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D1 Data-driven design methods for medical technology challenges

Inversion 1°* PI: K. Paetzold-Byhain (Engineering Design)
2" PI: M. Kdstner (computational mechanics)
International Mentor: John Clarkson, University of Cambridge

Bio-inspired metamaterials hold particular promise for medical applica- ©Pectve

tions, not only because they can be tailored to specific loads, but also be-

Constraints cause their porous structures are expected to promote good tissue in-

growth within the body. To leverage these properties for implant develop-

ment, the metamaterial structures must be scaled from test specimens to parameterized, man-
ufacturable geometries.
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Figure D1: a) algorithmic design to create lattice structures; b) Development of the process chain leading to a
manufacturable geometry; c) Application to challenges in implant design

Preliminary

Previous research has examined various categories for the algorithmic generation of lattice | =/

structures and their convertibility into parametric geometric models. Examples include Voronoi
structures for implant design and the use of the differential growth algorithm for the design of
novel heat exchangers. Methods for field control of seeding points are used to achieve a load-
optimized structural design. To ensure the manufacturability of thin-walled structures, special
hatching methods were developed. In parallel, a simulation method based on the Lattice Boltz-
mann method was developed to investigate the influence of local heat input on component prop-
erties.

Short

With regard to geometric scaling, the goal is to develop approaches for field-based control of description

parameters in spinodoid structures in order to adapt the geometry based on load conditions.
Surrogate models from TP D1 provide fundamental parameters for this; additionally, the geo-
metric design must be adapted to specific medical and functional constraints. This requires
methods for conflict detection and analysis. In the case of implants, such constraints include, for
example, the flow capacity of porous structures, as well as the ratio of strength to porosity. Ex-
isting bone metrics should be utilized to account for density and stiffness adaptations in the
structural design algorithms. Finally, it is essential to ensure the manufacturability of the im-
plants; to this end, rules must be developed to preserve the structural properties despite neces-
sary modifications.

The planned approach and methodology can support the validation of model approaches de- ~ Imeracton

veloped by other work packages (S1, S2, S3). Close collaboration with work packages F1 and F2  projects
also appears necessary to validate the manufacturability of the proposed solutions.
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D2 Morphology and topology description

15 PI: M. Salvalaglio (mathematics, theoretical material science)
2" PI: K. Paetzold-Byhain (mechanical engineering)
International Mentor: S. M. Wise (Uni. of Tennessee, Knoxville, applied math.)

Morphological and topological descriptors are essential for the compre-
hensive characterization of microstructures across scales, particularly
when combined with appropriate metrics and data-driven methods. This
project aims to apply and extend descriptors for metamaterial microstruc-
tures, linking them to their mechanical properties and resilience characteristics.

Advanced morphological descriptors have been developed and applied to characterize disor-
dered correlated patterns, e.g., Fig D2(a), and their topological features. They build on persistent
homology, a technique that extends classical topological characterization to detect features
across scales. Its ability to capture both short- and large-scale structural arrangements has been
demonstrated. Properties such as hyperuniformity (vanishing density fluctuations at large
scales) could be robustly recovered from the persistent diagram, see Fig D2(b). Beyond this, such
descriptors have been employed to probe internal structures, ranging from polycrystalline ma-
terials, where they enhance the analysis of grain distributions, to complex 3D metamaterials,
where they support the optimization of additive manufacturing, see Fig D2(c).
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Figure 1: (a) A disordered correlated (hyperuniform) two-phase field. (b) Persistence diagram for thresholded
signed distance, see arXiv:2509.05339. (c) Additive manufacturing optimization via persistent homology.

The main objective of the project is to understand and establish how descriptors based on per-
sistent homology link not only to structural features but also to physical properties of interest
(e.g., mechanical properties, vibrations, heat exchange). First, the correlation between the mor-
phological descriptors and the simulated properties of ideal systems will be explored. Para-
metrized correlated disordered fields, such as spinodoid or other hyperuniform arrangements,
will be of particular interest from both fundamental and applicative aspects. Second, morpho-
logical descriptors will be used to link structure-property relations in specific microstructures of
interest to D3, including 3D settings and graded microstructures. Applications to further optimize
both design and fabrication steps are envisaged. Third, the descriptors will be applied to enable
advanced structural design of materials. This includes both integrating morphological charac-
terization into the inverse design framework developed in other subprojects and augmenting
design parameter spaces for selected physical properties.

The parametrized GRF of the ideal fields is directly connected to the structures explored by S1.
Also, extensive work with M1 and M2 is planned to apply morphological descriptors to micro-
structural aspects. An application of the descriptors for improving structural design will lead to
collaboration with D1 and S1.
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D3 Failure of metamaterials with polymorphic uncertain parameters for morphology
description

15t PI: M. Kaliske (computational engineering, uncertainty quantification)
2" PI: M. Salvalaglio (mathematics, theoretical materials science)
International Mentor: K. Terada (multiscale damage modeling)

In additively manufactured materials, uncertainty is entailed in geometry,
structure, and materials. To build reliable and robust structures, it is essen-
tial to consider sources of uncertainty where they occur. The project aims
at the identification, classification, and analysis of uncertainties in met-
amaterials with respect to their robustness. Thereby, the metamaterial is modeled, built, and
numerically evaluated to identify and assess sources of uncertainty.

Polymorphic uncertainty is used to model aleatoric and epistemic uncertainty simultaneously,
where it is differentiated between macroscale and mesoscale uncertainty in the multiscale con-
text. Thereby, the simultaneous consideration of uncertainties from several scales may lead to
an increased uncertainty [1]. For uncertainty quantification, it is distinguished between robust-
ness and performance measures. The evaluation of those uncertainties is numerically demand-
ing, which is why surrogate models are introduced to gain efficiency [1]. Spinodoid materials are
artificially generated geometries, stemming from Gaussian random fields, based on a specific
set of design random field generation of the structures, thus interacting with spatially occurring
uncertainties.

Figure D3: Workflow of an uncertainty quantification based on resilience measures

First, to assess the actual behavior of metamaterials, thorough tests are conducted. Thereby,
sources of uncertainty are identified and modeled for selected structures. Effects like powder
inclusions are considered and modeled, and defects stemming from the stochastic nature of the
structure generation are considered. Second, methods developed in the previous phase are ex-
tended to include plastic material behavior and then utilized for the modeling of the previously
observed uncertainty. Third, robustness and performance measures are evaluated and com-
pared to measures of resilience. New approaches are developed which fit the scope of meta-
materials.

The experiments are conducted together with S2. For the identification of defects from structural
generation, a link with D2 is established. The incorporation of uncertainty- and physics-informed
surrogate models into the uncertainty quantification is achieved by collaboration with DP, D1,
and D4.

[11Harazin, F., Platen, ., Schietzold, F. N., Graf, W., & Kaliske, M. "Multiscale polymorphic uncertainty quantification based
on physics-augmented neural networks." Computer Methods in Applied Mechanics and Engineering 452 (2026): 118726
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S2 Additive manufacturing of hybrid metamaterials

15t PI: C. Leyens (material science)

2" PI: M. Gude (lightweight engineering)

International Mentor: A. Molotnikov (computational AM engineering)
Postdoctoral mentor: A. Marquardt (material science)

Bio-inspired metamaterials are promising architected materials character-
ized by smooth, non-periodic geometries. The geometric complexity of
these structures limits the applicability of conventional manufacturing

38 N
il

methods, thereby establishing Additive Manufacturing (AM) as a viable fabrication route. Build-
ing on prior investigations employing Laser Powder Bed Fusion (PBF-LB/M), the present study
evaluates alternative manufacturing techniques, specifically Binder Jetting (BJ), to assess their
suitability for producing these complex geometries effectively.

The first cohort aimed to assess the manufacturability of spinodoid lattice structures fabricated
via PBF-LB/M using 316L stainless steel (316LSS). Columnar spinodoids exhibited the highest
printability and geometric stability and were therefore selected for further investigation. Process
parameters were optimized to maximize relative density and minimize surface roughness. The
influence of build orientation on defect formation was analyzed using X-ray computed tomogra-
phy (CT), with as-built geometries compared to the original CAD models to quantify deviations.
Uniaxial compression testing was conducted to evaluate the relationship between manufactur-
ing-induced defects and mechanical performance.

(b)
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G

Figure S2: Columnar spinodoid in various build directions (a), Deviation analysis using stl files from CAD and as
built strcutures(b), Visualization of powder trapped inside the structure using CT(c)

Firstly, alternative AM techniques, particularly B}, may be explored for the fabrication of spino-
doid structures. The process capability and suitability of the chosen method for producing vari-
ous spinodoid topologies should be systematically evaluated. Secondly, process induced defects
and imperfections are to be analyzed and reduced to improve the robustness of the printing
process and suitable post-processing strategies may be implemented to enhance the structural
quality of the fabricated components. Thirdly, the feasibility of infiltrating additively manufac-
tured porous 316L stainless steel architectures is systematically investigated with the objective
of enhancing their mechanical and functional performance through the formation of compo-
sites. In particular, processing routes such as infiltration sintering and liquid metal (melt) infil-
tration are considered. A comprehensive screening of potential infiltrant materials is conducted
with respect to their ability to improve fracture toughness, modify electrochemical behavior, and
control the formation of interfacial intermetallic phases

S2 will rely on S1 for promising metamaterial structures to be manufactured and on S3 for me-
chanical characterization. In collaboration with F2, the surfaces of the metamaterials will be char-
acterized and optimized to achieve improved surface functionality. Furthermore, exploring the
possibility to using the new alloy developed by M2 to produce the samples.
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S3 Experimental characterization of process-structure-property linkages

15t PI: M. Zimmermann (experimental process-structure-property linkages)
2" PI: J. K. Hufenbach (materials science)
International Mentor: N. Chawla (4D materials science)

Investigating metamaterial resilience is crucial for a reliable service in real-
world applications, where stochastic designs, such as spinodoids, offer im-
mense potential by hindering ordered failure. This project focuses on the
interconnection between intrinsic material composition and structural ar-
chitecture and how this relationship governs resilience under mechanical loading. Thereby, dif-
ferent metamaterials based on aluminum and stainless steel across multiple additive manufac-
turing processes are investigated under advanced mechanical experiments.

The first cohort established an experimental baseline for various metamaterial designs. Different
spinodoid structures were systematically investigated under monotonic and cyclic compression.
Columnar spinodoid structures (Fig. S3a) exhibit high compressive strength, deforming primarily
through local buckling [1]. Failure occurred via separated strain localizations instead of the
evenly distributed strain fields of periodic metamaterials (Fig. S3b). For cyclic testing, a Multi-
Digital Image Correlation (Multi-DIC) setup was established. This method allowed for a full lateral
coverage detection of crack initiation as well as the subsequent crack propagation (Fig. S3c).

(@)

(b) Monotonic loading (c) Cyclic loading

3000 cycles

Figure S3: Columnar spinodoid metamaterial manufactured by PBF-LB/M (a), local strain distribution under com-
pressive load of a cubic Spinodoid measured by DIC (b), fatigue strain localization after 3000 cycles with a corre-
sponding SEM image of the fatigue crack within the strut (c).

Firstly, spinodoids processed via binder jetting will be used to enable the printing of a wide vari-
ety of spinodoid structures. Second, advanced mechanical tests, such as impact tests, are being
conducted to characterize the mechanical strength at high strain rates and to expand on the
results of the first cohort. Third, a novel aluminum alloy will be used to characterize the interplay
between the intrinsic material and structural architecture by comparing it with previous results
on 316L, identifying the materials-related strengthening mechanisms and their role in achieving
a high resilience.

The experiments support the development of alloy compositions for M1 and M2. Mechanical
characterization also aids project groups F1 and F2 in analyzing polymer infill structures. Results
from DIC and microstructural analysis provide a direct basis for simulations in S1 and help S2 in
optimizing the additive manufacturing process.

[1] L. Stampa, A. Otto, P. Grimm, M. Kastner, J. K. Hufenbach, M. Zimmermann: Mechanical performance and damage characterization of
additively manufactured spinodoid metamaterials. In: Zimmermann, M. (Hrsg.) Tagungsband 43. Vortrags- und Diskussionstagung Werk-
stoffpriifung 2025 "Werkstoffe und Bauteile auf dem Prifstand", Dresden (2025), S. 128-133. ISBN: 978-3-88355-454-9.
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M1 Data-driven materials scouting and inverse design

15t PI: G. Cuniberti (materials modeling and simulation)
2" PI: M. Kdstner (computational mechanics)
International Mentor: S. Curtarolo (materials databases)
Postdoctoral mentor: L. M. Sandonas (materials modeling)

Lean aluminum alloys alloyed will be systematically investigated to assess
their mechanical behavior beyond the elastic regime. Yield stresses will be
evaluated using physically motivated models that incorporate parameters
derived from first-principles simulations, including Density Functional Theory and Molecular Dy-
namics. The microstructural features in these aluminum systems will be derived by integrating
thermodynamic and process-aware modeling approaches, such as classical nucleation and
growth theory and nudged elastic band calculations, to capture transformation pathways and
activation barriers.

In the first phase, the Al-Mg-Zr system was investigated over a broad composition range. Ther-
modynamic analysis based on Gibbs free energy minimization was employed to assess the equi-
librium behavior of Al-based solid solutions. Molecular dynamics simulations were conducted to
determine the composition- and temperature-dependent elastic properties, supported by ma-
chine-learning interatomic potentials trained for the relevant chemical space. By combining CAL-
PHAD modeling with experimental results from M2, secondary phases were identified, and the
elastic properties of multiphase alloys were estimated using homogenization approaches. Fi-
nally, atomistic descriptors were correlated with experimentally measured yield strengths using
supervised machine learning methods.
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Figure M1: Quantum mechanical data for Aluminum is used for ML investigation of elastic and tensile properties.

To systematically investigate and enhance the performance of Al alloys, a multiscale, simulation-
driven approach combining thermodynamics, microstructure evolution, and mechanics is pur-
sued. First, process simulations are employed to derive the influence of alloying and processing
parameters (e.g. cooling rates), using nucleation growth theory, nudged elastic bands or similar
methods. Input parameters are derived from DFT simulations, experiments or literature and
CALPHAD simulations. Second, the chemical and processing space are sampled to derive micro-
structural features for the range of relevant alloys (grain size distribution, precipitate size, pre-
cipitate distribution, solute gradients). Third, microstructure-sensitive descriptors - such as
phase connectivity, grain size distribution, precipitate characteristics, and segregation patterns
are used in physically motivated or data-driven mechanical models to evaluate yield strength
and resilience.

The prediction of mechanical properties is validated against experimental data from M2. Micro-
structural features are forwarded to D2 to define morphological descriptors.
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M2 Tailored aluminum alloys for laser powder bed fusion

15t PI: J. K. Hufenbach (materials science)
2" PI: G. Cuniberti (materials modeling and simulation)
International Mentor: Min-Ha Lee (materials science)

Unlocking the full potential of additive manufacturing requires process-
qu ) and application-specific materials. This project aims to develop AIMgSi-
based alloys for robust processing of resilient metamaterials by laser pow-
der bed fusion (PBF-LB/M). CALPHAD-assisted alloy design combined with
scale-bridging characterization enables in-depth analysis of process-microstructure-property
relationships. This approach overcomes challenges in PBF-LB/M processing of aluminum alloys
and fully exploits the design freedom.

Recent studies demonstrated that centrifugal casting can serve as a rapid solidification-based
fast alloy screening method for developing PBF-LB/M-adapted metallic materials, as validated
for AlSi12 [Grimm et al. (2025), J. Mater. Res. Technol. 39]. This approach was applied to develop
a customized AIMgSiZr alloy combining robust processability and high strength with adequate
ductility in the as-built state. AlsZr particles (see Fig. M2a) act as grain refiner and intermetallic
Mag.Si serves as eutectic filler allowing the manufacturing of hot crack-free and dense parts. The
heterogenous grain microstructure (Fig. M2b) results in a high yield strength of 398 MPa and
total elongation to fracture of up to 15.3% (in dependence of the building direction), see Fig. M2c.
In subsequent work, the influence of tailored heat treatments on the anisotropic microstructure
and mechanical properties were evaluated. From this, it follows that the alloy composition
should be adjusted to further improve impact toughness and ductility in order to meet the re-
quirements imposed on resilient metamaterials.
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Figure M2: As-built, PBF-LB/M processed AIMgSiZr alloy: a) Microstructure showing precipitates with Zr visualized

via backscatter electron microscopy; b) inverse pole figure map obtained from electron backscatter diffraction
analysis; c) stress-strain curve recorded by uniaxial, quasi-static tensile testing.

In future work, the composition of the mentioned alloy is modified by reducing the amount of
intermetallic M@.Si to achieve a more ductile material. To ensure robust processability and sup-
press hot tearing, CALPHAD predictions regarding crack susceptibility are performed in M1. A
promising AIMgSi base alloy is atomized to powders and applied to PBF-LB/M. Grain refiners,
e.g., Zr and Ti, are added by a powder mixing approach and their influence on the processability,
microstructure, and mechanical properties, is investigated. Thereby, the anisotropy of the prop-
erties is considered as well as the occurring imperfections. Additionally, a tailored heat treatment
shall be developed for the most promising alloy to produce resilient non-periodic metamaterials.

Alloy development is conducted in close collaboration with CALPHAD-assisted scouting in M1
and microscopy data is provided to D2 to investigate hyperuniformity. Material parameters of
tailored alloys and spinodoid metamaterial designs for PBF-LB/M are exchanged with S1 and
tested under monotonic and cyclic loading in S3, where fracture toughness of bulk samples is
also evaluated. Finally, printed metallic surfaces are analyzed in collaboration with F1 and F2.
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F1 Data-driven interface design from the atom to the mesoscale

15t PI: S. Gemming (computational physics and materials science)
2" PI: C. Leyens (materials science)
International Mentors: L. Plyushchay (Kyiv,DFT); N. Artrith (Utrecht, MLIP)

Integrating spinodoids into applications reliably and sustainably requires ©Piectve
close control of the interfaces. F1 employs scale-adapted modeling of bulk

and surface properties to exploit the potential inherent to the hierarchical

nature of spinodoids and the composition variability of 3D printed alloys.

In F1 particular focus will be on the different length scales and corresponding mechanisms in-
volved in form, friction, and chemical fit at interfaces with spinodoids and polymers with partic-
ular focus on environment-dependent composition variations of 3D printed alloys and its conse-
qguences both for the bulk mechanics and the binding sites for the polymer.

In the first cohort, the structural and mechanical properties as well as the composition variation VPVLﬁ'l‘(m‘"a'y
in the bulk and at air-exposed surface areas of an Al-Mg-Si-Zr/Sc alloy were investigated at the
first-principles level in cooperation with experiments in F2 and M2/S3 and the international men-
tor. In-line with surface-sensitive measurements theoretical modeling shows a tendency for Mg
to segregate to boundaries and for Zr to nucleate AlsZr precipitates. In addition, the formation
of Al- and Mg-rich oxide phases on the surface provides binding sites for polymer bonding in F2.

Challenges are the pronounced roughness of LPBF surfaces at the micron scale and the ade-
quate modeling of the observed secondary phase formation. Both aspects require modeling at
larger scales, thus, machine-learned interatomic potentials (MLIP) based on first-principles data
have already successfully been evaluated for representative structure models of Al-Mg-Si-Zr.
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Figure F1: Modeling wetting and roughness properties of LPBF printed alloy surfaces and the local compositional
stability as well as the improved mechanical of high-entropy alloys.

Short
description

For extending this work to homo- and heterophase boundaries Prof. N. Artrith (U Utrecht, NL)
has been identified as mentor for tuning MLIPs at boundaries. The student in the second cohort
will tackle the challenges identified above in three interrelated work packages:

In WP1 the student will join the first cohort for learning the basic nano- and micro-scale modeling
techniques and study by DFT the influence of the observed composition gradients in Al-Zr-Si-Mg
alloys on the bulk mechanical properties addressed by the shear tests in F2. WP2 seeks to identify
sites for reactive wetting of the alloy by polymers chosen in F2. WP3 targets MLIP potential terms
required for modeling shear forces at the contact of integrated spinodoids and their environ-
ment. It will contain contributions that range from the nanoscale wetting interaction with poly-
mers at the surface to the deformation and pull-out of micron-size asperities at the form fit scale.

All WPs provide insight in the modeling of multinary systems with hierarchical structure evolu- [meracton

tion, which can directly be transferred to other shapes or multi-component materials; thus, be- projects
yond F2, M2 and S3 further new cooperation with design and ML projects are envisaged.
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F2 Graded functionalization for resilient metamaterials

15t PI: M. Gude (lightweight engineering)
2" PI: S. Gemming (computational physics and materials science)
International Mentor: A. Boczkowska (materials science)

Integrating spinodoid structures into technical systems often requires their

surface to exhibit certain interface properties that enable an interaction

e dte ) el P4 ] with further material systems. The present project aims at achieving these

properties by means of an effective hybridization of metal spinodoid

mesostructures with functional polymers in graded composition. In this context, the cross-scale

design and the technological implementation of graded functionalization for resilient metamate-
rials are investigated.

By examining process-related surface structures of PBF-LB/M-manufactured test specimens with
and without post-treatment, micro-undercuts that can be used for bonding were identified. An
expandable tool for classifying these micro undercuts can provide a prediction of potential bond-
ing strength. On the one hand, component mapping of this prediction can be used to optimize
slicing and component positioning in the build space of PBF-LB/M systems. Furthermore, the
prediction of spatially resolved bonding strength can be used for further numerical simulations.
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Figure F2: Schematic representation of the analysis sequence consisting of the input files, the processing in the
imaging software FIJI, and the output files (shown here as an example).

First, suitable coupling layer materials and deposition technologies for PBF-LB/M spinodoid met-
amaterials, including pre-treatments and infiltration concepts are selected. Chemical, geometric
and compositional interface descriptors are measured to quantify coupling effectiveness and
robustness. Second, a manufacturing strategy for controlled fully or partly functionalization is
developed, supported by numerical modelling and sensitivity analyses to derive process-struc-
ture-interface linkages. Third, interfacial behavior and damage evolution are analyzed experi-
mentally and numerically under static and cyclic loading, validated by advanced mechanical test-
ing and adapted 2D/3D imaging.

The adaptation of metamaterial designs and the development of graded connecting zones are
carried out in collaboration with S1 and S2. The analysis of bonding properties, including chem-
ical pre-treatments and interface characterization, is addressed jointly with F1 and M2. The ex-
perimental validation of partially and fully filled metamaterials by in situ mechanical testing is
performed in close cooperation with S3.
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