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Materials Acceleration Platforms (MAPs): Accelerating
Materials Research and Development to Meet Urgent

Societal Challenges

Simon P. Stier,* Christoph Kreisbeck, Holger Ihssen, Matthias Albert Popp, Jens Hauch,
Kourosh Malek, Marine Reynaud, T.P.M. Goumans, Johan Carlsson, Ilian Todorov,

Lukas Gold, Andreas Rdder, Wolfgang Wenzel, Shahbaz Tareq Bandesha, Philippe Jacques,
Francisco Garcia-Moreno, Oier Arcelus, Pascal Friederich, Simon Clark, Mario Maglione,
Anssi Laukkanen, Ivano Eligio Castelli, Javier Carrasco, Montserrat Casas Cabanas,

Helge Siren Stein, Ozlem Ozcan, David Elbert, Karsten Reuter, Christoph Scheurer,
Masahiko Demura, Sang Soo Han, Tejs Vegge, Sawako Nakamae, Monica Fabrizio,

and Mark Kozdras

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 Atrtificial 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.!! In the broadest
sense, governments are addressing these challenges through key
initiatives under the United Nations, specifically the UN Frame-
work Convention on Climate Changel?) and the 2030 Strategic
Agenda for Sustainable Development'®] with its 17 sustainable
development goals*! (SDGs).

Meanwhile, global energy consumption continues to rise, and
recent gas shortages in Europe have led to an increase in coal us-
agein 2022 (IEA press releasel®)). 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!®!) and
support efforts to achieve SDG 6 (clean water and sanitation). Ina
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,”! 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

© 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH

8SUB017 SUOWIWIOD dA 781D 3|qed!jdde 8y} Aq pausenob 8 sapiie VO ‘88N JO s3I 10} Areiq1 8UIIUO AB|IM UO (SUORIPUOD-PUE-SWIBH W00 A 1M A1 1ol UO//SARY) SUORIPUOD PUe SWIB L 8U3 89S *[7202/60/9T] U ARiqIT8uluO AB|IM ‘XTespiog ap a1seAIUN Aq T6.L07202 BWPe/Z00T OT/10p/wiod"A3|im Azeiq jeul|uoy//sdny Wwoly papeo|umod ‘0 ‘G60rTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com www.advmat.de
I ’ AR |
1 5 2 3 &g 5 6 7 8 3_“’» 5
Healthcare & Sustainable New. Sustai Home & i inable St inable B ectror'llE"“
medicine Constructions Energy Transportation personal care Packaging agriculture Textiles ‘ “% nce
| —rm\%

New Technoloayv & Innovat resources al

New Policies: Harmonized norms & standards, certification schemes, Eco-label compliance on all products levels, insure sovereignty & EU autonomy, lifecycle assessment

Renewables & A Renewable s Renewable [ Renewable g Rer bles & ¢ R bles & Carbon R bles & Rer bles & ~
recyclable ] energy & energy & energy & recyclable recyclable capture & recyclable recyclable (]
materials (@)% efficiency (@) efficiency (@ efficiency (o) ¥ materials (0. % materials % %% storage S materials %} 5 materials (<)%
Alternative Design for % Alternative Sustainable Alternative Sustainable Sustainable Alternative Renewable
active ) - circularity /% i active additives &% % active 5 additives & additives & L’} 13 active energy &
ingredients'géyi SUstainab ingredients fé catalysts £ ingredients:gg.‘i catalysts 5 ft catalysts (o i ingredients i efficiency ()
ustainable
Designfor %9 additives & £ Carbon Advanced -1 Sustainable Alternative Alternative Designfor ¢ Designfor %9
circularity /%5, f catalysts co, capture & : surfaces w-i additives &  Z# active o active -1 circularity L’}% circularity L’}f
storage c;eg.j\ catalysts  (co. fé |ngred|ents.gg'>-_l‘t |ngred|entsi§<]>.:f‘t -
Lightweight Renewables & Renewables & A . . . . Advanced . go Alternative
materials (e recyclable 147 Renewables & recyclable s Lightweight Carbon Lightweight = surfaces ,«»,f active
- materials (%6 recyclable la materials (co. f materials (. capture & N materials @;‘.) = ingredients _J!
) materials ()% e storage (o) Renewable
Advanced % — Lightweight  £# Advanced g Advanced energy & Advanced %9
surfaces (wo%p  Advanced materials (@5 surfaces @)%k Designfor 9 surfaces (wosp  efficiency ¥ surfaces (@)%

%
surfaces  (@.¥

circularity & f

Lightweight & Design for g Renewable Renewables & Sustainable A
materials (@8 Sustainable circularity 3 < energy & recyclable additives &  Z#
additives & L@ &9 efficiency (e, materials (<. catalysts (<o f!
Alternative catalysts (oo =
active ' Designfor 29 Lightweight ¢
ingredients %5 Designfor 2y circularity 7 & materials (.5
circularity L’; i
. . n
L'th"{e'ght, = to Circularity n, Transparency
materials ‘(p'-’fé of materials @ & trackability
Zero pollution Climate
& nonharmful contribution "=

Figure 1. Nine innovation markets identified by the Materials 2030 Manifesto for which the development of advanced materials is critical. Reproduced

with permission.['3] Copyright 2022, AMI12030.

(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,®! supports the transition to climate neutrality by enhanc-
ing the competitiveness of Europe’s net-zero industry. Bolstered
by the Digital Transition®], the Green Deal played a major role
in setting the 2020 Industrial Strategy.'*-'? 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.['*] 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,!'*!
and established a draft set of actions needed for the realization
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of the Materials 2030 initiative.'] 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.!*] There is in fact a rich history in acceleration of re-
search through accessible high-throughput research strategies
pioneered in Germany in the 1950s.['7] 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

© 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH

95U8017 SUOWIWOD 9A 81D 3|qeotjdde ay) Aq pausenob ae sl VO ‘8sn JO Sa|n 10j AIq18uljUO AS[IM UO (SUORIPUOD-PUE-SWLBIWO00" A3 1M ATR1q 1 [pulUO//SANY) SUONIPUOD PUe SWIB | 8U1 89S *[¢Z0Z/60/9T] U0 A%iqiTauliuo A8|IMm ‘Xrespiod ap 91seAIUN AQ T6..0v2Z02 eWPe/Z00T OT/I0p/uioo" A8 | im Alelqijeuluoy/:sdny Wwolj papeojumod ‘0 ‘S60vTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

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.81 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, 2021 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. Al 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, Al 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 Al to MAPs: By gathering and
articulating high-throughput computational and experimental
approaches together with digitalization and Al, 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 Al 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.”(2?!

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.
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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 Al 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(2% 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.??! 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
Al-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 Al-informed
experimental planning and data processing, computation and
simulation that can also be accelerated by Al, 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.

© 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 3. The MAP concept, integrating automated synthesis, manu-
facturing, and characterization with high-performance computing and
Al/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.[**] 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./?>2%] The FAIR data principles fo-
cus on machine-readable and processable metadata on scientific
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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,!?” DOME 4.0,282%] FAIR4RS[3%]).

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 Al-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

© 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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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 Al-based data analytics and computing.**3] They have been
deployed in areas such as peptide synthesis,33] the pharma-
ceutical industry,3*®] and the development of high-efficiency
solar cells.[**] More recently, semi- and fully automated plat-
forms have started to target chemical synthesis and fuel pro-
duction (from atmospheric feedstocks).’”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®I:  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+.1*"]
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 ALY 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).1*?] Partic-
ularly in the field of biological tissues engineering,*}! signifi-
cant increases in quality and throughput have been achieved
through laboratory automation (c.f. Figure 5) while human effort

Adv. Mater. 2024, 2407791 2407791 (6 of 26)

for nanoparticle synthesis could be reduced by ~44 %.[4] 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/*! and AutoPeroSoll**#’]:  The EU-funded project
VIPERLARB is offering access to a distributed virtual laboratory
for Perovskite solar cells. While VIPERLAB is nota MAP, ithasa
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.[*3] Copyright 2021, Haeusner et al.).

© 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 6. Linel 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/Line1l*]:  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. Linel is an automated processing line for
the manufacturing and characterization of full organic solar
cells (c.f. Figure 6). Linel 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 Linel 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,
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achieved an acceleration starting at 30-fold*°! reaching recently
over 100-fold.>!1 Among others this has led to the identification
of ultrastable perovskite compositions in the multi-dimensional
parameter space.[>?]

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

Run No.

Figure 7. Example of an autonomous optimization of a quaternary OPV-mixture performed on AMANDA/Linel. 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.[3] 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.** 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 VIT to develop a
biotechnology-based MAP linking synthetic biology to high
throughput screening and testing of materials and precursors to
physics-driven modeling and Al for structure and functionality
prediction and design.* The initial focal areas are protein-based
materials and bioplastic, especially polyesters.

AMDEE¢:  The Al-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
JointLabl®’] 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®®! 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) projectin 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.[3”] Copyright 2024, Frederik Riither) and identified
promotor system (right, reproduced under the terms of the CC-BY 4.0 license.l>8] 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 Al robotic platforms.[**) 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.[%]

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).

MARK

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.l®!] 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!®?] 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

Target Materials
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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: 1In 2022, the French government has funded €
85M an 8-years project for accelerating materials discovery.[%]
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 Al.

PSDI: In 2021 the UK government agency Engineering and
Physical Sciences Research Council (EPSRC) funded the Phys-
ical Sciences Data Infrastructure project (PSDI).[** 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 Al 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.”[]
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 Al-
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).[%!

The materials data resources include MatNavi, one of the
world’s largest materials databases. For example, AtomWork-
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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).678]
PoLylInfo, a polymer database, includes data on 32 924 unique
polymers, detailing their repeated structures, monomers, and
properties (as of March 2024).17% 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.”'73 Other noteworthy databases include
the Diffusion Database (Kakusan),”* the Computational Phase
Diagram Database (CPDDB),”] and the Thermophysical Prop-
erty Database.[’®l 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 2023.177] 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 Al platform called pinax
is under development and is expected to become operational