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Climate Change and Materials Criticality challenges are driving urgent responses from global governments. These global
responses drive policy to achieve sustainable, resilient, clean solutions with Advanced Materials (AdMats) for industrial
supply chains and economic prosperity. The research landscape comprising industry, academe, and government identi-
fied a critical path to accelerate the Green Transition far beyond slow conventional research through Digital Technologies
that harness Artificial Intelligence, Smart Automation and High Performance Computing through Materials Acceleration
Platforms, MAPs. In this perspective, following the short paper, a broad overview about the challenges addressed, ex-
isting projects and building blocks of MAPs will be provided while concluding with a review of the remaining gaps and
measures to overcome them.
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1. Motivation and Background

1.1. A Global Challenge

Globally, governments have embraced an indisputable fact: so-
ciety will face significant impact from climate change and our
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growing demand for natural resources. This will inevitably call
for new policies and technologies to improve quality of life and
mitigate negative impacts globally and locally.[1] In the broadest
sense, governments are addressing these challenges through key
initiatives under the United Nations, specifically the UN Frame-
work Convention on Climate Change[2] and the 2030 Strategic
Agenda for Sustainable Development[3] with its 17 sustainable
development goals[4] (SDGs).

Meanwhile, global energy consumption continues to rise, and
recent gas shortages in Europe have led to an increase in coal us-
age in 2022 (IEA press release[5]). This highlights the urgent need
to address SDG 7 (clean and affordable energy) by developing
sustainable and abundant materials for energy generation and
storage. This will not only help combat the enhanced greenhouse
effect and the strong climate changes (SDG 13) but also affects
drinking water safety (as highlighted by the IPCC report[6]) and
support efforts to achieve SDG 6 (clean water and sanitation). In a
broader perspective, it is necessary that we learn how to more effi-
ciently produce, recycle and reuse materials to make the best use
of our limited resources on earth. This requires concerted efforts
and partnerships across government, industry, and academia to
drive innovation, and ensure sustainable development for the fu-
ture generations.

These global actions drive regional and national government
policy in both developed and developing nations that must fo-
cus on clean and green, as well as sustainability and resilience.
These policies co-exist in a framework of an industrial complex
and its associated economic prosperity leading to societal chal-
lenges such as sustainable land use, efficient mobility and liv-
able cities.

1.2. Importance of Advanced Materials

It is known that climate change impact mitigation strategies, en-
ergy resilience and economic prosperity hinge significantly on
Advanced Materials (AdMats). With 20% of the industrial base
and 70% of technical innovations relying on AdMats,[7] close at-
tention to materials supply chains and accelerated materials dis-
covery and development is needed. Further, as the percentage
of the cost of materials technologies, particularly renewables, in
new devices and systems increases, intense efforts are needed to
find a lower cost, less toxic, environmentally friendly and more
earth-abundant AdMat solutions. AdMats, alongside the press-
ing demand for accelerated advancements in discovery, develop-
ment, and commercialization of novel processes, devices, and
systems, are intricately intertwined with the environmental, en-
ergy, and resource imperatives set forth by governments world-
wide.

Aligned with the industrial landscape, they aim to foster sus-
tainable practices, facilit ating the judicious utilization of raw ma-
terials, ensuring a resilient energy infrastructure, fostering the
development of eco-friendly chemical materials, and enhancing
healthcare solutions for all. Their importance is not based solely
on the value added by the industries directly involved in materials
production, but rather on their significance as a cross-sectional
technology. Materials research can have a significant and de-
cisive impact on raw material sovereignty if we accelerate the
development and scaling up of technologies that require fewer
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Figure 1. Nine innovation markets identified by the Materials 2030 Manifesto for which the development of advanced materials is critical. Reproduced
with permission.[13] Copyright 2022, AMI2030.

(elimination) critical raw materials (CRMs) or those that already
exist on territory (replacement). New materials are also needed
for new device design for a circular economy and life cycle man-
agement that minimizes CRM usage (e.g., longer product life
span, reuse, remanufacture, dematerialization, from products to
services). Material research can also support the extraction of
CRMs from old excavation ore materials or mine waste using,
for example, floatation methods with more specific chemicals.

European Strategy: In Europe, the Green Deal Industrial
Plan,[8] supports the transition to climate neutrality by enhanc-
ing the competitiveness of Europe’s net-zero industry. Bolstered
by the Digital Transition[9], the Green Deal played a major role
in setting the 2020 Industrial Strategy.[10–12] This strategy is built
upon the strength of a single EU market as its most important as-
set that offers resilience through certainty, scale and global access
for European companies.

The Materials 2030 Manifesto: Most recently, the critical un-
derpinning of advanced materials on a green transformation, and
economic security and prosperity was articulated in the Advanced
Materials 2030 Manifesto.[13] It calls upon systemic collaboration
horizontally across sectors and vertically within the sector sup-
ply chains. The systemic collaborative approach will offer faster,
scalable and efficient responses to advanced materials challenges
to create opportunities for the European society. The Manifesto
identified nine innovation markets (see Figure 1) and example
applications critical within the European context. The need and
actions necessary to achieve such a systemic approach under the
Manifesto were elaborated in the Materials 2030 Roadmap,[14]

and established a draft set of actions needed for the realization

of the Materials 2030 initiative.[15] A crucial factor in this initia-
tive is that it is founded on a public-private partnership model
where a competitive advanced materials sector could lead globally
by identifying 1) low-hanging fruit; 2) long-term game changers
accelerated by efficient materials research (technology push); and
3) the requirements of the markets for new solutions or products
(market pull). This is where the convergence of digital technolo-
gies, advanced computation, and automated experimental syn-
thesis and characterization moves high-throughput experimenta-
tion, processing and analytics to a new level - one seeking to span
the materials value chain and accelerate the discovery, develop-
ment and commercialization of new advanced materials, devices
and systems. The degree and nature of acceleration will vary but
recent examples (see Section 2.3) have confirmed that advanced
materials development cycles could be reduced from tens of years
to years, with a commensurate reduction in the development cy-
cle costs. These will be explored further in this article.

1.3. The History of Accelerated Advanced Materials Research

High-Throughput History: First, AdMats screening using
high-throughput theoretical and computational predictive ap-
proaches is an effective initial step in the acceleration of the R&D
process.[16] There is in fact a rich history in acceleration of re-
search through accessible high-throughput research strategies
pioneered in Germany in the 1950s.[17] With the push for automa-
tion at the turn of the century in Asia and the USA, pioneers
deployed automation through the paradigm of combinatorial
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materials science to accelerate research. The realization by the
USA government that AdMats play a critical role in global com-
petitiveness then led to the USA’s Materials Genome Initiative
in the early 2010s.[18,19] The idea of inverse design within this
initiative was driven through theoretical predictions that identify
attractive candidate materials for experimental validation.

High-Throughput state of the Art: Next, automated, combina-
torial and/or high-throughput experiments aim at rapidly and
systematically screening large library of materials. While au-
tomatic synthesis of organic molecules has become a stan-
dard in pharmaceutical R&D and synthetic and industrial
chemistry,[20,21] accelerating experimental exploration of AdMats
in other fields such as inorganic battery materials remain chal-
lenging because of the complexity of automating some of the
synthetic routes employed for the preparation of these materials.
However, by building on high-throughput experimentation, au-
tomated systems can significantly reduce the quantity, and there-
fore the cost of pricy input materials and improve statistical sig-
nificance, allowing for a larger number of highly efficient exper-
iments under comparable budgets. As a result, the costs asso-
ciated with materials discovery and development can be signifi-
cantly reduced, paving the way for transformative breakthroughs
in various fields of research.

Combination of High-Throughput with AI: Further, the gen-
eralization and systematization of digitalization as well as the
recent and rapid advances in Artificial Intelligence (AI) offer a
unique opportunity to transform the R&D culture and acceler-
ate the development of AdMats. AI has already demonstrated
its ability to speed up individual research tasks, such as plan-
ning experimental campaigns in a high-dimensional materi-
als development workspace, processing large amounts of data
(Big Data); and accelerating simulation and modeling methods.
However, AI research can go beyond these tasks to include the
rigorous organization and standardization of R&D data, such
as creating ontologies and enabling semantic querying to in-
terlink data repositories with data production and processing
pipelines. Overall, AI can significantly enhance the AdMats de-
velopment process by enabling more efficient and effective R&D
practices.

From High-Throughput and AI to MAPs: By gathering and
articulating high-throughput computational and experimental
approaches together with digitalization and AI, so-called Mate-
rial Acceleration Platforms (MAPs) represent a disruptive, cross-
sectional technology across materials science disciplines that will
enable faster and more cost-effective R&D as outlined in the pre-
sented paper. Given the significant dependence of society on ad-
vanced materials, and the revolution occurring in AI methods
and advanced automation technologies, there is no surprise that
MAPs will play a major role in what Mario Molina, Nobel Laure-
ate, considers the “second revolution in science.”[22]

2. About MAPs

2.1. The Idea of a MAP

The concept of a MAP is to use methods of automation and
digitalization in material research to accelerate innovation (c.f.
Figure 2) by orders of magnitudes in order to tackle specific
present and future challenges of mankind.

Figure 2. Automation in production and research. Automation in produc-
tion has accelerated the manufacturing of goods and resulted in a massive
increase in materialistic wealth. Conventional materials research is domi-
nated by human-centric processes. High-throughput methods and AI data
analytics accelerate parts of the scientific workflow but leave scientists in-
tuition as the origin of materials discovery and further bottlenecks in the
workflow where manual experimentation is still needed. The synergistic
combination of both key elements results in the idea of a MAP which aims
to accelerate the entire research cycle to yield advanced materials for solv-
ing problems and tackling challenges of society.

MAPs[22] provide a general framework to jointly work on faster,
more efficient development and production of new advanced ma-
terials for specific applications and targets, with energy mate-
rials being a focal area of acceleration today.[23] MAPs are col-
laborative infrastructures integrating automation and digitaliza-
tion to accelerate the innovation and development of AdMats.
They complement and enhance the productivity of a research
team by replacing labor-intensive experimentation and process-
ing with automated high-throughput laboratory techniques and
AI-supported data analysis, simulation/modeling and experi-
mental planning. This closes the optimization loops and allows
scientists to focus on rapidly accessed, high-fidelity data. Fur-
ther, with the world population rapidly aging, MAPs can also
help increase productivity to counterbalance the shrinking ac-
tive research workforce. Thus, they will enable more rapid adap-
tation to ongoing changes in the environment, geopolitical is-
sues, and regulation, and in particular they will help the devel-
opment of new materials using, and reusing, locally abundant
resources.

The MAP concept (c.f. Figure 3) follows the vision of a human-
supervised, self-learning autonomous lab which automates the
production and evaluation (synthesis and characterization) of a
material or a device in an environment supported by AI-informed
experimental planning and data processing, computation and
simulation that can also be accelerated by AI, and is built on
a framework of mechatronics to handle materials processing
and analysis.

This enables MAPs to provide the following capabilities:

1. MAPs automate mundane and repetitive tasks, allowing re-
searchers to focus on the underlying scientific questions.

Adv. Mater. 2024, 2407791 2407791 (4 of 26) © 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH

 15214095, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202407791 by K
arlsruher Institut F., W

iley O
nline L

ibrary on [18/09/2024]. 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.advmat.de


www.advancedsciencenews.com www.advmat.de

Figure 3. The MAP concept, integrating automated synthesis, manu-
facturing, and characterization with high-performance computing and
AI/Machine Learning. Reproduced with permission. Copyright 2024, Mark
Kozdras.

2. MAPs are end-to-end workflows that supersede manual and
stepwise approaches.

3. MAPs can target (not optimize in a narrow range) materials
and devices in a much larger experimental space that has yet
to be imagined.

4. MAPs solve multi-dimensional and multi-level problems that
conventional methods cannot handle.

5. MAPs are predestined for inverse design and thus, ideal tools
for application-oriented material development.

6. MAPs can be used in a shared way by individuals, educators,
trainers, and organizations to streamline their learning and
development initiatives.

2.2. Why Will it Be Superior?

Closed Loop: Through the use of advanced computational ap-
proaches guiding experiments for new materials and devices,
which in turn provide feedback in a continuous improvement
loop, MAPs target the whole addressable parameter space.[24] For
instance, a battery MAP simultaneously optimizes the materials
(electrodes, electrolytes) and the whole battery itself, on a set of
defined properties for the end use (e.g., charging and discharge
times under a set of conditions, capacity and safety amongst oth-
ers).

FAIR: MAPs will revolutionize data-driven experimentation
producing complete, fully documented, meta-data rich and struc-
tured data sets. They are FAIR by design as they will include suffi-
cient information about the process or material they encompass.
FAIR is an acronym for Findability, Accessibility, Interoperability,
and Reuse and refers to the guiding principles for scientific data
management and stewardship.[25,26] The FAIR data principles fo-
cus on machine-readable and processable metadata on scientific

data to enable the use of computational tools to support humans
processing data with increasing volume, complexity, and creation
speed. Findable implies that data should be easy to find for hu-
mans and computers, which requires a dataset to have a glob-
ally unique identifier and to be described by rich metadata, that
allows to filter and distinguish datasets. Accessible means that
(meta)data are retrievable by their identifier from a publicly acces-
sible source, with optional authentication and authorization, over
a standardized communication protocol. FAIR (meta)data need
to use a formal, accessible, shared and broadly applicable lan-
guage for knowledge representations. It is thereby Interoperable.
The reuse of data is the ultimate goal of FAIR. This last princi-
ple requires the scope and limitations of the data to be described,
which is achieved by including all information needed to repro-
duce, reevaluate and repurpose (meta)data in a particular context.
In the first instance, MAPs will satisfy the internal integrity of
the digital process/material and in the second they will provide a
sufficient level of autogenerated description - metadata, seman-
tics and ontology to comply with minimum FAIR standards (e.g.,
OntoCommons,[27] DOME 4.0,[28,29] FAIR4RS[30]).

Holistic: MAPs provide a holistic approach to developing and
producing new materials for optimum impact. They can acceler-
ate materials development across a myriad of industrial sectors,
including chemicals, electronics, pharmaceuticals, and energy.
MAPs go beyond a single material, optimizing the whole device
for the intended application. MAPs provide a means to simulta-
neously develop and test materials and processes all the way to
devices and systems.

Collaborative and Cross-Domain: MAPs enable unprece-
dented connectivity of material data across multiple industry
sectors, leveraging AI-driven transfer learning from energy to
pharmaceuticals and biomaterials. In addition, designed to facil-
itate extensive collaboration, both virtually and physically, MAPs
empower researchers and stakeholders alike. Overall, this will
foster new collaborative approaches exploiting synergies previ-
ously undiscovered, while advocating for “Safe and Sustainable
by Design” approaches. By engaging basic researchers, transla-
tors from different disciplines, and industry RD&I, MAPs seam-
lessly traverse Technology-Readiness Level scales, mitigating the
“valley of death” and bridge knowledge gaps between industries.

Decentralized and Modular: MAPs can be implemented in
one location, or they can integrate decentralized pieces of equip-
ment in different geographic locations through a centralized data
repository, experimental analysis and orchestration. They can be
remotely controlled providing access for researchers from all over
the globe that can utilize the data and submit experimental de-
signs and questions. As such they make it possible to utilize intel-
lectual capacities in countries where experimental infrastructure
may not meet high standards, offering “experiments as a service”
to researchers in these regions.

2.3. Research Projects and Initiatives

There is already consensus about the opportunities. While the
broad application of MAPs is still outstanding there are already
a number of platforms that are beyond the concept phase and
demonstrate the potential of these approaches. There has been
a growing number of programs and initiatives seek to accelerate
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Figure 4. One of the robotic platforms (located at Fraunhofer ISC) developed in BIG-MAP utilizing a pluggable module system where each module is
dedicated to a specific task like dosing, mixing, heating, evaporation and phase separation. A six-axis robot in the center of the platform integrates the
modules and handles the material and container transport between them. (Reproduced with permission. Copyright 2024, Fraunhofer ISC.).

materials development and technology transition through auto-
mated closed-loop discovery systems that blend robotic platforms
together with high-throughput screening (HTS), all orchestrated
by AI-based data analytics and computing.[31,32] They have been
deployed in areas such as peptide synthesis,[33] the pharma-
ceutical industry,[34,35] and the development of high-efficiency
solar cells.[36] More recently, semi- and fully automated plat-
forms have started to target chemical synthesis and fuel pro-
duction (from atmospheric feedstocks).[37,38] Furthermore, there
are several projects preparing the background infrastructure
that will be necessary to exploit the full potential of these plat-
forms and their output for the broader research community and
society:

BIG-MAP[39]: The Battery Interface Genome - Materials Ac-
celeration Platform (BIG-MAP) project is part of the large-scale
and long-term European research initiative BATTERY 2030+.[40]

It proposes a radical paradigm shift in battery innovation, which
will lead to a dramatic speed-up in the battery discovery and in-
novation time; reaching a 5–10-fold increase relative to the cur-
rent rate of discovery within the next 5–10 years. BIG-MAP re-
lies on the development of a unique R&D infrastructure and ac-
celerated methodology that unites and integrates insights from
leading experts, competencies and data across the entire battery
(discovery) value chain with AI,[41] High Performance Comput-
ing (HPC), large-scale and high-throughput characterization, and
autonomous synthesis robotics.

In short, BIG-MAP aims to reinvent the way we invent bat-
teries and to develop core modules and Key Demonstrators of
a MAP specifically designed for accelerated discovery of battery
materials and interfaces.

MAPs@Fraunhofer ISC: In addition to research on battery
materials (see BIG-MAP), the Fraunhofer Institute for Silicate
Research (ISC) is also active in many other fields such as glass,
ceramics, polymers, particles and biomaterials, where it is in-
creasingly adopting the MAP concept (c.f. Figure 4).[42] Partic-
ularly in the field of biological tissues engineering,[43] signifi-
cant increases in quality and throughput have been achieved
through laboratory automation (c.f. Figure 5) while human effort

for nanoparticle synthesis could be reduced by ≈44 %.[44] Overall,
the focus at Fraunhofer ISC lies strongly on modular concepts,
both in hardware and software, so that individual modules can be
easily transferred between the different specialized departments.

VIPERLAB[45] and AutoPeroSol[46,47]: The EU-funded project
VIPERLAB is offering access to a distributed virtual laboratory
for Perovskite solar cells. While VIPERLAB is not a MAP, it has a
strong focus on data curation and databases for perovskite solar
cell data that will create an important data repository that future
MAPs can utilize. The AutoPeroSol project funded by the Ger-
man Helmholtz Association has a similar focus on data sharing
between Helmholtz Centers. A strong collaboration between the
projects has evolved targeting a comprehensive ontology for per-
ovskite solar cells which could form an important basis of seman-
tic learning for MAPs.

Figure 5. Robotic cell for tissue engineering utilizing a two-arm robot and
conventional lab equipment. (Reproduced under the terms of the CC-BY
license.[43] Copyright 2021, Haeusner et al.).
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Figure 6. Line1 is a functional MAP for the development of organic solar cells at the Helmholtz Institute Erlangen–Nuremberg. Reproduced with per-
mission. Copyright 2023, HI ERN/Kurt Fuchs.

AMANDA/Line1[48]: One of the most complex and advanced
MAPs currently operating. AMANDA is the orchestration and
data management interface that is able to manage multiple MAPs
at the same time. Line1 is an automated processing line for
the manufacturing and characterization of full organic solar
cells (c.f. Figure 6). Line1 is capable of formulating inks, de-
positing thin functional films, characterization of films (imag-
ing + spectral characterization), evaporating electrodes, perform-
ing jV-characterization under illumination, and light aging of
full organic photovoltaic (OPV) devices to determine stability.
AMANDA integrates Bayesian Optimization and Gaussian Pro-
cess regression to perform fast optimization of devices (c. f.
Figure 7). AMANDA and Line1 were built with funding by the
DFG and the project ELF-PV by the state of Bavaria in coop-
eration between the Friedrich–Alexander–University Erlangen–
Nuremberg and the Helmholtz Institute Erlangen–Nuremberg
for Renewable energies (HI ERN). Over time, AMANDA has,
with reference to edisonian high-throughput experimentation,

achieved an acceleration starting at 30-fold[49] reaching recently
over 100-fold.[50,51] Among others this has led to the identification
of ultrastable perovskite compositions in the multi-dimensional
parameter space.[52]

MAPz@BAM: Federal Institute for Materials Research and
Testing (BAM) started the module development for MAPs in
2020 for three application areas: Nano and advanced materials,
structural materials for green energy transition and sustainable
construction materials (c.f. Figure 8). In different MAPs along
these priority topics, the generated data is used for experiment
planning through sequential learning and artificial intelligence.
BAM MAPs follow a circular and multi-stage approach by in-
tegrating up-scaling, process development and stability through
proxy experiments and workflows. Through collaborations with
national initiatives MaterialDigital and MatWerk/FAIRMat, con-
cepts for data and metadata structures as well as data shar-
ing workflows are established. Different modules from different
branches of BAM are currently being merged in MAPz@BAM

Figure 7. Example of an autonomous optimization of a quaternary OPV-mixture performed on AMANDA/Line1. The Bayesian optimizer Phoenics was
used to optimize two objectives (initial efficiency and efficiency after aging test) in a 3D-process parameter space. Six samples were investigated in each
iteration, the optimum was found after nine iterations. (Reproduced with permission.[53] Copyright 2021, Tobias Osterrieder.).
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Figure 8. Nano and advanced materials and glass modules (built in cooperation with Fraunhofer ISC) of MAPz@BAM (Reproduced with permission.
Copyright 2024, BAM).

(MAP-Zentrum of BAM) that will be operational in the Sum-
mer of 2025 in the Adlershof Campus as a core facility for trans-
fer projects.

ION-SELF: A Spanish project initiated in 2019 for the devel-
opment of an autonomous experimental MAP, capable of making
effective predictions and self-driving high-throughput syntheses
and characterizations of battery materials.[54] This innovative au-
tonomous lab, which is continuously upgraded, has already per-
mitted to successfully explore new families of electrode materi-
als in collaboration with several European battery industrial part-
ners.

Synbio-MAP: An effort in Finland by VTT to develop a
biotechnology-based MAP linking synthetic biology to high
throughput screening and testing of materials and precursors to
physics-driven modeling and AI for structure and functionality
prediction and design.[55] The initial focal areas are protein-based
materials and bioplastic, especially polyesters.

AMDEE[56]: The AI-Driven Integrated and Automated Mate-
rials Design for Extreme Environments (AMDEE) project in the
United States linking robotic, high-throughput characterization,
a centralized automation control data hub, and streaming scien-
tific data focused on development of refractory multi-principal-
element alloys (RMPEAs), light alloys, and ceramics with dy-

namic and high-temperature properties needed for impact resis-
tance and hypersonic performance (c.f. Figure 9). AMDEE labo-
ratories utilize streaming, event-driven integration of data infras-
tructure integrates design, decision, and control loops for orches-
trated deployment of AI/ML decisions.

BasCat/FHI: The Fritz Haber Institute - UniCat BASF
JointLab[57] aims to develop accelerated or self-driving laborato-
ries for heterogeneous catalysis (often also referred to as digital
catalysis, c.f. Figure 10). In recent research[58] an active learning
loop was established, in which an adaptive design of the experi-
ment algorithm queried batches of experimental data. The cata-
lysts were synthesized and tested, and on the basis of the gained
performance data, a model for the explored design space was es-
tablished. The design space consisted of promoter species and
their concentrations to enhance a specific reaction (conversion
of propane to propylene). Within less than 100 catalysts thus cre-
ated and tested (requiring less than 3 months), a new promoter
combination was found that is competitive to the one presently
used by BASF in their commercial Oleflex process.

MARK@KIST: The Korea Institute of Science and Tech-
nology (KIST) launched the MARK (Materials Acceleration Re-
search K-lab) project in 2022. This initiative aims to accelerate the
discovery of nano-materials for electrochemical water-splitting

Figure 9. Left: UR10e robot hovering above the bi-directional conveyance system that delivers samples in the AMDEE project. Six such robots are
equipped with vacuum grippers to deliver samples to testing and characterization stations around the laboratory. Right: A smaller, UR3e robot within
the MAXIMA high-transmission XRD and XRF system receives samples from the conveyance-line robot to complete fully automated sample loading and
X-ray characterization. Reproduced with permission. Copyright 2024, David Elbert.
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Figure 10. Concept of accelerated catalysts laboratories at BasCat (left, reproduced with permission.[57] Copyright 2024, Frederik Rüther) and identified
promotor system (right, reproduced under the terms of the CC-BY 4.0 license.[58] Copyright 2024, Kunkel et al.).

catalysts and display quantum dots (see Figure 11). The project
emphasizes full lab automation, the development of AI models
for experimental planning, the creation of an operating system
(OS) for orchestration, data generation including negative mate-
rials data, and data mining from literature using natural language
processing. Recently, KIST emphasized the value of autonomous
laboratories, which offer twofold benefits of enhancing material
developmental efficiency and elucidating novel chemical knowl-
edge by analyzing the datasets accumulated form the operations
of AI robotic platforms.[59] Moreover, the OS for MAP will stream-
line the management of diverse experiments conducted by mul-
tiple users, thereby enhancing the scalability of MAP in materials
discovery.[60]

2.4. Academic and Industrial Research Frameworks

Besides focused research projects there are numerous research
frameworks with a broader view on digital materials research.
They aim to join efforts on common cross-domain requirements
and demand from industry (e.g., research infrastructure and
standards).

MaterialDigital: This platform is an initiative funded by the
German federal government to coordinate the activities of a pro-
gram to develop and demonstrate tools to enable the seamless
decentralized exchange of materials data between various stake-
holders based on a semantic data exchange.[61] Academic and in-
dustrial partners collaborate in the development of a platform for
decentralized data exchange that accommodates both the needs
of industry for data provenance, as well as the established FAIR
principles in academics. Besides data exchange, this also includes
the establishment of decentralized workflow environments for
data processing, modeling, and simulations.

FAIRmat: The FAIRmat project[62] aims to create a federated
FAIR data infrastructure for materials data with a central hub, the
FAIRmat Portal. FAIRmat aims to advance and develop metadata
schemas and ontologies and enables the efficient exchange of
FAIR research data, ensuring that the FAIRmat data infrastruc-
ture will advance basic science of condensed-matter and materi-
als physics by supporting active researchers, and also be of great
value for engineering. It tries to convince scientists to also share
data they consider useless for their present purpose-oriented re-
search, and reaches out within and beyond the community pro-
viding advice, training, and user support. FAIRmat is funded

Figure 11. Overview of the MARK project by KIST. The KIST team has recently developed an autonomous experimental platform system, featuring a
mobile robot and three fully automated modules: a batch-type nanoparticle synthesis module with UV–vis measurement, a washing process module,
and electrochemical half-cell testing module (RDE). (reproduced with permission. Copyright 2024, KIST).
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Figure 12. Digital services provided by Materials Data Platform (MDPF) in NIMS, Japan (reproduced with permission. Copyright 2024, NIMS).

under the scheme of the German National Research Data Ini-
tiative (NFDI).

DIADEM: In 2022, the French government has funded €

85M an 8-years project for accelerating materials discovery.[63]

The goal is to set a nation-wide hub of platforms including high-
throughput synthesis, shaping, and characterization of materials
and establishing strong links with a digital platform for materials
and processes design, databases, deep learning, and AI.

PSDI: In 2021 the UK government agency Engineering and
Physical Sciences Research Council (EPSRC) funded the Phys-
ical Sciences Data Infrastructure project (PSDI).[64] The aim of
PSDI is to enable researchers in the physical sciences to handle
data more easily by connecting the different data infrastructures
they use by improving finding, accessing and combining refer-
ence quality data from different commercial and open sources,
using AI to explore data and enabling sharing of data, software,
and models according to FAIR principles.

CAPeX: In 2023, five Danish foundations and the Ministry
of Higher Education and Science funded a 45M€ and 13-year
“Pioneer Center for Accelerating P2X Materials Discovery.”[65]

CAPeX is hosted at the Technical University of Denmark (DTU)
and Aalborg University and unites five Danish universities with
international consortia like the Acceleration Consortium at the
University of Toronto, the SUNCAT Center at Stanford Univer-
sity, and the European SUNERGY initiative at Utrecht Univer-
sity in a trans-disciplinary research center focused on accelerat-
ing the discovery of sustainable and scalable materials and elec-
trocatalysts for Power-to-X, through the development of an AI-
orchestrated Decentralized and AsynchroNous Materials Accel-
eration Platform (DANMAP).

NIMS-MPDF: The National Institute for Materials Science
(NIMS) Japan has established the Materials Data Platform
(MDPF) to provide digital services that accelerate materials re-
search and development. As illustrated in Figure 12, MDPF’s ser-
vices are comprised of materials data resources (Source), a ma-
terials model development environment (Dev), and a materials
model operation environment (Ops).[66]

The materials data resources include MatNavi, one of the
world’s largest materials databases. For example, AtomWork-

Adv., the inorganic materials database, contains 379 736 existing
inorganic crystal structures collected from academic papers along
with phase diagrams and properties (as of March 2024).[67,68]

PoLyInfo, a polymer database, includes data on 32 924 unique
polymers, detailing their repeated structures, monomers, and
properties (as of March 2024).[69,70] In addition to the databases
curated from academic papers, NIMS publishes databases de-
rived from standardized tests conducted by the institute over
many years, covering mechanical performances such as creep,
fatigue, and corrosion.[71–73] Other noteworthy databases include
the Diffusion Database (Kakusan),[74] the Computational Phase
Diagram Database (CPDDB),[75] and the Thermophysical Prop-
erty Database.[76] The Research Data Environment (RDE) is a sys-
tem developed to digitize all research workflows and capture the
research data produced. It was launched in January 2023.[77] By
using templates composed of Python codes for the automatic ex-
traction of measurement conditions from instrument data files
and customized forms for entering sample information, research
work data can be structured and recorded in a reusable format.
As of August 1, 2024, there are more than 1000 active templates,
3447 users, and 1 158 615 data files.

As for the Dev environment, a new AI platform called pinax
is under development and is expected to become operational by
the end of 2025. The Ops environment, known as MInt, is a sci-
entific workflow system capable of linking processing, structure,
property, and performance on a computer.[78–81] Numerous mod-
ules (or models), primarily focused on structural materials, have
already been registered and are being utilized by an industry-
academia consortium operated by NIMS. MInt is contributing to
solving the inverse problem of designing materials and processes
from performance.[82]

The MDPF, in collaboration with the Advanced Research In-
frastructure for Materials and Nanotechnology (ARIM) and the
Data Creation and Utilization Type Material Research and De-
velopment Project (DxMT), forms the core of the Materials DX
Platform initiatives funded by the Ministry of Education, Cul-
ture, Sports, Science and Technology (MEXT), Japan. Further-
more, the MDPF services are planned for use in various na-
tional projects.
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MGI: The U.S. Materials Genome Initiative (MGI), launched
in 2011, is a multi-agency effort aimed at accelerating the discov-
ery, development, and deployment of advanced materials. The
initiative seeks to transform the materials science field by inte-
grating computational tools, experimental methods, and digital
data management, thereby reducing the time and cost associated
with material innovation. By fostering collaboration between gov-
ernment, industry, and academia, MGI enables the rapid screen-
ing of material properties and the optimization of material per-
formance for various applications, including energy, transport,
and manufacturing. Key federal agencies involved include the
Department of Energy, the National Science Foundation, and the
National Institute of Standards and Technology (NIST).[19,83]

Acceleration Consortium: The Canadian Acceleration Consor-
tium is a initiative designed to speed up the discovery, develop-
ment, and commercialization of advanced materials in Canada.
Launched with a focus on using artificial intelligence (AI),
robotics, and high-throughput experimentation, the consortium
aims to bridge the gap between academic research and industrial
application. By fostering collaboration between universities, re-
search institutions, and industry partners, the Acceleration Con-
sortium supports the rapid prototyping and scaling of new mate-
rials, particularly in areas like clean energy, pharmaceuticals, and
advanced manufacturing.[84]

European Materials Modeling Council (EMMC) and European
Materials Characterization Council (EMCC): EMMC[85] was cre-
ated in 2014 and aims to combine materials modeling and dig-
italization to accelerate and maintain the development of novel
materials. They recommend improving communication and col-
laboration among stakeholders, identifying hurdles and provid-
ing solutions, facilitating integrated modeling and digitalization,
connecting academic research with industrial exploitation, sus-
taining material modeling digitalization in Europe, informing
industrial awareness, and supporting the software industry. An
important asset governed by the EMMC is the Elementary Mul-
tiperspective Material Ontology (EMMO)[86] building the foun-
dation of interoperable materials research. EMCC[87] was estab-
lished in 2016 with objectives including involving stakeholders in
developing characterization tools, identifying requirements, or-
ganizing R&I initiatives, creating a nano-characterization frame-
work, and linking nanometrology with industry. Both councils
play crucial roles in advancing materials science and technol-
ogy in Europe. Important results of the EMCC are efforts the
standardize characterization (CHADA) and model data (MODA)
initiatives.[88]

Energy Materials Industrial Research Initiative (EMIRI):
EMIRI[89] is an organization that focuses on accelerating the
development and deployment of advanced materials for clean
energy technologies. EMIRI brings together industry, research
institutes, and other stakeholders to collaborate on innovative so-
lutions for energy transition. Their primary goal is to support the
commercialization of energy materials by fostering research and
development, knowledge sharing, and market uptake. EMIRI
plays a vital role in advancing the transition toward a sustainable
and low-carbon energy system by promoting the use of advanced
materials in areas such as renewable energy, energy storage, and
energy efficiency. EMIRI provides strong support of the MAP
approach and regularly hosts workshops to bring the community
together.

Figure 13. Layers of a MAP: Core components Hardware, Software, and
Data in the center surrounded by a community driving the MAPs with
strong embedding the scientific domains, industry applications, and pub-
lic funding.

3. Building Blocks

Here we provide the technical context regarding the necessary
building blocks of MAPs to illustrate why they fall outside tra-
ditional funding and governance schemas and require an inter-
disciplinary, coordinated effort. As displayed in Figure 13, MAPs
are more than just technology—they are community-driven
ecosystems that combine multiple components in a working
system.

In essence, MAPs are a new concept or meta-method that
will fundamentally change how we conduct and record the pro-
cess of materials research and transformation. They are tran-
siting from traditional costly analog trial-and-error approaches
to more agile digital research powered by automation and AI-
enhanced decision-making. Being disruptive by nature, MAPs
do not exist in isolation. Instead, they reside in a research
community with democratized access to lab-of-the-future in-
frastructure and public bodies to govern FAIR and sustainable
science.

MAPs come in different shapes and forms such as locally and
fully integrated to run specific materials development programs,
distributed between different facilities or even highly decentral-
ized entities. The latter are cloud labs that provide democratized
access to MAPs and serve a broader academic and industrial com-
munity. Regardless of their specific implementation, the same
key components are always involved:

A MAP is an ecosystem that goes far beyond its technical com-
ponents. Those technical components can be divided into two
groups, hardware and software, while the third non-technical
component is the research community providing the MAP’s con-
text and area of impact.

The hardware components of a MAP provide a highly inte-
grated automation of laboratory experiments. A suitable setup is
designed and maintained by dedicated mechatronic teams. The
setup consists of synthesis equipment to produce materials and
devices, characterization equipment to analyze the experimental
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output, and robots to automate and accelerate sample handling
between the two. Peripheral components include safety and re-
source infrastructure.

The software components are the backbone of the MAP that
enables its operation by interfacing instrumentation, controls,
simulation and hardware, providing data storage and analytical
tools as well as orchestrating the components of the MAP. Im-
portant tasks of the software include the data management and
analyses (involving the development of new analytical tools for
automated high-throughput analyses), and then AI-driven exper-
imental planning, employing digital twins of R&D workflows
and experiments by multi-scale modeling (electronic, atomistic,
mesoscopic, continuum, and macro-scale modeling).[90]

Finally, the ecosystem of a MAP depends on a research com-
munity that nourishes and guides the MAP, provides feedback
and leverages the knowledge generated. To date, the feedback
alone is not enough to operate a MAP. Even more, the input pro-
vided by human creativity - which machines do not possess - is
indispensable and creates the area of impact for a MAP in the
first place.

3.1. Hardware

Materials synthesis and analysis require a wide range of often
highly specialized laboratory equipment, encompassing process-
ing tools like solid and liquid dispensers, mixers, coaters and
ovens, as well as characterization instruments such as microbal-
ances and thermocouples to sophisticated spectrometers. Hard-
ware requirements, particularly for synthesis, vary widely and can
be highly dependent on the scope of application, ranging from ad-
ditive manufacturing solutions for structural and functional ma-
terials to high-throughput bioreactors. This high level of special-
ization of the equipment has led to a fragmented market, char-
acterized by numerous small-scale specialized equipment man-
ufacturers. Even within a modestly sized MAP, integration of
equipment from a variety of manufacturers is necessary to ad-
dress the multifaceted processes inherent in typical materials sci-
ence challenges. A common problem when integrating these sys-
tems into a MAP is the fact that they are often designed as stan-
dalone pieces of equipment meant to be operated by humans, the
lack of comprehensive standards (unlike in industrial automa-
tion) and the frequent lack of documentation for digital inter-
faces that may exist. Consequently, the interconnection of this
equipment is commonly an initial obstacle in the establishment
of a MAP.

In MAPs, automated laboratories are typically constituted of
different modules or stations, each of them dedicated to a specific
task or subtask (e.g., materials synthesis, materials characteriza-
tions, materials handling and materials processing). The diver-
sity of synthesis routes, characterization techniques and materi-
als processing approaches represent a large variety of technical
solutions to be designed and implemented in MAPs. These tasks
can be carried out in high-throughput or inline manner, in se-
quence or in parallel, rather than in small batches in traditional
labs operated by humans. Though commercial solutions are
available for high-throughput lab experimentations, but can be
very specifically designed, with limited flexibility for customiza-
tions or upgrades as well as with limited options for a facile in-

tegration in a larger interconnected system such as a MAP. For
these reasons, MAPs often require custom design and in-house
built modules and stations, which enable greater flexibility in the
design, integration and possible future upgrades. Robots and au-
tomation are of particular importance as an integrative element
of a MAP in order to manipulate and transport samples and con-
sumables required to carry out the experiments. In particular,
multi-axis systems can flexibly transport materials and samples
between different stations/modules of the MAP or, conversely,
guide tools and measuring instruments over the materials. Un-
like humans, robots do not suffer from the monotonous repeti-
tive activity and perform it with constant high speed and preci-
sion. In addition to work ethics aspects, this also has a direct pos-
itive influence on the reproducibility and data quality of the re-
sults.

However, the use of robots may require substantial initial in-
vestments as well as specialized personnel for designing, main-
taining and integrating automated laboratories, as the automa-
tion of trivial manual motion sequences is often associated with
considerable complexity. Automation of laboratory hardware is
thus a main enabling technology for MAPs. In recent years the
cost of automation has decreased significantly and the range of
small- to midscale robots which are available for the integration
in a laboratory environment has increased significantly.

Nevertheless, automation in a laboratory environment is still
different from automation in an industrial production environ-
ment. In industry robots are made to repetitively perform a sin-
gle task over and over. They must be robust as the failure of a
robot can stop a production line. They also often need to oper-
ate under the control of a factory worker, which requires very
robust and easy-to-use human-machine interfaces. In industry,
there are often highly trained teams of software engineers per-
forming the system integration of industrial robots into large pro-
duction lines, utilizing large-scale virtual environments or digi-
tal twins.

In research laboratory environments, the requirements dif-
fer significantly. Robots intended for scientific applications must
be seamlessly integrable, user-friendly, and readily upgradable.
They should offer swift reconfigurability to adapt experiments
quickly and carry out complex designs of experiment. In these
environments, robots are often operated by highly trained scien-
tists and technicians, possessing some programming proficiency.
However, such profiles are not widespread, as programming re-
mains a rare inclusion in educational training programs for ma-
terials science and engineering. Consequently, these experts fre-
quently need to change setups and reconfigure systems to inte-
grate newly developed information. Indeed, MAPs evolve and im-
prove constantly as technology advances and learning in the par-
ticular area of application takes place. In addition, robotic equip-
ment in MAPs will need to be interfaced with highly specialized
analytical equipment performing measurements and generating
the data that needs to be integrated into an adaptive AI-driven op-
timization workflow. As such MAPs are expected to be constantly
evolving in order to perform the required tasks better and better
over time.

In MAPs, the integrated equipment platform provides an in-
terface of the software and data infrastructure in the background
to the physical system. Robots and automation must handle and
manipulate materials, samples, and consumables. Each of these
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tasks is usually very application-specific and, therefore, must be
reasonably easy to reconfigure. MAPs will also integrate stan-
dard lab equipment designed for scientific tasks like scales, spin-
coaters, or spectrometers. Their integration is often a particular
challenge and sometimes the robot in a MAP needs to precisely
mimic a human operator to execute a task like loading and un-
loading a piece of equipment.

Safety requirements in laboratories are also quite different
from industry. Robots in MAPs are usually smaller and do not
pose as much threat to the physical safety of the operator. There-
fore, truly collaborative robots are not necessarily a requirement,
although the collaborative feature may be of benefit for mak-
ing the robots more flexible in application. On the other hand,
other safety issues prevail in materials science laboratories. The
MAPs may handle hazardous substances, or materials that are
inherently sensitive to oxygen or water. As such the required
equipment will have to be designed to operate in protected at-
mospheres and in glove boxes. They may be exposed to vapors
from solvents, other chemicals, high temperatures, intense light,
or even radiation in operation. This poses new challenges, which
need to be kept in mind when selecting or developing such equip-
ment. But it should be remembered that this approach removes
the potential for human exposure to chemicals.

Many of these challenges faced by hardware in MAPs are
highly domain-specific. In addition to that, it is difficult to foresee
all the future requirements in highly dynamic research areas. To
overcome this problem, MAPs generally need to be flexible and
easy to use, offering remote-controlled interfaces and be easily re-
configurable, while remaining resilient to environmental factors.
Through well-documented interfaces and user-friendly libraries,
they should be programmable by scientists to further evolve in
their application. Additionally, they should support many pro-
tocols and interfaces to efficiently deliver data and receive com-
mands from the control software environment.

3.2. Communication Protocols and Interfaces

Interfaces connect the hardware components of a MAP to each
other and to the superordinate IT infrastructure. Protocols imple-
mented on top of the interfaces enable communication between
the hardware controllers and to the common software overlay to
control and reconfigure laboratory instruments while perform-
ing optimization loops.

To make this possible, peripheral devices and laboratory equip-
ment that can be remotely controlled are required. This is far
from being an established standard as of today. Many lab devices
come with proprietary interfaces which are particularly difficult
to automate and specialized software to control the device. These
interfaces are often undocumented or suppliers are unwilling to
provide the command sets required for automation. This will re-
main a challenge in coming years, however, providers with a flex-
ible approach may benefit considerably.

To successfully foster the development of MAPs scientific
equipment well documented APIs are needed. In general, Eth-
ernet should be used as the interface and IP-based protocols as
far as possible. This constellation is extremely widely adopted
and represents the basis for the Internet of Things (IoT) with its
flexibility, expandability, throughput and stability. Where robust-

ness/safety, real-time capability and industrial transfer is impor-
tant, industrial ethernet/field buses like EtherCAT and ProfiNET
should be used.

When integrating legacy systems, it may be necessary to wrap
outdated and proprietary protocols and interfaces into a stan-
dardized and self-describing version before integrating them into
modern systems. OPC-UA,[91] an upcoming industry standard,
is an excellent option for this purpose as it provides a semantic,
self-standardized communication protocol which is supported by
a growing number of device manufacturers.

For simple setups, OpenAPI[92] conform HTTP REST[93] pro-
tocols are another option. While not designed for secured high-
performance asynchronous communications like OPC-UA they
are very easy to learn and provide a low-barrier entry.

3.3. Software Infrastructure

Software infrastructure refers to the underlying technical sys-
tems that provide the development, deployment, and operation
of software applications. These include hardware systems, net-
work infrastructure, cloud platforms, databases, operating sys-
tems, development tools, and other components that form the
backbone of a software system. The goal of software infrastruc-
ture is to create a stable, secure and scalable environment for the
development and deployment of software.

Materials discovery programs are a rather complex interplay of
experimental design, digital experiments, lab experiments, and
insights from existing data. This complexity poses multiple tech-
nical design principles on the software architecture.

1. Compatibility: Support multiple hardware systems, network
infrastructure, cloud platforms, databases, operating systems,
development tools, and other components required to run
materials discovery programs.

2. Agility: Provide the flexibility to add, substitute or change in-
dividual components to address the fact that scientific work-
flows are constantly adjusted and differ from program to pro-
gram. Further, lab equipment, simulation, and AI technology
are continuously evolving. MAPs need to be able to adapt and
add functionality.

3. Accessibility: Provide multi-user access via web interfaces to set
up, run, and monitor materials discovery programs.

4. Security: Besides data and software hosting in secure on-
premises or cloud environments, security extends to safety
standards in running (automated) lab experiments.

5. Operational Stability: It is necessary to go beyond just open-
source software on GitHub and establish governing processes
to maintain the software, release regular updates, ensure qual-
ity standards, and invest in training and education.

The above-listed criteria are best met by microservice-based
architectures that offer modern approaches for workflow or-
chestration and automation of software infrastructures. Appli-
cations and software modules are encapsulated in containerized
services[94] as decomposable units to execute them independently
of each other. In this way, not only data but also complex soft-
ware configurations can be persisted, versioned and reproduced.
This enables programmers to develop systems independently yet
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ensure interoperability between the components via suitable Ap-
plication Programming Interfaces (APIs) like REST, defined data
schemas, and standards. The emergence of decoupled stream-
ing architectures provides a natural backbone for microservices
as well as seamless connection of data producers, consumers,
and processors. Streaming infrastructures provide decoupled au-
tomation of data curation, reduction, and analysis; real-time ex-
periment monitoring and control; and flexible deployment of
AI/ML to guide autonomous research.[95]

To process computing workloads, particularly those relying on
massive quantities of data, high-performance computing (HPC)
makes use of large-scale computing resources. Such clusters of-
fer a way to manage the demanding computational requirements
for technologies such as machine learning (ML), AI, and the In-
ternet of Things (IoT). Common HPC applications typically in-
volve simulation and emulation tasks for a wide range of engi-
neering and scientific challenges.

3.4. Software

R&D applications differ significantly in scope, such as the consid-
ered materials classes and intended functionality. This diversity
results in specific implementations and uses of application soft-
ware, distinguishing this layer from the backend software infras-
tructure. Nonetheless, the fundamental concept of a MAP stays
the same, regardless of whether the scientific research pertains
to next-generation battery materials, polymers, or flexible elec-
tronic devices. Nevertheless, the best combination of individual
components may vary depending on the particular application of
the MAP.

In general, on top of the software infrastructure, application
software modules of a MAP need to cover multiple aspects along
the life cycle or continuum of experimental data, ranging from
abstract modeling to result sharing (c.f. Figure 14). Along this cy-
cle, a larger community should be involved, at least through shar-
ing of (intermediate) results through a larger knowledge graph
built on the FAIR principles or even across the cycling through
distributed MAPs with shared infrastructure.

Application software modules can be implemented as fully
supported commercial packages, open-source algorithms for pre-
dicting material properties (such as physical, optical, electronic,
and mechanical), or customized implementations that cater to
the specific needs of a material discovery program. The latter
includes digital twins for application testing or project-specific
data analytics and should support the MAP philosophy to move
from a linear design-make-test approach to a closed feedback
loop with fast iteration cycles accelerated by AI and automation.
At the end of each cycle, the generated data trains the predic-
tive materials modeling modules allowing the AI to trigger a
more informed subsequent cycle. In this way, materials discovery
programs converge quickly towards the desired target property
profile.

Each cycle comprises several stages, starting with identifying
the necessary properties and defining the design space for the
material. This is followed by predictive materials modeling, plan-
ning, and executing experiments, capturing data, analyzing data,
and sharing knowledge. The key software components involved
in this process are:

Figure 14. Life Cycle of Experimental Data: Steps in the closed-loop mate-
rials discovery.

1. Planning and Optimization: In the R&D workflow, finding
the optimal design in a high dimensional design space is a
common challenge that occurs at multiple stages. This in-
cludes identifying the optimal material composition, process
parameters for synthesis and manufacturing, and or device
engineering. Human experimental planning is performed by
defining a simple matrix of experiments intended to scan the
parameter space. The experiments are executed according to
the plan and the limited results are often evaluated after all ex-
periments have been completed. The MAP concept replaces
the static and linear experiment planning by an iterative and
adaptive, AI-driven research process. The AI-driven research
planner starts with a few data points to create an initial crude
model. The model is used to propose the next generation of
experiments, which are used to improve the model. This pro-
cedure is iterated in order to explore the relevant regions of the
parameter space and to find an optimum. This iterative pro-
cess ensures that experimental resources are spent efficiently
and exploiting existing knowledge and data in the best way
possible. Algorithmic implementations rely on Bayesian opti-
mization, active learning, reinforcement learning, and related
methods. This technique methodically explores and exploits,
as appropriate, with fewer constraints than conventional ex-
perimental methods. A major responsibility lies in the hand
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of scientists, who need to closely monitor the progress of the
MAP to ensure that the model evolves in a physically sound
way.

2. Experimental Execution: Application software modules act as
an interface and driver between the planning and optimiza-
tion modules, the laboratory equipment and backend orches-
tration system to automate the execution of experiments and
results acquisition. This ensures proper data handling, data
quality, lab safety, and secure connections to the hosting cloud
or on-premises system within an Internet of Labs (IoL) con-
cept. However, the scientists need to oversee the experimental
execution with graphical user interface to prevent that the AI-
driven research planning is driving the search into directions
inaccessible for the experimental setup.

3. Predictive Material Modeling and Digital Twins: Lab experi-
ments may be complemented by digital experiments, which
are executed virtually/in silico. Physics-based simulations can
contribute additional information or act as virtual twins to
deliver properties with sufficient accuracy in less resource-
consuming ways. This can take place at multiple levels; for
example, on the molecular level (chemical, ab-initio), on sin-
gle parts (multi-physics), or for full systems (device model-
ing). Simulations and inverse-design approaches can be used
for virtual materials screening to identify the most promis-
ing candidates. Data-driven ML models can be trained with
physics-based simulation data to provide surrogate models for
faster exploration or to bridging all length scales, from micro-
scopic behavior to macroscopic impact on engineering. It is
important that scientists critically evaluate the prediction of
data-driven models to determine their accuracy, generalizabil-
ity, and thus application range. Therefore, models should be
built as self-contained containers with proper documentation
and associated runtime requirements. As for research data,
metadata standards based specific ontologies[96,97] should also
apply to those artefacts.

4. Documentation: Data management and documentation of ex-
perimental procedures are critical aspects in R&D labs. Elec-
tronic lab notebooks (ELNs) and lab informatics systems
(LIMS) are widely used by scientists to document their work.
However, the data acquisition and storage need to be stan-
dardized and put into an ontology to make it useful for an
AI-enabled MAP. The challenge is consistently handling both
the raw data together with the context and metadata, which is
critical for ML across all methods used and partners partici-
pating in the MAP. This is especially critical in an R&D en-
vironment where experimental setups constantly adapt to the
latest insights. Frameworks like OpenSemanticLab[98] repre-
sent first approaches for an integrated MAP ELN/LIMS pro-
viding a holistic perspective including both human and ma-
chine agents.

5. Data Analytics and Insights: Data analytics is not a post-
processing activity, as commonplace in conventional research
projects, but a central component of a MAP. Data gener-
ated in each generation must be analyzed and integrated into
the next generation of the model in a continuous manner to
progress the MAP-based research. Insight into the problem
can be gained both from the evolution of the experimentally
based model and from refined simulation models. Neverthe-
less, vivid statistical visualizations must be provided to the hu-

man operator to improve data understanding and to integrate
abstraction capabilities.

6. Data and Knowledge Sharing: Data, data sets and databases
are assets that may be used to answer various questions. The
data set from a MAP-based research project may act as the
starting point for another MAP addressing another research
question. This requires that databases and software modules
use standards for easy ingestion and queries of data reposito-
ries and ontologies. Besides the software, governance is nec-
essary to ensure data quality and support. Suitable technical
implementations include data lakes and data warehouses with
enterprise-level quality and intuitive access through graphi-
cal interfaces. Application-dependent modules for knowledge
sharing are tightly integrated within the orchestration sys-
tem of the backend software infrastructure. In general, MAPs
should create linked and semantically enriched data aligned
to common standards (JSON-LD[99]/RDF[100]) directly at the
source through documentation with general and domain-
specific ontologies that allow FAIR data exchange via Data
Spaces or Data Repositories without any further manual
steps.

7. Intuitive software through GUIs: Democratizing access to a
MAP requires guaranteeing that the R&D community can
readily interact with its software infrastructure. Thus, a
MAP must provide intuitive graphical user interfaces (GUIs)
that ensure the diverse range of skill sets of a multi-
disciplinary R&D community, which may lack in knowl-
edge in software development or scripting, are not a bur-
den to its safe and efficient use. Thereby, GUIs can be man-
aged and maintained as commercial packages or as free
and open-source software embedded in a community of
developers.

In recent years, significant progress has been made in ad-
vancing each individual software component, and breakthrough
technologies are expected to continue. For instance, neural net-
works offer enormous potential to speed up computationally in-
tensive materials simulation and enable more accurate simula-
tions of larger systems. Probabilistic ML and Bayesian Neural
Networks provide uncertainty estimates that allow researchers
to evaluate the trustworthiness of predictions, which is par-
ticularly important for exploring novel material ideas outside
of the training data. However, further research is needed to
make ML more reliable and interpretable and automate its in-
tegration within the research cycle, running in parallel with
physical experiments. Another important point is to gain more
understanding of which components, such as AI-driven opti-
mizer, experimental methods, and simulations, should be har-
moniously combined to create a MAP tailored to address specific
problems.

Due to safety and economic reasons, requirements of software
development for large-scale software products directly transfer
to MAPs. The code steering a multi-million-dollar machine and
evaluating the generated data needs to be of high quality, applying
strict coding standards, and employing automated testing before
roll-out to the physical system (“code in production” in terms of
software development) in a mode known as Continuous Integra-
tion/Continuous Delivery (CI/CD).
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3.5. Community

Only a strong and interdisciplinary community is able to build
and successfully use a MAP, and subsequently, MAPs offer a joint
platform for collaboration to solve social challenges.

While operating traditional labs in smaller and often single-
disciplinary teams has been a long-standing integral part of
chemistry and material science, MAPs represent a new concept
in academia and industrial research. Therefore, an interdisci-
plinary ecosystem that creates the necessary skill set and support-
ive environment to develop, maintain, and conduct research on
MAPs becomes mandatory. Such a community needs to rest on
the following pillars:

1. Governance: A community that provides all aspects to sus-
tainably operate MAPs, including establishing standards, in-
tegrating new modules, managing automated labs, and ensur-
ing quality control for closed and open-source hardware and
software (c.p. Free/Libre Open Source Software, FLOSS).

2. Training and Education: MAPs represent a fundamentally new
approach to R&D and are more than just a replacement for
traditional tools. As such, the research community needs to
get trained on how to adapt R&D programs to take advantage
of MAPs while also providing education for developers in the
MAP community to ensure the high quality, scalability, and
reusability of new software and automation modules.

3. Create Awareness: Dissemination of knowledge and success
stories is essential to generate awareness and momentum for
widespread technology adoption.

4. Technology Transfer: Establishing an ecosystem encompassing
startups and corporations is crucial for the smooth transition
of technology into the industrial sector for broader adoption.
This is when the Twin Digital & Green Transition will materi-
alize, leading to a significant economic and societal impact.

Such ecosystems are routed in an organizational structure that
coordinates the activities around each MAP. Depending on the
size and scope of the project, governing entities are established
at the project level, at the scientific level, or as part of international
government-led initiatives.

In recent years, communities in each category have been
formed (see also Section 2.4). For instance, BIG-MAP (Battery
Interface Genome – Materials Acceleration Platform) is part of
the Battery2030+ initiative, which includes various renowned ex-
perts and institutes, and maintains close connections with a di-
verse set of key industrial stakeholders in battery research and
production. Meanwhile, the French initiative DIADEM aims to
create synergies between material sciences and data sciences.
The UK initiative, PSDI (Physical Sciences Data Infrastructure),
focuses on integrating experiments and material simulation to
establish a data-centric framework for materials. The German-
Canadian Materials Acceleration Center (GC-MAC)[101] is a bina-
tional approach to aligning methodologies. The European Materi-
als Acceleration Center for Energy (EU-MACE)[102] aims to build
a community of MAPs across Europe. Complementing this, the
European Materials Informatics Network (EuMINe)[103] focuses
on method development and application in the area of materials
informatics. On the international level, the Materials for Energy
Innovation (M4E) initiative is arguably the most prominent com-

munity dedicated to providing education, shared infrastructure,
and strong networks around MAPs. This initiative is part of Mis-
sion Innovation (MI), a global effort to accelerate progress toward
the Paris Agreement goals and pathways to net zero.

To build on the early successes and encourage wider adoption,
we need to continue strengthening connections among stake-
holders from academia, industry, and the public sector. Ecosys-
tems that focus on professional training and serve as breeding
grounds for startups and technology pioneers are necessary. The
logical next step for MAPs is to bring the new concepts into in-
dustrial R&D operations and thus increase the velocity and agility
of materials innovation.

4. Impact

Current societal challenges (see also Section 1.1) imply an in-
creasing complexity of AdMats innovation, while at the same
time require drastically accelerating the R&D & innovation pro-
cess. New regulatory frameworks (including initiatives like the
Green Deal) could present a risk to industries ability to meet mar-
ket demands due to increased development time and costs. Tra-
ditional R&D approaches are often slow, expensive, and labor-
intensive. However, with the proliferation of computing re-
sources and advancements in data analytics, AI, and lab automa-
tion, we have the opportunity to revolutionize materials R&D.
MAPs are expected to considerably reduce resources needed
for materials development as compared to traditional R&D ap-
proaches by: 1) optimizing the number of experiments through
predictive screenings to identify the most promising materials, 2)
significantly reducing the materials resources needed for individ-
ual experimental trials, 3) automating repetitive and low-value-
added tasks to enhance experimental reproducibility and liberat-
ing researchers for more impactful work, and 4) accelerating the
overall process, directly reducing costs. Hence, MAPs will result
in managing and exploiting knowledge, data, and resources in a
more efficient way and a society that succeeds first in fully imple-
menting the vision of a MAP will be able to stand out clearly in
international competition.

With all the tools available to de-risk and accelerate disruptive
materials innovation, we propose the following threefold strate-
gic goals to be achieved with MAPs:

1. Synchronize material innovation and end-product development:
Today’s long cycle time for novel materials does not match the
cycle time of engineering. By accelerating materials discovery,
MAPs enable the industry to respond with greater agility to
the application requirements of multi-material devices.

2. Enable innovation that maximizes the use of existing assets: To-
day, early-stage discovery focuses primarily on getting mate-
rial properties right. Techno-economic and production con-
siderations are taken into account only at later stages. By fo-
cusing on manufacturability instead of just synthesizability,
MAPs will reduce the capex, time, and risk of commercializa-
tion of new materials and devices by enabling simultaneous
development and verification of novel process or manufactur-
ing methods.

3. Turn open innovation into societal impact: Today, material in-
novation is at the beginning of the value chain and too of-
ten remains isolated from relevant downstream stakeholders
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limiting its actual implementation in the real world. By serv-
ing as an ecosystem, MAPs will bring together technical, eco-
nomic, regulatory, social, and policy as a community to enable
the successful rollout of disruptive and sustainable innovation
in materials.

The aforementioned aspects have immediate implications for
governments and their strategies:

1. Reduced dependency on raw materials: Better utilization of
materials, e.g., by reducing the use of rare metals by 20%,
would have a significant impact on raw materials sourcing for
consumer electronics, electric vehicles, solar cells, etc.

2. Technology Sovereignty: Winning the race of artificial intelli-
gence and accelerated materials innovation is crucial to sus-
taining or expanding economic leadership positions.

3. The Twin Transition (EU Term for green and digital transi-
tion): Materials acceleration platforms are a blueprint for how
fast transitioning to AI, modern digital R&D process and ma-
terials innovation can fuel each other to reach NetZero, thus
synergistically combining digital transformation and sustain-
ability.

4.1. Technological Scope

Synthesis: High-throughput synthesis of materials requires a
small amount of matter at each processing step when screen-
ing complex compositional and structural phase spaces. Thin
films with in-plane composition or structural gradients are a way
to achieve this requirement. Micro or mili-fluidic tools are an-
other way to achieve the same goal for powders. Pixelized anneal-
ing/sintering of 2D or 3D materials may provide libraries of dif-
ferent structures starting from a monolithic bulk sample. Struc-
tural, morphological and functional characterization are then to
be involved for the accelerated processing loop to be efficient.

Catalysis: Catalysis is involved in the manufacturing of the
majority of our products.[104] By lowering the activation barrier, it
can produce new materials at lower energy costs and/or generate
less wasteful byproducts. MAPs can target better catalytic mate-
rials and processes, which will lower energy consumption and
can lead to better-performing materials. First impact on catalyst
discovery have already been demonstrated.[105]

Biotechnology: Synthetic biology provides the industry with
the ability to develop products and processes that are sustain-
able in terms of our use of natural resources. Integration of bi-
ology, digitalization and automation for the respective technolo-
gies to become mainstream and adoptable as an enabling field
of technology.[106] MAPs are expected to increase the speed and
efficiency of strain engineering 20-fold to speed up biotechnolog-
ical applications largely due to enabling high throughput while
minimizing trial-and-error. Current applications exist in chemi-
cals and pharmaceuticals, while the scope of applications essen-
tially covers the structural and functional field as a whole and is
rapidly expanding toward topics necessitating sustainable mate-
rials and solutions.

Bio-Sourced Polymers Hybrids and Composites: Molecular
chemistry is already using high-throughput platforms to produce
building blocks for polymers materials.[143,144] The next step us-
ing MAPs will be to achieve polymers of advanced functionalities

either intrinsically or through the inclusion of inorganic parti-
cles. Additive manufacturing is a route toward accurate control
of the microstructure in such composites. MAPS are of interest
for the acceleration of monomer discovery (including bio-sourced
ones) and for the full automatization of the processing of hybrids.
Designing process twins, manufacturing optimization and func-
tional testing all require AI-based tools. Such advanced polymers
can also be produced in view of easier recycling at end of life.

Health, Pharma and Bio-Medicine: Drug discovery and de-
velopment is thus a long, costly, and high-risk process with ex-
cessive failure rates (>90%), especially in the final stages. The
adoption of MAPs in the pharmaceutical industry can offer huge
productivity gains by completing the already well established
high-throughput approaches with AI-based data analytics and
experimental planning. MAPs result in higher throughput and
greater efficiency, while maintaining strict performance criteria,
enabling multisite and cross-department collaboration through
access to real-time data.

Energy Materials: The demand for sustainable energy produc-
tion and storage solutions is exponentially increasing. Energy has
been identified as a strategic sector by the EU.[107] Developing
novel, innovative solutions for sustainable energy production and
storage requires developing new materials. Facing the current
challenges requires that research and development of new en-
ergy materials should be drastically accelerated. Several regional,
national and international initiatives have been initiated to create
MAPs dedicated to the development of new materials for batter-
ies, photovoltaics, and more.

Photovoltaics: Photovoltaic technologies play a crucial role in
advancing renewable energy technologies and addressing cli-
mate change. Acceleration in this field is necessary to further
improve the efficiency and cost-effectiveness of solar panels, de-
velop new materials with enhanced properties, and optimize
the integration of photovoltaic devices. By applying MAPs ap-
proaches, especially multi-target optimizations like high effi-
ciency in combination with flexibility or absence of critical raw
materials, can be addressed.

Metamaterials: Metamaterials derive their properties from
their artificially designed structure rather than from their chem-
ical composition and naturally occurring atomistic structures.
Because of the large investigation space which comprises also
mesoscopic and macroscopic structuring in addition to chemical
and atomistic structure, it is necessary to accelerate the design
and fabrication of metamaterials through MAPs. MAPs can not
only speed-up the discovery but also open up new fields for the
use of metamaterials, where their properties change during op-
erational conditions. Possible applications are electrochemistry,
membranes, catalysis, and in addition more conventional use-
cases such as structural, acoustic and photonic materials.

High Entropy Alloys and Oxides: In some cases, like corro-
sion resistance or substitution of critical raw metals, high en-
tropy alloys resulting from the mixing of more than five in-
dividual metals are among the solutions. Screening the whole
phase diagram in such complex cases is out of reach using
the standard approach. Automatized thermodynamic modeling
(e.g., CALPHAD), robotized casting, additive manufacturing and
high-throughput structural and functional probing are then used.
This is to be extended to non-metallic inorganic materials in
which more than four chemical elements are mixed over the full
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compositional space. MAPs would be a way to bridge the gap
between different material classes opening the way to advanced
functionalities (electromechanical, optoelectronic, multiferroic,
etc.)

Materials for Additive Manufacturing and the Relation to Digital
Twins: Additive manufacturing largely emerged in the process-
ing of powder metal parts with geometries impossible to fabricate
by conventional manufacturing methods. It is now extending to
diverse materials classes: inorganic glasses, polymers, hybrids
made of inorganic inclusions in a polymer matrix. Novel mate-
rials require additional control of thermodynamical and thermo-
chemical parameters. Such additional parameters have to be in-
cluded in the digital twins of the targeted materials and of the
manufacturing processes. Microstructure modeling, in situ mon-
itoring of the processing parameters and post-processing func-
tional checks will produce a very large amount of data, the han-
dling of which will require MAPs tools. Beyond the real space
control of the 3D architectures, additive manufacturing can add
a fourth dimension which is the well anticipated reaction to a
given stress (mechanical, electrical, magnetic, optical). Scanning
such 4D spaces makes the use of MAPs even more relevant.

Per- and Polyfluoroalkyl Substances (PFAS): Due to health and
environmental implications, the use of per- and polyfluoroalkyl
substances (PFAS) in various industry sectors like aerospace, au-
tomotive and consumer products is subject to regulations that
aim to limit or prohibit its use. This confronts affected companies
with the challenge of quickly finding alternatives for the compre-
hensive property profile (thermal and chemical resistance, lubric-
ity and processability) of PFAS. Of particular significance is the
relevance to the battery and H2/CO2 electrolyzers using PFAS
membranes as well as consumer goods such as cooking utensils.
MAPs can provide decisive support here by optimizing suitable
replacement candidates in the relevant property profiles and test-
ing of results directly at the device level.

Recycling Processes (Polymers, Precious Metals): In order to
promote a circular economy where materials are efficiently
reused, thereby reducing the reliance on virgin resources and
minimizing waste generation, MAPs can support a process for
both maximizing recycled material use while keeping the re-
quired product properties. MAPs can further target the recycling
(detection, sorting, extraction, and refining) process itself to toler-
ate a broader input material stream and to provide higher grades
on the output side.

4.2. Use of MAPs in Industry

The 150-year-old materials industry faces radical upheavals from
multiple directions. There is an increasing urge for breakthrough
innovation to solve sustainability needs. Faster product develop-
ment is needed to respond to ever-accelerating market trends.
Supply chain challenges and scientific complexity are adding ad-
ditional pressure on the industry.

All taken together, the margins in the industry are
decreasing[108,109] due to increased supply chain and production
costs which diminishes the resources available for research and
development. When the industry favors incremental develop-
ment of existing products with a predictable outcome rather
than development of next-generation products that require inno-

vative and disruptive technologies, technological and economic
progress are stifled.

The introduction of MAPs in industrial research and develop-
ment is a very promising strategic response to promote and ac-
celerate innovation. Almost all major global players have already
developed AI strategies to increase their organizational agility, so
they should also consider to make use of the full MAP approach.

The major impact of introducing MAPs for industrial research
lies in the reduction of resource consumption, shortening of the
development cycles and cost, potentially more optimized materi-
als for the target application and most importantly a more pre-
dictable outcome of the research process. The reduction in re-
source consumption is achieved by using the adaptive design of
experiments, which systematically use the most relevant points
in a large parameter space. This reduces the number of experi-
ments and the amount of materials used. This also reduces the
time needed for the research campaign, which shortens the time
to market. The systematic and adaptive search of the parameter
space also has the advantage to be more likely to really find the
optimal material combination in the search space, which is supe-
rior. This makes the MAP approach more predictable and reliable
to find a solution to the problem compared to the traditional Edis-
onian trial-and-error approach. Another advantage of the MAP
approach lies in the fact that the AI model can be directly used
or easily converted into a digital twin of the product. This digital
twin can be used both in the upscaling toward production and for
the tracking of the product during its lifetime. Having a record
of the history of the product from production and usage is sim-
plifying the recycling of the product. The lifetime information of
the digital twin is invaluable in ultimately being used in the de-
velopment of the next generation of products.

This makes the MAP approach very appealing to the industry
and they have been quick to embrace this methodology. Collabo-
ration across companies may be less attractive due to IP issues,
but large corporations have R&D centers distributed across the
globe. Connecting these R&D centers into a common, internal
R&D MAP is providing a significant opportunity. The companies
participating in the Workshop “Re-inventing Materials Research
Workshop” organized by EMIRI[110] and the Accelerate Confer-
ence series[111] presented various versions of how they are using
MAPs in their research and development. These insights and co-
operation announcements[112] in the field indicate that the MAP
concept is neither science fiction nor science only, and it has al-
ready gained attention and traction in commercial applications.

Multiple proof points have demonstrated that digital tech-
nology, artificial intelligence, and closed-loop self-learning sys-
tems will fundamentally change chemical R&D. For instance, re-
cently published success stories claim a reduction of experimen-
tal workloads in general by up to 90%[113] and an acceleration of
the development of new rare earth-free permanent magnets by a
factor of 200[114] The natural next step is to support the industry
to move toward larger adoption to make the concept of MAPs the
new standard in a modernized R&D process.

The MAP concept may also open up space for new business
models. The main application in industry will be the internal
MAP, but there are also possibilities to extend the offering of re-
search services between companies and universities. Outsourc-
ing research to Contract Research Organizations (CROs) has
been done for a long time, in particular in the pharmaceutical
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industry, but it is much more complicated to establish a con-
nection between universities, research institutes and companies.
There are usually hurdles to be overcome in terms of how the in-
formation exchange between the service provider and the buyer
is done and the IP rights. Making the lab “MAP ready,” establish-
ing the MAP communication protocols and establishing a market
place for research services will decrease this barrier to entry into
the services market and helps to align to common initiatives like
Dataspaces and Marketplaces.

Besides the chemical industry,[32,115,116] the most prominent
example for which we see signals for an emerging adoption is
the pharmaceutical industry[117] where drug discovery is finding
solutions amid strict requirements, harsh regulations, and high
costs.[118] Cumulative investments in AI companies for drug de-
velopment surpassed $60B at the beginning of 2023.[119]

The benefits of MAPs in the industry can be summarized as:

1. R&D resources are used more effectively due to accelerated
developmental cycles (from set-up to development and pro-
duction).

2. More predictable outcome of research projects.
3. Higher Internal Rate of Return (IRR) of innovation.
4. Creation of virtual twins of the products.
5. Products are simultaneously developed to optimize capital ex-

penditure (CAPEX) and operational expenditure (OPEX) in
manufacturing.

6. New business models, e.g. (cloud) lab as a service.
7. Shorter time to market including production and testing lead

times.

5. Gaps

While initial implementations of MAPs clearly demonstrate
their potential, they also reveal the hurdles that still prevent
widespread establishment across the research community and
the steps that need to be taken to overcome them, both on the po-
litical/organizational and technical level. In general, challenges
are beyond the individual researcher, individual lab, individual
country and need coordinated regional, national and interna-
tional research strategy.

Despite the first successes of such platforms, there are still
gaps in the realization of their utility and maturity for accelera-
tion and efficiency gains in the process from materials discovery
to device integration.[105,120] A major bottleneck is still their lim-
itation in technological scope. There is limited interconnectivity
with modeling, computational, or experimental modules beyond
those readily integrated into the “closed-loop” hardware platform.
Therefore, the “closed-loop” future labs concept has found mod-
est traction in the field of electrochemical energy conversion
and storage, encompassing hydrogen fuel cells and electrolysis
cells.

5.1. Compatible Infrastructure, Data Structures and Data Sharing

While the “open” idea is already widely established in software,
this is not the case to the same extent in hardware. However,
OpenHardware[121] is a prerequisite for assembling, optimiz-
ing and maintaining complex MAPs from different hardware

modules. This includes not only construction and circuit di-
agrams but also device drivers and communication protocols.
With OPC-UA LADS,[122] the OPC foundation has been laid
for at least the latter, which must now be implemented in the
field.

Nevertheless, a robust cloud-native software infrastructure in-
cluding cloud management and CI/CD pipelines to deploy apps
and models must be set up on the basis of an open hardware
platform to enable secure access to the system components and
data. Up to now, this has mainly been implemented by the
need for local access to the relevant terminals or, more indi-
rectly, through shared data repositories. However, in order to
realize shared and distributed MAPs, it is essential to also im-
plement web-based access which, depending on the user role,
enables, for example, the sending of synthesis requests, the
viewing of log data and the retrieval of analysis results, for
example.

Within this scope, data sharing has its own shortcomings and
arising opportunities. Storage and retrieval of the integrated data
from various sources, enable an effective development of self-
serve online analytical tools for automated data analysis, im-
proving the ability to connect to the analytical tools and the re-
sponsiveness to semantic and integrated queries, and the data
access performance, all features that lie beyond the capabil-
ities of current disjoint, heterogenous and often transaction-
oriented databases and data infrastructures in the materials
domain. Robust data governance and data management pro-
tocols in an interoperable ecosystem - including the manage-
ment of data quality, data lineage and tracking, and data se-
curity - involve data standardization and metadata manage-
ment at its core to provide context to the data and thus en-
able materials scientists to locate the data they need most
efficiently.

To accelerate research, production and innovation, we there-
fore need to semanticise these domains (Industry Commons[123])
with common data schemas and vocabulary (ontologies) and cre-
ate documentation and metadata standards in the huge effort of
knowledge digitalization. The semantization and standardization
will offer a pathway to interoperability across domains, while doc-
umenting and standardizing will offer a pathway to validation
across complex workflows from raw materials to advanced ma-
terials solutions.

While general ontologies for the material domain (e.g.,
EMMO,[86] MSEO[124] and the PMD ontologies[125]) as fundamen-
tal basis for FAIR data management are established, gaps still
exist in standardization and development of domain-specific on-
tologies, guiding meta-data management and harmonizing ap-
proaches across different self-driving labs. Applying FAIR guide-
lines to material R&D and manufacturing[126] is challenging due
to the complex and highly dimensional parameter space and
the lack of standardization in fabrication and characterization
techniques.[127] To enforce FAIRness, ontologies provide seman-
tic context to data and make the interpretations unambiguous but
it is essential to build in intuitive software tools that are useable by
any researcher. This will, in addition to ontologies, require anno-
tated data schemas[128] to provide dedicated shapes for the com-
mon patterns in research data. Finally, this will enable not only
sharing data, but generating knowledge within and across the do-
main communities.
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5.2. International, Decentralized and Asynchronous MAP
Structures

Given the scale and complexity of the challenges ahead, we can-
not achieve these goals in isolation. International partnerships
and collaborations are essential to accelerating materials discov-
ery and promoting economic prosperity. By joining forces with
like-minded partners around the globe, we can strengthen our
research capabilities, share expertise and resources, and achieve
our common goals more effectively. Therefore, we must prior-
itize building strong, collaborative relationships across borders
and work together toward a more sustainable and prosperous fu-
ture for all.

There is a great need to orchestrate research campaigns be-
yond a single lab, research organization and across the globe
with dozens of partners complementing and replicating capa-
bilities to build truly global platforms. However, there are ad-
ditional challenges to create a distributed and asynchronous
MAP. The requirements for standardization of communication
protocols and ontologies become crucial for distributed MAPs,
which include multiple labs and may stretch across borders and
time zones. The data and methodologies from different part-
ners need to be integrated together. The standardization initia-
tives mentioned above are vital and the next step is to implement
these standards into broadly accepted orchestrator and tenant
software.

5.2.1. Standardized Software for Distributed MAPs

The research group building the MAP will need to set up an
orchestrator server as described in Section 3.3. Writing an or-
chestrator software from scratch is a large task, in particular if it
needs to handle multiple tenants, integrate various types of data
from different methods and adhere to defined ontologies. An ad-
ditional challenge for the orchestrator for a distributed MAP is to
handle the waiting time for tenants operated in the asynchronous
mode. Creating such an orchestrator for a distributed MAP is
a significant hurdle to set up the MAP. While there are many
generic workflow environments and orchestrators[129] there are a
few attempts to create or adapt such orchestrator software specif-
ically for MAPs. On the pure data side, the globus project[130]

is pushing to enable semantic data transfer at great speeds
whereas software like FINALES,[131,132] and OpenSemantiLab-
MAP[133] which were developed and demonstrated withing
the BIG-MAP project, emphasizes flexibility and ontology
linkage.

There are similar requirements for standardized software
agents, which can easily connect lab equipment or simula-
tion software to the MAP. These agents should be able to re-
ceive requests for measurements, to translate the meta data
into parameters for the setup of the experiment, execute mea-
surements, gather data and finally report result data back
to the orchestrator according to the communication proto-
col and ontology of the MAP. Open-source software is flex-
ible and may easily be adopted to the specific problem to
be solved by the MAP. Commercial software solutions may
provide more reliability, which is required in industrial MAP
applications.

5.2.2. Make existing labs “MAP ready”

Integrating standardized software agents in existing labs to con-
nect to the local infrastructure and automate the task execution
will decrease the effort to connect the lab to a MAP. The con-
nection to a MAP would then be limited to configuring the ten-
ant software according to the problem addressed by the MAP.
It would in particular make sense to install agent software at
large-scale facilities to make them “MAP ready” as they may serve
many MAP initiatives.

5.3. Education and Training

The MAP approach, which is still evolving, is multidisciplinary
and collaborative. A full understanding of its impact by the com-
munity is yet to come. As such, increased awareness, training
and implementation is needed to build a critical mass to achieve
acceleration toward new materials and devices. It integrates mul-
tiple domains together with their knowledge, tools and workflows
to a holistic system.

As a cross domain approach, MAPs require a unique skillset
not present in conventional research institutions. This includes
IT experts in the area of core software and engineers in the area
of automation, but specific domain knowledge is also required in
almost all places. Therefore, also due to the tense labor market sit-
uation, a continuous (re)training of domain researchers toward
digitization and automation competencies is necessary.

By implementing modular MAPs with encapsulated build-
ing blocks, the need to understand the overall system can be
eliminated and specialization can take place instead. Best prac-
tices can be adopted from bioinformatics, where such a trans-
formation has already taken place. Possible methodologies in-
clude an international Open MAP Academy construct, support-
ing the development of trans-disciplinary competencies, e.g. ma-
chine learning, autonomous robotics, orchestration, FAIR data
and the continuous improvement/evolution to build the bridges
between domains of Materials Science, Informatics and Process-
ing/engineering. Other possibilities include the establishment
of international postgraduate degree programmes (MSci, bina-
tional/cotutelle PhDs) or an international school, dedicated to
students and experienced scientists including lectures and sev-
eral weeks long stay at MAP platforms for training. A model for
that could be the successful HERCULES school[134] dedicated to
training at large-scale neutrons and synchrotron facilities and the
Summer School for MAPs for energy materials[135] hosted by the
German-Canadian Materials Acceleration Center (GC-MAC).[101]

5.4. IP, Ownership

Similar to large software projects and AI-generated results, the is-
sue of intellectual property is complex for MAPs. Assuming the
final result is an AI model trained with the data generated by var-
ious actors at a MAP, its intellectual ownership cannot be deter-
mined in a lump sum. Not only the model developer, but also the
system developer, the operator and the data generators are candi-
dates for (partial) ownership. The research questions posed to a
MAP and its associated community may also be subject to confi-
dentiality, especially if they originate in industry. In addition, the
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cross-border movement of data, information and goods is the rule
in distributed, multinational MAPs, requiring compliance with a
wide range of export control regulations.

MAPs would therefore need to be established not only as phys-
ical facilities and software services, but also as a legal framework
defining access and usage rights. This legal framework should
precisely define the conditions under which the MAP can be used
and who is entitled to the rights to the result. Resulting open data
must be free to use, but this does not mean that it must be free
to access since there are costs to creating, maintaining the neces-
sary infrastructure. A hybrid model is conceivable, as is already
established for many software systems: If the user agrees to the
disclosure (e.g., CC BY) or only partial ownership of his results,
he can benefit from favorable conditions that are possibly com-
pensated by public funding. If the user wants to place the results
under a proprietary license, this is also possible, although with-
out preferential conditions (e.g., higher price). This provides the
opportunity to link MAP with the digital contract and data man-
agement of Data Space initiatives (e.g., IDS[136]) and offer both
open and proprietary data in common marketplace, as well as
the experimental and software service of MAPs themselves. MAP
providers that can guarantee confidential handling of sensitive
data, for example through a sealed-off environment, can in turn
be attractive service providers for industry.

5.5. Research Strategy

Current Funding: The current funding landscape in materi-
als science focuses primarily on specific materials (such as hy-
drogen) or industrial applications. The methodology and specif-
ically the meta-method of the research infrastructure (hardware
and software), is insufficiently taken into account making sus-
tainable investments in MAPs that can be applied to whole
classes of materials difficult. With a few exceptions (BIG-MAP)
no specific funding/call for funding to build full MAPs are
available, therefore, MAPs are usually built from parts of bud-
gets of a project focused on a particular application or AdvMat.
In addition, there’s no funding to maintain a MAP (pay dedi-
cated engineers, technicians) beyond the duration of the creating
project.

Necessary Funding: Funding programs are needed that explic-
itly address the meta-method level in a pan-European scope. Em-
phasis should be placed on FAIR and, where practical, OPEN re-
search results that provide the greatest openness of the research
results of public funding, not only with regard to OpenData and
OpenSoftware, but also to OpenHardware in order to maximize
the flexibility of the emerging MAP and the innovation speed of
its components. In parallel, support should be provided to com-
mercial enterprises, especially startups, that develop innovative
building blocks for MAPs in compliance with open standards.

In this regard MAPs are shared infrastructure with contribu-
tions from various members of a community. Established exam-
ples of such an infrastructure are synchrotrons like CERN where
investments are in the order of billions of Euros. Their main pur-
pose is to understand the structure of materials, which could be
important to improve materials modeling. Building MAPs ac-
counts for only a few percent of synchrotron investment, but they
are accelerating the discovery of many new, more powerful ma-

terials by understanding the behavior of materials in a device or
a system resulting from complex processing. MAPs and their AI
system rely on good materials modeling, so the synchrotron and
MAP system complement each other.

AI starts with quality data, thus, a major initial effort needs
to focus on AI-aware (data) governance measures. This means
improving secured cloud AI/data infrastructures, new harmo-
nization activities, including ontologized data infrastructures
and common data management frameworks. The inclusion of
promising MAPs and self-driving labs in general needs to be
continuously supported by high-quality, AI-ready data from con-
ventional labs. Connection to conventional labs could guaran-
tee the long-term availability of MAPs and complement conven-
tional labs, with decentralized data hubs aligned with national
and European activities such as PMD,[61] NFDI,[62] DIADEM,[63]

EUDAT[145] and EOSC.[139]

European and National Funding Strategies: Funding should
be carried out strategically and take place at different levels.

The first goal should be to create a long-term European ecosys-
tem of RTOs, universities and industry that supports the general
development, takes care of standardization issues, and exchanges
information. This ecosystem should also organize the different
research infrastructures and take care of training. Projects should
be announced for lower technology readiness level (TRL) to im-
prove the infrastructures and to develop new standards, also in-
cluding software and ontologized data infrastructure. Support-
ing actions would be making MAP building part of postdoc-
toral assistants/young excellent scientists funding programs like
ERC[137] grants would shape a new generation of experts dedi-
cated to the challenges in this field. Pushing promising MAPs
to the European Strategic Forum on Research Infrastructure
(ESFRI[138,139]) Roadmap could ensure their long-term availability
and complement to conventional labs that should become MAP-
ready and virtually connected to a decentralized MAP.

Other projects with higher TRL should have the goal of inte-
grating new materials into applications as quickly as possible, in
particular sectors where new materials are urgently needed (e.g.,
hydrogen catalysis, batteries, and more, c.f. Section 4.1) to ful-
fill the second goal of the funding: The transfer of knowledge to
industry and the use of MAPs by industry. To achieve this, we
need infrastructures focused on specific application areas, data
management systems, and we need to train enough experts in
modeling, robotics, materials science, and industrial automation
to accelerate the innovation chain.

Efforts in the EU and other regions should be flanked by an
acceleration consortium similar to the already established Cana-
dian initiative[84] receiving long-term funding from the Canada
First Research Excellence Fund (CFREF). Those consortia should
aim to link projects that want to make use of the MAP method-
ology, with national initiatives, academia, industry and political
stakeholders. A European acceleration consortium could take the
SET Plan[107] and its implementation groups as a blueprint and
be composed of experts from academia (RTOs and universities),
industry, member states, and European Commission represen-
tatives supporting material research projects, e.g., shaped by the
upcoming Innovative Advanced Materials for Europe (IAM4EU)
Partnership,[140] with a strong connection to the Technology
Council for advanced materials that the European Commission
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will set up in the frame of the policy communication on Advanced
Materials for Industrial Leadership.[141,142]

At the outset, funding schemas, data and AI infrastructures
need to be developed and established with clear differentiations,
cohesiveness, and complementarity to other similar activities in
Canada, the US and the UK. This ecosystem should develop and
organize access to the various research infrastructures and en-
sure continuous expansion.

6. Conclusion

The advanced materials sector, particularly in the field of emerg-
ing energy technologies, is facing a major challenge: the pace
of development is trailing behind commercialization targets
and urgent societal needs. The main cause of this situation is
that stakeholders with complementary capabilities still operate
largely in isolation, with a lack of coordination between their
efforts. This situation has given rise to a new breed of future
labs: material-acceleration platforms (MAPs) that combine arti-
ficial intelligence (AI) with automated experimental hardware to
drive the autonomous discovery and development of new ma-
terials. Worldwide, a number of multidisciplinary MAP initia-
tives involving governments, academia and industry have re-
cently emerged.

MAPs have emerged as indispensable tools for expediting ma-
terials and manufacturing process development. By leveraging
advanced technologies and automation, MAPs offer immense
potential to revolutionize various industries. One of their most
significant advantages is the reduction of research and develop-
ment (R&D) time, enabling faster innovation and quicker time-
to-market for new materials.

An important consideration in the MAP landscape is the dis-
tinction between open and closed MAPs, the first being focussed
on shared access, the latter on protected intellectual property
with the primary aim of financial profit. With firstly MAPs of
both kinds growing, we are at a pivotal moment that will shape
the future of MAPs. Open MAPs promote collaboration, knowl-
edge sharing, and collective growth, fostering a collaborative
ecosystem that benefits all participants. Conversely, closed IP pro-
tected MAPs limit access to valuable information and hinder the
progress of the industry as a whole.

In order to unleash the full potential of MAPs, key initiatives
need to be launched to overcome the remaining obstacles and
spread skills and know-how that will promote game-changing
technology that benefits all of society.

To shape funding opportunities and pave the way for MAP
development, several key aspects must be addressed. First, gov-
ernments should focus on supporting the development of self-
driving lab platforms that facilitate methodology development
rather than solely focusing on materials solutions. This approach
encourages a foundation of technological advancement that can
benefit a wide range of industries.

Furthermore, governments should incentivize industry and
academia to develop internal MAP systems through both tech-
nical and financial support. By fostering partnerships and pro-
viding resources, governments can accelerate the adoption and
implementation of MAPs in various sectors, driving innovation
and economic growth.

Lastly, it is crucial to establish education programs that bridge
the gap between data and materials science. The interface be-
tween these two fields presents unique challenges and opportu-
nities. By nurturing a skilled workforce with expertise in both ar-
eas, we can fully exploit the potential of MAPs and maximize their
impact on materials development and manufacturing.
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