3 [194,195]

ODE_AM Ontologies for the decentralized acquisition of multiscale static and cyclic characteristics of additively manufactured steel structures
from experiment and simulation.

4 [196,197]

SensoTwin Sensor-integrated digital twin for high-performance fiber composite applications. 2 [198,199]

SmaDi Digitalization of smart materials and their manufacturing processes. 7 [200,201]

StahlDigital Ontology-based interoperable workflows for the development and optimization of steel materials for component use: from sheet metal
production to crash safety.

3 [202,203]
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it straightforward to transform original data produced by specific
equipment, the same is rarely true for crossdomain original data.
Generic transformation tools often struggle with the diversity of
original data frommultiple domains, which typically lacks a strict
definition.

As a first step toward homogenized or standardized data pro-
duction, syntactic refinement typically simplifies subsequent
data transformation steps by introducing better structured and
well-established serialization formats. The creative use of the
“CSV format” over the past decades has left today’s scientists
with some systemic issues that are unchangeable with that
“format”. A prominent and more structured serialization format
available today is IETF STD 90, the JavaScript Object Notation
(JSON),[40] which combines several valuable features: it is
“human readable” while also providing simple predefined types.
These types are weakly defined, for example, a value is inter-
preted as a number until the first nonnumeric character is
parsed, after which it is treated as a string. However, JSON
has limitations: it requires processing the entire document even
if only a portion of it needs to be accessed, and the set of types it
supports is fixed without the ability to extend them.

IETF STD 94, the Concise Binary Object Representation
(CBOR),[41] is a subset of JSON that features well-defined primi-
tive and complex types, along with an extensibility mechanism.
For all types, CBOR eliminates the need for a type-length-value
mechanism (a family of encoding schemes established decades
ago that enables the definition of highly specific binary data for-
mats but also results in noninteroperability between them).
In nested data structures (data serialized in a tree structure
within a data item), only leaf values are encoded with an actual
length. CBOR’s layout results in a small footprint in terms of
computing power, energy consumption, memory size, message
size, and effort required for message integrity checking. While
JSON excels with its lower entry threshold, quicker initial results,
and ease of editing with a larger number of editors, it quickly
reaches its limits when processing bulk data containing tens
of thousands of data points—especially in scenarios involving
recurring high-frequency experiments or production lines.

Typically, as the number of reproducible experiments or the level
of industry interoperability increases, CBOR becomes the more
attractive choice.

Digital transformation and its corresponding refinement and
homogenization of data include a significant amount of original
data that results from computer simulations today. Depending
on the class of software tools used, a large variety of file formats
are employed. Materials data is increasingly predicted using ab
initio codes based on density functional theory, often utilizing
extensible markup language (XML).[42] The primary distinction
from JSON is the use of tags in XML to represent the (meta)data
structure. Another efficient format for storing large amounts of
data is the hierarchical data Format, version 5,[43] which is gain-
ing popularity in the ab initio community, particularly in connec-
tion with Python interfaces. Other software solutions generate
original data that imply a strong demand for visualization of com-
plex structures. Formats like those used in the visualization tool-
kit have become standard within the community.

Original data exhibits diversity in both its representation and
formats, as well as in the means by which it is acquired from its
origin for data transformation. Data transfer mechanisms range
from interfaces using analog signals, to general-purpose input/
output, to field busses (such as CAN-bus or PROFI-bus), to vari-
ous industrial control systems (e.g., from the S7 protocol based
on IETF STD 35 (RFC1006,[44] from 1987), to the LightWeight
Machine-2-Machine protocol based on RFC7252[45] (from 2014,
with the most recent update via RFC9175[46] from 2022), and
even to cloud and edge-computing protocols employing (RESTful
Application Programming Interface) (REST APIs). The first chal-
lenge in enabling data transformation lies in the diversity of data
transfer methods supported by equipment. Both syntactic refine-
ment and support for specific data conveyance protocols require
a significant degree of customization and equipment-specific
maintenance. Today, bridging this gap comes with considerable
costs. To address this challenge effectively, a two-pronged
approach is necessary: 1) enhancing the representation and for-
mats, as well as the protocols supported by the equipment; and
2) improving available data acquisition tools to accommodate a

Figure 1. Schematic overview of a data transformation flow from original data production to semantic data storage within a triple store. Data originates
from a pmd:ProcessingNode via experiments or supply chains and is acquired either manually or through an automated DAP using heterogeneous
structures in diverse formats such as CSV, PDF, and XLS (X) (Microsoft Excel spreadsheet), including image formats such as TIFF or JPG-2K for imaging
techniques. The data transformation flow can use ELNs or LIMS, as well as various databases and repositories such as Omero[176] for image handling.
Syntactic refinements are carried out in formats such as JSON, CBOR, and XML using automated workflows and tools. This is followed by semantic
mapping, where the refined data is integrated into a triple store using formats such as the RDF, serialized via Turtle (TTL)[177] or JSON linked data (JSON-
LD).[178] The triple store is optimized for the storage and retrieval of semantic data in triples in a graph-based structure (for more details see Figure 4).
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wider range of specific and perhaps even deprecated formats and
protocols, achieved through augmenting configuration options
and expanding the repertoire of predefined transformation meth-
ods and configurations. Ultimately, the most promising
approach to overcome this challenge involves the adoption of
state-of-the-art, scalable data formats and conveyance protocols.

Separate storage systems for original data, syntactic refined
data, and ultimately semantic refined data help to continuously
improving refinement procedures, thereby improving the basis
for scientific outputs and their reproducibility. The lesser the
need for data transformation between different domains of appli-
cations and types of equipment, the lesser the data must be trans-
formed and homogenized, reducing the costs involved in storing
and managing data to ensure good scientific practice and repro-
ducibility. The roles delineated in Figure 1 within the data flow
simplify the challenge of bridging these gaps. These roles, which
can be adopted by both new and existing data management sys-
tems, typically require the use of structured data formats, for
example, using JSON with the option to be more precise with
CBOR. These roles can be consolidated, and fewer will be
necessary as original data converges toward a shared set of vocab-
ularies or comes already in a modern representation that can
directly processed semantically. A similar effect applies to the
number of specialized or customized data conveyance protocols
required to support effective data management. The fewer the
protocols or the more unified they are across different types
of equipment, the less effort and cost are needed to enable
and maintain data conveyance from a data origin to a semantic
data storage. Hence, this article illustrates candidates for conver-
gence, such as the data formats JSON and CBOR.

2.2. Sovereignty and Transparency

Next to establishing common standards, a central challenge in
creating a shared data space lies in reconciling competing inter-
ests regarding the findability and accessibility of proprietary data,
which are central pillars of the FAIR data paradigm. Here, the
principles of sovereignty and transparency are of utmost impor-
tance. Sovereignty, in this context, refers to the autonomy of data
providers in controlling their data. They have the authority to
determine who can access their data and under what conditions.
However, the usefulness of the data space relies on the findability
of specific datasets. Transparency, therefore, entails making
the existence of data and its providers known within the data
space without necessarily revealing the specifics of the data.
Information about the existence of specific datasets can be valu-
able, yet the data provider may wish to disclose it only to a specific
subset of participants within the data space.

The architecture of the data space plays a crucial role in bal-
ancing these principles. It should provide a unified infrastructure
for navigating and accessing data while respecting the sover-
eignty of data providers and ensuring transparency for users.
Data providers are responsible for deciding which data can be
shared in which context and for implementing access policies.
However, the underlying architecture must provide the neces-
sary access control mechanisms to maintain data sovereignty.
These mechanisms can operate at various levels. At an organiza-
tional level, access to specific entities in the data space can be

limited, with links established only to trusted parties. In the case
of the Platform MaterialDigital (PMD), this is reflected in indi-
vidual instances of PMD-Satellites (PMD-S) that establish a
secure WireGuard[47] mesh network with a central PMD-S as
a trust anchor. At an individual level, fine-grained access control
can be implemented to identify specific users and manage
specific groups or roles with authentication and authorization
infrastructure. In this regard, the PMD also relies on state-of-
the-art components and employs KeyCloak[48] for this purpose
in the reference architecture.

This reference architecture is outlined in the PMD
Deployment guide[49] and serves as an example of a system that
embodies these principles. It uses container technology to ensure
consistency and compatibility across different systems and imple-
ments fine-grained access control at both the organizational and
individual levels. Specifically, Docker Compose[50] is used as a
simple mean to provide complex application stacks as multicon-
tainer Docker applications. Perspectively, it is intended to support
other container technologies, such as the widely used Kubernetes
platform.[51] Specific applications of these implementations
are discussed in Section 3, such as the PMD Demonstrator
(see Section 3.2), the OntoDocker (see Section 3.6), and the
Discovery Service (see Section 3.7).

In conclusion, creating a shared data space requires a delicate
balance between data sovereignty and transparency. Applying
appropriate technologies and implementing robust access con-
trol mechanisms enables the creation of a flexible and scalable
infrastructure that respects these competing needs.

2.3. Higher Revenue from Data Transfer and Sharing

Access to large quantities of high-quality data and improved data
transfer are crucial for developing and implementing competitive
automation and artificial intelligence solutions that result in
higher revenues.[52,53] Creating understandable, supportive, and
accessible solutions and business models is crucial. This ensures
that others can benefit alongside major data-driven projects that
possess the necessary expertise and resources. Despite the high
initial costs associated with data acquisition, integration, and
sharing, it is essential to facilitate access for all stakeholders.[54]

Data spaces contribute to this area by promoting trustworthy,
federated digital ecosystems, and prioritizing data sovereignty
and transparency among other benefits (see Section 2.2).
Interoperability is emphasized here as a fundamental technical
prerequisite, enabling the integration of a wide variety of data
sources into one’s research and development work, leading to
more efficient processes and higher-quality products.[39]

The integration of semantic data, its provision, and its appli-
cation depend on the terminology used. The Terminological Box
(TBox) within the ontological framework ensures that data map-
ping and semantic integration are consistently understood,
regardless of the data provider. This makes terminology synchro-
nization and updating an important focus. A possible iterative
curation process for semantic data storage systems is
shown in Figure 2. The terminology for the description of
domain data and its semantic integration into the triple store
results from the TBox and the Assertion Box (ABox). GitHub
mechanisms and synchronization with terminology services

www.advancedsciencenews.com www.aem-journal.com

Adv. Eng. Mater. 2024, 2401092 2401092 (5 of 25) © 2024 The Author(s). Advanced Engineering Materials published by Wiley-VCH GmbH

 15272648, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adem

.202401092 by B
ernd B

ayerlein - Fak - B
am

 B
erlin , W

iley O
nline L

ibrary on [20/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.aem-journal.com


facilitate community-oriented TBox curation and harmonization.
ABox curation ensures that the TBox adapts to new requirements,
such as changes in standards and specifications, as well as new
processing nodes, such as new laboratory equipment. Regarding
the consistent description of datasets, existing metadata catalogs
with standardized vocabularies are used to ensure interoperability
across domain boundaries. Thus, effective terminology curation
contributes to enhancing the interoperability of data spaces,
which not only standardizes communication and understanding
across system and organizational boundaries but also plays a cru-
cial role in the success of data-driven environments.

Furthermore, the terminology controls the retrieval of seman-
tically integrated data from the triple store for various applications
(see Figure 3). By formulating SPARQL (SPARQL Protocol and
resource description framework [RDF] Query Language)
queries[55] according to the used terminology, the structured
RDF data triples[56] stored in a knowledge graph of a data space
can be systematically retrieved (see Figure 4). The subsequent
processing and analysis of the retrieved data generate new
insights, thereby enriching the knowledge graph. This also illus-
trates the process of data sharing within collaborative activities,
where reliable data reusability is a key factor.

Figure 2. This schematic diagram illustrates the iterative data curation process for semantic data storage systems. The triple store is continuously
updated through cyclic interactions between the TBox and the ABox. TBox curation, facilitated by GitHub and related terminology services, informs
updates and improvements that impact the requirements for ABox updates. ABox curation leverages terminology from specifications, standards,
and processing nodes. This dynamic, community-driven process is essential for enriching the semantic data storage, enhancing data accuracy and
relevance, and ensuring adaptability to new information.

Figure 3. The schematic diagram shows semantic data stored in a triple store being used for specific applications. The retrieved data can undergo
processing, analysis, and visualization. These applications enrich the triple store and contribute to cooperation and publication activities through their
transfer.
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2.4. Reproducibility for Reliable Reusability

To optimally and reliably reuse materials science data and thus
realize various benefits, such as promoting scientific exchange
and economic cooperation, saving resources, and accelerating
material discovery and development, this data as well as its pro-
duction and processing must be reproducible. This requires the
comprehensive collection and availability of all contextual infor-
mation crucial for the beneficial application and dissemination of
this data. This includes metadata, as well as the provenance,
required for the reproduction of original or processed data.
Moreover, the inherent potential of this metadata can have moti-
vating effect, leading to new findings at a later stage. For exam-
ple, analyses of experiments and experimental setups could
provide insights into the measurement precision of resulting
data on materials and processes or enhance their presentation
through more accessible visualizations.[57,58]

The detailed acquisition is carried out by the original data pro-
ducer, who, in addition to the easily accessible metadata already
contained in machine outputs, should also integrate additional,
often hidden information such as parameters used in algorithms
and scripts, as well as inaccessible information provided by pro-
prietary formats, for instance. Digital tools such as electronic lab
notebooks (ELN)[59] and laboratory information management
systems (LIMS)[60] are helpful here, as they enable the digital
acquisition and linking of data along their chain of origin.
The challenge is to combine these tools into an automated,

reproducible workflow that makes all intermediate results
systematically available at any given moment. Ontological frame-
works, especially the highly specified AO that extend the higher
ontologies of the framework, offer the possibility of semantically
capturing every procedural and experimental nuance, thus fully
promoting data reproducibility.[10]

Only when materials and processes data and their metadata
are acquired and stored in their entirety, and when information
on their uncertainty is available, is the reliable reuse of this data
guaranteed, fundamentally supporting data-driven approaches.

3. MaterialDigital: Specific Features

In the MaterialDigital Initiative, partners within project consortia
work on solutions tailored toward digital challenges within spe-
cific areas of materials science and engineering (see Table 1).
Their aim is to develop flexible and reliable methods for the
production, integration, and exchange of materials and processes
data in their data spaces and beyond. The practical application of
these methods is tested and implemented using various
demonstrators.

A core goal is to promote interoperability among these mate-
rial data spaces created in the individual partner projects that are
based on specialized languages and concepts. The semantic
representation of processes, their sequences, and the resulting
data structures is realized via AOs. These ontologies are

Figure 4. Schematic representation of semantic data operations in a triple store, illustrated through a simplified Brinell hardness measurement.
The diagram shows a single sample undergoing the test process three times, with the sample being the pmd:input and the three hardness values
as pmd:output of the process. These relationships are expressed as subject–predicate–object triples, serialized in Turtle syntax, enriching the graph’s
structure with new instances. The figure also highlights how tailored SPARQL queries facilitate detailed retrieval of information about the sample and
corresponding hardness values.
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developed decentrally and are primarily used for semantic data
integration. An overarching ontological framework supports
interoperability between AOs (see Section 4.1.2) and promotes
the development of dynamic, continuously growing knowledge
graphs (see Section 4.3).

The MaterialDigital Initiative also targets the development of
consistent frameworks for workflow implementations and execu-
tions.[36] This ensures that data production and processing is
user-friendly, sufficiently flexible, largely automatable, and repro-
ducible. Part of this effort is the integration of various software
tools into these frameworks and the registration of developed
workflows in a central repository. The connection and integration
of these workflows to the ontology concepts of MaterialDigital is a
major topic. This includes the workflows that are part of the data
flow for semantic storage in Figure 1. Workflows that access data
via ontologies and workflows that utilize ontologies to semanti-
cally compose scientific protocols. Defining and describing
experiences and requirements for such kinds of workflow infra-
structure solutions form the technical basis for reliable data
integration and exchange.

The PMD actively supports the objectives of the
MaterialDigital projects by creating and providing prototypical
solutions and concepts for widespread use across different mate-
rials science and engineering sectors. In this role, the PMD is
instrumental in fostering, coordinating, collecting, and sustain-
ably implementing digitalization measures. Through regular
networking, like exchange rounds, workshops, and hackathons,
within the initiative and the larger materials science and
engineering community, the PMD facilitates the exchange of
experiences and feedback and promotes knowledge transfer.
While workflows are primarily discussed in regular meetings
of the open workflow group, the “Ontology Playground” is an
important space for collaborative work on ontology design and
use (see Section 3.1).

To demonstrate possible approaches and methods of data
refinement, that is, from the acquisition to the integration and
the retrieval of data, several demonstrators based on Jupyter
Notebooks[61] for hands-on interactions are offered. These illus-
trate the use of tools and frameworks developed in PMD’s focus
areas, such as semantic interoperability, workflows, and architec-
ture, aiming to enhance understanding of digital infrastructure
use and lower technical hurdles for implementation. For auto-
matic data refinement, the PMD provides a set of components
for a modular data acquisition pipeline (DAP). These compo-
nents can serve as the basis for independent microservices or
as code modules in support of existing data refinement
procedures.

The PMD demonstrator (see Section 3.2), the Orowan demon-
strator (see Section 3.3), and the ELN demonstrator (see
Section 3.4) are particularly noteworthy and are each described
in more detail in following subsections. Moreover, composable
microservice building blocks, that is, the DAP (see Section 3.5)
and the knowledge graph platform OntoDocker (see Section 3.6)
are presented. The intention is to sensitize the community
toward digital solutions and to demonstrate their technical ben-
efits. Elevating these digital efforts within MaterialDigital at a
national level could encourage broader activities over time.
The developments and services provided by the PMD are detailed
below.

3.1. Ontology Playground

The Ontology Playground is an open and continuous virtual
space for interacting with the materials science and engineering
community. In this collaborative and engaging environment, typ-
ically involving about 20 participants including domain and
ontology experts, there is an ongoing effort to build a shared
understanding of semantic standards and technologies. This
involves working with materials and processes data intended
for sharing in the designated data space. Through collaborative
ontology modeling, participants explore high-level ontologies and
identify key, broadly applicable materials science and engineer-
ing concepts and modeling patterns. This approach in the inter-
active environment also facilitates the concurrent identification
and resolution of various issues, such as missing concepts, incor-
rect definitions, and requests for changes to existing concepts
directly within the Ontology Playground. This dynamic feedback
mechanism allows for continuous enhancement of the
corresponding ontologies. Such collective learning activities are
essential in setting requirements for designing application-
specific ontologies, guided by competency questions that shape
the broader ontological framework. For example, one such com-
petency question could be, “How do properties of a material
depend on its composition and production?” The Ontology
Playground plays a crucial role in presenting and debating devel-
opments and uses related to the PMD Core Ontology (PMDco)
(for details see Section 4.1.2), significantly contributing to the
enhancement of the PMDco and related ontologies through joint
application cases, feedback, and suggestions.[14] Presentations
from the Show & Tell event series from MaterialDigital projects
are archived and made available.[62] Useful tools for ontology
development and application, which play a harmonizing role
in digitalization efforts, are showcased here as well.

3.2. PMD Demonstrator

The aspects showcased with this demonstrator[63] focus on the
functionalities of a specifically deployed PMD-S,[49] as the central
deployment of the PMD infrastructure tools. A PMD-S is a
specifically deployed environment, hosting services such as
workflow environments, triple stores, and IT infrastructure
components like the wireguard-based[64] PMD-mesh, which
connects PMD-S instances. The demonstrator consists of
Jupyter Notebooks and workflows using the two workflow tools
supported by the PMD:pyiron[65] and SimStack.[66] It handles
experimental data, as for example from tensile tests conducted
on samples cut from a cold-rolled S355 steel sheet,[67] using a
programmatic approach. A first notebook showcases a more gen-
eral (meta)data exploration. It employs the semantic description
of the datasets to collect information. Details gathered include
the material system, test device, samples’ cut orientation relative
to the rolling direction, standards followed during the measure-
ment, and the uniform resource identifier (URI) pointing to the
raw data. An analysis workflow automatically collects a set of
relevant metadata. It calculates different quantities of interest,
such as the Young’s modulus, E, and the offset-yield strength,
Rp0.2, from the stress–strain data. The demonstrator is undergo-
ing continuous development, aiming to offer a whole suite of
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demonstrators that will showcase the benefits of a digital infra-
structure for coupling simulation and experiment, loading data
into a triple store (for details on triple stores, see Figure 4) using
automated workflows running computations on remote resour-
ces, and more. Recent versions can be obtained from the openly
accessible GitHub repository.[63]

3.3. Orowan Demonstrator

The Orowan demonstrator[8,68] details the beneficial application
of Semantic Web technologies for the integration and correlation
of diverse materials science datasets. In a Jupyter Notebook script
the workflow steps required to correlate mechanical[69] and
microstructural data[70] from tensile tests and dark-field trans-
mission electron microscopy over different aging times, using
a 2000 series age-hardenable aluminum alloy as an example,
are demonstrated. The two publicly available, unstructured data-
sets are transformed into the RDF format using an ontological
framework based on the PMDco (see Section 4.1.2).
Exemplifying good practice, this method shows how this data
within a local knowledge graph can be leveraged for materials
analysis through SPARQL queries, and how the calculated inter-
mediate results extend the knowledge graph, showcasing the
benefits of semantic data integration.

3.4. ELN Demonstrator

ELNs fulfill the digital documentation function of scientific work
and provide a convenient method to link data acquisition with
subsequent stages such as processing, analysis, and visualiza-
tion. To demonstrate these capabilities, a knowledge graph is
created from tensile test data collected using the free and
open-source ELN, eLabFTW.[71] The contextual information
and the results are semantically linked to the tensile test ontology
(TTO) developed by the PMD (see Section 4.2.1). Scripts facilitate
the mapping and transformation of this (meta)data into a seman-
tically cohesive and interoperable RDF dataset. This approach of
connecting ELN-recorded data with ontology-based semantics
streamlines experimental processes and enhances data traceabil-
ity, leading to a semantically integrated digital experimental
process applicable to various tests and experiments. It supports
data acquisition, analysis, processing, and reuse and educates
students on data organization and semantic technologies, con-
tributing to their training.[72]

3.5. Data Acquisition Pipeline

In scenarios where data is continuously produced, such as on
factory floors, in quality assurance, or through stationary experi-
ments used for materials science and engineering research,
automated tools that operate more independently than Jupyter
Notebooks with graphical user interfaces (GUIs) are beneficial.
In some of these scenarios, direct network connections between
a researcher’s workflow tool and the data origin are prohibited
due to security policies. These policies may include network
isolation or separation, zero trust architectures with finely
grained authentication schemes, or the confidentiality of the data
involved. The DAP[73] addresses some of the requirements

arising from these scenarios, mainly the acquisition, refinement,
and storage of data, as illustrated in Figure 1. By decoupling data
acquisition from the initial syntactical transformation, the pipe-
line facilitates compliance with the security policies of the envi-
ronments in which it operates. This principle of decoupling
duties through roles (e.g., the original data production role)
and placing these duties in separate building blocks reflects
the main architectural design of the modular DAP. Decoupling
and modularity also serve another purpose related to data
refinement needs: In scenarios where data is relatively unstruc-
tured and heterogeneous, or comes in peculiar device-specific
formats, early and sometimes drastic syntactical refinement
steps are necessary. However, in cases where data already
adheres to newer encodings or utilizes well-known or standard-
ized labels or semantic representations, the refinement process
can skip several basic transformation steps and focus on map-
ping or re-encoding into more efficient formats. As a result,
the modular aspects of the pipeline also support customization
for different deployment scenarios and a range of data quality
available.

3.6. OntoDocker

OntoDocker[74] is PMD app that provides one or more open-
source triple stores (see Figure 4) as a knowledge graph platform,
bundling them with a few basic features out of the box:
1) Authentication: Access control to a SPARQL endpoint can
be implemented in different ways. The OntoDocker app includes
single-sign-on (SSO) authentication, fueled by a proof-of-concept
realm and userbase provided by the PMD SSO service. It is also
possible to use OntoDocker with a separate, independent
userbase under a different authority. Out of the box, it serves
both as a usage example and as initial protection from direct
internet access; 2) Visualization: For every triple store supported,
OntoDocker includes the open-source visualization tool
WebVOWL.[75] While WebVOWL focuses on the representation
of classes and relationships (the “semantic schema”) rather than
on the assertion representation (instantiated knowledge graphs),
it provides a simple and accessible graphical overview of the
triple-store contents, out of the box; and 3) Basic Management:
OntoDocker offers a minimal set of management features
necessary for operation within a project context, particularly
where instance administration is performed by nonexpert users.
A straightforward backup functionality allows responsible users
to save instance payload data and configuration data to an
external file storage. The basic management interface enables
the assignment of roles to users, specifically determining
whether they have read-only or read-write permission on
the data.

3.7. Discovery Service

The PMD architecture supports data management, visualization,
and accessibility. The Discovery Service, with its underlying
concepts,[76] plays an important role in this regard enabling users
to efficiently find and use data. A fundamental component of any
system that provides data is a catalogue detailing the available
content. The Discovery Service within the PMD architecture is
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designed to fulfill this role. Currently, it allows users to graphi-
cally navigate through semantically structured data with the goal
of identifying datasets of interest. This service requires data pro-
viders to submit a subset of their structured data, enriched with
metadata (license, format, authors, etc.), which is then indexed
and made searchable for users. Consequently, data providers
have the autonomy to decide which information about their avail-
able data can be discovered.

4. Building a Materials Science Knowledge Graph

In the previous section, we detailed among others PMD’s con-
cepts and components essential for building a materials science
knowledge graph. This section introduces an integration strategy
that outlines how these elements interlock to form such a graph
(see Section 4.1). Thereby, an ontological framework defines the
structure and relationships, which is further extended and
informed by domain-specific AOs for semantic data integration
(see Section 4.2). A prototype knowledge graph in which all avail-
able AO are integrated as named graphs and which enables a
variety of search queries is described (see Section 4.3).

Section 4 concludes with a summary and the most important
insights (see Section 4.4).

4.1. Integration Strategy

The integration strategy highlights how essential concepts and
components for building a materials science knowledge graph
work together (see Figure 5). Critical to this process are active
community engagement and the combination of suitable
technologies.

4.1.1. Community Involvement and Competence Development

The Ontology Playground (detailed in 3.1) has fostered a collabo-
rative space for domain and ontology experts to dynamically
exchange approaches and solutions on digitalization within
the MaterialDigital projects. This ongoing forum enables the
community to share its latest developments, facilitating technical
knowledge transfer and consensus on essential data representa-
tion standards and technical specifications. This collective effort
is foundational for building a knowledge graph and achieving
interoperable data spaces.

Figure 5. This schematic representation depicts the integration strategy for a materials science knowledge graph with inputs from the MaterialDigital
project’s data spaces. The strategy involves the use of data space-specific AO, which are refined through Git-based curation and validationmechanisms, to
extend the ontological framework. The Ontology Playground is a collaborative environment for reaching consensus on employing MLO (PMDco), TLO
(BFO), as well as standard metadata catalog vocabularies for dataset description. This consensus ensures that materials science datasets are standard-
ized and interoperable. Integration workflows then incorporate RDF triples, produced from dataset mappings, into the knowledge graph, which is further
enriched through processing and analytical operations on RDF data. SPARQL queries facilitate the retrieval of this enriched data from the triple store,
symbolizing a dynamic, evolving structure of connected knowledge.
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4.1.2. Establishing an Ontological Framework with the PMDco

At the core of the knowledge graph lies a scalable ontological
framework, anchored by the PMD Core Ontology (PMDco).[77]

The PMDco, a midlevel ontology (MLO), defines key concepts
and relationships in materials science and engineering and
is continually refined through collaboration.[14] It forms a
semantic bridge to the detailed concepts within the AO of the
MaterialDigital projects, consolidating fragmented solutions,
enhancing interoperability, and setting guidelines for their design.
This promotes a unified and interoperable materials data space.

The use of abstract concepts from standardized top-level ontol-
ogies (TLO), such as the basic formal ontology (BFO),[78] ensures
crossdomain interoperability over the long term. Moreover,
generic RDF vocabularies and metadata schemata standardize
the description of data and ontological resources.

4.1.3. Domain-Independent Metadata Catalog

Crossdomain RDF metadata vocabularies and schemata facilitate
detailed descriptions of datasets and ontological resources,
increasing interoperability. Incorporating generic concepts such
as publishers, authors, licenses, etc. enhances resource findabil-
ity and interoperability across domains and defines usage terms.
The Data Catalog Vocabulary (DCAT),[79] combining established
vocabularies such as the Simple Knowledge Organization
System[80] and the Dublin Core Metadata Initiative,[81] among
others, is particularly useful for describing datasets and ontolog-
ical resources within MaterialDigital and associated initiatives.
Notably, DCAT can be extended by an application profile
(DCAT) which is a recognized standard for the publication of
open data in the European public sector. The AO from
MaterialDigital’s initial funding phase have been systematically
organized into a coherent collection, integrating key DCAT cata-
log entities.[82]

4.1.4. Semantic Data Integration and Knowledge Graph
Enrichment Using Workflows

Data integration workflows are of central importance in the con-
struction of knowledge graphs, automating the process of data
acquisition, refinement, and storage. PMD’s demonstrators
(see Sections 3.2–3.4) highlight the utility of workflows in seman-
tic data integration, making complex processes accessible to non-
experts. Data integration workflows, combined with ontological
frameworks, standardize the conversion of data annotations to
RDF format, thus ensuring uniformity across materials and
processes data. Although initial setup might pose challenges,
ongoing standardization efforts involving specific workflows
and ontological frameworks are gradually migrating these hur-
dles and reducing associated costs. Semantically representing
workflows enhances their transferability and interoperability,
with standards such as the PROV-O[83] and its extension, the
OPMW-PROV Ontology,[84] providing structured workflow
representation. Data integration workflows also contribute to
RDF applications and graph operations, with SPARQL query
results enriching the knowledge graph.[8] Furthermore, compu-
tational workflows in materials science and engineering

contribute semantic data to the knowledge graph and will be
the focus of another article.[36]

4.1.5. Evaluation of Ontological Frameworks in MaterialDigital
Projects

Evaluating individual ontological framework solutions within the
MaterialDigital projects is a central element of our integration
strategy, involving user feedback, to refine and enhance our
approach. An iterative process fine tunes boundary conditions
and constraints, aiming to enhance crossdomain interoperability,
make integration more efficient, and improve user experience.

As part of this iterative evaluation process, the TBoxes
of the provided AO developed during the initial phase of
MaterialDigital were evaluated in terms of structure and content
using an automated script.[85] The ontologies were first loaded,
followed by an analysis of their content for completeness of meta-
data and adherence to technical requirements. This included
applying filters for key concepts from the PMDco, quantifying
the extension of key concepts via new subclasses (see
Section 4.2.5), and analyzing import statements to extract foun-
dational information such as metadata on ontology creators, con-
tributors, licenses, and namespaces used. The comprehensive
results of the evaluation can be found in ref. [86]. Overall, the
automated script-driven analysis demonstrates strong potential
for increasing efficiency in processing and evaluating AO for
consistency and interoperability. However, further work is
required to fully exploit this potential and improve the overall
quality of the knowledge graph.

Table 2 summarizes the higher-level ontologies employed by
the projects.

Most projects have adopted the PMDco v2.0, grounded in
PROV-O.[83] However, some projects chose earlier versions of
PMDco or developed mappings or bridge axioms to PMDco,
especially when integrating with other frameworks such
as the BFO[78] and the elementary multiperspective material
ontology(EMMO).[87]

Table 2. Overview of higher-level ontologies used by MaterialDigital phase
1 projects, where x° indicates use of PMDco v1, x* denotes mapping to
PMDco, and x 0 indicates bridge axioms.

Project Name PMDco PROV-O BFO/OBO EMMO

DigiBatMat x x – –

DIGIT RUBBER – – x –

DiProMag x x – –

GlasDigital x° – x –

iBain x* – – x

KNOW-NOW x x – x

KupferDigital x x x x

LeBeDigital x x – –

ODE_AM – – x –

SensoTwin x x – –

SmaDi x 0 – – –

StahlDigital x° – – x
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The gradual convergence toward a shared ontological frame-
work and consequently a collective understanding relies to a
large extent on social interactions such as the exchange of expe-
riences. In the first phase it became apparent that the choice of
the framework depends on personal preferences, pre-existing
works, as well as strategic decisions.

4.2. Application Ontology Development

Beyond the AO developed by the PMD, the MaterialDigital
Initiative has produced various AO specifically tailored for
use in project-specific data spaces (described in detail in
Section 5). These ontologies are elaborated upon in the subse-
quent two subsections, 4.2.1 and 4.2.2, respectively. Addressing
the needs of less experienced ontology developers, projects have
sought appropriate collaborative tools (see Section 4.2.3). Initial
attempts at AI-supported ontology design and application have
also been explored (see Section 4.2.4). Furthermore, it is
shown how the ontological framework of PMDco v2.0.7 is being
extended through the integration of compatible AO (see
Section 4.2.5).

4.2.1. PMD Application Ontologies

PMD’s available prototype AO, all based on PMDco v2.0.7, are
highlighted below. These ontologies are intended to test and
refine the ontological framework and provide guidance and inspi-
ration for the MaterialDigital projects: 1) Tensile Test Ontology
(TTO): This standard-compliant ontology provides a structured
vocabulary tailored for capturing tensile test datasets. It facilitates
interoperable, transparent, reliable, and reproducible data repre-
sentation, aligning with the tensile tests of metals at room tem-
perature standard (ISO 6892-1).[88] It includes classes for
integrating tensile test (meta)data and semantic relationships
for logical inference, enhancing data comparability, and test
reproducibility;[89,90] 2) Precipitate Geometry Ontology (PGO):
The PGO focuses on semantic integration of microstructural
data from dark-field transmission electron microscopy image
analysis.[8] It extends the PMDco class structure for the represen-
tation of precipitate data;[91] and 3) Microscopy Ontology (MO):
Derived from a comprehensive text analysis of a large corpus of
conference proceedings (see Section 4.2.4), theMO contains clas-
ses specific to microscopy and microanalysis. These classes allow
for detailed description of microscopy processes, equipment, and
parameters supporting reasoning for data completeness and new
information derivation.[92,93]

4.2.2. MaterialDigital Application Ontologies

An overview of various AO developed by the projects, which are
accessible in a shared repository,[82] is provided below:
1) DigiBatMat: This is developed the battery production and char-
acterization ontology (BPCO), which describes electrode and cell
production processes and different characterization methods
used in battery research and pilot-scale production.[94] The ontol-
ogy is modeled on the lithium-ion electrode and cell production
pilot line at the Battery LabFactory at the Technical University of
Braunschweig. It includes all the production steps toward

lithium-ion battery electrodes and all assembly steps to a final
lithium-ion cell. Furthermore, it links data from items, such
as materials, to each processing step. The BPCO also models
a wide range of characterization methods, including particle siz-
ing, scanning electron microscopy, and impedance spectroscopy,
underpinning the data model for the projects research data man-
agement platform;[95] 2) DIGIT RUBBER: This created the
DigitRubber Ontology (DRO), designed to annotate the relational
database of the Deutsches Institut für Kautschuktechnologie
(DIK). The DRO functions primarily as a controlled vocabulary,
providing human-readable definitions without incorporating axi-
oms or reasoning capabilities, focusing instead on offering a
structured descriptive framework that enhances data accessibility
and clarity within DIK’s extensive rubber technology database;[96]

3) DiProMag: DiProMag Magnetocaloric Ontology (DMCO),
focusing on magnetocaloric alloys, is developed. The DMCO
semantically models the entire process chain, including produc-
tion, characterization, and prototypical application. Furthermore,
the ontology allows to capture the goals and ambitions of the
researchers that design and carry out experiments;
4) GlasDigital: The glass ontology for robot-assisted synthesis
of oxide glasses is designed. This ontology considers various
aspects, such as raw materials, melting processes, glass proper-
ties, literature background, both traditional and advanced data
visualization tools (multidimensional phase diagrams), and
composition–structure–property modeling. It integrates termi-
nology from the SciGlass database, which became open source
in 2019[97,98] and that of the robot-assisted glass melting plant;
5) iBain: An ontology is developed that supports multiscale
modeling of bainitic steels with a focus on manufacturing,
computational modeling, and characterization. Specifically, this
ontology enables modeling the interaction of microstructure and
fatigue properties. It facilitates the interoperability of data from
phase field simulations and microscopic microstructure assess-
ments, integrating them for future data-driven modeling efforts.
The project adopted EMMO beta4.0 as the TLO, supported by
domain-specific ontologies like the microstructure domain
ontology[99] and CHAMEO,[100] which provides essential
concepts for microstructure modeling and characterization.
Additionally, it features equivalence mappings with PMDco
v2.0, enabling federated queries with other PMD projects, align-

ing high-level concepts such as chameo:Sample
������!owl:equivalent

pmd:Sample, emmo:ManufacturedMaterial ������!owl:equivalent
pmd:

EngineeredMaterial, and emmo:Quantity
������!owl:equivalent

pmd:
ValueObject; 6) KNOW-NOW: KNOW-NOW
ontology (KN) is developed to facilitate the acquisition and struc-
turing of technological and material-related data across the stages
of ceramic multilayer component development. The KN ontology
integrates experimental and simulated data along with simula-
tion models, enhancing cross-scale simulation of ceramic firing
processes. It serves three purposes, structuring data for review,
contrasting simulated and experimental data, and substituting
physical experiments with simulations; 7) KupferDigital: This
is aimed at the digitalization of the life cycle of copper alloys, this
project has created several ontologies and knowledge graphs
using various ontological frameworks. These efforts address
key areas such as processing, postprocessing, characterization,
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lifecycle, and recycling of copper. Central to the project are the
KupferDigital Ontology, Copper Key Ontology (CKO), and
Mechanical Testing Ontology (MTO). The MTO[101] compiles
knowledge graphs for various mechanical testing processes, such
as tensile, hardness (Brinell and Vickers), stress relaxation, and
fatigue testing, conforming to ISO standards and incorporating
an extensive mechanical testing terminology.[102] The CKO[103]

provides a semantic representation of data from the Copper
Key platform,[104] capturing essential features of copper alloys,
such as industrial standards, material designations, types, and
chemical compositions, positioning the CKO as a potential
connector along the entire value chain; 8) LeBeDigital developed
the Concrete Production and Testing Ontology (CPTO) aiming to
digitally encompass the entire concrete production chain, from
mix design to curing and testing. The CPTO forms the founda-
tion of a set of knowledge graph templates designed to describe
various process steps such as mixing, hardening, and compres-
sive strength testing;[105] 9) ODE_AM created specialized ontol-
ogies to organize data and information from raw materials to
final material quality within additive manufacturing domains.
These include the Additive Manufacturing AO, the Composite
Extrusion Modeling Ontology, the manufacturing AO, the pow-
der bed fusion AO), and the wire arc additive manufacturing
ontology. The design of this suite primarily utilizes the BFO
as the TLO and the common core ontologies (CCO)[106] as inter-
mediate ones, strategically chosen for efficient data categoriza-
tion and retrieval in a web-app-based tool;[107] 10) SensoTwin
is developed the SensoTwin AO (STAO), concentrating on
fiber-reinforced composites tailored to the specific needs of
the project. The STAO encompasses various facets such as the
materials used, production processes, testing procedures, param-
eters and results, simulation techniques, and the geometry of
components, designed to capture the relationships between these
elements; 11) SmaDi is developed an ontology including only
bridge axioms to the PMDco, since the employed ontology-based
data access (OBDA) approach[108] restricts the ontology to
OWL2QL, not allowing for an import; and 12) StahlDigital is
focused on experiments, simulations, and workflows in the
domain of processing steel sheets for automotive applications.
The Steel Process Ontology is automatically generated from
spreadsheets, where domain experts provide input and knowl-
edge. Automated updates are published online in a machine
and human-readable form.[109]

4.2.3. Development Process and Collaborative Approaches

The development of AO typically follows a structured process,
beginning with defining system boundaries and formulating
competency questions the ontology aims to address. Domain-
specific terminology is identified through interviews with
domain experts, including lab managers, technical staff, engi-
neers, and researchers, supplemented by insights from relevant
regulations and standards. These terms represent the essential
concepts and relationships within the project specific data space,
which are then integrated into the AO.

To facilitate this process, visual design and ontology creation
tools are used to help domain experts and ontology developers
collaboratively conceptualize, refine, and model ontologies.

Concept boards[110,111] support expert interactions as part of
design activities and thereby the creation of initial models, while
the Ontopanel tool[112] provides intuitive, visual modeling of
ontologies, bridging the gap between domain experts and tech-
nical developers. Once initial vocabularies and models are estab-
lished, tools, for example, an open-source software editor such as
Protégé,[113,114] are used to formalize the ontology, ensuring it
adheres to semantic standards.

Highlighted below are collaborative techniques and mecha-
nisms from theMaterialDigital projects: 1) DiProMag introduced
an innovative ontology engineering method utilizing OTTR
(Reasonable Ontology Templates) templates, leveraging
prestructured data common in materials science. This method
involves designing and verifying templates, followed by data
integration through template instantiation. OTTR templates
act as an abstraction layer above RDF, simplifying ontology devel-
opment for domain experts by hiding RDF’s complexities.
This approach improves communication between experts, lead-
ing to more consistent ontologies, and a flexible engineering
process where design decisions can be easily adjusted;[115,116]

2) KupferDigital presents OntoFlow, a collaborative, user-
friendly ontology development tool that enables active participa-
tion from domain experts, including those with limited technical
background. OntoFlow automates the ontology design, imple-
mentation, serialization, documentation, and testing process
through a modular pipeline of interconnected containers;[117]

3) LeBeDigital developed an approach using Ontopanel[112] to
create related templates based on the CPTO. These templates
form the data spaces knowledge graph covering various concrete
producing and testing methods and processes. They feature
unique identifiers for mapping to specific tests or assessments
and can be merged during mapping by linking them through
a shared entity. This method simplifies the addition and modifi-
cation of entities;[118] and 4) StahlDigital collects domain knowl-
edge via online spreadsheets for efficient terminology capturing
and facilitating collaborative development. An automated
pipeline checks, translates, and publishes the input as RDF on
GitHub,[119] which ensures long-term storage and version control
over ontological terms. W3ID enables content-type based access
according to the linked-data protocol.[109]

4.2.4. AI Approaches

Artificial intelligence (AI) approaches, particularly text process-
ing techniques, offer promising solutions to support and
expedite ontology engineering processes. These techniques
improve language understanding and automate the categoriza-
tion of key terms. Notable applications from the initiative include
the following: 1) PMD: This utilizes natural language processing
techniques to speed up the MO development.[92,93] Neural
network-based algorithms analyzed a corpus of over 14 k contri-
butions from the “Microscopy and Microanalysis” conference
series, identifying key microscopy terms used by the community.
These terms were categorized and linked using the PMDco
framework, aiming to enhance data management systems by
enabling the retrieval of related terms and generating new logical
connections through reasoning; and 2) iBain: This explores at
Fraunhofer IWM the combination of symbolic modeling, such
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as ontologies, with data-driven methods to connect and utilize
both structured and unstructured data sources jointly. With
the growing availability of unstructured scholarly articles,[120]

automated methods are needed to extract structured information
conforming to existing ontologies. The MaterioMiner dataset,[121]

coupled with the Materials Mechanics Ontology,[122] was
published to link text entities from literature corpus with onto-
logical classes, facilitating data integration. The dataset,
notable for its detailed annotation, supports the training of spe-
cialized language models for named-entity recognition, founda-
tion models, and potentially even neurosemantic language
models, aiming to populate materials databases and enable
new insights.

Looking ahead, AI-based approaches hold significant potential
to accelerate and enhance ontology development and application.
For instance, large language models can assist with several key
tasks in ontology engineering, including (constrained) ontology
learning,[123] ontology mapping,[124] and ontology population.[125]

In ontology learning, language models and semantic search
methods can retrieve relevant, diverse texts from a corpus to help
identify unbiased, objective, and representative concepts, classes,
properties, and axioms. Another promising avenue is enabling
natural language querying of RDF graph repositories, making
it easier for less experienced users to interact with these systems
compared to complex SPARQL queries. However, challenges
remain concerning the robustness of general language models,
particularly their inconsistent performance in domain-specific
settings, which remains a limiting factor.[126] Nonetheless, the
emergence of domain-specialized large language models,[127]

along with multiagent systems equipped with access to

domain-specific tools and functions,[128] offers promising
solutions to these challenges in materials science. Machine-
processable semantic shapes, such as graph patterns and
SHACL shapes, should be leveraged for AI training. However,
human expertise will remain essential in knowledge engineering
for the foreseeable future.

4.2.5. Extension of the Ontological Framework via Application
Ontologies

Utilizing a shared higher-level ontology, such as the PMDco
v2.0.7, offers the advantage of allowing AO built on it to specify
and extend general concepts in materials science and engineer-
ing. This process leads to the creation of a coherent structure of
integrated concepts, classes, properties, and relationships.
Integrating these domain-specific AO into the ontological frame-
work makes the knowledge implemented in various projects
across different areas of materials science and engineering
and its created data spaces interoperable.

The systematic structuring facilitated by PMD’s midlevel con-
cepts enables the consolidation of specific extensions through
compatible AO (see Figure 6). The detailed extension involves
adding new subclasses predominantly under pmd:Process,
pmd:ProcessingNode, pmd:Object, and pmd:ValueObject,
which is specified in Table 3.

However, it should be noted that this table only includes all
newly integrated subclasses of selected PMD concepts and a
detailed evaluation, in particular the curation of these, is still
pending. The numbers given are therefore preliminary

Figure 6. Comparison of the TBox structure of PMDco v2.0.7 a) prior and b) following its integration with various AO, including TTO, MO, PGO, MTO,
CPTO, and STAO. The expansion depicted underscores how the framework extends through ontology integration. The pmd:ValueObject highlighted in
red signifies a key element of this growth. The visualizations have been generated with WebVOWL.[75]
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estimates. Nevertheless, it is clear that with each AO, a large
number of classes extend the PMDco class tree.

Several positive outcomes can already be noted for the onto-
logical framework. For instance, the integration allows for a more
refined development of the midlevel, including the addition of
essential but previously missing concepts that are identifiable
by different AOs. Furthermore, this process facilitates the valida-
tion of whether the midlayer concepts are sufficiently well
defined, thus providing a measure of concept accuracy. The cura-
tion of the newly introduced classes offers valuable insights for
both the PMDco and the corresponding AO. A comprehensive
presentation of these results is planned.

4.3. MaterialDigital Knowledge Graph

The following describes the shared, prototypical knowledge
graph,[129] which incorporates the ontological framework based
on the PMDco v2.0.7 along with compatible AO and alternative
frameworks from the MaterialDigital projects (see Section 4.3.1).
It also details how this knowledge graph synergistically integrates
with other knowledge graphs (see Section 4.3.2). Further, it out-
lines the necessary steps toward achieving far-reaching interop-
erability and cooperation (see Section 4.3.3).

4.3.1. Prototypical MaterialDigital Knowledge Graph

An initial shared knowledge graph has been created using the
Open version of OpenLink Virtuoso.[130] Alongside the frame-
work of the PMDco, all available AO from the projects[82] have
been integrated as named graphs via script. This knowledge
graph provides a functional basis for future expansions and opti-
mizations, currently enabling SPARQL queries through the tri-
ple store. It is important to note that, as of now, only RDF
structures can be discovered according to their underlying
TBoxes, since no ABoxes with data have yet been integrated.
The gradual integration of specific data spaces from
MaterialDigital projects is planned to consolidate this further.

Predefined queries have been set up to facilitate beginners’
use of SPARQL, enabling them to easily navigate through stored
graphs. Example queries include Count Triples, Show PMDco

Classes, Show All Graphs (Ontologies), Class Lookup, Show
ProcessingNodes w. Inferencing, and Federated Query to
Matwerk KG. An example of a flexible class query is illustrated
in Figure 7.

As Virtuoso acts as an OWL reasoner, inference operations
such as rdfs:subClassOf and rdfs:subPropertyOf are supported,
as utilized by the Show ProcessingNodes w. Inferencing.
Especially for mappings to PMDco concepts, the relationships
owl:sameAs, owl:equivalentClass, and owl:equivalentProperty
are useful. For long-term applications, reasoning can be invalu-
able for automatically validating inconsistencies, thus supporting
data quality control. Moreover, there is potential to enhance
Virtuoso’s user interface by integrating tools such as
LodLive,[131] Triply,[132] and SHMARQL.[133]

4.3.2. Alignment with Other Knowledge Graphs

Aligning with other existing knowledge graphs is an intended
objective to make data spaces across domain boundaries interop-
erable and searchable. A preliminary demonstration is provided
by the predefined Federated Query to MatWerk KG. This query
accesses the NFDI-MatWerk knowledge graph,[134] searching for
pmd:ValueObject, and returns 1652 entries derived from an
extensive dataset. This illustrates the value added by linked data
and the importance of standardized, semantically interoperable
ontological frameworks.

4.3.3. Future Direction

With the initial phase of MaterialDigital concluded, the PMDco
v2.0.7 has been established as a cornerstone for an evolving onto-
logical framework. It is used across shared knowledge graphs,
various demonstrators, and projects, establishing itself as a
user-friendly and robust MLO for materials science and
engineering.

From this point forward, the focus will shift toward the collab-
orative advancement of the PMDco, responding to the industry’s
demand for a standardized TLO and leveraging insights from the
prior phase. As a result, the PMDco v3.0 is set to be developed in
alignment with the BFO v2.0.[78]

The future structure of the ontology will adopt a modular
approach, segmenting into distinct modules such as Material,
Material Qualities, Material Manufacturing, Material
Characterization, Data Transformation, Logistics, and Devices.
This modularization aims to focus development efforts. The
inherent functionalities of BFO will also facilitate the gradual
integration of reasoning capabilities into PMDco v3.0, utilizing
defined roles and functions.

Semantic schemata and shapes will play a crucial role in its
development process. Notably, ontology design patterns will
address common challenges in ontology modeling and are foun-
dational building blocks for conceptual models.[135,136] Providing
these patterns in a well-documented form in the PMDco GitHub
repository will enable their systematic reuse in ontology develop-
ment, enhancing reproducibility and structural consistency.
This repository[77] actively supports iterative enhancements, with
users currently able to raise issues and contribute feedback,
alongside participating in the Ontology Playground

Table 3. Detailed extension of PMDco v2.0.7 key concepts via AO.

Project
Name

Application
Ontology

Process Processing
Node

Object Value
Object

PMD TTO 1 2 – 44

PMD MO 56 37 11 38

DigiBatMat BPCO – 4 – –

DiProMag DMCO 15 21 4 55

KNOW-
NOW

KN 17 6 7 51

KupferDigital MTO 55 28 – 196

LeBeDigital CPTO 13 9 47 42

SensoTwin STAO 52 141 16 82

Sum 8 209 248 85 508
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(see Section 3.1). Furthermore, the provision of shape-specific
SPARQL queries will facilitate systematic expansion of the onto-
logical framework around BFO v2.0-PMDco v3.0, which also ben-
efits reasoning rules. This strategy increases interoperability
between the framework extensions, that is, the AO, and also
makes the materials science knowledge graph more consistent
and the ontological axioms transferable. Moreover, data struc-
tures become more uniform, information rich, and accessible
for SPARQL queries. Identifying patterns as generically as pos-
sible for materials science and engineering strikes a balance
between generalizability and realistic constraints, paving the
way for future AO in MaterialDigital to be interoperable across
various domains, including those based on BFO, as seen in inter-
secting fields like biology and medicine.[137] Looking ahead, cur-
rent measures to comply with the FAIR principles should be
further developed,[138] considering existing groundwork,[139,140]

and implemented into standardized metrics and mechanisms
for systematic integration into the MaterialDigital projects.

4.4. Summary and Key Insights

In summary, this work demonstrates the successful integration
of initial project data space contributions into a shared and scal-
able knowledge graph prototype, showcasing practical applica-
tions. The future enhancement of the PMDco and the shared
ontological framework required for semantic interoperability will
be further driven by the development and adoption of specific
AO, promoting systematic integration into knowledge graphs.
Social interactions, facilitated by forums such as the Ontology
Playground, play a crucial role in fostering a shared understand-
ing, building consensus, and facilitating the creation of a collab-
orative data environment. The use of innovative and collaborative
tools for ontology development and application advances

digitalization in materials science and engineering. Moreover,
to ensure long-term success, the community should focus on
developing training tools and guides that serve as a foundation
for workshops and social tech events, effectively introducing non-
experts to the topic.

The key insights from this section are as follows: 1) Technical
skills need to be enhanced and consolidated for digitalization
requirements; 2) Ontology design patterns and shorter evalua-
tion cycles will improve ontological framework; 3) Stricter rules
and feedback mechanisms in repositories will reduce integration
efforts; 4) The PMDco v3.0 will adopt the BFO as TLO for cross-
domain interoperability; 5) Automation, including AI methods,
will accelerate ontology engineering; 6) Flexible interfaces satisfy
user requirements and simplify data integration; and 7) Metrics
and case studies should be established to assess level of semantic
interoperability.

5. Materials Research Benefiting from Ontologies

This section highlights how various projects of the
MaterialDigital Initiative have combined ontologies with data
on materials and processes, along with workflows, to enable a
wide range of applications in their data spaces. These approaches
facilitate dynamic operations for data storage and querying, rang-
ing from materials and processes design to service life solutions.

5.1. Optimizing Battery Materials Production Through Data
Interlinking

The DigiBatMat project has developed a digital platform dedi-
cated to battery materials and their production processes, utiliz-
ing the BPCO as the data model. This collaborative effort

Figure 7. Shared knowledge graph SPARQL query on the specific pmd:Specimen class using predefined Class Lookup.
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involved partners from four distinct areas of battery research,
along with specialists in knowledge graphs and digital systems,
creating a shared digital structure that interlinks material, pro-
duction, and characterization data. The ontology-driven platform
facilitates data exchange and enables efficient analysis of corre-
lations between material properties and production parameters.
This is critical for understanding the interplay between these fac-
tors. The platform has been validated through specific research
on three use cases: 1) optimizing mixing parameters for conduc-
tive additives; 2) comparing properties of active materials NCA
and NCM811 under high current rates; and 3) optimizing the
electrochemical performance of lithium-titanium-oxide (LTO)/
lithium-ion-manganese-oxide (LMO) cells. The performance of
Li-ion cells, influenced by material properties and production
parameters, shows how even minor modifications can signifi-
cantly affect energy, power density, aging, and safety. The digital
platform, enriched with comprehensive data, supports efficient
analysis, enabling the identification of correlations between
material properties and performance.

5.2. Enhancing Glass Materials Design with Ontology-Based
Knowledge Management

The GlasDigital project employs its glass ontology within a
decentralized web-based Semantic Knowledge Base (SKB), devel-
oped using Fast Ontodocker.[141] This SKBmeticulously stores all
parameters of the glass synthesis process alongside SciGlass
data, enabling searches for both experimental and simulated
properties. Integrating raw data from the glass synthesis process
with the ontology, the SKB enhances the evaluation and manage-
ment of process parameters across the entire process chain. The
SKB also integrates tools for property prediction using machine
learning algorithms and for extracting tabular information[142]

from existing patents. These tools, along with visualization aids
such as ternary phase diagrams to visualize the glass composi-
tion and time series plots to visualize time-dependent parame-
ters, empower glass experts to monitor each step of the
process and make informed decisions to refine it.
Consequently, with the support of this ontology-based SKB, glass
experts are equipped to design new glass materials with opti-
mally tailored properties.

5.3. Advancing Predictive Modeling in Ceramics Using
Triple Store

The KNOW-NOW project has developed an innovative demon-
strator for predictive modeling of electrical coil performance,
incorporating both geometry andmaterial parameters.[143] In this
context, data is systematically linked by annotating and storing it
in an ontology connected to a triple store. The KN ontology serves
as a structured knowledge base, precisely annotating relevant
information on geometric and material-related parameters, as
well as experimental data. Using SPARQL queries, data stored
ontologically can be efficiently retrieved, linked, and integrated
into a workflow. This workflow automates the process and pro-
vides users with access to ontologically structured data, allowing
flexible parameter adjustments through a user-friendly interface.
This automated workflow seamlessly integrates the data with

COMSOL Multiphysics simulation, ensuring holistic and effi-
cient data management. After the simulation, results are fed back
into the ontology and triple store, creating a consistent database
for future analysis, development, and predictive modeling. A data
pipeline supports any user to easily upload data to a server, where
an automated process realizes the storage linked to the KN
ontology.

5.4. Ontological Framework for Optimizing 3D Printing
Processes

The ODE_AM project uses an ontological framework as a seman-
tic backbone, integrating diverse data sources, from powder char-
acteristics to machine parameters, with part qualities such as
compression strength and fatigue behavior. This framework cov-
ers the entire manufacturing process, from raw materials to the
characteristics of manufactured parts. A web application, built
with Python backend, features specialized importers for map-
ping data from sources like spreadsheets from tensile testing
machines to the classes within the ontological framework.
Initially, necessary data are parsed from raw data files and for-
matted into triples according to the guidelines of BFO and
CCO. This framework supports two primary use cases: the crea-
tion of digital part record, which captures characteristics and
manufacturing parameters for each part, and a material/process
data dashboard that uses SPARQL queries to explore correlations
between processing factors such as part orientations and result-
ing material properties. This configuration is invaluable for
selecting optimal parameter windows and part designs by dem-
onstrating the variability of material characteristics.

5.5. Estimating Service Life of Wind Turbine Blades Using
Ontological Data Integration

The SensoTwin project employs the STAO as a central interface
in a workflow covering the entire lifecycle of glass fiber-
reinforced polymer wind turbine rotor blades, enabling module
interoperability and interchangeability. This multiscale approach
spans from base material to process to component. Integrating
data from experiments, simulations, and calculations into a
knowledge graph ensures ready access to appropriate inputs
for various simulations and calculations. The use of
Owlready2 module[144] facilitates managing the STAO, aiding
in storing and retrieving information from tests, simulations,
and calculations. This approach leverages ontology data, com-
bined with weather conditions, to calculate the remaining service
life of the turbine blades.

5.6. Smart Materials Design Facilitated by Ontology-Based Data
Access

The SmaDi project employs an OBDA approach[108] to facilitate
the retrieval of relevant information, such as hyperelastic mate-
rial models and specific parameters, along with the context of
how this data was collected for smart materials from diverse data-
sets. This approach uses an ontology and SPARQL queries[145]

and has been extended to ontology-based data and model access,
integrating data access with model-based workflow steps.[146–148]
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This approach enhances smart materials design by enabling the
determination of specific, indirectly stored requirements in the
material selection process.

5.7. Summary and Key Insights

In summary, the application of ontologies in the MaterialDigital
Initiative has demonstrated that semantic data integration from
various sources enables efficient and flexible data management
across different data spaces, thus fundamentally supporting
materials research and development. Functionally linking digital
workflows of experimental processes and simulations to ontolog-
ical frameworks simplifies ongoing integration and data
exchange, thereby enabling knowledge graphs to expand in depth
and complexity.

The key insights from this section are as follows: 1) Ontology-
based data management facilitates systematic correlation of
materials parameters with production and process data;
2) Ontologies enable the combination of data from both experi-
mental and computational workflows; and 3) Workflows benefit
from ontology-based data for processing inputs and outputs, as
well as for simulation steps.

6. Current Approaches Elsewhere: Contact Points,
Interfaces, Synergies

The MaterialDigital Initiative proactively collaborates with
national and international initiatives to prevent parallel develop-
ments and seek joint solutions in the digital transformation of
materials science and engineering. However, the full potential
for collaboration is yet to be realized. This section aims to provide
an overview of current initiatives and their approaches, identify-
ing common points of contact, interfaces, and synergies to
amplify cooperation in digitalization.

6.1. National and European Initiatives

The German National Research Data Infrastructure (NFDI)[149]

unites 26 consortia from interdisciplinary institutions collaborat-
ing on accessing, connecting, and sustainably harnessing scien-
tific research data in line with the FAIR principles.

FAIRmat,[150] an NFDI consortium, is building the largest data
infrastructure in computational materials science with the Novel
Materials Discovery (NOMAD) Laboratory[151] and promotes data
integration and use through management and analysis tools. It
focuses particularly on experimental and theoretical condensed
matter physics and chemistry. The FAIR-DI e.V. association,[152]

with its European member institutions, aims to permanently
establish NOMAD as a significant resource for big data from
materials science, engineering, and astronomy.

The consortium NFDI-MatWerk[153,154] specializes in develop-
ing a digital data infrastructure for materials science and engi-
neering that encompasses complex relationships between
materials data and makes them technologically accessible for
broad use, incorporating a materials ontology and a graph data-
base infrastructure.

As a national organization, NFDI collaborates with the
European Open Science Cloud (EOSC),[155] which aims to create
a FAIR data and services web for science in Europe, where data,
tools, and services can be published, made discoverable, and
reused. Common interfaces and metadata standards should
enable interoperable digital objects to be used and exploited
by academic, private, and public users to the fullest extent
possible.

Gaia-X,[156] a multinational initiative with industry engage-
ment, supports open data principles with a broader focus and
seeks a secure, federated European data infrastructure to
strengthen the competitiveness of European companies. This
involves developing strategies, rules and specifications aligned
with European values. Gaia-X and EOSC share compatible
visions of federated, secure data spaces and ecosystems that pro-
mote digital sovereignty and innovation in Europe, which is ben-
eficial for extending the EOSC to both the public and private
sectors. Related to the objectives of Gaia-X are Catena-X and
Manufacturing-X. Catena-X,[157] as an initial implementation
project, focuses on collaborative digitalization along supply lines
in the automotive industry to optimize business processes
through a data-driven value chain. Manufacturing-X,[158] cur-
rently being defined and implemented by the Plattform
Industrie 4.0,[159] aims to achieve a fully digitally networked
industry with the capability to confidently and collaboratively
use data across the entire manufacturing and supply chain.
In conjunction with Gaia-X and Catena-X, basic building blocks
and prototypes for a collective Industry 4.0 data space are being
created.

The FAIR Data Spaces project,[160] a collaboration between
NFDI and Gaia-X, is developing a shared, cloud-based data space
for industry and research, implementing Gaia-X’s standards and
technical requirements for sovereign data exchange. The
International Data Spaces Association (IDSA)[161] and Gaia-X
pursue complementary goals to promote secure and sovereign
data spaces in Europe, with IDSA focusing on creating a stan-
dardized framework for secure data exchange and Gaia-X on
strengthening transparency and trust in digital ecosystems.

In France, the DIADEM program,[162] led by CNRS and CEA,
aims to set up integrated platforms for material innovation.
It supports the introduction of innovative materials using AI,
focusing on developing sustainable high-performance materials
to strengthen French industry and economic growth, while sup-
porting demonstration projects and research initiatives with an
international focus.

6.2. Non-European and Global Initiatives

Beyond Europe, the National Institute for Materials Research
(NIMS) in Japan promotes the development and selection of
new materials through the MatNavi database,[163] which contains
extensive information on polymers, inorganic, and metallic
materials, and electronic structures, as well as tools for composite
material design and property prediction.

In the U.S., the Materials Genome Initiative (MGI),[164,165] a
federal government-wide initiative since 2011, fosters the rapid
and cost-effective discovery, development, and deployment of
new materials by creating a collaborative framework integrating
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advanced modeling techniques, computational tools, and experi-
mental data, embracing Semantic Web technologies prevalent in
materials science and engineering since MGI’s inception.

The research data alliance (RDA)[166] is building a global social
and technical bridge for the open use and reuse of data, support-
ing relevant groups such as the established RDA/CODATA
Materials Data, Infrastructure & Interoperability IG,[167] the
Harmonised terminologies and schemas for FAIR data in mate-
rials science and related domains, which is pending endorse-
ment,[168] and the related Materials Research Data Alliance
(MaRDA),[169] as cornerstones of international materials science
collaboration.

7. Integration Between the MaterialDigital
Initiative and Others

The MaterialDigital Initiative is pioneering the development and
establishment of materials data spaces that encompass entire
value chains. These data spaces exemplify and facilitate the joint
use, comparison, and transferability of data across different
domains, benefiting the community. This approach promotes
data-centric methodologies, including AI applications, and sup-
ports the creation of interoperable data spaces and knowledge
graphs for systematic access to materials data. Furthermore,
the MaterialDigital Initiative aims to remain compatible with
European infrastructures while adhering to FAIR principles
and ensuring data security, transparency, and sovereignty.

A key to the successful integration of the MaterialDigital
Initiative with others is adherence to and promotion of FAIR
principles in data management and tool development. Special
emphasis is placed on ensuring the reproducibility of materials
and processes data through comprehensive metadata acquisition
and representation (see Section 2.4). Semantic interoperability is
achieved through a shared, accepted, and compatible ontological
framework that incorporates standardized, industry-compatible
TLOs (see Section 4.1.2) and utilizes uniformmetadata standards
(see Section 4.1.3). Materials science data prepared for integra-
tion into European infrastructures must be appropriately format-
ted, employing widely accepted and generic metadata
vocabularies for dataset descriptions, and must fully capture
the specificity of the data space and its generated data structure
using the ontological framework, which is extended by AO.

To realize this, ongoing efforts within MaterialDigital and
NFDI-MatWerk to develop a compatible ontological framework
will be sustained and strengthened. Adopting the Basic
Formal Ontology (BFO) marks a strategic move towards an
industry-accepted and cross-domain description of materials
and processes data (see Section 4.3.3). Additionally, active partic-
ipation in the newly established materials science working group
of the Industrial Ontologies Foundry[170] aims to solidify the
Initiative’s presence there. Existing contacts with the
European Materials Modelling Council,[171] which supports the
integration of material modeling and digitalization to make prod-
uct development more flexible and sustainable, and with
OntoCommons,[172] a project to standardize the documentation
of data in all areas related to materials and manufacturing, are
also maintained.

The continuous development of the community-driven
Ontology Playground is crucial for fostering mutual understand-
ing and encouraging participation. The implementation of auto-
mated mechanisms for publishing TBoxes on MaterialDigital’s
Git Platform, along with the use of terminology services[173]

and ontology repositories,[174] will aid in harmonizing the cura-
tion of TBoxes and vocabularies. Efforts to align with European
infrastructure initiatives like GAIA-X and EOSC include adopt-
ing globally accepted metadata standards and vocabularies for
describing datasets (see Section 4.1.3).

To increase adoption and raise awareness within the interna-
tional community, the MaterialDigital Initiative will continue to
develop, make available, and present both understandable and
customizable demonstrators at international conferences and
in journals (see Sections 3.2 and 3.3, respectively). Organizing
a symposium on Digital Materials: Experiments, Simulation
Workflows, Ontologies and Interoperability at EUROMAT
2023, in collaboration with FEMS,[175] a nonprofit federation
of European material societies across 22 countries, contributed
to this effort and provided a forum for scientific exchange and
acceptance.

The development of ELN templates, as already used in dem-
onstrators (see Section 3.4), enables practical implementation in
everyday laboratory work. This simplifies the application of tech-
nical solutions using an ontological framework, which enables
the transformation of own data into interoperable RDF datasets.

Overall, this strategic direction aims to promote the sustain-
able integration of the MaterialDigital Initiative with other initia-
tives, thereby improving how materials science and related fields
work and operate.

8. Conclusion

In conclusion, the digitalization of materials science and engi-
neering mainly advances through the dedicated efforts of its sub-
domains and the creation of their specific digital data spaces.
Nevertheless, there is an increased need for overarching, more
standardized structures to ensure synergies and interoperability,
as well as sustainable and international progress beyond domain
boundaries. A cornerstone of the MaterialDigital Initiative is the
continuous, collaborative interaction and exchange on semantic
interoperability in the Ontology Playground, which significantly
promotes a common understanding and consequently a shared
vision of an interoperable, densely interconnected data
landscape.

The ontological framework, which is essential for the func-
tioning of a shared knowledge graph and the access to broad data
across different scales, is informed, extended, and enhanced by
AO developed for specific subdomain data spaces. The insights
from the MaterialDigital Initiative and its prototype construction
of a shared knowledge graph have demonstrated the necessity of
integrating the BFO as a standardized and industry-compatible
top level. The PMDco will use the BFO in its new version to
ensure crossdomain interoperability within materials science
and engineering. In doing so, the development of AO will be
more harmonized through ontological design shapes and pat-
terns, while stricter software constraints and shorter feedback
mechanisms will enhance solutions and minimize integration
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efforts. The ontological framework created in this way will enable
the uniform and consensual semantic description of materials
and processes data. At the same time, data catalogs and their
generic, standardized vocabulary, which likewise constitute the
ontological framework, will make it possible to identify and spec-
ify dataset resources in accordance with other infrastructure
initiatives.

The ontology-based approach has the potential to interconnect
data from a wide variety of sources in a standardized way and to
flexibly correlate them to fundamentally support data-driven
approaches by optimizing data management and significantly
transform materials research and development.

In the long run, digitalization in materials science and engi-
neering may only succeed if solutions being developed are
accepted by the community and consequently integrated into
daily laboratory and research routines. Key to this success is
the development and availability of innovative, collaborative tools
and interfaces for data integration, featuring user-friendly GUIs
and solutions that provide tangible benefits for users. Success
will also depend on whether the newly skilled personnel and
the technical expertise they have acquired can be consolidated
so that the coming demands of digitalization can be met.

In this respect, the application of the approaches developed in
MaterialDigital across other international initiatives—each
addressing specific scenarios for the integration of heteroge-
neous data into a common framework—can be significantly
strengthened through comparative analysis. By coordinating
efforts, sharing knowledge, and adopting recognized digital
standards alongside increased commitment to the FAIR princi-
ples, these initiatives can collaboratively advance digitalization in
materials science and engineering, leading to more sustainable
and innovative use of materials on a large scale. While promis-
ing, this transformation still offers considerable room for
improvement and further exploration, particularly through
detailed evaluation and ongoing refinement.
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