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The good, the bad, and the beautiful: Leonardo’s studies of
turbulence.

U. Piomelli1
1 Department of Mechanical and Materials Engineering, Queen’s University, Kingston (ON) CANADA

Aspects of fluid dynamics appear often in Leonardo da Vinci’s notebooks: sketches of water flow,
plans for flying machines, studies of bird flight. He seemed fascinated by the eddying movement
of water, and designed ingenious experiments to try and understand the causes of these complex
motions. He lacked the advanced mathematical tools required to study this subject properly, however,
and his attempts to use geometrical reasoning for the analysis of fluid flows were unsuccessful. This
limitation is reflected in many of the machines he designed, which we now know cannot work. His
observational powers, however, allowed him to make some exceptionally perceptive remarks that
foreshadow techniques used today, both in the experimental and the theoretical analysis of flow
problems, observations illustrated by striking drawings and sketches. In this talk, some of Leonardo’s
reflections on turbulence will be discussed, vis a vis the present understanding of this captivating but
baffling subject, perhaps the last unsolved problem in classical physics.
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Turbomachinery Design for Industrial Decarbonization
Technologies

D. Pasquale1
1 Turbomachinery R&D and Design Innovation Project Manager, Turboden, Brescia, Italy

Industrial decarbonization is driving the demand for advanced technologies capable of improving
energy efficiency, recovering waste heat, and supporting the electrification of industrial processes.
Over the last four decades, Turboden has developed an extensive experience in Organic Rankine
Cycle (ORC) systems and has recently expanded its technology portfolio to include Industrial Heat
Pumps (IHPs), gas expanders, and Mechanical Vapor Recompression (MVR) systems.

The design of new machines is based on the iterative evaluation of different technical solutions,
including different cycle layouts, working fluids, and economic drivers. The performance and cost
of key components, such as heat exchangers and turbomachines, strongly influence the selection of
the optimal configuration. For this reason, Turboden is currently introducing automated design
methodologies, transforming internal know-how into structured corporate knowledge, while enabling
faster and more reliable design workflows.

Turbomachinery design is based on a digital twin approach, integrating several simulation tools
with different levels of accuracy accordingly to the specific design phases. Accurate and reliable
numerical simulation are extensively used for the evaluation of aerodynamic performance, structural
and thermal integrity, and rotordynamics, which are mandatory for designing high-performance and
reliable systems.

To support this process, Turboden is investing in advanced numerical and optimization methods,
such as high-order CFD solvers and adjoint-based techniques. These tools are being developed to
supports the design of more efficient, reliable, and flexible turbomachines for the next-generation
ORC and IHP systems, aiming to drastically reduce the environmental footprint of energy-intensive
industrial processes.

3
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A position-based finite element formulation for the nonlinear
static and dynamic analysis of structures

L. Lottici1, P. S. Valvo1
1 Department of Civil and Industrial Engineering, University of Pisa, Pisa, Italy

E-mail:lucia.lottici@phd.unipi.it,p.valvo@ing.unipi.it

Keywords: finite element method, positional formulation, nonlinear analysis.

The standard formulation of the finite element method assumes the nodal displacements as the main
unknowns. For nonlinear analysis, however, this choice has some disadvantages such as, for instance,
the derivation of asymmetric secant stiffness matrices and cumbersome expressions for the tangent
stiffness matrices. As an alternative, a position-based finite element formulation (PFEF) can be
introduced, which uses the nodal positions as the main unknowns. Isoparametric finite elements based
on the PFEF are characterised by symmetric secant stiffness matrices. Moreover, simple expressions
for the tangent stiffness matrices are derived, which enable easy implementation of any hyper-elastic
constitutive law. This approach has been successfully applied to the nonlinear static analysis of
trusses and membranes, as well as to the nonlinar dynamic analysis of cable nets. In this work, we
show how the PFEF can be extended to structural elements featuring rotational degrees of freedom.
We develop a Kirchhoff rod finite element based on Hermite polynomials as interpolation functions.
The element can be used for both nonlinear static and dynamic analysis of curved rods undergoing
large displacements, finite rotations, and finite strains. Examples are presented for single rods and
rod assemblies made of nonlinear hyper-elastic materials and/or with composite cross sections.

References

[1] Zienkiewicz, O.C., Taylor, R.L., Fox, D.D., The finite element method for solid and structural mechanics -
7th ed., Elsevier, Amsterdam (2014).

[2] Oñate, E., “On the derivation and possibilities of the secant stiffness matrix for non linear finite element
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[3] Valvo, P.S., “Symmetric Stiffness Matrices for Isoparametric Finite Elements in Nonlinear Elasticity”,
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[4] Valvo, P.S., “Derivation of Symmetric Secant Stiffness Matrices for Nonlinear Finite Element Analysis”,
Adv. Sci. Techn. Res. J., 16, 118–125 (2022).

[5] Valvo, P.S., “Position-Based Finite Element Formulation for the Analysis of Wrinkled Membranes”, in
Trovalusci, P. et al. (eds), Multiscale and Multiphysics Modelling for Advanced and Sustainable Materials,
Adv. Struct. Mat., 231, 417–429, Springer, Cham (2025).
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An isogeometric geometrically exact Reissner–Mindlin shell
formulation for shape-changing structures

G. Ferri1, E. Marino1
1 Department of Civil and Environmental Engineering (DICEA), University of Florence, Via di S. Marta 3, 50139,

Firenze, Italy
E-mail:giulio.ferri@unifi.it,enzo.marino@unifi.it

Keywords: Isogeometric analysis, Geometrically-exact shells, Reissner-Mindiln shells.

In this contribution, we present an isogeometric (IGA) geometrically exact Reissner–Mindlin shell
formulation tailored to applications requiring the accurate representation of arbitrarily curved geo-
metries and the treatment of non-smooth structures, including their coupling with one-dimensional
elements. In particular, the focus is placed on the simulation of programmed morphing of smart
structures, where the shape evolution depends not only on intrinsic material properties (e.g., shape
memory materials), but also critically on the initial geometry and topological arrangement. Repre-
sentative applications include biomedical devices such as patient-specific stent-grafts. While IGA
naturally ensures an exact geometric description, coupling with geometrically exact beam elements
remains challenging. Classical geometrically exact shell theory, characterized by the absence of a
rotation component normal to the shell mid-surface (i.e., the drilling rotation), may fail to enforce
continuity at interfaces. As shown in, and more recently used in, the drilling degree of freedom can be
accounted for by introducing an appropriate stiffness. In addition to avoiding kinematic constraints
or drilling stabilization techniques, for our purposes this solution has the advantage of sharing the
same configuration manifold as the geometrically exact beam, thereby facilitating a natural coupling
strategy. In addition to the kinematic aspects, the study will investigate the most suitable framework
for accommodating inelastic constitutive laws, such as viscoelastic models for shape memory polymers.
Through a series of numerical examples, we will assess the fundamental requirements of the proposed
formulation, laying the groundwork for robust modeling of shape memory shell–beam assemblies.

References

[1] Ferri, G., & Marino, E. “Simulating morphing of shape memory polymer beam systems with complex
geometry and topology”. Journal of the Mechanics and Physics of Solids, 203, 106215 (2025).

[2] Ibrahimbegovic, A., “Stress resultant geometrically nonlinear shell theory with drilling rotations-Part II.
Computational aspects”, Comput. Methods Appl. Mech., 118, page 285–308 (1994).

[3] Arf, J. N., Reichle, M., Klinkel, S., and Simeon, B.,“A Geometrically Nonlin-ear Reissner-Mindlin Shell
with Load-Step-Driven Mesh Adaption”, Preprint, https://doi.org/10.2139/SSRN.621840 (2026).

[4] Dornisch, R., Müller, S., and Klinkel, S.“An efficient and robust rotational formulation for isogeometric
Reissner-Mindlin shell elements”, Comput. Methods Appl. Mech., 303, page 1–34 (2016).

[5] Dornisch, W., Klinkel, S., and Simeon, B.“Isogeometric Reissner-Mindlin shell analysis with exactly
calculated director vectors”, Comput. Methods Appl. Mech., 253, page 491–504 (2013).
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A Hybrid Virtual Element formulation for Mindlin–Reissner
shells with drilling rotations

F.S. Liguori1, A. Madeo1, S. Marfia2, E. Sacco3
1 University of Calabria, Ponte P. Bucci Cubo, Rende (Cosenza), Italy

E-mail:francesco.liguori@unical.it,antonio.madeo81@unical.it
2 Roma Tre University, Via Vito Volterra 62, Roma, Italy

E-mail:sonia.marfia@uniroma3.it
3 University of Naples Federico II, Via Claudio 21, Napoli, Italy

E-mail:elio.sacco@unina.it

This work presents a novel Hybrid Virtual Element Method (HVEM) for Mindlin-Reissner shells on
general polygonal meshes. Utilizing the HVEM framework, the formulation defines displacement and
rotation fields along the element boundaries, while capturing the internal behavior through a-priori
equilibrated stress resultants. This approach yields an element that is inherently free from spurious
modes and requires no artificial stabilization. The proposed element features six degrees of freedom per
vertex, successfully incorporating drilling rotations to couple membrane and bending behaviors. To
overcome the spurious mechanisms traditionally associated with Allman-type kinematics on arbitrary
polygons, the in-plane edge field is enriched with a cubic interpolation of the normal displacement.
This interpolation relies on an exact evaluation of the element-average rigid-body rotation using solely
vertex data, ensuring a consistent and robust treatment of the rotational field. Concurrently, the
out-of-plane edge displacement employs a cubic linked interpolation to guarantee highly accurate,
locking-free bending behavior. Stability analyses on both regular and highly distorted polygonal
meshes confirm the robustness of the proposed formulation and the absence of zero-energy modes. The
element reproduces constant stress states exactly in patch tests. Furthermore, standard benchmark
problems highlight the locking-free performance of the proposed HVE, demonstrating high accuracy
even on coarse discretizations and a strong insensitivity to severe mesh distortion.

References

[1] Madeo A., Zagari G., Casciaro R., An isostatic quadrilateral membrane finite element with drilling
rotations and no spurious modes, Finite Elements in Analysis and Design, Vol.50, pp.21–32, 2012.

[2] Liguori F.S., Madeo A., Marfia S., Sacco E., Locking and stabilization free Hybrid Virtual Elements for
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Vol.439, pp.117883, 2025.
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X-dof method for beams, plates, and shells

E. Carrera1, D. Scano1
1 MUL2 Lab, Department of Mechanical and Aerospace Engineering, Politecnico di Torino, Corso Duca degli Abruzzi

24, 10129 Torino, Italy
E-mail: erasmo.carrera@polito.it, daniele.scano@polito.it

Keywords: beams, plates, shells

The formulation of beam and plate/shell theories represents a classical and well-established research
topic in structural engineering. Beams are widely used across disciplines, from aircraft wings and
helicopter rotor blades in aerospace to metallic and concrete elements in civil engineering. Plates
and shells are equally important, with key applications in aircraft fuselage panels and cylindrical
shell structures. One-dimensional (1D) and two-dimensional (2D) structural models are generally
preferred over full three-dimensional (3D) analyses, owing to their inherently lower computational
demand. Despite the remarkable advances in computational mechanics and the continuous growth of
computing power, reduced-order beam and plate/shell models retain their appeal and widespread
use in engineering practice. The primary objective of the present work is to propose a consistent
formulation in which the analyst may freely select the desired structural theory at the required level
of accuracy, thereby obtaining reliable predictions at minimum computational cost. To this end, the
Carrera Unified Formulation (CUF) is employed, a framework that enables the systematic derivation
of the displacement field, governing equations, and finite element matrices for structural theories of
arbitrary order. In recent years, Carrera and collaborators have introduced the concept of x-dof, which
allows each term of the expansion to be independently selected for each displacement component.
This approach has been developed for beam and plate/shell structures, and Scano et al. have further
proposed a systematic methodology for assessing structural theories on the basis of their accuracy and
computational efficiency. The present paper provides a comprehensive illustration of the capabilities
of the Unified Formulation, encompassing both complete Taylor expansions and reduced-order models.
The numerical results include verification against reference solutions from the open literature and the
analysis of structural problems characterized by different geometries, loading conditions (bending and
torsion), and boundary conditions. The outcomes underscore the critical importance of an appropriate
selection of the generalized variables, which can yield substantial reductions in computational cost
with negligible loss of accuracy.

References

[1] Carrera, E., Cinefra, M., Petrolo, M., and Zappino, E., Finite Element Analysis of Structures Through
Unified Formulation, John Wiley & Sons, Chichester (2014).

[2] Carrera, E., Scano, D., and Zappino, E., “One-Dimensional Finite Elements With Arbitrary Cross-Sectional
Displacement Fields”, International Journal for Numerical Methods in Engineering, 127(1) (2026).

[3] Scano, D., Carrera, E., and Zappino, E., “Shell finite elements with arbitrary displacement fields along
the thickness”, International Journal of Solids and Structures, 321 (2025).

[4] Carrera, E., Scano, D., and Petrolo, M., “Evaluation of Variable Kinematics Beam, Plate, and Shell
Theories using the Asymptotic-Axiomatic Method”, International Journal of Solids and Structures, 60,
page 311-337 (2025).
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A non-linear kernel-based method for the large deflection
analysis of thin polygonal plates

G. Picciani1∗, F. Potenza1, M. Vasta1
1 Department of Engineering and Geology, University G. d’Annunzio, Chieti-Pescara, Italy

∗E-mail: giuliano.picciani@phd.unich.it

Keywords: Large deflections, Trefftz method, Föppl-von Kármán theory

The analysis of thin plates undergoing large deflections is a fundamental topic in modern structural
engineering, governed by the classic Föppl-von Kármán (FvK) theory. This continuum formulation
captures the second-order geometric non-linearity arising from the coupling between out-of-plane
bending and in-plane membrane stretching, under the assumption of negligible transverse shear
deformations. While the Finite Element Method (FEM) is the standard industrial tool for solving
these coupled differential equations, it often requires extremely dense meshing and computationally
expensive procedures to trace the non-linear equilibrium path. Recently, boundary-type and meshless
approaches have been explored to solve FvK equations to reduce the computational burden. However,
their application is often limited to simple geometries. To bridge this gap, this work proposes an
extension of the Trefftz-type kernel-based method to the non-linear analysis of arbitrarily shaped
thin polygonal plates. Leveraging the analytical nature of the basis functions, the approach allows
for accurately tracing the equilibrium path in large displacements without resorting to domain
discretization, preserving a high computational advantage. The numerical investigations, currently
under development, aim to demonstrate agreement with classical FEM solutions, confirming the
capability of the method to handle complex geometries and general boundary conditions with a
reduced number of degrees of freedom.

References
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A Two-Step Approach for the Dynamic Analysis of Submerged
Floating Tunnels under Wave Loading

S. Corazza1, F. Foti1, L. Martinelli1
1 Department of Civil and Environmental Engineering, Politecnico di Milano, Italy
E-mail: stefano.corazza@polimi.it, francesco.foti@polimi.it, luca.martinelli@polimi.it

Keywords: Submerged Floating Tunnels, Random Vibration, Reduced-order Model

Seabed-anchored Submerged Floating Tunnels (SFTs) can be regarded as a novel class of marine
infrastructures which are composed of buoyant watertight tunnel segments that are kept fixed below
the water table by a spread system of slender and flexible mooring devices, i.e. the tethers.

They have been recognized as a promising solution for the crossing of deep and wide waterways where
conventional bridges or immersed tunnels are technically impracticable or economically unfeasible.
Due to their inherent flexibility, SFTs are prone to the effect of dynamic loads, such as earthquakes,
traffic, waves and current. A distinctive feature of their dynamic behavior is the presence of both global
vibration modes, that involve significant displacements of the tunnel and quasi-static displacements
of the tethers, and local modes, that mainly involve dynamic transverse vibrations of the tethers.
Because global and local modes of the structure are typically associated to well-separated values of
the natural frequencies, a separate modelling of the two main substructures is conveniently employed.
By exploiting the weak coupling between the tunnel tube and the mooring system, as well as the clear
separation between the time scales of wave loading and the global SFT response, a two-step decoupled
approach is adopted for the dynamic analysis [1]. The SFT concept proposed for the crossing of the
Strait of Messina, in Italy, is considered as the reference case study.

The global dynamic response is described by means of a continuous model that represents the
submerged tube as an Euler–Bernoulli beam on an Elastic Foundation (BOEF). Random Vibration
Theory for linear systems is then applied, characterizing the cross-Power Spectral Density matrix of
the Morison wave force and adopting a complex coherence function. The local dynamics of the tethers
is addressed using a Reduced-Order Cable Model, which treats the structure as perfectly flexible
and accounts for both geometric nonlinearities and a generic form of support motion. The model
decomposes the cable response into quasi-static and dynamic components, extending the framework
originally proposed in [2] to the case of submerged tethers. Both models are validated independently
against Finite Element simulations, and parametric analyses are conducted to assess the influence
of the Buoyancy-to-Weight ratio, tether inclination, tube submergence depth, and wave heading.
The results demonstrate the high accuracy of the proposed two-step approach, which reduces the
associated computational burden by more than three orders of magnitude compared to the high-fidelity
simulations, enabling the application of the methodology to robust fatigue analyses across a broad
design domain of sea states.

References
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Human-structure interaction can play a crucial role in the assessment of vibration serviceability
of structures due to human-induced loading. In the case of vibrations in the vertical direction,
experimental observations suggest that this interaction tends to be beneficial, effectively contributing
additional damping to the system (see, e.g. [1] for a literature review).

This paper presents a general analytical framework for investigating the impact of human-structure
interaction on the dynamic behaviour of structures. Extending recent approaches introduced in the
literature for the analysis of footbridges [2], the structure is modelled as a 2-D continuous dynamic
system, while pedestrians are schematized as single-degree-of-freedom oscillators. Focusing on a
single mode of vibration, an analytical expression for the Frequency Response Function (FRF) of
the coupled structure-pedestrian system is derived. The proposed formulation, besides being simpler
than those found in the literature, has broader validity because it can be applied for the analysis of
floors and footbridges. Furthermore, the variability in pedestrian properties can be accounted for. A
simplified version is also provided for the case of uniform pedestrian characteristics. In addition to
the FRF analytical expression, closed-form solutions for the damping and natural frequency of the
human-structure coupled system are introduced. A non-dimensional formulation of the problem allows
a parametric analysis of the influence of structural and pedestrian characteristics on the coupled
system’s dynamic behaviour. Two numerical examples based on two real case studies, a footbridge
and a floor, allow to quantify the impact of the interaction, which can be significant especially when
the natural frequency of the structure is close to that of the humans. The proposed solutions may
be easily implemented for incorporating human-structure interaction in the assessment of vibration
serviceability of structures starting from an equivalent spectral model of the loading [3]: in this
context, the dynamic response can be calculated while accounting for pedestrian–structure interaction
simply by modifying the structural properties through the closed-form solutions, without the need to
solve the dynamic problem of the coupled system.
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Structures with a high slenderness ratio or low damping are particularly vulnerable to lateral dynamic
forces. During the last decade the so-called Tuned Mass Damper Inerter (TMDI), a device obtained
by coupling a low-mass TMD with an inerter (two-terminal element providing resisting forces which
are proportional to the relative accelerations between the terminals [1][2]), has been extensively
investigated as suppressor of the lateral-induced vibrations in of high-slender low-damped “primary”
structures [3][4].

The main technological issue preventing the use of the TMDI in practice, is related to the fact that
its efficiency is strongly proportional to the distance L between the two terminals (connected in turn
with the primary structure and the ground, or both connected in different locations to the primary
structure): the more is L, the more is the efficiency of the TMDI in suppressing vibrations. In this
view, the most efficient TMDI configuration is obtained by connecting one of the two terminals of the
inerter to the ground, something that generally implies the accommodation of significant forces by
dedicated structural members (e.g. the shear force transmitted to the oscillating TMDI mass to the
inerter, and then to the ground [5]).

A new conceptual design of the inerter (New-inerter) is proposed in this paper to address the
problem related to the transmission of such a forces: the two inerter terminals are connected by a
telescopic bar, and the kinematic transmission between the bar and the oscillating mass is realized by
a gear wheel fixed to the head of the bar. Theoretical and analytical models of the New-inerter are
developed in a parametric way by highlighting the main design parameters affecting the performances
of the proposed device.
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Clutch units for torque splitting strategies in high-performance automotive powertrains improve
control of torque vectoring, transition to four-wheel drive, performance and handling [1], however
possible occurrence of anomalous, self-excited oscillations can significantly worsen vibration, noise
and wear issues. More specifically, a peculiar instability phenomenon induced by the drive train is
the so-called clutch judder, manifesting itself in a wide range of frequencies, commonly experienced
in transient manoeuvres [2], but also in the case of clutches operating at high slip speeds in almost
steady-state stationary conditions during finite time intervals, which is the focus of the present study.

The analysis is developed on the basis of a comprehensive nonlinear torsional multibody model of a
case-study automotive drive train with torque splitters (i.e., a clutch differential). Attention is paid
to accurate modeling of friction, damping, and torsional compliance of components (in particular of
discretized shafts), ensuring both numerical robustness and physical fidelity. After computation of
the system’s equilibrium configurations, stability maps of the linearized system around equilibrium
are drawn with the aid of a recursive numerical algorithm. Essential aspects of the system’s post-
bifurcation behaviour are then investigated on reduced-order models with tools including an improved
collocation method [3], Floquet theory, Lyapunov spectra [4] and Poincaré–Lyapunov coefficients
(when correctly applicable).

The non-stationary behaviour of the drive train is found strongly dependent on the nonlinear friction
characteristic of the clutch differential, with its negative gradient producing the switching mechanism
to instability. Linear stability analysis at equilibrium working conditions reveals unstable modes
localized at the driveshafts, while post-bifurcation nonlinear analysis, performed on reduced-order
models, proves the existence of stable limit cycles, with further bifurcations leading to coexisting
higher-order attractors (multistability). In all cases, frequencies, amplitudes, and eventually jump
phenomena between attractors, are governed by the nonlinearity of the friction characteristic of the
clutch differential and are consistent with experimental evidence.
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Periodic metamaterials are engineered structures whose repeating unit cells produce frequency
bandgaps, in which mechanical waves cannot propagate. This property makes them attractive for
vibration and noise control. When the unit cells contain nonlinear elements, the bandgaps and
the associated dispersion relations between frequency and wavenumber depend on the amplitude of
oscillation [1]. Capturing this dependence is important for predicting how the metamaterial behaves
under different operating conditions. However, in standard practice, time-domain simulations are
used, which can be computationally demanding. This work presents a simplified modelling approach
that produces amplitude-dependent dispersion curves without time integration. The unit cell is first
reduced through a component mode synthesis approach, which condenses the internal degrees of
freedom into a smaller set of dominant modal coordinates. Bloch periodic conditions are then applied
at the boundaries of the unit cell to enforce wave propagation through the periodic chain and to
reduce the problem to a single representative cell [2]. The nonlinear coupling between the retained
coordinates and the remaining ones is then approximated through an invariant manifold, computed
numerically over a chosen amplitude range [3]. For each combination of wavenumber and amplitude,
the contribution of the nonlinearity is summarised in a corrected stiffness matrix, from which the
corresponding frequency is obtained as an eigenvalue. The procedure provides accurate dispersion
predictions at a small fraction of the cost of full nonlinear simulations. The method is validated against
finite-element simulations of a onedimensional metamaterial chain with cubic nonlinear elements, and
provides a practical tool for the design of nonlinear vibration-control systems.
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Some high speed industrial and mobile applications e.g. small size turbo-compressors, need the
rotor to rotate at speeds up to 250 krpm. Herringbone grooved gas journal bearings (HGJB) can
be successfully employed in order to support the rotor with low friction, compactness and stable
operation. Moreover, they do not need external pressurized air as the pressure distribution results
from the rotational motion itself.

The geometry of HGJB is characterized by the presence of shallow grooves realized on the surface of
the rotor. Due to the discontinuity in the air film, the pressure distribution that encounters between
the rotor and the bushing surface has a zig-zag shape and rotate with the rotor.

The so-called Narrow Groove Theory (NGT) was developed in the 60s and 70s in order to formulate
a modified Reynolds Equation (RE) for the calculation of the smoothed pressure that approximates
the actual pressure [1]. This theory makes the assumption of a high number of grooves along the
circumferential direction and has the advantage of bringing a simple numerical model. Alternative
approaches based on finite elements are aimed at calculating the actual pressure distribution considering
the full RE [3] but the discontinuity of the air film represents a computational challenge.

About the NGT models, some literature papers consider a fixed control volume [2] for the derivation
of the modified RE, others a volume attached to the rotor surface [1]. The volume in some models is
parallel to the grooves [1], in others it is parallel to the axis of the rotor [2]. The different approaches
were never compared in literature, according to the authors knowledge and each approach formulates
a modified RE that looks different due to the different dimensional or dimensionless parameters used.

The purpose of this work is to compare the various approaches in order to clarify some doubts that
could raise in the derivation of the correct modified RE. The modified RE is derived in the following
cases: i) fixed control volume and parallel to the axial direction, ii) control volume attached to the
rotor surface and parallel to the axial direction, iii) control volume attached to the rotor surface and
parallel to the grooves. From the comparison the same equation is finally obtained with the three
approaches, proving their consistency. Results are given about the load capacity and the attitude
angle of the HGJB as a function of the rotational speed and of the rotor whirling frequency.
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To date, total hip arthroplasty is the surgical procedure in which the hip joint, due to a damage or a
disease, is replaced with an artificial prosthesis. Despite the notable improvements of the last decays,
several clinical and biomechanical issues still compromise the long-term functionality of hip implants
often leading to revision surgery. One of the main causes is the aseptic loosening associated to the
release of wear debris [1] which has been pushing research towards innovative solutions. A notably
example is dual mobility hip replacement which features two active articulations [2], head-liner and
liner-cup, thus increasing motion range. Unfortunately, the cup-liner interface is exposed to combined
wear and corrosion phenomena, known as tribocorrosion [3]. Chemical degradation is mainly due to
the presence of synovial fluid whereas the mechanical stresses arise from daily activities like walking.

This work proposes an experimental study on tribocorrosive behavior of three diverse biomaterials
used at the cup-liner interface: CoCr alloy, virgin stainless steel 316L and coated stainless steel
with TiNbN. First, three electrochemical tests were carried out in absence of sliding: open-circuit
potential, potentiodynamic and galvanic corrosion. The synovial fluid was simulated with using a
solution composed of 0.9% sodium chloride per 500 ml of distilled water (pH 5.8). Subsequently,
both dry tribological and tribocorrosion tests were performed using an in-situ setup combining a
linear reciprocating tribometer with a potentiostat and an electrochemical cell in two- and three-
electrode configurations. Test conditions were selected to reproduce fretting corrosion at the liner-
cup interface. After testing, worn surfaces were inspected topographically using an optical laser
confocal/interferometric microscope. On the whole the materials showed a good and distinct corrosive
and tribological response as function of their intrinsic structure, leading to the development and the
optimization of hip implants design.
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In this work a computational approach to numerically simulate the transient Elasto-Hydrodynamic
Lubrication (EHL) of 2D line-contact tribo-systems is shown. The aim of the current study is to
develop a numerical algorithm based on the writing of a unified system of equations identifying the
EHL regime [1] that simultaneously addresses the lubricant fluid dynamics, the conjugated surfaces’
deformation mechanics and the surfaces’ normal motion approaching dynamics due to the externally
applied load.

The fluid dynamics is based on the Reynolds equation [2] finite difference discretization, the solids’
deformation is evaluated through the Boundary Element Method (BEM) applied to the 1D Boussinesq
half-space deformation [3] (exploiting the Fast Fourier Transform for the related computation) and
the approach dynamics is due to the load balance accounting for inertial effects.

The above spatially discretised problems are assembled into a system of Differential Algebraic
Equations (DAE) that is turned into a singular Ordinary Differential Equation (ODE) system [4] by
defining the state-space composed by the lubricant gap, the lubricant pressure, the rigid approach and
its velocity. Then, the constituted state-space system is numerically simulated over time by marching
techniques dealing with Implicit Runge-Kutta (IRK) methods that are able to handle the singularity
of the ODEs [4] coming from the EHL problem DAE nature, i.e., non-singular coefficient matrix IRKs
or stiffly accurate ones.

The operating conditions are the time-varying inputs of load and sliding velocity that, in this work,
are assumed to be constant so that the steady-state established after the extinguishing transient
phase provided outputs comparable with respect to empirical benchmarks, i.e., the minimum and the
central film thicknesses obtained by Dowson [5].

The obtained satisfactory comparisons achieved by using several IRKs, together with interesting
transient wave dynamics providing the well-known steady-state EHL pressure/gap shapes, stimulates
the authors to extend the developed code to a the 3D point-contact tribo-system and to deepen the
Mixed Lubrication regime in order to implement it in the same state-space form.
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Wear behaviour of mechanical components is commonly investigated using ball-on-disc tests, in
which a spherical specimen is brought into contact with the plane surface of a rotating disc, under
a prescribed normal load. Wear is usually characterized by the wear coefficient k according to the
Archard law, which is generally evaluated at the end of the test as the ratio between the measured
worn volume and the product of normal load and sliding distance. However, an instantaneous value
of k can also be estimated by continuously monitoring the wear depth during the test [1, 2]. In this
framework, k may vary with the sliding distance, for instance due to changes in the contact pressure,
as reported in both numerical [3] and experimental studies [4].

This study investigates the evolution of the wear coefficient k during ball-on-disc tests, an aspect
that has received limited attention in the literature. A series of tests was carried out using the rotary
module of a multi-function tribometer, mostly under standard conditions of 10 N load, 0.1 m/s
speed and 1 km sliding distance. Two configurations involving unilateral wear were considered: wear
occurring only on the ball (steel discs) and wear occurring only on the disc (bronze-coated discs).

The maximum wear depth and sliding distance were continuously recorded and the wear volume
was estimated through geometrical relationships, enabling the evaluation of k as a function of sliding
distance. In addition, the temporal evolution of the mean contact pressure was estimated and
correlated with k. Results show a non-linear increase of the wear coefficient as contact pressure
decreases during the test.
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Surgical aortic valve replacement is a life–saving intervention and remains the only definitive treatment
for a range of pathological conditions, such as severe stenosis and valve regurgitation. Artificial
valves can be either mechanical or bioprosthetic and, in patients younger than 60 years, bileaflet
mechanical prostheses are generally preferred owing to their durability [1]. However, these valves
generate a non–physiological tripartite flow pattern and require lifelong anticoagulation therapy. In
this context, understanding valve hemodynamics in relation to implantation strategies is crucial to
optimize postoperative performance and to guide future valve design.

In this work, we investigate the influence of deployment strategy by comparing traditional intra–
annular and alternative supra–annular implantation of a bileaflet mechanical aortic valve, focusing
on the resulting hemodynamics and commonly used clinical parameters. To this aim, we employed
high–fidelity fluid–structure interaction simulations integrated within a realistic left–heart model,
allowing us to overcome the intrinsic limitations of clinical measurements and simplified numerical
approaches previously reported in the literature.

The hemodynamic analysis reveals a consistent superiority of the supra–annular configuration.
Compared to intra–annular placement, the former is associated with a larger effective orifice area,
reduced transvalvular pressure drop, lower wall shear stress levels, and decreased hemolysis. We
compare our findings with those of a previous study on a similar problem but for a biological valve [2].
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Owing to a minimum free-energy content, a solid particle in ice sustains a thin liquid film even below
the bulk melting temperature. Under an imposed temperature gradient, thickness variations of this
film generate a disjoining-pressure gradient that drives liquid from the warmer side to the colder side
of the particle, where refreezing causes particle migration. In particle assemblies such as soils, the
same mechanism underlies frost heave [1,2]. This work investigates thermal regelation as a model
problem for clarifying how particle geometry controls premelting and regelation dynamics processes.
We have developed a three-dimensional numerical framework that couples incompressible flow, heat
transport with latent heat, phase-field evolution of the ice-liquid interface, and rigid-body motion of
immersed particles. To move beyond the spherical benchmark, generic shape bodies are considered
and their dynamics compared with that of the reference sphere [4]. Rotational motions are solved in
the body frame through the Newton-Euler equations with quaternion-based orientation updates [3].
Preliminary results show that irregular particles alter the local film geometry and the force balance
with respect to the sphere. Spatially varying curvature and non-aligned lever arms produce finite
torques, reorientation, and orientation-dependent migration. These findings identify particle shape as
an active control parameter in regelation and provide a tractable basis for future studies of collective
particle interactions: this could be a first step towards the study of frost heave and ice-lens formation.
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Vapour chambers are passive two-phase heat spreaders widely adopted in the thermal management of
high-power-density electronic devices. Their performance depends on the interplay between capillary-
driven liquid return through the wick, evaporation at the hot wall, vapour transport across the core
and condensation at the cold wall. Selecting the optimal working fluid is a critical design choice, since
thermophysical properties directly affect nucleation onset, critical heat flux and thermal resistance.
High-fidelity numerical tools capable of resolving the coupled phase-change and heat-conduction
problem at the device scale are therefore of great practical interest.

A two-dimensional numerical framework is presented for the simulation of phase-change heat transfer
inside a vapour chamber with a symmetric layered structure: solid metal layer, liquidsaturated wick,
vapour core, wick and closing metal layer. The two-phase thermofluid problem is solved by a
pseudopotential LBM with a Multiple-Relaxation-Time (MRT) collision operator. Non-ideal fluid
behaviour and vapour–liquid coexistence are described through the Peng–Robinson (PR) equation of
state [1], ensuring thermodynamic consistency without explicit interface tracking. The temperature
field is advanced by a finite-volume solver coupled to the LBM at each time step [2], where latent
heat release and the mechanical work term of the non-ideal EOS act as source terms in the energy
equation. Contact angle boundary conditions at the wick–fluid interface are imposed via the improved
virtual-density scheme [3], which avoids the unphysical mass-transfer layer of the original formulation.
Two working fluids with markedly different thermophysical properties are compared under identical
geometric and thermal boundary conditions: a constant heat flux is applied at the bottom metal layer
while the top surface is kept at a fixed sub-cooling temperature, with adiabatic lateral walls. The 2D
domain captures liquid film evaporation and nucleate boiling in the evaporator wick, vapour flow
across the core, and condensation in the condenser wick. Boiling heat transfer coefficient, critical
heat flux, dry-out margin and overall thermal resistance are evaluated as functions of wall superheat
and compared between the two fluids [2]. The results show how differences in surface tension, latent
heat and vapour–liquid density ratio translate into distinct bubble nucleation dynamics and capillary
pumping capability, ultimately determining the heat-spreading performance of the device. Guidelines
for fluid selection in flat vapour chamber design are drawn from the simulation outcomes.
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The formation of vortex rings from a fluid crossing a circular orifice is a classical problem with
relevance in industrial, environmental, and biological flows, such as cardiac valve dynamics [1,2].
While the limiting phenomenon of vortex ring pinch-off in unbounded domains has been extensively
studied, the influence of downstream confinement remains largely unexplored despite its significance
in applied cardiology [5].

This work presents a general dynamical model for vortex ring formation based on the equation
of motion for the vortex synthesized as a compact core connected to the edge. This model allows a
natural extension to account for the case of a confined downstream chamber by incorporating the
effects of wall-induced flow deformation. Numerical simulations are then used to validate the model
and to identify the conditions under which confinement and boundary layer separation alter the
pinch-off process. Fig. 1 shows the model problem, and the result of numerical simulation showing the
initial detachment of the vortex and its interaction with the nearby boundary layer. Results show that
the downstream confinement delays pinch-off due to image-vortex effects, while increasing confinement
eventually causes interaction with the boundary layer, triggering earlier vortex breakdown. The
framework provides a predictive tool for vortex formation in confined geometries and has potential
implications in cardiac fluid dynamics and industrial flows.
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In this contribution, we present a high–order time- and space-accurate isogeometric collocation
(IGA-C) formulation for the explicit dynamics of geometrically exact shear–deformable beams. While
high–order accuracy in space is a well-established result for the dynamics of geometrically exact
beams using explicit IGA-C methods, time accuracy is still restricted to second order. For some
applications, such lower-order accuracy represents a significant drawback since, due to the dominance
of the temporal error, it prevents fully exploiting the high–order spatial accuracy of IGA-C. We fill this
gap by proposing a high–order time-accurate method based on the Runge-Kutta Munthe-Kaas time
integrator, developed for problems evolving on manifolds. The approach exploits the analogy between
rigid body dynamics and shear-deformable beams. The nonlinear rotational governing equations are
solved locally by approximating the rotation group SO(3) with its Lie algebra, enabling a consistent
reformulation of classical Runge–Kutta schemes on the beam configuration manifold, R3 × SO(3),
parameterized over time and space (beam axis). Beyond improved accuracy, the proposed IGA-C
formulation offers several advantages over existing explicit IGA approaches. It naturally avoids mass
matrix inversion without requiring lumping procedures and eliminates the need for linearization
of rotational Neumann boundary conditions. Although the present work focuses on geometrically
exact beams, the formulation is general and lays the groundwork for extension to rotational shells.
Numerical benchmarks demonstrate that the proposed method allows for larger time steps compared
to lower-order methods, indicating improved stability. Convergence studies confirm highorder accuracy
in both time and space, up to sixth order.
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The computation of periodic solutions for nonlinear dynamical systems with a large number of degrees
of freedom, as typically arises from spatial finite element discretizations, remains a major challenge
in computational mechanics. The Shooting Method, incorporated into path-following strategies, is
one of the most widely used techniques for the direct computation of periodic orbits. The principal
limitation of such a method is that the evaluation of the associated Jacobian becomes prohibitive
for large problems. Recent research efforts have focused on the development of strategies to reduce
its computational cost. Another popular method is the Harmonic Balance Method, for which high-
dimensional extensions have been developed to handle large-scale problems, integrating finite element
formulations, parallelization strategies and reduced order models, methods to mitigate aliasing and
Gibbs phenomena. An alternative efficient path-following strategy is presented and illustrated for
structural dynamics applications, such as truss and shell models subject to periodic loading. It relies on
a displacement-based Galerkin FEM discretization, continuous in both space and time. Displacement
periodicity is imposed by identifying the initial and final temporal nodes in the global assembly, which
automatically enforces velocity periodicity in the weak sense. The space–time equilibrium equations
are solved iteratively together with an arc-length constraint, allowing the periodic solution paths to
be traced step by step (including multiple solutions and unstable branches) with respect to a chosen
continuation parameter, such as excitation frequency. The weak form is expressed in a dimensionless
time domain, allowing the temporal discretization to be independent of the loading frequency. The
exact Jacobians, which include derivatives with respect to the continuation parameter, are assembled
from finite element contributions. By exploiting the sparsity of the corresponding space-time global
stiffness matrix and a modified Newton iterative scheme, the approach retains its computational
efficiency for high-dimensional problems. Finally, a reduced temporal quadrature is adopted as a
stabilization technique for coarse temporal meshes, enabling an accurate and robust reconstruction of
periodic solution paths with a limited number of quadratic or cubic time elements.
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In recent years, the finite element community has increasingly adopted 3D solid elements, driven by the
growing integration between CAE and CAD tools, which define structural components by their physical
volumes. This allows engineers to preserve exact geometries and leverage automated meshing without
intermediate idealizations. However, mesh quality remains a critical factor, particularly the element
aspect ratio. In slender and thin structures, highly stretched elements with large aspect ratios are
common and can significantly degrade numerical accuracy, leading to poor displacement interpolation
and inaccurate stress distributions even with adequate mesh density. Standard finite elements are
susceptible to numerical issues when modeling thin structures. In bending-dominated problems, an
artificial stiffening known as shear locking may occur, caused by an excessive increase in the shear
stiffness component. The primary objective of the present work is to propose a consistent formulation in
which the analyst may freely select the desired shape functions for each displacement component at the
required level of accuracy, thereby obtaining reliable predictions at minimum computational cost. This
approach offers several advantages: it eliminates the need for ad hoc 1D or 2D kinematic hypotheses,
simplifies the theoretical derivation and numerical implementation, and provides a more intuitive and
accessible framework for analysts operating in multidisciplinary engineering contexts. Furthermore,
this approach naturally lends itself to the implementation of strategies for alleviating FEM locking
phenomena. The Carrera Unified Formulation (CUF) is employed, enabling the systematic derivation
of the displacement field, governing equations, and finite element matrices for shape functions of
arbitrary order and type. Building on recent advances, Carrera and collaborators have introduced
the x-dof concept, allowing each expansion term to be independently selected for each displacement
component, as proposed for beam and plate/shell structures. While those works focused on structural
theories defined over the cross-section (beam) or thickness (plate/shell), the present contribution shifts
the attention to the finite element approximations. This paper offers a thorough demonstration of
the potential of the enhanced solid elements, presenting numerical results that cover both verification
against established reference solutions from the open literature and the analysis of structural problems
involving a variety of geometries and boundary conditions.
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Extrusion-based additive manufacturing enables the efficient fabrication of geometrically complex
components through sequential, layer-by-layer material deposition. A wide range of printable inks
can be employed, including polymers, clays, and cementitious mortars. Despite these advantages,
process control and optimisation remain challenging due to the complex rheological behaviour of the
materials involved and the large number of interacting process parameters. These challenges motivate
the development of reliable simulation tools capable of predicting, a priori, the overall shape and
structural integrity of printed parts. This work introduces a high-fidelity computational framework for
multi-layer 3D printing simulation across multiple process scales, encompassing extrusion, deposition,
and buildability. The approach is based on the Particle Finite Element Method (PFEM), which
provides robust treatment of large deformations and free-surface evolution, and is coupled with a
novel elasto-viscoplastic constitutive model specifically developed for 3D-printable materials. The
formulation is highly general, capturing elastic response, pressure-dependent plasticity, viscous flow,
and time-dependent fluid–solid transitions within a unified framework. To represent the printing
process, the model is complemented by tailored techniques within PFEM, enabling the simulation
of continuous material extrusion from the nozzle, contact with the rigid substrate, and interlayer
interactions during deposition. Validation against single- and multi-layer printing experiments with
cementitious materials conducted at TU Eindhoven shows strong agreement between simulated shapes
and laser-scanned geometries. The results indicate that shape development is primarily governed
by flow behaviour in the fluid regime, while progressive deformation and structural stability are
controlled by the evolving elasto-plastic solid response. The approach also accurately reproduces key
phenomena, including out-of-plane collapse and junction formation.
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Understanding the rocking motion phenomenon is essential to predicting the dynamic response
of masonry structural elements and assessing their actual vulnerability to seismic events. Despite
research efforts since the pioneering contribution of Housner [1], this topic still presents some aspects to
be clarified. Housner’s classical formulation provided a simplified yet effective framework for modeling
the dynamics of slender rigid blocks subjected to various types of dynamic loads; however, later works
- using experimental results - have shown that energy loss is overestimated by the analytical model
and that the impact event needs to be deepened. Moreover, the nonlinear equations of motion for
non-slender blocks have been studied numerically but, due to the chaotic features of the motion, this
topic highlights several aspects that still represent a challenge today. As demonstrated by Hogan [2],
even small differences in the initial conditions may easily lead to very large differences in the rigid
block motion, hence greatly complicating the analytical investigation.

This contribution is part of a broader research activity aimed at investigating the still open issues
concerning the assessment of the dynamic response of masonry structures subject to earthquakes.
Starting from a review, both analytical and numerical, of the motion of a single block and a critical
re-examination of the limit condition for the stability of the rocking body (i.e., the overturning
condition, also called “zero strength configuration”), this work identifies an extended domain of
admissible initial conditions, which shape depends on the block size, slenderness and loss of kinetic
energy during impact. Lastly, using a numerical code specifically developed, a numerical investigation
of the sensitivity of the dynamic response to the main parameters characterizing the seismic input as
a periodic load is performed.

References

[1] Housner, G. W., “The behavior of inverted pendulum structures during earthquakes”, Bulletin of the
seismological society of America, 53(2), 403–417, (1963).

[2] Hogan, S. J., “On the dynamics of rigid-block motion under harmonic forcing”, Proceedings of the Royal
Society of London, A, Mathematical and Physical Sciences, 425(1869), 441–476, (1989).

36



AIMETA 2026 - MS03

On the dynamics of equilibration processes

F. Zullo1, E. Sciubba2

1 Universita‘ di Brescia, DIACTAM, Brescia (IT) & INFN, Universita‘ di Milano Bicocca, Milano (IT)
E-mail: federico.zullo@unibs.it

2 Universita‘ Niccolo‘ Cusano, Dipartimento di Ingegneria Meccanica, (IT)

Keywords: non-equilibrium processes, exergy, dynamical systems

We address the problem of the evolution of systems that are initially in a state of nonequilibrium. It
is proposed that, in any equilibration process, a proper measure of the decrease of the system exergy
is linked directly to the time derivatives of the relevant process variables. This statement extends the
assumptions formulated by R. Gaggioli in [1] and also relies on the results given by the same Authors
in [2]. The equation proposed is of first order and can be seen as a rephrasing of the classical time
dependent Ginzburg–Landau equation. An application to two processes are given: the description of
conduction/convection cooling of a solid bar and the dynamics of velocity field and temperature in
the Oseen–Lamb vortex.
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Buckled beams exhibit rich nonlinear dynamic behaviors and represent a benchmark system in
structural mechanics and nonlinear dynamics. A seminal contribution is [1], where the linear vibration
modes of buckled beams under various boundary conditions were investigated analytically and
experimentally, providing the basis for subsequent studies on their nonlinear response. Later works
focused on internal resonance phenomena, which induce strong modal interactions and complex
response regimes not captured by linear models. In particular, [2, 3] analyzed two-to-one internal
resonance in buckled beams under different excitation conditions. The Multiple Scale Method (MSM)
is applied directly to the continuous model to avoid inaccuracies that may arise from reduced-order
discretizations, especially in the presence of strong modal interactions.

This study investigates the nonlinear dynamics of a hinged–hinged buckled beam exhibiting two-
to-one internal resonance and subjected to a harmonic concentrated load. The system is modeled
within the Euler–Bernoulli beam framework, including quadratic and cubic geometric nonlinearities
arising from mid-plane stretching in the post-buckled configuration. The equilibrium configuration
corresponds to the first buckling mode and is therefore assumed to be unimodal. The internal resonance
condition occurs when the natural frequency of the first symmetric mode is approximately twice that
of the first antisymmetric mode, leading to a response governed by modal energy transfer between the
two modes. The external excitation is tuned near the first symmetric mode. The governing partial
differential equations are analyzed using the Multiple Scale Method applied directly to the continuous
system, yielding the perturbation problem and the corresponding amplitude modulation equations.

The analysis reveals complex dynamics, including modal energy exchange, bifurcations, and the
coexistence of stable and unstable solutions. Experimental validation is ongoing and will address the
main features of the frequency–response curves and modal amplitudes.
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Seabed-anchored Submerged Floating Tunnels (SFTs) can be regarded as a novel class of marine
infrastructures which are composed of buoyant watertight tunnel segments that are kept fixed below
the water table by a spread system of tethers. Among the various sources of dynamic loading, wave
forces are considered the most critical for both serviceability and fatigue life assessments of the SFT,
owing to their perpetual cyclic nature. Therefore, this work presents a computationally efficient
multi-scale methodology for the fatigue reliability of SFTs tethers subjected to wave loads.

By exploiting the weak coupling between the tube and the mooring system, together with the
distinct separation between the time scales of wave loading and the global SFT response, a novel
two-step methodology for the dynamic analysis of the SFT has been introduced and detailed in the
companion abstract [1]. The post-processing phase includes the reconstruction on the internal actions
in the tether accounting for the bending stiffness effects. The latter are treated in a decoupled way
by means of a matched asymptotic solution of the spectral properties of shallow cables with small
bending stiffness, derived in [2].

To establish a reliability-based framework for fatigue damage assessment, the long-term wave and
current statistics at the Strait of Messina have been derived by fitting available hindcast data from
the Copernicus Marine Service [3]. Hundreds of sea states with varying occurrence probabilities are
considered, and the complete multiscale methodology is applied across the entire design domain. The
short-term damage computation is based on a well-established time domain fatigue approach, which
includes (1) the Rain-flow counting, (2) the S-N curve and (3) the linear Miner’s rule of damage
accumulation. The reliability-based approach accounts for the uncertainties related both to the
boundary conditions of the tether and to the selected damage model.

Contrarily to most of the available numerical models, this computationally efficient methodology
allows for the investigation of a broad design domain associated with the random nature of the loading
process, as well as for the assessment of the sensitivity of key design parameters on the reliability
curves of the tethers. Each step of the multiscale approach is validated against the results of finite
elements simulations, revealing notable accuracy, while dramatically reducing the computational cost
of the associated high-fidelity model.
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In the context of advanced aerodynamic design for turbomachinery, shape optimization plays a
key role in reducing losses and improving overall efficiency. This work presents a gradient-based
optimization framework where objective function gradients are computed through the adjoint method
and coupled with a high-order flow solver based on a Discontinuous Galerkin discretization [1].

Within this framework, two different geometric parameterization strategies are investigated and
compared: Free Form Deformation (FFD) and a camber–thickness parameterization. The choice of
the parametrization method is known to significantly influence both the robustness of the optimization
process and the characteristics of the final optimal solution. The FFD approach enables global
shape modifications through the deformation of a control lattice, providing high flexibility at the
cost of a relatively large number of design variables and reduced geometrical control. In contrast,
the camber–thickness formulation offers a more compact and physically meaningful representation,
allowing explicit control over the camber line and thickness distribution.

The optimization problem is formulated using two alternative objective functions: the loss coefficient
and the entropy variation between inlet and outlet. The loss coefficient represents a well-established
engineering metric to quantify aerodynamic losses in turbomachinery applications. On the other hand,
entropy variation provides a more fundamental thermodynamic measure of irreversibility, directly
capturing the dissipative mechanisms occurring in the flow field.

The main goal of this work is to investigate the impact of both geometric parameterization and
objective function on the final optimized geometry. The framework is validated on a well-documented
turbomachinery test case, namely the transonic flow through the turbine nozzle T106A [2].
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In the current global landscape, where substantial efforts are being made to advance the energy
transition, aerodynamic shape optimization (ASO) methods based on Computational Fluid Dynamics
(CFD) are becoming increasingly important for designing novel, high-efficiency turbomachinery
geometries. Such approaches are often computationally expensive and, in industrial applications,
reduce the feasible number of design parameters because of execution time and processing power
constraints. In the last decades some work has proposed integrating Proper Orthogonal Decomposition
(POD) surrogate models as a computationally inexpensive way to explore high-dimensional design
spaces starting from a limited initial high-fidelity sampling within an ASO workflow, see Dolci and
Arina [1]. POD is used to extract the principal flow features from a small number of initial design
samples, and, through interpolation of modal coefficients, full flowfields are predicted in previously
unseen design points. However, the accuracy of POD deteriorates significantly when the flowfield is
characterized by strong nonlinearities, e.g. shocks. This work proposes the use of modern machine
learning (ML) techniques to address this limitation, unlocking the use of POD for shape optimization
in the transonic regime. A ML model based on Graph Convolutional Networks (GCNs [2]) is trained
on a small subset of CFD simulations to correct POD-predicted fields to match their corresponding
high-fidelity solutions. The network learns to correct smoothed artifacts, recovering the true physical
discontinuities. By leveraging graph-based spatial relationships and local flow characteristics, the
model enhances local gradients and restores shock structures, better matching the high-fidelity solution.
The combined use of mesh connectivity data and POD as an initializer keeps the network compact and
the total computational cost controlled. Training time is comparable to that of 1/2 CFD simulations,
while unseen fields can be predicted with GCN-corrected POD at a rate two orders of magnitude
higher than full-fidelity evaluations. In summary, the proposed framework leverages modern machine
learning models to extend POD applicability to transonic cases, with a focus on applications as a
fast, low-fidelity surrogate model, and will be benchmarked on the shape optimization of a transonic
turbine nozzle. The framework achieves significant computational savings while enabling full-flowfield
analysis.
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RANS models are attractive for the simulation of complex flow configurations because of their low
computational costs. However, it is well known that they encounter difficulties in accurately predicting
flows characterized by massive separation, as, e.g., flows around buildings in urban environment.

This work presents a framework for enhancing the accuracy of a low-cost RANS approach, using
the SST k − ω turbulence model, for the flow around an isolated square building of varying heights
with inlet conditions reproducing the atmospheric boundary layer (Case A of [1]). Experimental
measurements of velocity and turbulent kinetic energy are available for validation. The first step is to
correct the RANS model by introducing in the momentum equation a force vector, which is computed
through data assimilation of high-fidelity LES results, obtained through the spectral element code
SOD2D [2]. The data assimilation is performed by using DAFoam library, written for OpenFOAM, by
minimizing the discrepancy in both the velocity field within a region around the body and the pressure
field on the body’s surface. The corrective fields obtained for building heights 1.5D and 2.5D, D being
the length of the cross-section side, are used to train a machine learning (ML) regression model to
predict the correction terms of the RANS baseline model for unseen configurations. Fig. 1 shows, for
example, the profiles of mean streamwise velocity, obtained by the baseline and ML-corrected RANS
for a building of height equal to 2D, unseen in the ML training, compared against LES results and
experimental data.
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Large-eddy simulation (LES) provides high-fidelity predictions of turbulent flows, but resolving
all dynamically relevant near-wall scales becomes prohibitively expensive as the Reynolds number
increases. Wall-Modeled LES (WMLES) mitigates this cost by resolving the outer flow while modeling
the inner boundary-layer region through an exchange location. Although equilibrium wall models are
widely used, their underlying balance assumption fails in the presence of strong pressure gradients,
curvature, or separation, leading to well-documented inaccuracies. To address these issues, ODE-based
non-equilibrium wall models have been proposed [1, 2]. However, challenges remain in accurately
predicting relaminarization zones and separating regions.

In this work, we introduce a new non-equilibrium ODE wall model designed to remain robust under
both favorable and adverse pressure gradients. The model incorporates a dedicated damping function
for the turbulent viscosity to capture relaminarization under strong favorable pressure gradients, and
employs an improved representation of the convective terms within the near-wall layer. The proposed
model is assessed for the NASA-hump test case from CFDVal2004.
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Unbalance is one of the most common and operationally damaging faults in rotating machinery,
leading to excessive vibration, bearing wear, and premature fatigue failure. Classical field balancing
requires multiple physical trial runs on the operating machine — a procedure that is time-consuming,
disruptive, and difficult to document reproducibly. This work demonstrates how the combination
of Wolfram System Modeler and Mathematica enables a fully integrated, model-based balancing
workflow that determines optimal correction masses from simulation alone, reducing the need for
physical trial runs to a single verification step.

The rotor is modelled in Wolfram System Modeler using Modelica components from the Rotational
Mechanics library: rigid and flexible shaft segments, lumped disc inertias with configurable eccentricity,
and linear bearing supports with stiffness and damping. Unbalance excitation is applied at designated
correction planes, and displacement sensors are placed at measurement planes along the shaft. The
model is driven directly from a Mathematica notebook via SystemModelSimulate, which executes the
reference run and each trial-mass run programmatically, returning time-series vibration data that
Mathematica processes in the same session without any manual data transfer.

Steady-state synchronous amplitudes and phases are extracted from the simulation results using
Mathematica’s signal processing functions and assembled into the influence coefficient matrix, whose
entries encode the vibration response. The balancing problem is then solved symbolically, yielding
correction mass magnitudes and angular positions at each balancing plane in closed form. The
over-determined case — more measurement planes than correction planes — is handled naturally.

Results are presented for a two-plane balancing case study. The Mathematica notebook generates
Campbell diagrams, polar influence-coefficient plots, and deflection shape animations directly from
SystemModelSimulate output, providing immediate physical insight alongside the numerical solution.
The complete workflow — model construction, simulation, coefficient extraction, optimisation, and
reporting — is contained within a single, Mathematica notebook, ensuring full traceability and
straightforward adaptation to new rotor configurations.
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Due to technological developments in recent years, automation has significantly increased the ability
of industrial knitting machines to operate continuously, thereby reducing production times. Although
modern technologies have improved productivity and precision, energy dissipation due to frictional
phenomena continues to be an important topic of interest. This paper focuses on the analysis of
experimental data to evaluate the behaviour of friction and inertial effects in the kinematic chain of
an industrial knitting machine.

An extensive experimental campaign was carried out based on the acquisition and analysis of data
relating to the motor torque of the drive system in various machine configurations, in which the
operating speeds of the system were varied. The different configurations are distinguished by the
activation or deactivation of certain components of the kinematic chain, such as the needles and the
machine cover. These measurements made it possible to identify distinct friction models associated
with each configuration, thereby allowing the contribution of individual components within the system
to be isolated and evaluated.

By analysing the effects on the system’s driving torque, it has been possible to describe the friction
caused by the movement of the needles within the needle bed and the interaction between the needles
and the cams, as well as the influence of the transmission system on the overall behaviour of the
resistance. This work provides experimental insights and modelling approaches to understand and
potentially reduce friction losses and inertial effects in mechanical systems, helping to improve the
efficiency and performance of industrial machinery.

47



AIMETA 2026 - ST04

Validation of a mechanism for the generation of alternative
motion with adjustable stroke by deformation of an elastic ring

I. Tomasi1, C. Schioppetto1, N. Zani1, I. Bodini1, M. Monfrini1, R. Pagani1, L. Solazzi1, R. Faglia1
1Department of Mechanical and Industrial Engineering, University of Brescia, Brescia, Italy

E-mail: ivan.tomasi@unibs.it; christian.schiopppetto@unibs.it; nicola.zani@unibs.it, ileana.bodini@unibs.it,
matteo.monfrini@unibs.it, roberto.pagani@unibs.it, luigi.solazzi@unibs.it, rodolfo.faglia@unibs.it

Keywords: motion profile, elastic ring, adjustable stroke.

This paper presents the design and analysis of an innovative mechanism for generating reciprocating
motion with adjustable stroke and frequency [1], [2], [3], [4].

The mechanism is based on the deformation of a constant-thickness elastic ring by a rotating
internal element. In an initial phase, the possibility was assessed that the elastic ring, due to the
imposed deformation, could generate motion profiles approximating those produced by a theoretical
elliptical cam. To evaluate this hypothesis and, simultaneously, the performance of this component
in terms of stiffness, deformation and stresses, several finite element analyses (FEA) were carried
out. The investigations were performed considering various configurations in order to evaluate the
different imposed deformations and the contact modes between the surface of the inner ring and the
element causing the deformations.

To validate the numerical results obtained, a dedicated experimental test bench was set up. The
numerical predictions were then compared with experimental measurements acquired during this
preliminary validation phase in a static configuration, using a triangulation laser sensor to capture
the profile. In the final phase of the research, it is also demonstrated that, by using rings with
non-constant thickness, it is possible to generate variable motion profiles. Overall, the results indicate
that this mechanism is a promising solution for generating reciprocating motion, providing a good
approximation of the desired behaviour. Despite some limited discrepancies with the theoretical
model (in term of the maximum displacement), the consistency between simulations and experiments
confirms its validity and potential for industrial use, particularly in applications where simplicity and
adjustability are prioritised over absolute precision.
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The automation of medication distribution in hospital environments requires robotic systems capable
of combining high positioning accuracy, repeatability, and operational speed while maintaining low
vibration levels.

This work presents the dynamic characterization and trajectory optimization of the Drug Handling
Robot (DHR), a three-axis Cartesian manipulator developed for automated medication handling
within a smart hospital cart.

To investigate the dynamic behaviour of the system, lumped-parameter models of the X, Y and Z
axes were developed through a Lagrangian formulation. The models account for equivalent masses,
inertias, transmission stiffness and damping effects, enabling the analysis of the vibrational phenomena
generated during handling operations [1,2].

Experimental validation was carried out through acceleration measurements acquired at the robot
end-effector under different payload conditions. Frequency-domain analysis, signal filtering and
parameter identification procedures were employed to obtain a validated representation of the system
dynamics. The comparison between simulated and measured responses showed good agreement and
allowed the identification of the main dynamic parameters governing the robot behaviour.

The validated models were subsequently used to evaluate and optimize alternative motion laws.
The optimization process focused on reducing residual oscillations and limiting the excitation of elastic
modes while preserving cycle-time requirements. The resulting trajectories improved positioning
stability, repeatability and overall handling performance, demonstrating the effectiveness of model-
based trajectory design for automated medication distribution systems [3].

The proposed methodology demonstrates how the integration of dynamic modeling, experimental
identification, and trajectory optimization can significantly enhance the performance of automated
handling systems. The obtained results provide useful guidelines for the design and control of compact
Cartesian robots operating in applications where accuracy, reliability, and productivity are critical
requirements, such as hospital logistics and automated medication management.
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Dealing with the Devil: In-Silico Experiments Across the Scales
to Design Better Engineering Interfaces.
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Small, surface-level features dictate the overall function/failure of a material and control the behaviour
of critical interfaces. Being able to tame the “devilish" (chaotic/unpredictable) nature of surfaces is
key to design better products. The talk will cover recent advances in modelling aspects of a variety of
problems where the behaviour of moving interfaces controls the performance of several engineering
systems. It will start with an overview of the modelling tools developed to predict interfacial phe-
nomena across the scales, and will then move onto demonstrating how in-silico experiments can be
used to shed light on physical, chemical and mechanical phenomena that affect frictional interactions
and engineering performance in several applications in the energy sector, including electric vehicles
(EVs) and triboelectric nanogenerators (TENGs), biomedical applications, consumer goods, and
functionalized and hierarchical materials and surfaces.

Many of the components undergoing contact in the presence of relative motion are strongly affected
by the design and evolution of their surfaces. Of particular interest for the talk will be the importance
of capturing the effect of surface features across the many length scales that they span. Examples
will be provided to demonstrate how multiscale modelling can be used to simulate how molecular
and surface roughness interactions across different scales affect frictional behaviour. These will cover
dry contact interactions, where thermal effects and materials transformation can play an extremely
important role in the system response, and lubricated interfaces, with the investigation of the interplay
between molecules, multiscale roughness and fluid-solid interactions in both conventional mechanical
components and soft lubricated contacts, such as those found in biomechanics and soft robotics.

It will be shown how machine learning tools, combined with accurate physics-based modelling
techniques, can be used to significantly accelerate simulations of surface evolution almost in real time,
leading to the perspective development of digital twins that can capture and monitor the evolution of
surfaces and improve the design, efficiency and reliability of many mechanical systems.
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The widespread trend toward electronics miniaturisation results in a continuous increase in power
density, leading to higher operating temperatures that may compromise device reliability and per-
formance. Consequently, innovative cooling solutions are required to enhance heat dissipation in
compact electronic systems. Heat sinks are commonly employed to maintain temperatures below
critical thresholds and ensure proper operation. Among emerging solutions, Triply Periodic Minimal
Surface (TPMS) structures have attracted considerable attention owing to their zero mean curvature
and high surface-to-volume ratio, characteristics that are particularly advantageous for heat transfer
applications. Despite their excellent thermal properties, TPMS structures introduce flow tortuosity
within liquid-cooling circuits, generating pressure losses that may adversely affect overall system
efficiency. The design challenge therefore lies in achieving an optimal balance between enhanced
cooling performance and acceptable pressure drop.

In this work, the thermal-fluid performance of TPMS gyroid structures integrated into a liquid-cooled
heat-sink demonstrator is investigated through computational fluid dynamics simulations performed
with FLOEFD for NX. Numerical predictions were validated against experimental measurements
obtained from a physical prototype, showing good agreement between simulated and measured results.
The experimental demonstrator consists of a modular aluminium box incorporating a U-shaped cooling
channel, supplied with a liquid flow rate of 8L/min at 23◦C. Eighteen electrical resistances generate
a non-uniform thermal load corresponding to a total power of 400W, while additively manufactured
AlSi10Mg gyroid inserts are placed inside the cooling cavity. Surface temperatures and pressure losses
were measured and compared across different design configurations. A parametric investigation was
conducted by varying the gyroid wall thickness (0.5, 1.0, 1.5, and 2.5 mm) and the insert width. Two
layouts were considered: three separate gyroid structures located beneath the heat sources and a
single gyroid insert extending across the entire channel width. The results demonstrate that the most
favourable compromise between cooling effectiveness and pressure-drop minimisation is achieved by a
full-width gyroid insert with a wall thickness of 1.0,mm, highlighting the potential of TPMS-based
designs for next-generation thermal management systems.
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Architected materials offer powerful opportunities to tailor wave propagation and dynamic response
through the design of their internal structure. Extending these concepts to multifunctional electro-
mechanical systems, however, introduces strong nonlinear interactions that remain only partially
understood. In particular, the incorporation of switching-based electrical interfaces within mechanical
metamaterials gives rise to coupled dynamics that cannot be accurately described by conventional
linearized approaches.

This work investigates a class of electromechanical metamaterials in which piezoelectric resonators
are coupled with nonlinear interface circuits, generating an effective electromechanical friction.
Building upon the concept of the EMetaNode, the proposed framework demonstrates how this nonlinear
interaction modifies the dynamic response of the system, leading to broadband vibration attenuation,
amplitude-dependent bandgap formation, and energy transfer among harmonic components.

To efficiently characterize these phenomena, a reduced-order modelling strategy based on the
harmonic balance method is developed. The resulting framework enables accurate prediction of both
the frequency response and the nonlinear band structure of finite and periodic electromechanical
systems.

The study is further extended toward the concept of architected meta-actuators, in which external
electrical inputs are employed to achieve controlled actuation. Within this context, the same friction-
like nonlinear mechanism governs both dissipative and energy-injecting regimes, providing a unified
interpretation of passive and active system configurations.

The results, obtained primarily through numerical investigations supported by analytical consi-
derations, highlight the fundamental role of nonlinear electromechanical coupling in shaping wave
propagation, vibration attenuation, and dynamic response in architected metamaterials. These
findings open new perspectives for the development of autonomous sensing, energy harvesting, and
adaptive actuation technologies based on multifunctional metamaterial platforms.
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This work presents a combined numerical and experimental investigation of additively manufactured
lattice metamaterials designed for wave attenuation and vibration mitigation. The study focuses
on periodic one-dimensional beam-like structures obtained through the repetition of selected two-
dimensional unit cells and fabricated by means of fused deposition modeling (FDM). Particular
attention is devoted to understanding the influence of lattice topology and manufacturing-induced
geometric imperfections on the dynamic response of the structures.

The wave propagation characteristics of the proposed metamaterials are first analyzed through
Bloch–Floquet theory applied to infinite periodic media. This approach enables the determination
of dispersion relations and the identification of directional band gaps responsible for attenuation
phenomena. To establish a direct connection between theoretical predictions and experimentally mea-
surable quantities, finite lattice specimens are subsequently investigated through frequency response
function (FRF) analyses. The combined numerical framework provides a consistent methodology for
comparing idealized periodic structures with realistic manufacturable configurations.

Experimental validation is performed on FDM-produced lattice specimens subjected to shaker-
induced excitation, while laser displacement measurements are employed to characterize their dynamic
response. The resulting attenuation curves and frequency-domain responses are compared with the
corresponding numerical predictions. Particular emphasis is placed on the role of lattice topology
in governing attenuation mechanisms, as well as on the effects of manufacturing-related geometric
defects, such as nodal offsets, which can significantly influence both the position and the width of
frequency band gaps.

The results highlight the importance of integrating structural design, numerical modeling, and
experimental characterization in the development of architected materials for vibration control
applications. Current developments are aimed at extending the proposed framework to alternative
materials and manufacturing technologies, including ABS polymers and photopolymer resins produced
through LCD- and DLP-based vat photopolymerization processes.
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This work investigates the propagation of axial elastic waves in ternary waveguides characterized by a
hierarchical arrangement of layers. The structural sequence is generated according to the Ali–Gumbs
substitution rule, which extends the concept of binary scaling to more complex ternary configurations.
The resulting periodic approximants are analyzed within a high-dimensional dynamical framework,
where the elastodynamic response is mapped onto the Iguchi trace map, providing a rigorous geometric
foundation for the investigation of spectral properties.

Particular attention is devoted to the progressive fragmentation of the transmission spectrum
as the generation order increases and, consequently, as the size of the elementary cell grows. By
introducing a systematic classification based on irreducible transit-time ratios, the study demonstrates
how the intrinsic characteristics of the constituent layers govern the overall dynamic behavior of the
hierarchical lattice.

The proposed framework identifies specific canonical frequencies associated with bounded periodic
orbits or stable fixed points within the trace-map phase space. Through three-dimensional phase-space
projections and the use of Fricke–Iguchi identities, it is shown that, at these protected frequencies,
dynamical stability prevents divergence of the trace-map trajectories even as the recursion index
increases indefinitely. As a consequence, although band gaps may intermittently open and close, wave
transmission remains stable.

Conversely, at frequencies not associated with protected dynamical states, the emergence of a band
gap results in a persistent evanescent regime as the hierarchical complexity of the structure increases.
The analysis therefore establishes a direct connection between spectral transmission properties and
the topology of the underlying phase space.

The results provide a predictive framework for wave manipulation in complex layered media, linking
structural hierarchy to phase-space dynamics and identifying the conditions under which stable
transmission can be preserved regardless of the depth of the hierarchical architecture.
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The numerical simulation of growth in thin biological structures poses significant challenges due
to the pronounced nonlinearities arising from large strains, geometric instabilities, and internal
constraints such as incompressibility. While growth modeling via the multiplicative decomposition of
the deformation gradient is well established, its integration into efficient, locking-free shell formulations
remains a developing field. This work introduces an original isogeometric computational framework
for elastic growth in shells, based on the Kirchhoff–Love (KL) theory.

A primary contribution of this study is the analytical derivation of all growth-related tangent
operators required for a Riks arc-length strategy. This exact linearization significantly enhances
robustness and accuracy when tracing equilibrium paths parameterized by growth variables. A key
innovation lies in the extension of KL formulations to growth-driven problems: we generalize the
plane-stress enforcement strategy proposed by Kiendl et al. [1] to account for the nonlinear coupling
induced by growth. Notably, for the incompressible case, the constraint is imposed analytically,
resulting in a fully consistent and computationally efficient growth model—a development that, to
the authors’ knowledge, represents a novel contribution to the literature.

The framework leverages Isogeometric Analysis (IGA) with high-continuity NURBS basis functions
and a reduced patch-wise integration scheme, ensuring low computational overhead while eliminating
membrane and shear locking. Numerical stability is further bolstered by the Mixed Integration Point
(MIP) strategy [2], which mitigates extrapolation-locking effects and improves the convergence of
Newton-type solvers. The synergy of reduced integration, analytical tangent operators, and locking-
free response enables the accurate simulation of complex morphoelastic phenomena in biological
systems with a reduced number of degrees of freedom.
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In-vitro models of morphogenesis are transforming the way we study human development and
disease. By recapitulating key developmental processes outside the embryo, these systems provide
opportunities to probe fundamental biology, accelerate drug screening, and inform regenerative
medicine. Among these systems, gastruloids represent a class of organoids that mimic early embryonic
development. They undergo symmetry breaking, elongation, and later stages such as the specification
and segmentation of the spinal cord [1].

In this context, we propose a coupled Cahn-Hilliard-Stokes formulation, which is discretized via
isogeometric analysis. Specifically, we adopt two coupled phase-field equations to represent the cell
sorting process occurring within the Gastruloid and the interaction with the surrounding fluid, which
is modeled by the Stokes equations.

To simulate the process, we exploit the regularity of B-splines to discretize the fourth-order Cahn-
Hilliard equations in primal form [3] and a staggered solution scheme to handle the coupling. Finally,
Stokes equations are discretized using divergence-conforming B-splines [2], to properly address the
incompressibility constraint.

Numerical experiments illustrate the capabilities of the proposed approach.
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Glaucoma is a chronic eye disease that can lead to permanent vision loss, caused by damage to the
retinal ganglion cell (RGC) axon bundles, which transmit data from the retina to the brain. The
primary site of glaucomatous damage is the Lamina Cribrosa (LC), a moderately thick sieve-like
structure, where axons from RGCs merge to form the optic nerve head (ONH). The LC is made of
collagen beams and permeated by blood and interstitial fluids; thus, biomechanics and hemodynamics
coupling is key in RGCs loss. Although some poroelastic models accounting for both aspects have
been proposed (see, e.g., [1]), these have often been independently investigated in the literature. This
work [2] aims to provide an analytically tractable framework for capturing the role of the solid-fluid
interaction in the response of the LC, providing closed-form solutions. The LC has been modeled as
a transversely isotropic Reissner-Mindlin poroelastic plate; Biot’s theory of linear poroelasticity, a
set of physiological boundary conditions, and a suitable ansatz for through-thickness displacement
have been assumed. Then, the magnitude of the intraocular pressure (IOP) has been changed to
represent two different pathological conditions. In both biomechanical and hemodynamic aspects,
variations with respect to the physiological setting have been observed. With increasing levels of IOP,
the deviatoric part of the stress and the shear strain undergo a substantial increment in the peripheral
region of the LC, where many experimental and computational studies usually report the first losses
of RGCs. Furthermore, a monotonic decrease in the fluid content is detected, with a 4% reduction in
the ocular hypertension case. Finally, the role of anisotropy in the LC modeling has been investigated.
The comparison with an isotropic poroelastic model reveals that this latter overestimates the fluid
content and underestimates shear strains, with errors up to 60%.
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Cell motility is the driving mechanism behind critical physiological and pathological processes,
including embryogenesis and tumor metastasis. Modeling this phenomenon requires capturing the
complex interplay between intracellular mechanical deformations and the chemo-diffusive behavior
of adhesive receptors at the cell-matrix interface. This work presents a novel, high-performance
finite element computational model, implemented within the deal.II library (https://dealii.org),
designed to simulate the space-time relocation of transmembrane proteins on dynamically advecting
lipid membranes. The current framework is a formal extension of the work in [1]. We propose a
staggered one-way coupled kinematic framework. The core innovations of our approach include:
Dual-Mesh Architecture with Independent Adaptive Mesh Refinement (AMR), a Multi-Scale Time
Integration, and tailored Numerical Stabilizations [2].

The problem is solved using two distinct, decoupled domains: a 3D bulk mesh for large-strain
contact mechanics (cytoplasm and nucleus) and a 2D manifold mesh for surface reaction-diffusion
(cell membrane). This decoupling permits independent AMR, avoiding unnecessary 3D resolution
while capturing high-gradient surface activities. We employ a sub-stepping strategy that bridges the
temporal gap between biological processes. High-cost 3D mechanical updates occur at macroscopic time
steps, while the fast biochemical kinetics on the membrane geometry are resolved using microscopic
sub-steps. To suppress numerical oscillations in the highly dynamic advection-diffusion-reaction
equations, we implement mass lumping to preserve strict positivity, combined, if necessary, with a
residual-based shock-capturing scheme that introduces locally adaptive artificial dissipation strictly
in the vicinity of steep concentration gradients.

The framework successfully simulates different phases characterizing cell motility - from rolling
and adhesion to migration - accurately reproducing phenomena such as the “coffee-ring” formation
of complexes on the cell membrane. Future developments will focus on optimizing communication
overhead during autonomous manifold re-meshing in massive HPC environments.
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Lo sviluppo di isole di valvole pneumatiche richiede la verifica integrata di tenute, organi di serraggio e
componenti in tecnopolimero, con l’obiettivo di ridurre il rischio progettuale prima della realizzazione
di prototipi e stampi. Il lavoro presenta un flusso di simulazione numerica applicato a un assieme
composto da moduli pneumatici, valvole a spola, sottobasi, tiranti e guarnizioni a disegno. Le analisi
sono state impiegate per valutare il comportamento meccanico dell’assieme in condizioni di montaggio,
pressione interna e variazione termica.
La metodologia prevede la caratterizzazione sperimentale dei materiali elastomerici e l’identificazione
dei coefficienti di un modello iperelastico di Yeoh del terzo ordine [1]. Per i materiali soggetti a
scorrimento viscoso sono stati inoltre calibrati modelli di creep a partire da curve deformazione-tempo
fornite dal produttore mediante ANSYS APDL. Le guarnizioni sono state dimensionate attraverso
curve forza-schiacciamento e schiacciamento-pressione di contatto, in accordo con approcci numerici
impiegati per sistemi di tenuta elastomerici [2, 3]. Il modello dell’assieme completo è stato quindi
sottoposto a step di precarico di viti e tiranti, applicazione della pressione di esercizio, condizioni
termiche di -10 ◦C e 60 ◦C e valutazione a temperatura ambiente dopo 8.760 h.
I risultati consentono di stimare lo schiacciamento residuo delle guarnizioni considerando la defor-
mabilità delle sedi, l’andamento del precarico nei tiranti e lo stato tensionale dei componenti in
tecnopolimero. Il modello ha permesso di confrontare virtualmente numerose varianti geometriche,
introducendo modifiche di spessore, nervature e rinforzi prima del lancio delle attrezzature produttive.
L’approccio FEM ha supportato il dimensionamento delle tenute e dei componenti strutturali dell’isola
di valvole, contribuendo a una progettazione più robusta e a una riduzione delle iterazioni sperimentali.
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Cohesive interface modeling is a useful tool for describing damage and fracture phenomena in materials
and structures [1, 2, 3, 4, 5]. Traditionally developed in a purely mechanical context, cohesive zone
models (CZMs) has been also extended to more complex multiphysics contexts, in which interface
evolution is affected and results coupled to different types of physical processes (such as thermal
diffusion, mass fluid flow across porous media, etc.) [6, 7, 8].
This paper proposes a general theoretical framework for the formulation of cohesive interfaces in
multiphysics systems, with particular attention to the combination of mechanical behavior, heat
transport and the fluid mass diffusion of saturated porous continuum. The approach is based on the
development of interface constitutive laws that couple mechanics (displacement jumps/traction) with
thermal (temperature jumps/heat fluxes) and fluid diffusion (pore pressure and fluxes) quantities,
respecting thermodynamic principles of irreversible processes. A coherent energy framework is then
defined that includes contributions from interface free energy and dissipative potentials, allowing
us to describe phenomena such as cohesive damage affected by thermal gradients, the variation
in permeability with fracture opening, and the interaction between pore pressure and interface
resistance. Numerical coupling schemes within the finite element method are discussed, highlighting
some computational critical issues related to the model.
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Loaded pinned joints are a classical non-axisymmetric contact mechanics problem and remain one
of the most common solutions for connecting articulated mechanical components. Typically, a stiff
cylindrical pin interacts with a surrounding material of lower stiffness. Because a small clearance
is needed to allow rotation, contact is limited to only part of the hole surface, with an extent
that is unknown a priori and increases nonlinearly with the applied load. Excessive clearance can
also promote wear, fatigue, and eventual failure. For these reasons, the problem generally requires
advanced analytical or numerical treatment. The work [1] provided an analytical solution for the
frictionless clearance-fit contact problem between a rigid circular pin and a circular FGM lug with
power-law grading, showing that load-bearing capacity can be improved by increasing both the elastic
modulus and strength of the FGM near the contact surface. The present work investigates the plane
problem of a rigid loaded pin in advancing contact with an FGM ring inserted around a hole in an
infinite isotropic elastic plane under clearance-fit conditions. The shear modulus of the FGM ring
varies radially according to a power law and tends to that of the surrounding elastic plane, while
Poisson’s ratio is assumed constant and identical in both materials. Using the general polar-coordinate
expressions for stresses and displacements [2], the frictionless contact problem is reduced to a system
of dual trigonometric series, from which an infinite linear system for the Michell-type coefficients is
obtained and solved by truncation. To address the nonlinearity of the advancing contact problem,
an inverse solution strategy is adopted: the contact pressure is first determined for assigned contact
angles, and the corresponding pin load is then computed, yielding a nonlinear relationship between
contact angle and load. The results show that, by properly tailoring the material gradation across the
ring thickness, the contact angle can be increased, leading to more uniform contact pressure and hoop
stress distributions and thus reducing the risk of failure in fasteners and bolted connections. The
analytical solution is verified through the invariance of an M-integral-based quantity along circular
contours around the hole and further validated against finite element results, showing excellent
agreement. Overall, the study provides practical guidance for improving the load-bearing capacity
of pinned joints using FGMs and opens new perspectives for the optimized design of cylindrical
connections.
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Ensuring structural resilience against localised failures is a central challenge in modern engineering
design. The Alternate Load Path (ALP) method addresses this by requiring structures to redistribute
loads when individual elements are damaged or lost. In framed building systems, the sudden removal
of a column represents the standard reference scenario adopted by codes, standards, and the broader
research community. When a column is removed, several load-redistribution mechanisms come into
play. Among these, catenary action stands out as particularly significant in moment resisting frames
with concrete members: it governs the final, and often largest, reserve of load-carrying capacity,
activating after flexural and compressive arching mechanisms have degraded [1].
This paper presents a fracture mechanics-based analytical model to investigate the nonlinear response of
axially restrained RC members at the subassemblage scale. The model incorporates crack propagation,
reinforcement constitutive behaviour, and displacement compatibility conditions associated with crack
opening, offering a physically grounded yet computationally tractable framework. It captures the
key nonlinear phenomena governing structural response, including concrete cracking, reinforcement
yielding, and the geometric transition from arching to catenary action as deflections increase. Through
parametric analysis, the model examines the shift from flexure-dominated to axial-dominated regimes,
with particular focus on the catenary branch that defines ultimate capacity. Results are presented
as a function of governing parameters, including reinforcement ratio, beam slenderness, and lateral
restraint stiffness, providing practical insight into component-level behavior under extreme loading
conditions.
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Turbulent stratified flows laden with dispersed particles are ubiquitous in geophysical envelopes
and industrial applications. Nonetheless, the interaction between stratified turbulence structures
and inertial particles remains largely unexplored, despite being particularly relevant for different
phenomena, such as the motion of buoyant microplastics [1]. Since stratifications can suppress vertical
motion and the flow dynamics on the free surface is not incompressible, the particles can accumulate in
specific regions rather than dispersing [2]. To investigate the phenomenon, we simulate the dynamics
of a buoyant particle dispersion in a turbulent stratified flow, solving the incompressible Navier-Stokes
equation with the Boussinesq approximation. The particles are evolved in a Lagrangian manner
according to the Maxey & Riley [3] equation, with the addition of the excluded-volume effect between
neighbouring particles, accounted for through hard-core repulsive potentials. Methodological details
and results will be discussed during the oral presentation.
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The human cardiovascular system is optimized to work under Earth’s gravitational load (1g).
Therefore, alterations in gravity elicit a range of hemodynamic changes primarily driven and ruled by
fluid dynamics processes, starting from hydrostatic pressure variations that lead to blood redistribution
throughout the cardiovascular system. In microgravity (0g), these changes are responsible for
cardiovascular deconditioning, venous thromboembolism, and increased intracranial pressure (ICP)
[1]. Thus, the development of effective in-flight countermeasures is essential for astronaut health and
safety. Among these, lower body negative pressure (LBNP) is one of the most extensively studied,
due to its ability to mimic the 1g environment by pooling blood towards the legs [2].

To date, the hemodynamic characterization is restricted to a small set of measurable variables
due to the limited availability of experimental data and the constraints of ground-based analogs.
In this context, the computational approach represents a valuable tool. In particular, multiscale
modeling enables the investigation of cardiovascular hemodynamics at different levels of detail while
preserving the systemic perspective, which is typically lacking in 3D models. In this work, we
refined our validated model [3], capable of reproducing acute 0g-induced effects, to make it suitable
for assessing the effectiveness of LBNP as an in-flight countermeasure. Our model combines a 1D
description of the main systemic and coronary arteries with a 0D representation of the peripheral,
venous, cardiopulmonary, and cerebro-ocular circulations. The model includes short-term regulation
mechanisms, venous collapse, and accounts for gravity and postural transitions.

The model reproduces acute 0g-induced effects, including central hypervolemia, decreased heart rate
(HR), and increased ICP. LBNP induces a hypovolemic stimulus that counteracts central congestion
associated with 0g. In particular, a -40 mmHg LBNP stimulus produces an increase in HR comparable
to that observed during standing at 1g (78 bpm) and leads to a slight reduction in ICP. However,
the different mechanisms driving fluid redistribution – gravity in standing posture and external
negative pressure in LBNP – result in distinct distributions of pressures and volumes throughout the
cardiovascular system.

In conclusion, the proposed fluid dynamics-based model proves to be a powerful tool for investigating
microgravity-induced cardiovascular alterations and evaluating efficacy and potential improvements
of current spaceflight countermeasures.
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The rapid evolution of space technologies is fostering the development of innovative propulsion
concepts and mission architectures that increasingly depend on advanced fluid-dynamical modelling.
Research activities within the Space Technologies group of the Sant’Anna School of Advanced Studies
focus on the investigation of multi-scale transport phenomena governing both spacecraft interaction
with the upper atmosphere and plasma-based electric propulsion systems.

A first research direction concerns air-breathing electric propulsion (ABEP) systems for satellites
operating in Very Low Earth Orbit (VLEO). These concepts aim to exploit residual atmospheric
particles as propellant, thereby extending mission lifetimes without the need for onboard propellant
storage. The associated modelling challenges encompass gas–surface interactions, atmospheric particle
collection, flow compression, and low-temperature plasma generation. Numerical investigations range
from kinetic simulations of rarefied gas dynamics to reduced-order models describing plasma chemistry
and ignition processes in atmospheric propellants. These tools are employed to assess the feasibility
of long-duration VLEO missions and to derive scaling laws for air-breathing plasma thrusters.

A second research line focuses on the dynamics of low-temperature plasmas and, in particular, on
self-organized oscillatory phenomena such as breathing-mode instabilities. These oscillations emerge
from the complex coupling among ionization processes, charged-particle transport, and electromagnetic
fields. Fluid and reduced-order models, combined with stability and sensitivity analyses, are used to
identify the physical mechanisms responsible for the onset of such instabilities and to support the
development of more efficient and reliable electric propulsion devices.

Although directed toward different technological applications, both research areas share common
methodological challenges. These include the modelling of strongly coupled transport processes,
the derivation of reduced-order descriptions for complex multiphysics systems, and the integration
of numerical simulations with experimental investigations. The present contribution provides an
overview of the ongoing research activities and outlines future perspectives for the modelling of
advanced space propulsion technologies.
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In this talk, we discuss how the behavior of microplastics in the environment can be studied by
modeling them as long flexible fibers dispersed in a turbulent flow [1]. In particular, we look first
at the role of length, and inertia in shaping the collective fiber dynamics by performing large-scale
direct numerical simulations of turbulent channel flow at shear Reynolds number Reτ = 1200. Fibers
span a wide range of lengths, with the longest ones possessing lengths comparable to the channel
height and varying inertia, spanning two orders of magnitude when going from marine microplastics
to atmospheric microplastics. Analysis of the orientational and rotational dynamics reveals that
length and inertia act in tandem to modulate near-wall dynamics, while typically exerting only minor
influence on the fibers in the channel core [2]. Examination of the cross-stream fluxes in the near-wall
region highlights the competition between turbophoresis, which drives fibers to the wall, and geometric
effects associated with longer fibers, which promote migration away from it. An additional feature
that characterizes fiber behavior is their rigidity, namely their stiffness to bending (which depends on
the material properties of the fiber) [3]. When a finite bending stiffness is introduced as an additional
control parameter, a quantitative bias is observed in fiber spatial distribution, shape deformation, and
clustering in turbulent flows. Our results showcase the deformation of the fibers through modification
to their end-to-end distance and curvature, also categorizing the likelihood of bending or buckling
deformation modes at varying length and rigidity.
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Cracks in many natural and man-made materials and structures can be caused by mechanical,
hydraulic and thermal effects acting individually or in combination. The formation of cracks degrades
the materials, altering their inner structure and potentially leading to material and structural failure.
This work is focused on porous solids considered as multiphase materials in multiphysics conditions.
These solids are composed by a deformable solid skeleton and open pores containing one or more
fluids, such as liquid water and a gas phase (the latter composed by a mixture of dry air and water
vapour). Non-isothermal conditions are considered, as well as the interactions between the phases
and constituents. Mechanics of non-isothermal multiphase porous materials is adopted for the model
development, as summarized in. In this work we have implemented a Thermo-Hydro-Mechanical
(THM) crack Phase-field finite element model to study the degradation of geomaterials according to
the work presented in and and capable to describe the nucleation and propagation of cracks induced
by mechanical, hydraulic or thermal loads. A preliminary validation was presented in. Numerical
results of thermal cracks in ceramics and free desiccation and desiccation cracks in clayey soils are
shown simulating the experimental tests and, respectively.
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Structures composed of strain-softening materials are highly susceptible to failure due to strain
localization within narrow critical zones. As loading increases, these localization bands develop into
quasi-interfaces that introduce discontinuities in the strain field. This phenomenon is particularly
evident in beam structures subjected to non-uniform bending, where inelastic curvature localizes
around the section of maximum moment. This study presents a finite element implementation of a
damaging Euler–Bernoulli beam element based on a modified Lumped Damage Mechanics (LDM)
framework. The proposed model is capable of capturing localized strain discontinuities at arbitrary
positions along the beam span. Formulated within a consistent thermodynamic framework, the model
regularizes the strain jump at the fully damaged section by smearing it over the inelastic hinge
length. This regularization is achieved through a phase-field approach,. The primary novelty of this
work lies in the homogenization of inelastic strains using a weak Dirac delta function which, in a
multi-axial context, recovers the form of the Mumford–Shah functional. This approach provides a
robust alternative to conventional phase-field models for capturing localized damage in structural
elements.
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Carbonation represents one of the primary degradation mechanisms in cement-based materials,
significantly influencing the durability and service life of concrete structures. When exposed to
atmospheric conditions, carbon dioxide (CO2) diffuses through the partially saturated pore network,
dissolves in the pore solution, and reacts with portlandite (Ca(OH)2) to produce calcium carbonate
(CaCO3). As the process advances, the calcium silicate hydrate (C–S–H) phase undergoes progressive
decalcification, accompanied by additional precipitation of calcium carbonate. These chemically
driven transformations alter both the mineralogical composition and the pore structure, leading to
volumetric shrinkage, variations in transport properties, and the generation of internal stresses that
can trigger cracking. This work introduces a fully coupled modelling approach that combines reactive
CO2 transport with a phase-field description of fracture. The formulation explicitly accounts for
the dissolution of portlandite and the gradual decalcification of C–S–H, together with the resulting
evolution of porosity and material properties. Carbonation-induced shrinkage strains are incorporated
as driving forces for damage initiation and crack propagation. The strong coupling between chemical
reactions, transport phenomena, and mechanical response allows capturing the feedback mechanisms
linking reaction kinetics, microstructural changes, and fracture processes. Through a mechanistic
representation of the interaction between carbonation, pore structure evolution, and cracking, the
proposed framework provides a predictive tool for evaluating damage development and its consequences
on the long-term performance of cementitious materials subjected to atmospheric exposure.
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This paper presents a novel solid co-rotational discrete macro-element capable of accounting for
both geometrical and mechanical nonlinearities. The formulation is developed within the Discrete
Macro-Element Method (DMEM), an efficient numerical strategy designed to simulate the nonlinear
response of entire structures through macro-elements interacting via zero-thickness interfaces. The
proposed solid macro-element has the geometry of a regular hexahedron with shear deformability
defined through a strain tensor, while the remaining deformation modes are concentrated within
continuous zero-thickness interfaces whose nonlinear mechanical properties are calibrated according to
a fibre-based approach. Large-displacement effects are incorporated through an original co-rotational
framework based on the definition of a local reference system for each pair of macro-elements sharing
a common interface. The effectiveness and accuracy of the proposed discrete macro-model strategy
are here assessed through a comparison with numerical and experimental benchmarks of inelastic
beams-like structures whose results are already available in the literature.

References

[1] Caddemi S, Caliò I, Cannizzaro F and Pantò B (2017) New Frontiers on Seismic Modeling of Masonry
Structures. Front. Built Environ. 3:39.

[2] Bassam A. Izzuddin, Conceptual issues in geometrically nonlinear analysis of 3D framed structures,
Computer Methods in Applied Mechanics and Engineering, Volume 191, Issues 8–10, 2001, Pages
1029-1053.

80



AIMETA 2026 - MS04

MS04 - Experimental dynamics, vibration control, identification and
monitoring

81



AIMETA 2026 - MS04

Estimation of the torsional damping of a turbomachinery
shaftline

L. Carassale1, R. Guida1, G. Pallini2
1Department of mechanical engineering, University of Genova, Genova, Italy

E-mail: luigi.carassale@unige.it, roberto.guida@unige.it
2Product and Technology, Ansaldo Energia, Genova, Italy

E-mail: giovanni.pallini@ansaldoenergia.com

Keywords: Rotor-blades interaction, damping estimation, torsional dynamics.

Standard torsional rotordynamic analyses of large turbomachinery typically rely on steady-state
forced response calculations in which modal damping values are assumed rather than experimentally
validated. Given that torsional vibrations are rarely monitored in commercial gas turbines, these
assumptions are intentionally conservative. Of particular concern are torsional modes located near the
first and second multiples of grid frequency [1], which may be significantly excited during electrical
disturbances.

In large turbine-generator shaftlines, blade-rotor interaction (BRI [2]) torsional modes may occur
in this frequency range, requiring careful attention during the design phase to ensure adequate modal
separation. While substantial progress has been achieved in recent decades in predicting torsional
natural frequencies of coupled blade-rotor systems, the reliable estimation of torsional damping,
especially for BRI modes, remains a major challenge and usually part of the know-how of the OEM,
then part of the undisclosed industrial data.

This paper re-examines the damping values currently adopted in industrial torsional analyses by
exploiting experimental torsional vibration data acquired during steady-state operation in Ansaldo
Energia’s gas turbine test facility.

Modal damping is estimated through a combined identification approach that integrates time-
frequency analysis based on the wavelet transform, system identification via the Eigensystem Realiza-
tion Algorithm [3] [4], and an iterative clustering procedure. The test facility, measurement setup,
and identification methodology are described in detail, and damping results are presented for the first
seven torsional modes across a range of generator load conditions. The measured damping values are
compared with those assumed in the existing conservative design.
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Modal damping ratio estimates remain one of the main sources of uncertainty in vibration-based
Structural Health Monitoring (SHM) [1]. In real structures, damping is the result of several dissipation
mechanisms which are intrinsically non-linear and non-viscous; nevertheless, damping is commonly
simplified with an equivalent viscous damping model, where it is assumed proportional to the velocity,
thus historically allowing for mathematically convenient derivation of the linear equations of motion
with application of modal decomposition [2]. In this regard, this contribution presents a comparative
analysis of output-only time-domain System Identification (SI) algorithms that rely on state-space
representations for modal parameter estimation, with a particular focus on damping ratio results,
applied to full-scale experimental tests on a prestressed reinforced concrete railway viaduct. The
dataset consists of accelerometric recordings acquired under operational conditions, hence comprising
regular train passages, allowing for the implementation of two different identification methodologies:
Data-driven Stochastic Subspace Identification (SSI-DATA), applied to ambient vibration signals
(without train passages), and the Eigensystem Realisation Algorithm (ERA), applied to the free-decay
responses following train passages. The two algorithms estimate the discrete-time state matrix, from
whose eigenvalues the system poles are derived; hence, as is well known, the main difference lies in
the construction of the block Hankel matrix and the derivation of the state matrix. Both have been
automated for implementation within an Automated Operational Modal Analysis (AOMA) procedure.

Results show that the choice of identification method, paired with the two different excitation
conditions, signal lengths, and noise levels, has a significant impact on the estimated damping ratios
[3]. For the fundamental vibration mode, ERA systematically provides lower damping ratios, whereas
SSI-DATA, implemented both in a custom algorithm and in the commercial software ARTeMIS,
estimates higher values, which appear more representative of the deck’s behaviour. Furthermore, the
ζ1 envelopes of the custom algorithm show better agreement with the observed free-decay response
in the time domain, which is the linear superposition of all modal contributions but is typically
dominated by the first flexural mode, making the approximation acceptable.
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Active vibration control using Active Mass Dampers (AMDs) is emerging as an effective and increa-
singly adopted strategy for mitigating the dynamic response of civil structures, both in the design of
new buildings and in the retrofit of existing ones. While the effectiveness of these systems is often
associated with the selected control law, the placement of the actuators within the structure plays an
equally critical role [1].

This study investigates the optimal placement of AMDs through the application of Genetic Al-
gorithms (GAs), aiming to enhance vibration mitigation performance. The proposed framework
combines a non-classical structural numerical model, capable of incorporating concentrated damping
effects [1], with an evolutionary optimization approach. The structural response is evaluated through
time-domain simulations based on modal superposition, exploring and comparing different optimiza-
tion formulations, including modal-based criteria, dynamic response indicators, and multiobjective
functions.

Results from representative case studies demonstrate that the proposed approach can identify
non-intuitive yet highly effective actuator placements, leading to significant reductions in floor
accelerations and improved levels of structural comfort and safety. Furthermore, the methodology
proves particularly suitable for retrofit applications, where design choices are often constrained by
architectural and structural limitations.

Overall, the integration of advanced dynamic modeling with evolutionary optimization provides a
robust and flexible tool to support the design of active control systems, contributing to the development
of intelligent and adaptive strategies for mitigating dynamic risks in civil structures.
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Suspension elastokinematics plays a key role in determining vehicle active safety, influencing handling,
stability, steering feel, and NVH performance. Its design involves a large number of geometric and
compliance parameters with strongly coupled effects. Although multibody models represent the
industrial standard for detailed suspension analysis, dedicated computational approaches can provide
a more direct and computationally efficient framework for suspension design.

This work presents an integrated methodology for the analysis and design of independent suspension
systems, built around a previously validated quasi-static elastokinematic solver. The formulation
is based on equilibrium equations and can account for different suspension architectures, including
double wishbone, five-link, and MacPherson layouts, as well as non-linear compliance characteristics
of suspension joints. The resulting system of nonlinear equations is solved iteratively, enabling the
evaluation of wheel pose parameters such as camber, toe, track, wheelbase, and wheel displacement
under prescribed combinations of wheel travel, steering input, and external loads. A dedicated software
environment has been developed and made compatible with Adams/Car suspension databases, allowing
existing industrial models and engineering data to be incorporated directly into the proposed workflow.
This establishes a complementary design environment in which rapid parameter exploration, sensitivity
studies, and optimisation can be performed while preserving full compatibility with conventional
multibody modelling practices. Particular attention is devoted to the representation of suspension
compliance. Nonlinear bushing characteristics are described through an analytical parameterisation
capable of reproducing arbitrary force–displacement curves with a limited set of design variables. This
representation transforms the bushing characteristic itself into an optimisation variable, allowing its
shape to be systematically modified to achieve target suspension responses. The resulting optimised
characteristics can then be automatically converted into Adams/Car lookup tables.

The fully parametric formulation enables both sensitivity analysis and automatic optimisation. The
former quantifies the influence of geometric and compliance parameters on selected elastokinematic
responses, while the latter explores the suspension design space by varying hardpoint coordinates
and compliance characteristics within prescribed constraints. The methodology therefore provides a
seamless workflow from modelling and analysis to optimisation and reintegration into the multibody
environment, making it particularly effective during the early, quasi-static stages of suspension
development.
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This work proposes a unified framework for the interpretation and comparison of material response
functions obtained from different homogeneous deformation states in isotropic hyperelasticity. The
analysis encompasses a broad spectrum of experimental configurations, including uniaxial tension
and compression, biaxial loading, constrained biaxial deformation, simple shear, angular shear, and
unequal biaxial tests. Within this perspective, homogeneous deformations are interpreted as paths in
the invariant plane, leading to a novel classification based on trajectories along the boundary of the
admissible invariant domain, its bisector, or its interior. Such a classification provides new insight
into the role of deformation modes in probing constitutive behavior.

Starting from equilibrium considerations, the derivatives of the strain-energy density function are
systematically derived for a broad class of homogeneous deformations. These quantities constitute the
fundamental material response functions and provide a consistent basis for constitutive characterization.
A central concept introduced within this framework is that of energetic exhaustiveness, according to
which homogeneous experiments directly identify the derivatives of the stored energy function and
therefore provide exhaustive constitutive information. Within the quasi-static regime, the theory
demonstrates that experiments performed under different homogeneous deformation modes must yield
identical energy derivatives when conducted consistently. This result is established analytically and
validated through the classical data of Treloar, where uniaxial and biaxial tests produce overlapping
response functions when interpreted within the proposed framework. The methodology is further
extended beyond quasi-static conditions through a novel criterion that enables the comparison of
experiments performed at different deformation rates and loading configurations while preserving
consistency in the identification of energy derivatives. This development reduces the dependence
on time-consuming quasi-static testing protocols and provides practical guidelines for experimental
design and data interpretation.

The formulation is expressed in terms of Criscione–Lode invariants associated with the natural
(Hencky) strain measure, highlighting several advantages over traditional approaches based on Cauchy–
Green invariants. Experimental results obtained from uniaxial compression and biaxial tension tests
further support the theoretical framework, demonstrating a remarkable consistency of the derived
response functions across different loading conditions.
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Thermo-responsive shape memory polymers (SMPs) are a class of smart materials capable of recovering
their original permanent shape from a previously imposed temporary configuration upon the application
of a thermal stimulus. This remarkable capability, known as the shape memory effect (SME), is
particularly relevant in semi-crystalline chemically cross-linked polymer networks, which may also
exhibit a reversible two-way SME. Such behavior is attracting increasing attention owing to its
potential applications in soft robotics, adaptive structures, and actuator technologies.

Among the available manufacturing techniques, photo-crosslinking represents a rapid and efficient
route for producing chemically cross-linked polymer networks from photo-reactive polymer chains
and suitable photo-initiator molecules. Experimental evidence has shown that the resulting physical,
mechanical, and shape-memory properties are strongly influenced by the photo-crosslinking process
and its governing parameters.

Theoretical and computational modeling tools play a crucial role in supporting the design and
optimization of these advanced materials and the devices based upon them. Nevertheless, only a
limited number of studies have proposed a unified framework capable of simultaneously describing
both the mechanical response and the shape-memory behavior of semi-crystalline polymer networks,
while also accounting for the effects of photo-crosslinking.

This contribution presents recent advances in the modeling of semi-crystalline chemically cross-
linked polymer networks exhibiting shape-memory behavior. A general finite-strain phenomenological
continuum framework is first introduced to describe the thermo-mechanical response of the material.
Subsequently, a theoretical model for the photo-crosslinking process is presented, enabling the
prediction of how manufacturing conditions affect the final material properties.

The proposed formulations are validated against experimental observations obtained from both
homopolymer and copolymer networks subjected to different photo-crosslinking conditions. The
comparison demonstrates the capability of the models to capture the observed shape-memory response
and provides new insights into the influence of photo-crosslinking on the mechanical and functional
behavior of these smart polymer systems.
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Elastic instability is traditionally associated with the loss of structural stability under compressive
loading, with Euler buckling representing the critical threshold beyond which a structure experiences
failure or transitions to a different deformation mode. In this work, it is shown that origami-inspired
metastructures can exhibit a fundamentally different behavior, namely the recovery of stability after
buckling, leading to stable equilibrium configurations at compressive loads exceeding the classical
Euler limit.

The analysis focuses on reconfigurable origami architectures whose mechanical response is strongly
influenced by folding-induced geometric changes. Two distinct equilibrium pathways are identified.
In the first case, a freely deforming origami structure subjected to uniaxial compression undergoes
buckling and naturally evolves toward a stable out-of-plane configuration. In the second case, the
structure is constrained to remain planar, thereby preventing access to the energetically favorable
buckled mode. Under these conditions, the system traverses an unstable regime before recovering
stability at larger compressive deformations.

The observed reentrant stability originates from the coupled evolution of the effective structural
length and bending stiffness during the folding process. These geometrical and mechanical changes
modify the classical Euler buckling relationship, leading to the emergence of two critical loads for each
instability mode: one associated with the loss of stability and a second corresponding to its recovery.

The results reveal the existence of bounded regions of instability, or “islands” of instability, within the
response of compressible origami metastructures. More broadly, the study extends classical theories of
elastic stability to encompass geometrically reconfigurable materials, highlighting new opportunities
for the design of adaptive and mechanically programmable structures capable of exploiting instability
as a functional feature rather than a failure mechanism.
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Edge Crack Torsion (ECT) tests are widely employed to determine the mode III interlaminar fracture
toughness of composite laminates. However, the interpretation of experimental results is often
complicated by the presence of unintended mode I and mode II contributions, particularly when
laminates exhibiting elastic couplings are considered. Such couplings frequently arise from the
adoption of angle-ply interfaces of the form +θ/− θ, which are commonly introduced to delay matrix
cracking. Since matrix cracking contributes significantly to the overall energy balance, its occurrence
may alter the apparent fracture toughness measured during the test.

Several stacking sequences have been proposed in the literature to mitigate coupling effects, although
their complete elimination remains challenging. Recently, fully uncoupled multi-directional (FUMD)
laminates have been shown to provide significant advantages in mode I Double Cantilever Beam
(DCB) delamination tests while preserving angle-ply interfaces. Motivated by these promising results,
the present work investigates the applicability of FUMD stacking sequences to mode III Edge Crack
Torsion testing.

To this end, a parametric finite element model of the ECT configuration has been developed.
The analysis is carried out using the Virtual Crack Closure Technique (VCCT) to evaluate the
distribution of the energy release rate (ERR) along the crack front. Numerical results obtained for
FUMD laminates are systematically compared with those reported in the literature for conventional
stacking sequences.

The study focuses on assessing the ability of FUMD configurations to reduce spurious mode I and
mode II fracture contributions and to minimise transverse shear stresses responsible for the onset of
matrix cracking. The results demonstrate the potential of fully uncoupled multi-directional laminates
to improve the reliability of mode III fracture characterization and provide a more accurate assessment
of the intrinsic delamination toughness of composite materials.

References

[1] Audd, C., Davidson, B. D., Ratcliffe, J. G., Czabaj, M. W., “Reexamination of the Edge Crack Torsion
Test for Determining the Mode III Delamination Toughness of Laminated Composites”, Engineering
Fracture Mechanics, 215, 138–150, 2019.

[2] Garulli, T., Catapano, A., Montemurro, M., Jumel, J., Fanteria, D., “Quasi-Trivial Stacking Sequences for
the Design of Thick Laminates”, Composite Structures, 200, 614–623, 2018.

[3] Garulli, T., Catapano, A., Fanteria, D., Jumel, J., Martin, E., “Design and Finite Element Assessment
of Fully Uncoupled Multi-Directional Layups for Delamination Tests”, Journal of Composite Materials,
53(6), 773–790, 2019.

90



AIMETA 2026 - ST01

ST01 - Meccanica dei Solidi e delle Strutture

91



AIMETA 2026 - ST01

On Variational Theorems in Fracture Mechanics

A. Carini1, F. Fantoni1, M. Ramezanpourfoumeshi1, E. Zuccolo2
1 DICATAM, Università di Brescia, Brescia, Italy E-mail: angelo.carini@unibs.it, francesca.fantoni@unibs.it,

m.ramezanpourfou@studenti.unibs.it
2 OGS, Centro di ricerche sismologiche, Udine, Italy E-mail: ezuccolo@ogs.it

Keywords: Variational formulations, fracture mechanics, interface models

In this work, the problem of quasi-static crack propagation within the framework of cohesive fracture
mechanics is addressed using a variational method, following Colonnetti’s approach, in both incremental
and finite formulations. The proposed framework provides a unified setting for the analysis of
fracture processes under very general interface assumptions. With reference to a very broad class of
interface models, namely, relations (holonomic or nonholonomic, inviscid or time-dependent) between
displacement jumps and tractions across the crack, it is shown that the solutions (possibly multiple,
if any) to the initial-boundary value problem of structural analysis are characterized by duality pairs
of extremum and min-max properties. The variational principles derived here reduce, in the case of
the incremental formulation of linear elastic fracture mechanics, to the formulations of Salvadori and
Carini [1] in the 2D case and Salvadori and Fantoni [2] in the 3D case, and, in the case of the finite
holonomic formulation, to the theorems of Francfort and Marigo [3]. This establishes a direct link
between the present approach and classical results, thus providing a consistent extension to more
general cohesive models.
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Sandwich systems used in aeronautical structures (e.g., helicopters and airplanes), are composed of
very thin, fiber-reinforced polymer composite facesheets and lightweight honeycomb or foam cores.
The geometric architecture of these systems and the anisotropic nature of the constituents pose new
challenges, for instance in the design of fracture mechanics tests to characterize the resistance to the
propagation of disbond cracks at the facesheet/core interface. A large research effort is currently led
by CMH-17, the FAA, and EASA, aimed at the design and standardization of fracture mechanics
tests for sandwich composites (see ASTM D8637/D8637M-25 for the recently approved standard
for mode I dominant fracture; the standard adopts solutions derived in [1] for the definition of the
parameters of the 1D model used to support the laboratory test). As part of this effort, we are
investigating the effects of constituent anisotropy on the energy release rate, stress intensity factors
and mode mixity phase angle, as well as on the limiting lengths for the applicability of fundamental
solutions for semi-infinite cracks in infinite strips or thin films on half-planes. The applicability
of solutions originally derived for isotropic bimaterial and sandwich systems [2–4] to orthotropic
systems is investigated through a combined analytical/numerical approach. This approach applies
orthotropy rescaling techniques [5, 6] to reduce the large number of material parameters governing
the solution – equal to six in orthotropic bimaterial systems – and accurate numerical analyses
using a Crack Surface Displacement Correlation technique implemented in the FE code ANSYS.
Preliminary analyses carried out on a sandwich composite used for aeronautical applications and based
on the Single Cantilever Beam sandwich specimen configuration, show that the isotropic solutions
[2, 3], applied to an equivalent isotropic material characterized by the same Dundurs’ parameters as
the original orthotropic system, predict mode mixity phase angles within 5 degrees of those of the
actual orthotropic system. General conclusions applicable to sandwich and bimaterial systems under
arbitrary loading conditions will be presented at the meeting.
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A two-dimensional formulation, based on higher-order theories and unified formulation, is presented for
the multifield analysis of laminated anisotropic doubly-curved shell structures. The unknown variables
are expanded through the thickness using generalized thickness functions within the Equivalent
Layer-Wise (ELW) framework [1]. The theoretical formulation relies on the geometric description of
the shell reference surface in principal coordinates. The governing equations account for the coupling
behavior between mechanical elasticity, electricity, magnetism, hygrometric, and thermal effects.
These equations are derived in weak form from the Master Balance principle under thermodynamic
equilibrium conditions [2]. The coupled constitutive properties of each layer are obtained using an
analytical homogenization procedure based on the Mori-Tanaka scheme, considering the Eshelby
tensor of an ellipsoidal inclusion. A finite element implementation is developed using Lagrange and
Hermite polynomials of various orders, with both quadrilateral and triangular elements for domain
decomposition. In this context, the geometric mapping of the physical domain is performed via
Non-Uniform Rational Basis Splines (NURBS) [3]. A post-processing recovery technique based on
the Generalized Integral Quadrature (GIQ) method is introduced to accurately reconstruct three-
dimensional multifield primary and secondary variables [4]. The proposed model is systematically
validated against analytical Navier-type solutions and numerical results obtained from commercial
3D finite element software, demonstrating high accuracy and computational efficiency. Furthermore,
parametric investigations are carried out on structures with different curvatures, lamination schemes,
material properties, and loading conditions, to highlight the effect of interactions among different
physical fields. The results highlight the significant impact of the interaction among multiple coupled
physical fields on the overall structural response.

References

[1] Tornabene, F., Viscoti, M. and Dimitri, R, “Equivalent layer-wise theory for the hygro-thermo-magneto-
electro-elastic analysis of laminated curved shells”, Thin-Walled Structures, 198, page 111751 (2024).

[2] Tornabene, F., Multifield Theory of Anisotropic Doubly-Curved Shells, CRC Press, Boca Raton (2026).

[3] Tornabene, F., Viscoti, M. and Dimitri, R, “Higher-order weak formulation for vibration analysis of
anisotropic doubly-curved shells with holes and discontinuities”, Thin-Walled Structures, 180, page 106480
(2026).

[4] Tornabene, F., Viscoti, M. and Dimitri, R, “Innovative recovery procedure applied to the static solution
of anisotropic doubly-curved shells with holes and irregular shape”, Thin-Walled Structures, 218(C), page
114126 (2025).

94



AIMETA 2026 - ST01

On the completion of Eringen’s theory of nonlocal elasticity
and its connection to surface elasticity

A. Nobili1, D. Pramanik2

1 Department of Engineering Enzo Ferrari, University of Modena and Reggio Emilia, 41125 Modena, Italy E-mail:
andrea.nobili@unimore.it

2 Department of Mathematical Sciences, Indian Institute of Technology (BHU), Varanasi, 221005, India E-mail:
dipendu.mat@iitbhu.ac.in

Keywords: Nonlocal elasticity, kernel modification, surface elasticity

Eringen’s nonlocal elasticity theory is known to exhibit boundary-related inconsistencies due to
additional constitutive boundary conditions (CBCs) embedded in the attenuation functions and which
supplement the problem’s standard boundary conditions (BCs) [1]. To prevent over-determination, a
kernel modification approach has been recently proposed [2, 3, 4] which enforces consistency between
CBCs and the prescribed BCs. We show the far-reaching influence of boundaries that extends
beyond over-determination to the very structure of the problem that acquires distinct features similar
to surface elasticity [5]. Specifically, we prove equivalence between the differential and integral
formulations of nonlocal elasticity, provided that the equations of motion hold on the boundary, in
a sort of skin effect. This condition is essential for the closure of the problem, since when BCs are
incorporated into the kernels, they are automatically satisfied by any general solution of the associated
differential formulation. Furthermore, we show that Eringen’s single-integral formulation cannot
accommodate inhomogeneous BCs to address which an extended integral approach is introduced.
As an application, we analyse the generalized Rayleigh problem for a half-plane with an elastically
constrained surface, revealing localized surface waves absent in classical elasticity.
Acknowledgments: AN gratefully acknowledges support from the project CASA: “Circular and
Sustainable Concretes Additivated with Recycled Materials from Local Supply Chains” (PG/2023/-
302935) CUP D47G22000300003 under the action 1.1.2. within the framework PR FESR 2021-2027
“Support for collaborative research projects of research laboratories and universities with companies”.
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We develop a coupled thermo-viscoelastic beam formulation for the simulation of shape programming
and recovery in shape memory polymer beam systems. The thermal field is solved together with the
mechanical problem, accounting for transient heat transfer and convective effects. The temperature-
driven shape memory behavior is reproduced by combining the Generalized Maxwell model for the
viscoelastic problem with the Time-Temperature Superposition Principle to enable temperature
control, namely to allow the relaxation response of the material to vary according to temperature.
This constitutive model is introduced directly into the one-dimensional strain and stress measures
of geometrically exact beams. As in, this permits obtaining a primal formulation of the mechanical
problem without the need for any additional unknowns beyond incremental displacements, rotations,
and temperature. This feature makes the model suitable for an efficient treatment of rate-dependent
effects in programmable slender structures undergoing large displacements and rotations. Moreover, the
isogeometric approach permits efficiently addressing systems featuring complex geometry and topology.
The spatial approximation is based on isogeometric collocation (IGA-C), which provides high-order
accuracy and an exact description of the beam geometry while avoiding numerical quadrature at the
element level. Time integration of the rate-dependent evolution laws is performed with the trapezoidal
rule, which is second-order accurate and unconditionally stable. Numerical applications show that
the proposed approach can reproduce the full shape memory cycle, from mechanical programming
to thermally induced shape recovery. The results highlight the potential of the formulation for the
analysis and design of complex shape-changing structures, with critical applications to patient-specific
biomedical devices, such as the next generation of cardiovascular stents.
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The mechanical modeling of masonry structures with curved geometry and negligible tensile strength
—typical of historic constructions— remains a demanding task within computational structural
mechanics. The main source of complexity lies in the coupling between irregular geometries and the
no-tension response of the masonry material. Conventional numerical techniques often encounter
limitations in this context: approaches based on limit analysis or discrete elements are well suited
for investigating collapse mechanisms, but may prove less effective in describing the structural
response under service loads or may require substantial computational resources, respectively. In
contrast, classical displacement-based finite element formulations may suffer from reduced accuracy
in stress fields, while force-based formulations, although more efficient and theoretically appealing,
tend to be less straightforward when applied to nonlinear and geometrically intricate problems. In
this work, a new mixed hybrid finite element is developed for the analysis of masonry arches of
arbitrary shape. The same framework is then extended to axisymmetric dome structures. Following
the strategy outlined in, the dome is treated through the analysis of its meridian profile, with the
additional contribution of circumferential actions consistently incorporated into the formulation. The
proposed formulation is derived from the two-field Hellinger–Reissner variational approach. The stress
variables are independently interpolated within the element domain, while kinematic variables are
only introduced at its boundaries. This choice allows for an accurate description of internal forces
together with improved numerical stability. The material response is modeled through an elastic
no-tension law specifically suited to masonry, able to take into account the negligible tensile strength.
A notable advantage of the formulation is its capability to describe structural members with general
curvature without requiring geometric simplifications. Theoretical formulation and implementation
issues are presented, with numerical benchmarks confirming the method’s accuracy, versatility, and
efficiency.
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The non-smooth contact dynamics (NSCD) method, initially presented by Jean in 1999 [1], is a
well-established procedure for computing the response of rigid block structures under dynamic actions.
Being suitable for structures whose response is dominated by the interlocking between the elementary
units, recent studies have investigated its application to masonry structures [2]. Most applications
in the literature focus on prismatic or polyhedral convex rigid blocks. While this covers many
structural configurations, historical masonry structures such as arches and vaults are frequently
composed of curved blocks, where the curved geometry has a significant impact on the collapse
behaviour (as shown in [3]). In this work we present a numerical approach based on NSCD for
structures composed of curved, and generally not convex, rigid blocks. For a given structure, the
exact geometries are represented using NURBS solids. A NURBS solid is a closed volume identified
by its boundary Non-Uniform Rational B-Spline (NURBS) surfaces. The use of NURBS provides a
parametric representation of the curved surfaces that allows to avoid any geometric linearization or
discretization. Geometrical and mass properties are computed following a surface integral approach.
The equations of motion at each time steps are written following the impulse theorem, where the
impulses given by external forces and impacts among the blocks induce variations in momentum.
Particular attention is dedicated to the collision detection algorithm: contact points are identified
through a minimum-distance optimization problem performed directly on the actual curved geometries
(i.e. still without shape discretization). A frictional contact law is assigned to each contact point. For
each time step the problem is written as a second order cone programming: problem whose solution
provides the blocks velocities at the end of the time range. The full time-history response is then
assembled sequentially. The proposed procedure is shown to be computationally efficient for curved
solids: some representative examples are provided to demonstrate the potential of the method.
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In the present study three-dimensional elastoplastic solids are investigated and an exact closed form
solution is discussed for the constitutive problem in elastoplasticity, see De Angelis and Taylor. In the
analysis elastoplastic problems with small strains are examined with nonlinear kinematic hardening
rules in modelling the mechanical behaviour of ductile materials. A useful proposal for a closed form
solution in elastoplastic continua was presented e.g. by Simo and Govindjee. The latter proposal is
limited however to plane stress conditions and to problems with linear kinematic hardening rules. At
variance, the approach presented herein is suitable to be applied to three-dimensional elastoplastic
problems with a nonlinear kinematic hardening behaviour. Accordingly, the proposed approach is
also well suited to model phenomena of cyclic plasticity. It is shown that by the present procedure
the local constitutive equation is reduced to the solution of a single variable algebraic equation which
can be solved in exact closed form. The proposed approach presents the remarkable feature that no
iterative method is needed to solve the local elastoplasticity constitutive equations in three-dimensional
continua. This feature holds regardless of the geometrical properties of the analyzed three-dimensional
solid. Differently from previously proposed approaches, in the present study a suitable procedure is
pursued for the derivation of the consistent tangent operator which is determined without having to
compute matrix inversions thus further enhancing the effectiveness of the numerical scheme. In the
analysis computational applications and numerical results are illustrated by showing the efficacy of
the proposed approach for various types of cyclic and complex loading conditions.
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When modeling biphasic porous media, the assumption of true incompressibility of both constituents
is commonly adopted. In this framework, upon reaching the point of compaction, i.e., the deformation
state at which the pore space is completely closed, any further volume change becomes impossible
due to the incompressibility of the solid skeleton. The computational treatment of coupled diffusion
phenomena remains a challenge in such a scenario, particularly in soft tissues, where large deformations
frequently push the system to this limit. Standard finite element formulations do not account for the
physical limits of porosity. Hence, solutions that appear well-behaved with respect to the primary
variables (i.e., displacements and pressures) may nonetheless mask physically inadmissible results. In
particular, the compaction point may be exceeded, even if only locally in an inhomogeneously deformed
medium, and the saturation constraint may only be satisfied at the cost of negative porosity values.
This issue has been addressed in the literature, particularly by, through the introduction of a penalty
contribution into the solid skeleton constitutive law designed to prevent negative porosity. However,
this strategy frequently leads to solution divergences near the point of compaction, even locally
(e.g., in drained indentation and flow-driven compaction). These numerical difficulties are further
exacerbated in the low-permeability regions characteristic of soft tissues. Recently, an alternative
approach to the numerical treatment of biphasic porous media was proposed in. A different choice of
primary variables, combined with a hybrid finite element formulation, improves both accuracy and
stability, especially in regions of low permeability and across permeability discontinuities. Building
on this, the present contribution demonstrates that the hybrid flux-preserving paradigm enables the
recovery of the porosity bounds in a weak sense, thus ensuring physically admissible solutions even
near the compaction point.
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This work investigates lattice metamaterials specifically designed for energy absorption applications.
The mechanical response of these architected materials is governed by multiple dissipation mechanisms,
which may originate either from constitutive nonlinearities, such as damage evolution, or from
geometrically nonlinear deformation modes. The activation and interaction of these mechanisms
depend on several factors, including the lattice topology, the arrangement of the unit cells, the
constitutive properties of the base material, and the loading rate.

Two distinct classes of energy-absorbing lattice structures are considered. For the first class,
numerical simulations are performed within a continuous–discontinuous framework based on an
isotropic damage formulation. Crack initiation and propagation are described using the Advanced
Augmented Finite Element Method (AA-FEM), which incorporates InterPHase (IPH) elements to
represent weak discontinuities embedded within finite elements. This approach enables the simulation
of progressive damage localization and fracture evolution without the need for remeshing procedures
or externally prescribed cohesive laws, thereby providing a deeper understanding of the interaction
between geometry, material degradation, and energy dissipation.

The second class of structures is modeled through a geometrically nonlinear two-dimensional beam
formulation. Originally developed for Euler–Bernoulli beams and subsequently extended to account
for transverse shear effects, the formulation combines equilibrium equations, kinematic relations, and
generalized constitutive laws into a system of nonlinear differential equations discretized through a
finite-difference scheme. Such an approach allows the accurate description of large deformations and
instability-driven energy absorption mechanisms.

The numerical predictions are validated through experimental investigations on additively ma-
nufactured lattice specimens subjected to quasi-static compression tests. The energy absorption
performance is assessed using standard indicators, including total absorbed energy, mean crushing
force, specific energy absorption, and crush force efficiency. The combined numerical and experimental
framework provides valuable insight into the design of advanced lattice metamaterials for lightweight
impact mitigation and energy absorption applications.
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In recent years, mechanical metamaterials have attracted considerable attention owing to their
remarkable capability to dissipate energy through controlled instability mechanisms. By appropriately
tailoring the microstructural geometry, it is possible to tune critical deformation modes and activate
non-Eulerian instability phenomena, such as snap-through transitions, while maintaining the material
response within the elastic regime. These features make metamaterials particularly attractive for
advanced energy-absorption applications.

This contribution investigates the elastic stability of a class of chiral lattice metamaterials composed
of beam networks connected through rigid finite-size joints. An analytical framework based on
Bloch–Floquet theory is developed to characterize the onset of instability and to tailor the critical
response of the periodic structure. The introduction of chiral rigid elements within the lattice joints
enriches the instability landscape, enabling the activation of multiple critical modes depending on the
applied macroscopic stress state.

A central aspect of the study concerns the possibility of controlling the transition between ma-
croscopic and microscopic instability mechanisms through appropriate modifications of the lattice
microgeometry. Such control allows the critical behaviour of the material to be designed and optimized
according to specific performance requirements.

The analytical predictions are validated through both finite element simulations and experimental
investigations. Physical specimens are fabricated by stereolithography-based additive manufacturing
and tested under uniaxial and equibiaxial loading conditions. The comparison between theoretical,
numerical, and experimental results confirms the effectiveness of the proposed modelling framework
and highlights the crucial role played by chirality in governing stability phenomena.

The findings demonstrate the potential of chiral periodic lattices as mechanically programmable
metamaterials and provide useful guidelines for the development of novel energy-absorbing structures
based on tailored multiscale instability mechanisms.

References

[1] Marasciuolo, N., De Tommasi, D., Trentadue, F., “Chirality Effects in the Stability Analysis of Periodic
Lattices with Generic Rigid Finite-Size Joints”, Meccanica, 61(2), 49, 2026.

[2] Marasciuolo, N., De Tommasi, D., Trentadue, F., Vitucci, G., “Tailored Multiscale Instabilities in a Grid
Metamaterial”, Extreme Mechanics Letters, 75, 102284, 2025.

[3] Trentadue, F., Caramia, G., De Tommasi, D., Marasciuolo, N., Vitucci, G., “Elastic Stability of a Lattice
of Cross-Braced Shear-Deformable Beams”, European Journal of Mechanics – A/Solids, 102, 105118, 2023.

106



AIMETA 2026 - MS07

Spectrally Consistent Multiband Continualization for Actively
Controlled Periodic Chiral Metafilters

P. Badino1, A. Bacigalupo1
1 Department of Civil, Chemical and Environmental Engineering, University of Genoa, Genoa, Italy

E-mail: paolo.badino@edu.unige.it,andrea.bacigalupo@unige.it

Keywords: active control, chiral metafilters, high-fidelity continualization

Metamaterials constitute a class of architected materials designed to exhibit effective properties that
are unattainable in conventional media, opening new opportunities across a broad range of scientific
and engineering applications. Within this framework, periodic microstructured chiral metafilters
represent a particularly attractive family of systems, whose dynamic and acoustic behavior is governed
by the geometry of the underlying lattice and characterized by a multiband spectral structure.

The presence of multiple pass and stop bands enables the selective design and modulation of
band gaps and dynamic performances, with applications ranging from elastic-wave attenuation and
directional wave steering to the realization of non-reciprocal responses. In this context, active control
strategies play a crucial role. In particular, adaptive control schemes based on PID regulators allow
external periodic excitations to be modulated through feedback measurements of the generalized
displacement field, thereby enabling targeted manipulation of wave propagation and dynamic response.
Alternative approaches based on shunted piezoelectric technologies and inertial resonators connected
to external electrical circuits provide further examples of smart devices capable of tuning the effective
properties of metamaterials.

Because the overall response of these systems is strongly dependent on the microstructure, the
development of reliable continuum models is essential for both interpretation and design. The principal
challenge lies in accurately reproducing the dispersive behavior of the discrete lattice, especially in
critical spectral regions near the boundaries of the Brillouin zone, where conventional homogenization
and continuum approximations often lose accuracy.

To address this issue, the present contribution introduces a high-fidelity multiband continualization
framework formulated over the entire irreducible Brillouin zone. The proposed approach is specifically
designed to preserve spectral consistency and accurately reproduce the dispersion characteristics
of the underlying discrete system. The resulting continuum model not only provides a compact
representation of the metamaterial response but also captures its dispersive dynamics with high
accuracy, thereby offering a powerful tool for the analysis, optimization, and active control of periodic
chiral metafilters.
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Since the seminal work of Rivlin, shear deformations have been extensively investigated within
the framework of finite elasticity. Most contributions focus on two classical deformation modes,
commonly referred to as simple shear and pure shear. Despite their widespread use, both kinematic
descriptions involve not only shear distortions but also extension and contraction of material fibers.
As a consequence, the associated Cauchy stress tensor generally contains both tangential and normal
stress components, irrespective of the adopted constitutive law, unless unrealistic restrictions are
imposed on the material parameters.

The use of these classical deformation schemes for constitutive characterization may therefore lead
to ambiguities and potentially contradictory interpretations. As an illustrative example, previous
experimental studies have employed both simple and pure shear tests to identify the parameters of
the same incompressible hyperelastic material, obtaining significantly different results despite the fact
that the two deformation modes differ, for incompressible materials, only by a rigid-body rotation.

To overcome these limitations, an alternative kinematic framework, termed purely angular shear,
is introduced. Inspired by the classical notion of angular variation associated with infinitesimal
shear strains, the proposed homogeneous finite deformation is defined through finite rotations of
material fibers along selected directions. This approach provides a more direct representation of shear
deformation and has recently been employed to characterize the mechanical behavior of rubber-like
materials through a dedicated experimental apparatus.

The formulation is further extended to the three-dimensional setting. Unlike the traditional simple
and pure shear configurations, the resulting Green–St. Venant strain tensor is found to be traceless,
thereby enabling the definition of a genuine state of pure shear deformation at finite strains. This
property establishes a natural correspondence with the concept of pure shear commonly adopted in
linearized elasticity and offers a consistent framework for both experimental characterization and
constitutive modelling of hyperelastic materials under large deformations.
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This contribution investigates the thermo-mechanical response of polyethylene terephthalate (PET)
filament fibers, which are widely employed, in the form of multi-ply yarns, as reinforcement elements
in rubber composites used in tire applications. Owing to the spinning and drawing processes adopted
during manufacturing, these high-modulus polymeric fibers exhibit a highly crystalline microstructure
characterized by oriented molecular chains, although a significant fraction of amorphous regions
remains present.

The thermo-mechanical behavior of PET fibers is strongly influenced by the microstructure generated
during manufacturing, including spinning speed, draw ratio, and heat-setting conditions. Temperature
variations affect stiffness, strength, and thermal expansion properties, while also inducing thermal
shrinkage, whereby fibers contract upon heating. The interplay among these mechanisms gives rise
to a complex response that remains challenging to characterize and model. To investigate these
effects, an experimental campaign was conducted on twistless yarns composed of parallel PET fibers.
The program included free-shrinkage tests under different thermal histories, with both stepwise
and linearly increasing temperature profiles, together with shrinkage-force measurements under
prescribed thermal evolutions, enabling the identification of the main thermo-mechanical mechanisms.
On the modeling side, the phenomenological constitutive framework previously developed by the
authors for PET yarns at room temperature is extended by introducing temperature-dependent
material parameters and thermal and shrinkage strain contributions. The resulting thermoelastic–
viscoplastic formulation reproduces the observed temperature-activated phenomena and captures the
coupled thermal–mechanical response. Comparisons between numerical predictions and experimental
observations demonstrate a very good agreement, confirming the ability of the proposed model to
reproduce the thermal shrinkage behavior of PET yarns and providing a useful tool for the analysis
and design of fiber-reinforced rubber composites employed in tire engineering applications.
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Surrogate materials, including polymers and hydrogels, have been synthesized and tailored to mimic
the mechanical behavior of soft tissue. Due to their biocompatibility, they are increasingly used in
tissue engineering [1]. A relevant example is a composite hydrogel recently characterized by our group
that very accurately reproduces the complex, rate-dependent behavior of human brain tissue [2]. This
hydrogel is physically cross-linked, and its properties can be tuned by adjusting the polymer fractions
and the freeze-casting process. From a mechanical standpoint, it is known that the rate-dependent
behavior of hydrogels is based on the interplay of two different mechanisms: the intrinsic viscoelastic
dissipation within the physically cross-linked polymer network and the flow-related dissipation caused
by the friction between the polymer network and the large amount of free-flowing fluid.

Based on new experimental results from our laboratory [3], this work presents the calibration of a
fully nonlinear poro-viscoelastic model. In short, the model represents the hydrogel as a biphasic
porous medium composed of an incompressible viscoelastic solid phase and interconnected voids
saturated with incompressible fluid [4]. Unconfined compression-relaxation experiments are performed
using a Bayesian optimization method to calibrate the material parameters. The calibrated model is
then validated against large-strain indentation tests. The results raise several points of discussion,
including the competition between viscous and poroelastic dissipation in the two experimental setups;
the calibration of the permeability relation and the limits of Darcy’s law at large strains; and the
limits of the numerical formulation for mixed problems at reduced permeability and when the hydrogel
approaches the point of compaction.
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Meniscus plays a key role in the stabilization of the knee: it helps to cushion shocks, to fairly distribute
the load and it contributes to maintain the overall stability of the joint. Indeed, a pathological
degeneration of meniscus can alter the biomechanics of the whole knee joint and consequently it is
necessary to fully characterize the tissue from a mechanical point of view, both in pathological and
physiological conditions, to develop efficient prosthetic grafts.

An advanced constitutive characterization of meniscus cannot rely on a single test configuration.
Specifically, standard compressing tests should be coupled with shear tests to obtain a full set of
constitutive parameters. Moreover, shear stresses are crucial in meniscus function and eventual
tearing. Nevertheless, the standard shear test makes use of sample geometry and experimental set-up
that are simple and thus practical, at the cost of losing accuracy in relation to the ideal boundary
conditions. More in detail, usually the standard configuration fixes the lower face, while moving the
upper one, of a sample with finite thickness and without lateral confinement. It derives the emergence
of spurious torsional components masking the shear behaviour to be revealed. Some previous studies
used alternative shear configurations to avoid this problem, but with far more complex set-up solutions
[1, 2].

Therefore, the aim of this study is the development of a novel experimental apparatus for getting
close to a pure shear loading with a relatively simple configuration. The main object is the design of
an accessory for the confinement of a meniscal tissue sample with standard geometry, to be coupled
with a standard mechanical tester.

A first prototype of the target accessory was realized in plastic material by additive manufacturing.
Preliminary results showed a simple and effective shear loading, but still disturbed by bending and
friction. Next work is the development of the prototype, e.g. by considering upgrades in geometry,
material and manufacturing, in order to reveal a really pure shear.
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The mechanical behavior of vascular tissue is characterized by various inelastic effects. Classically, the
viscoelastic constitutive behavior is described by an equilibrium and a non-equilibrium contributions
[1]. Following this theoretical approach, it is convenient to design experimental protocols that allow the
differentiation of the different constitutive phenomena. In this context, a recent study on the porcine
thoracic aorta proposed the application of stepwise relaxation protocols to assess the equilibrium
relation and distinguish the dissipative properties of the tissue [2].

It is generally assumed that the equilibrium response of a material is independent of the stretch
rate. The existence of a unique equilibrium response may however not hold true for all materials,
and there is little experimental evidence to support such a claim [3]. Therefore, we investigate the
uniqueness of the equilibrium relations by repeating stepwise tests at varying stretch rates on the
porcine thoracic aorta under uniaxial tensile conditions [4]. Additionally, the stepwise protocol was
extended to include a second cycle to obtain information on the interaction of inelastic phenomena
during loading and unloading, as well as during reloading.

The collected experimental evidence shows that the stress levels to which the material relaxes
asymptotically depend on the stretch rate. Consequently, the stress contribution at equilibrium can
no longer be described by a rate-independent functional of the deformation history. After repeated
cycles, damage-related effects are observed in both the equilibrium and viscous states, suggesting
an interaction of dissipative phenomena. Remarkably, the magnitude of the stress softening is more
pronounced along the circumferential direction, which is consistent with the preferential orientation of
collagen fibers in the aorta. This suggests an important role of tissue microstructure in the observed
interplay between viscosity and damage-related phenomena [4].
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Coronary heart disease is the leading cause of death worldwide. A deeper understanding of the
mechanics of coronary arteries may improve clinical decisions. Although constitutive behavior of
arteries has been studied for decades, simplifications have often been made. In particular, only elastic
properties have been investigated, while tissue inelasticity has comparatively received little attention
[1]. To limit inelastic effects in experimental practice, mechanical tests are often performed applying
multiple loading and unloading cycles, referred to as preconditioning, at a low deformation rate, i.e.,
under quasi-static condition. However, stress softening and viscous effects may not be negligible in
many clinically relevant scenarios. Therefore, we choose different testing protocols, such as step-wise
stress relaxation, to differentiate the various constitutive phenomena and to characterize the inelastic
properties of the coronary arteries [2].

After harvesting the three coronary arteries from twelve male porcine hearts, two strips, one
oriented along the circumferential and one along the longitudinal direction, were cut from each of their
proximal segment and tested under uniaxial extension. Two loading-unloading cycles were performed
in a step-wise manner. Each specimen was deformed up to a stretch of 1.5, with stretch increments of
0.1 and a stretch rate of 2.5 min-1.

The results confirmed a strong presence of inelastic effects in the tissue, with significant differences
between the circumferential and longitudinal directions, while no significant differences were observed
between the three arteries. In particular, an interplay between viscosity and stress softening was
observed. To better discuss the aforementioned phenomena, the equilibrium relationship was approxi-
mated using the terminal points of each relaxation process. Additional tests with longer relaxation
times were performed to address some limitations associated with the equilibrium approximations and
to confirm the validity of the findings. Using the proposed methodology, various material constitutive
properties were investigated, evaluated separately, and compared for both test directions as well
as the different coronary arteries. These experimental data provide a more complete mechanical
characterization of the coronary arteries and can be used to calibrate material models of varying
complexity.
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Among the tissues that compose the eye, the retina is responsible for transducing light signals into
neuronal signals. This function has been extensively investigated in the literature, while comparatively
less attention has been paid to its mechanical behavior. This is mainly due to its relatively minor
role in ocular mechanics compared to other tissues, such as the sclera, and to the fact that many
retinal pathologies do not directly affect its mechanical properties, as is the case with the cornea.
Nevertheless, investigating and modelling the mechanical properties of the retina can be beneficial in
the context of surgical planning and risk reduction.

Previous experimental work on porcine retina [1] has shown that the retina exhibits complex
nonlinear and time-dependent behavior. Standard continuum mechanics approaches have shown
limitations in replicating experimental data, motivating the development of an innovative modelling
framework proposed in this work. The approach consists of a structural finite element model that
subdivides the retina into three layers: a network of trusses representing the internal limiting
membrane, the layer most responsible for retina mechanics; a second layer mirroring the geometry
of the first, modelling the chemical bonds between retinal cells; and a third layer connecting the
other two, representing vertically oriented cells such as cones, rods, and Müller cells. Each element
in the model was assigned hyperelastic Neo Hookean behaviour and a viscous behaviour with a
generalized Maxwell model implemented with Prony series. The geometric configuration of the model
was developed with a custom Matlab script code and implemented on a commercial software for
numerical simulations. The model is calibrated against experimental data, and its efficacy in capturing
retinal mechanical behavior is demonstrated in comparison with a standard continuum approach.
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Natural fibre-reinforced composite materials are emerging as promising sustainable alternatives
to traditional materials, due to their reduced environmental impact and the use of renewable
resources. However, because of the internal microstructure complexity [1,2], an accurate mechanical
characterisation of constituent materials and resulting composites is required. In this context,
multiscale modelling represents an effective tool for predicting their macroscopic mechanical response
[3]. The present work is aimed at investigating the mechanical behaviour of natural fibre fabrics
(e.g. flax, hemp, cotton), considering different textile architectures (e.g. twill, satin, plain). The
adopted approach integrates analytical and numerical methods. In addition, within this framework,
an experimental campaign is conceived as a complement to the modelling activity. At this stage, the
experimental tests are focused on the mechanical characterisation of the fabrics in the dry state. The
obtained results contribute to clarifying the role of textile architecture in the mechanical response
and provide useful guidelines for the design of sustainable composites for structural applications.
This work is supported by MUR project MUSICS - FISA-2023-00099 (CUP: B83C25000810001).
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The analysis of crack propagation in heterogeneous materials remains a challenging task in compu-
tational mechanics, due to the complex interplay between material heterogeneity, microstructural
features, and failure mechanisms. Traditional deterministic approaches often provide limited insight
into the variability of fracture behavior observed in real materials, especially when randomness governs
the crack initiation and propagation paths.

In this work, an alternative computational framework is proposed to investigate fracture processes
in random two-phase materials. The approach combines statistical characterization of the material
response [1, 2] with advanced numerical modeling strategies, allowing an effective representation
of microstructural variability at the macroscale. In particular, a homogenization-based strategy is
employed to capture the overall mechanical behavior of the heterogeneous medium, while an advanced
numerical formulation is adopted to simulate crack initiation, propagation, and interaction with the
underlying microstructure [3, 4, 5].

The proposed framework enables the consistent transfer of information across scales, linking sto-
chastic microstructural features to the macroscopic structural response and allowing crack initiation
and propagation within different material regions, including matrix, interphases, and inclusions. This
allows for a more realistic prediction of fracture patterns and energy dissipation mechanisms. The
methodology proves to be flexible and computationally efficient, making it suitable for parametric
analyses and for the investigation of complex heterogeneous materials under different loading condi-
tions.
Acknowledgements: This work is supported by Sapienza Ateneo Progetti Grandi (CUP: B83C24007070005),
and MUR Project MUSICS - FISA-2023-00099 (CUP: B83C25000810001).
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Polycrystalline silicon is the most widely used material for micro electromechanical systems (MEMS)
present in many consumer electronics devices. Experiments on its fracture behaviour, in the presence
of atomically sharp cracks, showed that there is a wide interval of mode I fracture toughness with
some samples up to 50% tougher than others [1]. The role of residual stresses from manufacturing in
affecting crack propagation remained unclear in these results. This large scatter in fracture toughness
translates into failure and reliability risks in MEMS devices operating near design limits.

Our work intends to use atomistic simulations to simulate the experimental fracture mechanics
results as faithfully as possible. However, direct atomistic simulation of polycrystalline silicon is
infeasible due to the size limitations inherent to atomistic methods. We present an up-scaling route
based on effective potentials for a coarse-grained atomic description that is able to capture the elastic
properties and the fracture toughness of single crystals, replicating the critical fracture toughness
K1c for the three main crystallographic fracture planes, {111}, {110}, {100}.

Coarse-graining approaches were successfully used in the literature for metallic materials such as
aluminium [2] but were never applied to silicon. We then present how the interatomic potentials
can be used for simulating a polycrystal with the correct, experimental grain size. This initial work
has potential impact on the failure-aware design of inertial MEMS [3, 4] once it becomes possible to
produce sound estimates of the strength and toughness of a specific device just by imaging its grain
morphology, crystalline orientation, size, and other microstructural parameters. Moreover, trends
discovered in the relation between said parameters and the resulting resistance to fracture have the
potential to guide processing choices. The objective is to enable a probabilistic failure assessment of
MEMS devices based on an atomistic description, augmenting current phenomenological approaches.
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The increasing use of advanced composite materials in engineering applications requires efficient
computational tools capable of accurately predicting their nonlinear mechanical response while
accounting for microstructural heterogeneities. In nonlinear composites, the large number of variables
involved in constitutive modeling often leads to significant computational costs, making reduced-order
homogenization techniques particularly attractive. In this context, micromechanical approaches based
on Representative Volume Elements (RVEs) provide an effective framework for determining the
macroscopic behavior of heterogeneous materials from the response of their constituents.

Over the last decades, several reduced-order homogenization techniques have been developed to
balance predictive capabilities and computational efficiency. Among them, Transformation Field
Analysis (TFA) represents one of the most established approaches for nonlinear composites. Successive
developments include PieceWise Uniform Transformation Field Analysis (PWUTFA), Nonuniform
Transformation Field Analysis (NTFA), Mixed Transformation Field Analysis (MxTFA) [2], and
alternative formulations based on Hashin–Shtrikman variational principles [1]. More recently, data-
driven strategies based on offline finite element training procedures have been proposed to optimize
the activation stress operators governing the reduced nonlinear constitutive evolution laws.

The present work provides a comparative assessment of different nonlinear homogenization techni-
ques, including MxTFA, Hashin–Shtrikman-based formulations, and a recently proposed data-driven
reduced-order approach. The comparison is performed through numerical applications involving diffe-
rent classes of nonlinear composite materials subjected to monotonic and complex loading–unloading
histories. The analysis highlights the main advantages and limitations of the considered approaches
in terms of accuracy, robustness, computational cost, and capability of reproducing heterogeneous
nonlinear mechanisms.
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This work presents a stochastic lattice mechanics framework for the analysis of graphene sheets with
spatially correlated nanoscale disorder. The material is modeled as a nonlinear discrete system in
which bond stretching and angular interactions are described through interatomic potentials, while
the associated parameters are represented as spatially correlated random fields defined on the lattice
[1,2]. The correlation structure is introduced through stationary Gaussian fields and mapped to
bounded physical domains, ensuring consistency with admissible interatomic properties.

Within this probabilistic setting, the mechanical response is obtained by solving a stochastic
boundary value problem at the lattice scale, where randomness enters exclusively through the
interaction parameters. This formulation enables a rigorous propagation of uncertainty from the
microscale to apparent elastic descriptors, including directional Young’s moduli and Poisson ratios [3].

The analysis highlights the role of the correlation length as a governing parameter controlling
the spatial organization of stiffness fluctuations. In contrast to uncorrelated models, spatial corre-
lation is shown to affect not only the dispersion but also the mean values of the elastic response,
leading to correlation-induced stiffening, enhanced anisotropy, and modified coupling between axial
and transverse deformations. These effects are interpreted in terms of the progressive breakdown
of microscopic self-averaging and the emergence of spatially coherent load-bearing regions. The
proposed framework provides a mathematically consistent basis for the stochastic analysis of discrete
materials and contributes to the integration of uncertainty quantification within multiscale modeling
of nanostructures.
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La crescente integrazione di dispositivi elettronici nei veicoli ha aumentato in modo significativo il
carico funzionale e termico sulle centraline elettroniche (ECU) [1], che richiedono affidabilità sempre
maggiori. Risulta dunque critica la progettazione del corpo dove alloggia l’elettronica, al quale viene
affidato il compito di garantire compatibilità elettromagnetica (EMC) e smaltimento del calore [2,3].
Tradizionalmente tali requisiti sono soddisfatti da involucri metallici. Per questa ricerca [4] è stata
definita una geometria del provino prototipale e attraverso simulazioni Moldex3D, sono state valutate
dodici formulazioni polimeriche industriali diverse per definire finestre di processo ottimali per lo
stampaggio a iniezione. Una volta che queste sono state verificate anche sperimentalmente, si è
verificato che tali polimeri possano essere stampati senza short-shot o eccessiva deformazione, a
condizione che vengano utilizzati opportuni parametri di stampaggio e configurazioni di gate. Le
formulazioni scelte per lo stampaggio sono state caratterizzate mediante misure di conducibilità
termica (Hot Disk/TPS e heat-flow meter) e prove di schermatura EMI tra 150 kHz e 3 GHz (linea
coassiale in trasmissione). Le prove con i tecnopolimeri registrano incrementi di conducibilità termica
fino a circa quaranta volte maggiori rispetto a quella delle classiche matrici polimeriche; mentre i
livelli di schermatura ottenuti sono superiori a 100 dB, evidenziando l’importance del tipo e della
quantità di fibra nel compound polimerico. In base a questi risultati, sono stati selezionati e stampati
dei componenti di attuale produzione COBO, per realizzare dei prototipi funzionanti, con lo scopo di
eseguire prove comparative, nello specifico si sono scelti: un corpo faro a LED e una cover di un display
multifunzione. Il corpo dissipatore del faro a LED è stato realizzato in due compound termoconduttivi
differenti (base PA6 e grafite). Le prove di laboratorio in camera climatica, che simulano l’ambiente
di un vano-motore hanno dimostrato che, le temperature dei componenti restavano entro limiti
accettabili, seppur con un margine di sicurezza minimo e un incremento del derating di potenza. Il
fondo e la cornice del display multifunzione sono stati realizzati in tre materiali schermanti EMC (base
PC e fibra di acciaio). Le prove di immunità ed emissione irradiata e i test ESD sui prodotti completi
hanno evidenziato che due composti PC/SSF migliorano in modo significativo, per alcune frequenze,
mentre la robustezza EMC rispetto all’attuale soluzione in ASA mantiene tutte le configurazioni
entro i limiti CISPR25. Nel complesso si dimostra che i compositi polimerici possono costituire
un’alternativa praticabile, più leggera e talvolta più economica rispetto alle soluzioni classiche usate
attualmente su larga scala che prevedono l’utilizzo di metalli.
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The search for a constitutive strain-energy function for isotropic rubber elasticity continues to represent
a fundamental challenge in continuum mechanics. In this contribution, we develop a mechanics-based
framework grounded in a microscale structural representation of polymer chains. Unlike classical
statistical mechanics models [1], the proposed approach derives chain elasticity from the strain energy
associated with microstructural deformation. The corresponding force–extension response naturally
incorporates two mechanisms: the role of entanglement constraints, with a dominant influence at
low-to-moderate stretches, and the onset of finite extensibility when the locking stretch is reached.
Averaging over the polymer network structure [2] leads to an analytical expression for the strain-energy
function of the continuum under affine and non-affine kinematics [3]. Comparison with multiaxial
experimental data for different elastomers demonstrates the predictive capability of the model. The
resulting formulation maintains conceptual connections with non-Gaussian statistical mechanics and
may offer new perspectives for theoretical developments in rubber elasticity.
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The analysis of beams under large deformations is typically performed under the assumption of linear
constitutive response. This prevent the study of hyperelastic materials who exhibit nonlinearities in
the range of small-to-moderate strains. Here, the mechanical response of beams made of hyperelastic
materials is investigated through a novel beam formulation. Building upon Reissner [1] beam theory of
large deformations, we directly incorporate the stress–strain behavior of threedimensional continuum
hyperelasticity. This is achieved by enforcing a constraint on the volumetric contribution of the
strain energy function, enabling a consistent reduction from the three-dimensional continuum to a
one-dimensional beam approximation. As a result, we derive explicit expressions for the beam internal
forces as functions of the hyperelastic law of the material.
The formulation is then applied to carbon-nanotubes reinforced polymer nanocomposites (CNT-based
PNCs), adopting a hyperelastic model that we developed in a previous work [2]. The formulation
is validated against experimental data from three-point bending tests on PNC beams. Further
comparison with two-dimensional finite element simulations under plane stress conditions confirms
the accuracy of the proposed model.
Overall, the formulation combines the ability to reproduce nonlinear continuum behavior with the
efficiency of one dimensional beam models. It provides a basis for the analysis of hyperelastic beams
in more complex structural problems.
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This work proposes a coupled continuum mechanics framework designed to predict the behavior of
materials undergoing finite viscoelastoplastic deformations and progressive damage. The core of the
kinematic description is represented by a multiplicative decomposition of the material’s deformation
gradient tensor into viscoelastic, plastic, and damage mappings [1]. The viscoelastic and plastic
distortions are treated as independent unknown variables, under the strict requirement that their
associated processes remain isochoric [2]. Conversely, the damage-induced kinematics are prescribed
from the outset as an isotropic volumetric process, which is coupled to a phase field variable acting as
the damage descriptor. The phase field formulation is embedded within a first-gradient approach to
effectively capture the spatial localization of the microstructural damage. Furthermore, the model
features a fractional relationship in time between mechanical stress and the associated strain rate,
enabling the representation of anomalous relaxation and memory effects typical of non-standard
continuous media [3]. The non-linear, fully coupled boundary value problem is then outlined. The
finite element implementation of the model is discussed, followed by the presentation of numerical
results demonstrating the framework’s capabilities.
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Functionally graded materials (FGMs) are characterized by a continuous spatial variation of mechanical
properties, allowing for highly tailored structural performances. While one-dimensional beam models
are widely adopted for the analysis of FGM structures, classical models, such as the Euler-Bernoulli
and Timoshenko beam theories, rely on the assumption that the beam cross-section is transversely
inextensible. Consequently, these models neglect the transverse normal stress and the associated
Poisson effect, thus failing to capture localised boundary effects induced by external loads and
constraints [1-2].
In this paper, we present an enhanced Reddy-type beam formulation for FGMs. The proposed model
extends the classical third-order shear deformation theory by introducing additional kinematic variables
that govern the transverse contractions and expansions of the cross section. The equilibrium equations
are derived in a consistent variational form, from which the energetically conjugate generalized stresses,
distributed loads and concentrated forces are defined. Furthermore, the constitutive model for FGMs
is developed by analytically deriving explicit expressions for the entries of the local stiffness tensor,
i.e. the higher-order elastic moments, allowing for an arbitrary polynomial variation of the Young
modulus along the beam thickness.
Numerical investigations are carried out on both homogeneous and FGM beams. The results show that
the proposed model can capture localized stress concentrations and boundary effects missed by classical
models. In particular, the extended model successfully predicts transverse normal stresses alongside
the axial stresses, providing a more realistic and physically consistent stress state. Agreement is
found when comparing the proposed 1D element with extensive 2D continuum finite element analyses,
confirming the accuracy and predictive capabilities of the formulation.
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The prediction of fatigue-driven crack initiation and growth is essential for assessing the long-term
performance of engineering components, as failures frequently occur under cyclic loads well below the
thresholds associated with monotonic loading. Accurately capturing these mechanisms remains a major
challenge, particularly in the high-cycle regime where damage accumulates slowly but persistently.
Incorporating fatigue effects into cohesive zone models (CZMs) provides a promising pathway to a
realistic representation of degradation, enabling improved durability assessment and life prediction.
This work presents a cohesive interface formulation for high-cycle fatigue damage and crack growth,
capable of handling arbitrary quasi-static cyclic loading histories. The model accounts for mode I,
mode II, and mixed-mode behavior, frictional effects, and unilateral contact. The cohesive law is
governed by an exponential softening relation that allows for a straightforward analytical inversion. A
key feature of the proposed formulation is its ability to predict sub-critical fatigue damage evolution
even within the elastic regime, before the cohesive strength is reached, thus capturing hysteretic
responses arising from unloading-reloading cycles and relative displacements below the historically
attained maximum. To address high-cycle fatigue efficiently, the cycle-by-cycle load history is replaced
with its maximum and minimum envelopes, enabling an approximated closedform time integration of
the CZM. This significantly reduces computational cost by allowing time steps much larger than the
period of the applied cyclic load. The effectiveness and generality of the approach are demonstrated
through a series of mode I and mixed-mode examples, with numerical results validated against
existing benchmarks and data available in the literature. Overall, the study provides a comprehensive
foundation for modeling high-cycle fatigue-driven damage and failure in complex interface systems.
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Aerodynamic decelerators play an important role in ensuring stable and controlled atmospheric entry
for space vehicles. Parachutes represent a particularly complex system, as their stability is governed
by the coupling between structural dynamics and fluid flow phenomena during deployment and
inflation. Despite extensive past and ongoing research, establishing a clear relationship between
parachute performance and operating conditions remains a challenge. Therefore, further research
is necessary to improve the understanding of parachute dynamics, especially in the context of
modern spacecraft designs and the different atmospheric conditions encountered in various missions.
The objective of this study is to validate the recently developed numerical methodology for the
simulation of three-dimensional bodies in compressible flow by means of benchmark test cases. The
computational framework is based on STREAmS-2.0, a Cartesian finite-difference solver designed for
direct numerical simulation of high-speed turbulent flows. Spatial discretization of the convective
terms in the Navier–Stokes equations is performed using a combination of a robust energypreserving
scheme (up to the eighth order) and a shock-capturing scheme (up to the seventh order), while viscous
terms are expanded in Laplacian form and discretized using standard central schemes (up to the
eighth order). Time integration is carried out with a low-storage third-order Runge–Kutta method.
The immersed body is represented within the framework as a triangulated (and potentially open)
surface. At each time step, boundary conditions on the body are enforced through a sharp-interface
Immersed Boundary (IB) method specifically tailored for thin-walled open geometries. The order
of the spatial discretization schemes is gradually reduced to the second order near the body to
ensure that no finite-difference stencil includes grid nodes on both sides of the immersed interface.
The computational framework features a Cartesian domain decomposition using Open MPI and is
accelerated on GPUs through CUDA. This makes it well suited for modern HPC architectures. The
talk will describe the framework and present several test cases involving two- and threedimensional
geometries in high-speed flow, which have been used to validate the methodology.
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Peridynamics (PD), as a nonlocal continuum theory, is well suited for modeling discontinuities
such as cracks. However, in bounded domains, the truncation of interaction horizons near free
surfaces, cracks, and voids leads to a loss of neighbors, causing artificial surface softening and
inconsistencies in derivative and energy operators that persist under discretization refinement. This
work analyzes and isolates the effects of horizon truncation, highlighting its impact on boundary
behavior. To overcome these limitations, a novel correction strategy entirely formulated within
the PD framework is proposed. The method restores full-horizon behavior without altering the
horizon radius or bond topology by introducing optimized scalar influence weights at the nodal
level, with symmetric scaling of bond interactions. The nodal weights are computed through a
preprocessing optimization enforcing consistency between truncated- and full-horizon operators.
Unlike existing approaches, the method does not rely on ghost particles, variable horizons, or classical
continuum mechanics references. Numerical benchmarks in one and two dimensions, including dynamic
fracture problems, demonstrate reduced boundary-induced softening, improved energy consistency,
and faster convergence. The approach is simple to implement, computationally efficient, and performs
reliably across different geometries and discretizations, while providing a foundation for extensions
to state-based PD models. This work is supported by Sapienza Ateneo Progetti Grandi (CUP:
B83C24007070005), and PROGETTO MUSICS - FISA-2023-00099 (CUP: B83C25000810001).
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When a structure or a specimen is subjected to loading up to failure, strains localize in narrow bands
leading to the formation of macroscopic cracks. The nucleation and propagation of fractures, even in
isotropic media, can induce anisotropy and guide the fracture towards directions different from the
corresponding isotropic damage model. From a computational standpoint, the accurate simulation
of fracture in isotropic and anisotropic media remains challenging, especially when complex crack
paths and distorted meshes are involved. In this work, a numerical strategy for the simulation of
crack initiation and propagation in isotropic quasi-brittle materials is proposed within the framework
of the Virtual Element Method (VEM), employing Desmorat’s anisotropic damage model. The
approach builds upon a continuum damage description with anisotropic damage variables, capable of
capturing direction-dependent stiffness degradation and strain localization. Crack onset is detected
through localization criteria based on the concept of critical damage, while crack orientation emerges
from the spectral analysis of a fracture tensor. Once localization is detected, discontinuities are
represented through interphase elements, allowing the transition from a continuous to a discontinuous
description without remeshing. The use of VEM enables flexible handling of polygonal sub-elements
generated during crack evolution, ensuring numerical robustness even in the presence of highly
distorted geometries. The global equilibrium problem is iteratively solved by accounting for the
internal forces arising from the anisotropic damaged substructures. Benchmark examples are presented
to illustrate the effectiveness of the method in capturing anisotropic fracture patterns.
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The parametric identification of nonlinear dynamic systems is a topic of considerable interest to the
scientific and technical community. It concerns, for instance, mechanical oscillators with geometric,
damping, and material nonlinearities, and extends up to prestressed concrete bridges. In the latter
case, nonlinearity can be associated with the loss of prestress due to damage or wear of the prestressing
cables, resulting in the development of cracks during bending. In all these situations, identifying
the system parameters through a dynamic response analysis allows for a rapid assessment of the
structure’s health and, by repeating the identification procedure over time, the potential progression
of the damage.

Various identification techniques have been proposed in the literature, and among these, the model-
based one in [1] combines the use of the Hilbert-Huang Transform (HHT) with the Complexification-
Averaging (Cx-A) method, allowing for the effective identification of the parameters of a nonlinear
mechanical system with a finite number of degrees of freedom.

Recently, the authors proposed a new procedure [2] based on the use of the Multiple Scale Method
(MSM), combined with HHT, to identify the stiffness and damping properties of nonlinear structures,
applied to an Euler-Bernoulli beam with geometric nonlinearities. In particular, the procedure requires
applying the Multiple Scale Method directly to the PDEs of the continuous problem, deriving the
perturbation equations at different orders and, consequently, the amplitude modulation equations
(AME). In parallel, the use of HHT on experimentally acquired signals from the structure provides the
evolution of the amplitudes and phases on slow time scales. These are used, via pseudo-inversion of
the AME, to identify the system parameters. Here, the procedure is applied to a post-buckled beam,
in which a 2:1 internal resonance between the first symmetric mode and the first anti-symmetric
mode is considered, with the aim of identifying the stiffness coefficient of a purely nonlinear spring
applied in vault.
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This work introduces a methodology for the identification of multiple cracks in beam-like and
frame structures, grounded on the use of discontinuous influence functions. Cracks are modelled as
concentrated stiffness reductions within the Localised Flexibility Model (LFM). The experimental
setup relies on a single measurement station along the span, where either transverse displacement or
rotation is monitored while a concentrated moment is applied at varying positions, thus reconstructing
influence functions. Both static and harmonic loading regimes are considered. First, crack locations
are determined by exploiting the fact that the selected influence functions present discontinuities at
the damage sites [1]. Subsequently, boundary conditions and crack intensities are evaluated by taking
advantage of the analytical expressions of the influence functions of multi-cracked Timoshenko beams.
This is achieved through a sequential inversion of the closed-form solutions derived for a beam with
multiple cracks subjected to a concentrated moment, under either static [2] or harmonic [3] excitation.
More specifically, a procedure originally formulated for the identification of multiple cracks from static
measurements [4] is extended here to the rotational response of an auxiliary beam, loaded by either a
force or a moment applied at the measurement abscissa. Within this framework, four measurements
taken to the left of the first crack are sufficient to identify the integration constants, thereby allowing
the extension of the approach to frame structures. Moreover, the severity of each crack can be
estimated using a single measurement, provided that the load is applied between the crack under
examination and the subsequent one. Numerical validation demonstrates that the proposed method
achieves high accuracy, even when measurement noise is introduced to mimic realistic experimental
conditions. The approach is shown to be flexible with respect to the loading regime and particularly
advantageous in scenarios where relocating the load is more practical than changing the sensor
position.
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Lightweight footbridges are often governed by vibration serviceability rather than strength, since
pedestrian-induced excitation may activate low-frequency vertical modes and produce acceleration
levels incompatible with user comfort [1]. In this framework, the present study investigates a passive
control strategy based on a motion-amplified inerter [2] absorber specifically conceived for slender
beam-like pedestrian bridges. The device combines a suspended secondary mass with two elastic
branches, one of which includes a damper-inerter-spring series layout, while the inerter is embedded in
a rhombus-type amplification mechanism aimed at increasing the relative motion across its terminals
and allowing a more versatile calibration of the device parameters. The coupled bridge-device
dynamics is first formulated by starting from a continuous Euler-Bernoulli beam model subjected to
pedestrian loading. Owing to the internal kinematics of the absorber, the original problem leads to a
constrained differential-algebraic formulation. To enable efficient numerical treatment, the governing
equations are recast into an equivalent ordinary differential system, which is then projected onto a
reduced modal subspace. On this basis, an optimization problem is defined by minimizing the peak
acceleration frequency response with respect to the main absorber parameters. The methodology is
finally assessed on a benchmark long-span pedestrian bridge under resonant pedestrian excitation
described according to the HiVoSS guidelines [3]. Numerical results show that, for the examined
case study, the optimized configuration provides consistent reductions of peak acceleration over the
considered pedestrian traffic classes and restores the structure to the most comfortable serviceability
class even under the most demanding loading scenarios. Compared with a classical tuned mass
damper with the same auxiliary mass ratio, the proposed solution yields lower resonant peaks and
greater robustness to moderate shifts in the main structural frequency, confirming the potential of
motion-amplified inerter-based absorbers for vibration serviceability control in flexible footbridges.
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Vibration-based damage identification increasingly relies on large quantities of mechanically meaningful
data for the development and validation of physics–data methodologies. Modal damage identification
techniques are commonly associated with variations in stiffness which affect modal parameters.
However, the generation of consistent modal datasets from finite element models remains a time-
consuming and highly manual process, particularly when multiple damage configurations and structural
typologies are involved [1]. This work presents a Python–SAP2000 framework for the automated
generation of parametric modal datasets aimed at structural damage identification.

The framework turns a conventional finite element model into an automated SAP2000 simulation
environment that generates large sets of damaged structural configurations through controlled stiffness
perturbations via the CSI Open Application Programming Interface. It automates model manipulation,
modal analysis, result extraction, and dataset organization by selectively changing stiffness-related
properties of frame and shell elements, effectively reproducing reductions in axial and flexural stiffness
and providing physically interpretable representations of stiffness degradation.

Different damage-generation strategies will be presented, including localized stiffness reduction,
progressive propagation of damage among structural members, and distributed degradation scenarios
involving multiple elements. This enables the simulation of both local and global structural deteriora-
tion patterns and enables systematic evaluation of damage severity and spatial distribution effects
on modal response. For each generated configuration, the procedure extracts modal frequencies and
mode-shape information, together with correlation-based indicators and flexibility-related metrics.
The resulting datasets therefore retain direct physical interpretability while providing structured
inputs for data-driven algorithms and identification procedures [2, 3].

The methodology has been applied to finite element models of different structural typologies,
demonstrating its adaptability across varying geometrical and mechanical configurations. Its main
contribution is a reproducible and scalable workflow that bridges commercial finite element analysis
and data-driven structural mechanics, reducing manual modeling effort while preserving traceability
between damage assumptions, stiffness degradation, and modal response.
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Fault gouge, the finely fragmented granular material that accumulates within fault zones, plays
a central role in governing fault strength, deformation, and fluid-induced seismicity. Accurate
constitutive descriptions of fault gouge are therefore essential for understanding the mechanics of
fault activation and the evolution of geomechanical systems subjected to fluid injection.

This contribution extends the variational Cam–Clay model for fault gouge recently developed by
the authors by incorporating fundamental poromechanical effects. Building upon earlier variational
formulations of Cam–Clay plasticity, the original fault gouge model describes the mechanical response
of a sheared granular layer within a finite-deformation rigid–plastic framework, in which stresses
and deformation mechanisms are derived from a dissipation potential. The resulting formulation
successfully reproduces key features of granular fault materials, including pressure-dependent strength,
dilatancy, and rate-sensitive behavior.

The proposed extension introduces a coupling with pore fluids based on two classical ingredients
of poromechanics: Darcy’s law for fluid transport and the effective stress principle. Within this
framework, pore pressure reduces the effective normal stress acting on the solid skeleton, thereby
directly influencing yielding conditions and shear resistance. Simultaneously, fluid migration occurs
relative to the deforming solid matrix and is governed by pressure gradients according to Darcy’s law.

The resulting formulation preserves the variational structure and computational efficiency of the
original model while enabling the description of the primary hydro-mechanical interactions occurring
within fault gouge. In particular, the model captures the evolution of pore pressure during deformation
and its effects on strength degradation, volumetric response, and fluid-assisted weakening mechanisms.

The proposed approach provides a transparent and mechanically consistent framework for investi-
gating the role of fluids in fault activation processes. Future applications are aimed at the simulation
of fault stimulation induced by pressurized fluid injection, with particular emphasis on understanding
the mechanisms underlying injection-induced seismicity and the interplay between pore-pressure
evolution and fault stability.
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This work investigates the topological behavior of bi-phase flexural waveguides composed of alter-
nating Euler–Bernoulli beam segments characterized by different geometric and material properties.
Appropriate kinematic constraints are imposed at the interfaces between adjacent phases in order
to suppress either rotational or transverse displacement degrees of freedom, thereby reducing the
original 4× 4 formulation to an equivalent 2× 2 representation.

Through the analysis of the Bloch Hamiltonian associated with the periodic structure, it is
demonstrated that the continuous flexural system admits an exact correspondence with the discrete
Su–Schrieffer–Heeger (SSH) model. This analogy provides a rigorous topological classification of the
band structure and establishes a direct mapping between structural waveguides and topological lattice
systems. Unlike previous approaches relying on lumped-element representations or tight-binding
approximations, the proposed mapping is exact and is obtained through the Transfer Matrix Method.

The dispersion characteristics of the waveguide are derived from the eigenvalue problem governing
Bloch-wave propagation, allowing the influence of the structural parameters on the band structure
to be systematically investigated. The existence of topological edge states is identified through the
quantized values of the Zak phase, which, owing to the sublattice and mirror symmetries of the system,
is equivalent to the winding number commonly employed in the characterization of topologically
protected boundary modes.

Finite-sized structures subjected to different boundary conditions are subsequently analyzed to
verify the bulk–boundary correspondence. The results reveal the emergence of localized edge states
at opposite boundaries of the structure, depending on the termination and internal configuration of
the periodic system. Furthermore, elastic boundary springs are introduced as tuning parameters,
providing a simple and effective strategy to control both the existence and spatial localization of the
corresponding topological modes.

The study also demonstrates the possibility of generating interface states at frequencies coinciding
with those of boundary modes when two flexural systems characterized by distinct topological phases
are connected. The proposed framework establishes a solid foundation for extending topological
concepts to more general flexural systems incorporating additional kinematic degrees of freedom,
complex boundary conditions, and richer physical phenomena.
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This work presents a continuum–molecular framework for the analysis of 2D linear viscoelasticity,
taking as its starting point a heterogeneous periodic microstructured medium. The underlying
microstructure is homogenized through two complementary methodologies. On one hand, advanced
continualization techniques are employed to derive higher-order nonlocal gradient-type continuum
models capable of reproducing the dispersive characteristics of lattice-like materials. On the other
hand, asymptotic homogenization is used to determine frequency-dependent effective properties,
thereby providing an explicit characterization of the macroscopic dynamic response. The governing
equations of the proposed continuum–molecular model are formulated as spatial integral equations
and derived through an energetically consistent variational framework combined with the convolution
theorem. The resulting formulation assumes that material points interact through non-central
generalized pairwise forces, enabling a physically meaningful description of long-range microscale
interactions. Anisotropic linear viscoelastic behavior is represented through a mechanism-based
description of both kinematics and constitutive response, thereby bridging the gap between molecular-
scale interactions and continuum-scale behavior. The predictive capabilities of the framework are
assessed through benchmark problems involving materials characterized by time-dependent constitutive
behavior. Particular attention is devoted to applications inspired by the microstructure of brain
axons, whose filamentous architecture and cross-linking proteins generate a highly heterogeneous
periodic organization. In this context, the model is employed to investigate the influence of viscous
mechanisms on the overall mechanical response, with emphasis on the role of microscale dissipation
processes in axonal deformation and damage evolution. The proposed approach provides a unified
multiscale framework that combines homogenization theory, nonlocal continuum mechanics, and
continuum–molecular formulations, offering new perspectives for the analysis of complex heterogeneous
viscoelastic materials characterized by pronounced microstructural effects and long-range interactions.
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This contribution investigates dispersive wave propagation and spatial attenuation in generalized
oriented peridynamic continua characterized by non-central pairwise interactions. The proposed
framework extends classical peridynamic formulations by introducing enriched kinematics and interac-
tion mechanisms capable of capturing the dynamic response of microstructured media with enhanced
accuracy.

The free-wave propagation problem is first addressed analytically through integral transform
techniques, leading to closed-form dispersion relations for real-valued wavenumbers. To extend the
analysis beyond propagating waves, a complementary perturbative approach is developed, enabling
the treatment of complex wavenumbers and the characterization of attenuation phenomena. This
framework allows reconstruction of the complete frequency band structure and provides a systematic
assessment of dispersive effects. The accuracy of the approximation can be progressively improved by
increasing the order of the truncated perturbation expansions.

Owing to the integro-differential nature of the governing equations and the continuum–molecular
interpretation of the model, the proposed formulation naturally bridges continuum mechanics and
discrete lattice descriptions. In particular, it offers an effective representation of beam- and block-
lattice metamaterials that are traditionally analyzed through discrete Lagrangian models. A key
result of the study is that oriented peridynamic continua with pairwise interactions are capable of
reproducing both acoustic and optical branches when the interaction horizon becomes comparable to
the characteristic microstructural length scale.

This capability distinguishes the proposed formulation from standard peridynamic models, which
are generally unable to capture optical dispersion modes. Furthermore, the microstructure-informed
peridynamic description exhibits improved predictive accuracy with respect to equivalent micropolar
continua obtained through conventional continualization procedures applied to lattice systems.

The theoretical developments are validated through a representative application involving forced
wave propagation in hexagonal block-lattice materials. The results demonstrate the effectiveness of
the proposed framework in reproducing complex dispersive phenomena and highlight its potential as
a powerful tool for the analysis and design of advanced mechanical metamaterials characterized by
pronounced microstructural effects and non-local interactions.
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The presentation intends to summarize the numerical works about firearms which have been developing
at beretta since the beginning ot1990s. It seems natural subdivide them into three groups, mainly;
depending on what was of our interest we have developed works about 1) Interior Ballistics, 2)
Intermediate Ballistics and 3) Complete Firing Cycles. We tend to deal separately phenomena which
are closely connected to each other, since they cover the same event, i.e. the firing. Although it is
basically a multiphysics event, the fluid and solid domains can be investigated with several levels of
coupling. The presentation starts to propose the numerical analysis of the phenomenon which most of
all is coupled, i.e. the burning of the solid propellant. It can be idealized as a cylinder where the ends
moves in the opposite directions because of gas at very high pressure and temperature, while the
lateral side is adiabatic. In the following we present cases have been dealt separately. For example
the analysis of the entire firing cycle has been carried out in the solid domain only. However the
data in the loading conditions which define the action of the gas pressure on the firearm comes from
experimental measurements or fluidynamic analysis, i.e. the two domains are linked anyway. Next
areas of interest are: 1) Heating, 2) Muzzle devices design in order to reduce the acoustic impact, 3)
Reinforced polymers mechanical description under High Strain Rate and 5) the future of Generative
AI for the Sustainable Product Design (SPD).
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The so-called ballistic impact of small objects on aircraft elements, namely at speeds exceeding 80 m/s,
corresponds to several scenarios of practical interest for the aviation industry: strikes of accidental or
human-made sources against these structural components is expected to occur frequently during their
service life. The experimental assessment of the ballistic impact requires dedicated infrastructures
(such as the light-gas gun system utilized in this study) and exhibits intrinsic difficulties, mainly
concerning the proper acceleration of a projectile and the accurate measurement by a high-speed
camera of its (inlet and outlet) velocity. Also the finite element analysis of the impact process turns
out to be extremely challenging.

As a first objective, we have assessed the dynamic response of fiber metal laminates, manufactured
ad hoc with two different stacking sequences currently not available in commerce, see [1]. The
layups included aluminum 2024 T3 and aramid fiber-reinforced prepregs, leading through specific
treatments to excellent specific properties. The collision of the laminate with a 25 g, 9 mm radius
steel sphere, traveling at speeds ranging from 90 to 145 m/s, caused a variety of scenarios: partial or
complete penetration, with the projectile passing through and continuing its trajectory, remaining
stuck in the sample (embedment) or even being bounced back (ricochet). As a second objective, these
experimental data were utilized to validate an accurate heterogeneous model of the samples developed
in the ABAQUS platform, discretized by finite elements in explicit dynamics including geometric and
constitutive nonlinearity besides contact.

For the constitutive modelling, recourse was made to the following ingredients: (i) the Johnson–
Cook phenomenological model, to describe plasticity and damage of the metal layers; (ii) a 2D
Hashin criterion with damage evolution, to describe progressive failure in the fiber-reinforced plies;
(iii) the Benzeggagh-Kenane criterion to simulate the interlaminar mixed mode debonding. To this
purpose, zero-thickness cohesive interfaces were positioned between each pair of plies. The outlet
speed of the bullet measured during the experiments was retrieved correctly by this model, and a
satisfactory agreement of the finite element predictions was found with the deformation patterns and
the damage mechanisms identified by post mortem visual inspection. Several issues remain still open,
concerning the robustness of the numerical analyses, the reliability of the constitutive modeling and
the identification of the governing parameters, see e.g. [2-3].
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Low-temperature operation of lithium-ion batteries is strongly affected by electrolyte concentration
polarization, which can induce salt depletion or accumulation, promote liquid/solid phase transforma-
tion, and significantly increase electrolyte and charge-transfer resistances. Experimental studies review
on LiPF6-based carbonate electrolytes [1] have already identified these phenomena and shown that
their severity depends strongly on salt concentration, solvent system, and temperature. Motivated by
these observations, this work develops a thermodynamically consistent model to describe the coupled
effects of ionic transport, salt precipitation, and solvent freezing in low-temperature electrolytes. The
model is derived from local mass balance and the first and second laws of thermodynamics, using the
Helmholtz free energy and the Coleman–Noll procedure to obtain constitutive relations for chemical
potential, mass flux, and reaction-driven mass source terms, following a mixture model theory from
[2]. Within this framework, LiPF6 precipitation is represented as a supersaturation-controlled, giving
a generalized approach of [3] derived from the mass action law, while solvent freezing is described
through a phase-change law driven by the chemical-potential difference between liquid and solid
solvent phases. The model distinguishes between precipitation, which directly removes dissolved salt,
and freezing, which affects the liquid concentration indirectly by reducing the available liquid volume.

The proposed framework is informed by prior experimental results in LiPF6/EC:DMC and Li-
PF6/EC:DEC electrolytes, including impedance and calorimetric measurements that reveal concentration-
dependent phase transformation and strong resistance growth at low temperature. These experimental
findings provide the physical basis for the model. The resulting approach offers a rigorous founda-
tion for interpreting low-temperature electrolyte behavior and for future predictive simulations of
lithium-ion batteries under concentration-polarized conditions.
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The development of micro-architectured materials has opened new frontiers in material science,
allowing for the design of properties that transcend those found in nature. As highlighted in [1],
the transition from traditional solids to lattice-based metamaterials introduces a complex interplay
between geometry and mechanical performance. This study investigates three distinct topologies: the
triangular lattice, the classic honeycomb, and the Kagome lattice. These architectures represent a
broad spectrum of structural responses, ranging from bending-dominated to stretching-dominated
behaviors, which are fundamental to understand their macroscopic efficiency [2].

A primary focus of this research is the characterization of scale effects. Our results demonstrate
that the effective stiffness of these materials scales significantly with specimen size. We observed both
stiffening and softening effects: while the triangular lattice consistently exhibits decreasing stiffness
with scale, the honeycomb and Kagome structures show an opposite behavior. This trend depends not
only on the topology but also on the specific loading direction, leading to a pronounced anisotropy at
micro-scales. Such an anisotropy is most significant when the cell size is comparable to the specimen
dimensions and vanishes in the continuum limit [3].

Furthermore, we demonstrate that lattice metamaterials deviate from classical elasticity regarding
boundary conditions. While traditional materials exhibit stiffness independent of the test configuration,
lattice metamaterials show a non-uniform sensitivity to strain gradients. Crucially, our findings
reveal that the presence of a gradient does not dictate a singular trend in mechanical response.
Instead, the stiffness varies uniquely according to the specific boundary conditions: for instance, the
effective stiffness in a bending test may exceed that of pure tension, which in turn may be higher
than that observed in indentation. This evidence suggests that different gradient-dominated fields
can trigger diametrically opposed variations in stiffness, challenging the assumption of a universal
gradient-dependent reinforcement and providing new insights into the effective properties of lattice
materials.
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A primary objective in continuum mechanics is the mathematical representation of inelasticity within
biological tissues and active materials. The macroscopic response of these substances is typically
rooted in microstructural phenomena that operate at scales far below the standard continuum level. To
describe such systems accurately, one must account for their multi-scale, hierarchical nature through
specialized modeling frameworks. Active gels serve as a compelling case study for these complex
systems. Because they can autonomously alter their geometry and generate internal patterns, they
provide a blueprint for developing biomimetic materials. In the context of nonlinear mechanics, the
way these gel networks reorganize is captured by a tensorial flow rule, which integrates the interplay
between internal activity, elastic deformation, and fluid transport [1]. This study concentrates on the
intrinsic metric that governs the remodeling of active gels. We provide a critical evaluation of the
standard flow rules used to track the evolution of this metric, clarifying the mathematical connections
between various expressions of the metric rate [2, 3]. In our opinion, tracking the evolution of the
intrinsic metric which is grounded on the network reorganization allows us to interpret the mechanical
instabilities which have been observed in active gel discs, as described in [4].
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Surface growth and deposition processes, pivotal to areas ranging from additive manufacturing to
tissue engineering, present important challenges for the field of computational solid mechanics.
The main challenge stems from the continuous evolution of the domain and from the need to evaluate
the mechanical response of newly deposited material on substrates that have already undergone
deformation. These features often limit the applicability of classical Lagrangian approaches, which
are prone to severe mesh distortion and typically require additional algorithmic complexity, such
as the construction of a higher-dimensional reference configuration [1] and repeated remeshing with
dynamic updates of the computational domain throughout the numerical simulation.
This work overcomes these difficulties by introducing a rigorous Eulerian finite element framework for
modeling accretion and ablation in deformable solids.
Addressing the complexities of moving interfaces, we implement an Eulerian-based strategy for
deposition processes [2] that avoids the need to define a time-evolving stress-free reference configuration.
This formulation leverages a more flexible spatial description, ensuring numerical continuity even
through significant topological changes and deformations.
A central feature of this work is the comparative assessment of dynamic and quasi-static simulations.
By contrasting these two regimes, we evaluate the influence of inertial effects and temporal scales
on the stability of the interface and the final stress state of the deposited material, providing a
comprehensive view of how modeling assumptions impact the accuracy of the growth process.
Our approach focuses on the stable integration of time-dependent variables within an Eulerian
framework, essential for maintaining consistency in material deformation. Stabilization techniques [3]
minimize artifacts and ensure robustness, while a consistent flux-based formulation satisfies governing
equations during progressive material deposition.
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Power supply for implantable medical devices (such as pacemakers and body sensors) represents
a critical issue in health-related applications [1]. Traditional ceramic-based piezoelectric materials,
exhibit high electrical impedances, and low deformability which can restrict their use in energy
harvesting (EH) systems. To address this limitation, we consider a polymer-based highly flexible
energy harvester made of alternated dielectric (Ecoflex 00-30) and piezoelectric β-phase polyvinylidene
fluoride [2], [3] (PVDF) layers. A theoretical mechanical model – based on the large-displacement beam
theory – is developed to quantify the stress and deformation in the piezoelectric layer. Experimental
results are also presented and compared with the simulation outcomes. Parametric analyses have
been performed to assess the influence of the frequency of excitation as well as the load electric
resistance. As a relevant application, the human heart kinematics (obtained from epicardium surface
measurements), is used to induce a deformation in the EH device and the obtainable voltage and
energy are evaluated. Compared to the single-layer configuration, the multilayer architecture of the
proposed PVDF-based EH device provides a good output voltage and capacitance, along with reduced
impedance. The proposed multilayer PVDF-based EH offers significant advantages due to its simple
and expandable architecture, indicating strong potential for supplying energy to small-scale devices
for biomedical applications.
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The dynamics of a class of two-dimensional spirals, in which the orbital radius is proportional to a
constant power of the angular coordinate, is studied. This class of curves includes Archimedean and
Fermat spirals as special cases. Their dynamics are studied using an extension of Siacci’s theorem [1].
This method allows us to obtain the central force law for the family of spirals, as well as the tangential
and perpendicular thrusts to the trajectory in a Newtonian central force field. These results thus
enhance our understanding of these curves from classical geometry and provide new solutions to the
central forces problem [2]. More specifically, they can be used in modern astrodynamics to predict the
trajectories of spacecraft. In this case, they complement previous works [3] by increasing the number
of exact analytical solutions, enabling the programming of onboard propulsion systems to perform
desired missions (orbit transfers, orbital rendezvous, etc.).
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Rearrangeable matter: multiscale mechanics in engineered and
biological structures
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Many engineered and biological materials function by allowing internal microstructures to rearrange un-
der loading while preserving macroscopic integrity. Describing this interplay between sub-microscopic
reorganization and overall mechanical response is still a key challenge in modern mechanics.

This lecture illustrates a unified multiscale framework originated through Structured Deformations
and Elasticity with Disarrangements, which jointly capture smooth deformations and submacroscopic
slips, rotations, separations, switching, and reconfigurations. These tools connect geometry, kinematics,
and energetics across scales within a rigorous continuum setting.

Examples from lipid monolayers and bilayers, and architected solids illustrate how microstructural
rearrangements drive macroscopic instabilities, relaxation, shear localization, folding, and pattern
formation. By linking theory with experimental observations, the framework provides predictive
insight into materials whose effective behavior emerges from internal structural mobility, offering a
common language for understanding and designing rearrangeable matter.
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This contribution builds on the recently proposed Q4RS element, a robust four-node quadrilateral
Reissner–Mindlin shell finite element with six degrees of freedom (DOF) per node. The formulation
combines a bilinear isoparametric membrane, mixed tensorial component interpolation of transverse
shear strains, and a drilling stabilization based on nodal normals that eliminates the drilling rotation
at the element level, with no user-prescribed penalty parameters and a full-rank stiffness matrix.
Benchmark studies confirmed accuracy and robustness on warped quadrilaterals, folded geometries,
and coarse meshes. The present work extends Q4RS by incorporating the patch recovery procedure
based on complementary energy. The method reconstructs an enhanced stress field by minimizing the
complementary energy over local patches of elements surrounding each mesh node within a set of
equilibrated stress fields, yielding a continuous recovered field with superconvergent properties. A
previous application of this framework to plate structures demonstrated its effectiveness in recovering
accurate stress resultants from displacement-based plate elements. Building on that experience, the
extension to the Q4RS element requires adapting the patch construction and the stress parametrization
to the full Reissner–Mindlin shell setting, where the relevant quantities are generalized stress resul-
tants—bending moments, membrane forces, and transverse shear forces—and the six-DOF-per-node
layout, including the drilling rotation, must be properly accounted for. Numerical results on classical
shell benchmarks show that the recovered stress resultants achieve higher convergence rates than those
directly extracted from Q4RS, particularly on coarse meshes. The procedure preserves the robustness
of the underlying element on distorted meshes and folded geometries, providing an accurate and
computationally efficient tool for engineering shell analysis.
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Not all imperfections are detrimental in buckling problems. A recent design paradigm, termed
modal nudging, utilizes geometric “imperfections” with negligible self-weight change to nudge the
baseline structure onto equilibrium paths of greater load-carrying capacity. This design procedure
was investigated in this work with a geometric alteration searched among those spanned by the first
linearized buckling modes of the baseline structure. An important feature of our study is that the
sensitivity of the altered geometry to additional accidental imperfections is taken into account within
the design process. Starting from a discretization of a general thin-walled structure using solid-shell
finite elements, a Koiter-inspired ROM of the baseline structure is constructed using a small number
of relevant modes. The advantage of such an approach is the possibility to include the effects of
modal imperfections directly in the reduced system of equations. Then, once the ROM is available,
an accurate estimate of the nonlinear equilibrium path of the imperfect structure is computed at
a minimal computational cost. This tool is exploited to design a geometric alteration that leads
to improved structural performances by means of a fast random search. The focus was given to
the case of structures exhibiting both unstable and stable attractive paths. In this situation, the
design alteration is chosen in order to nudge the structure onto the stable ones, eliminating the limit
point in the initial post-buckling path. However, as shown in the case studies, this is not enough to
guarantee an imperfection-insensitive response. Actually, it is possible that small but finite accidental
imperfections may nudge back the structure onto unstable attractive paths. However, an imperfection
insensitive response can be achieved using the proposed workflow that uses the ROM also to assess
the sensitivity of the altered geometry. The case study consisting of a curved panel in compression
was particularly suitable to highlight this point. The unstable baseline panel was transformed into a
stable structure with load-carrying capacity increased of more than 70% by a geometry alteration
with maximum deviation equal to the shell thickness and, then, with a negligible selfweight change.
Therefore, the Koiter-inspired modal nudging presented in this work seems to be a valuable tool for
designing high-performance lightweight structures, especially when only small geometric changes are
feasible.
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Structural damage in masonry buildings subjected to settlement induced by different reasons often
manifests in the form of cracking. Underground excavations, boundary condition changes, soil
deterioration may induce differential settlements in the foundations of the structures. Such differential
settlements are usually well borne if the structures are made of either reinforced concrete or steel
frames, whereas, in masonry structures, they entice crack opening frameworks that affect global
rigidity and strength. The effects of the differential settlements on the masonry panels assume a higher
concern when dealing with historical structures that are naturally weakened by the centuries and,
often, overloaded by more modern urbanistic destinations. Most of the contributions have handled the
topic by investigating the mechanical masonry under given boundary conditions at the foundations;
such an approach does not include the soil-structure interaction and, also, does not allow to compute
the actual differential settlements induced by tunneling, soil degradation, load condition changes.
This study aims at investigating the damage response of unreinforced masonry (URM) walls resting
on the soil via numerical models and soil-structure interactions. Masonry is represented through rigid
blocks connected by non linear springs, whereas the soil is included as an elastic half-space and it is
modelled through a boundary integral approach involving the half-space fundamental solution. Such
a fundamental solution allows the limited discretization of the masonry-soil contact area even though
satisfying the correct behaviour at infinity. The contact between soil and masonry is assumed to be
unilateral with finite friction. The numerical solution is obtained by an iterative procedure involving
1) the non linear solution of the masonry problem by minimization of the total complementary
energy, 2) the computation of the reaction forces to be transferred to the soil, 3) the computation of
the displacement field in the half space that 4) is imposed back to the masonry structure along its
foundation. After a few iterations, the response of the full system (masonry and soil) is obtained
with the satisfaction of the nonlinear contact conditions both between masonry blocks and at the
soil-masonry interface. The procedure is implemented in three-dimensions and it is the extension of a
previous work developed in the two-dimensional framework. Simple examples are shown to prove the
potential of the method.
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A reliable seismic vulnerability assessment of historical masonry constructions is essential for guiding
conservation strategies for architectural heritage. Such assessments depend on accurately predicting
the structural response under seismic loading. Static pushover analysis is a widely recognized tool in
current building codes for this purpose, as it captures nonlinear structural behavior while allowing
seismic input to be represented through a design spectrum. This work proposes an extension of
the Non-Smooth Contact Dynamics (NSCD) framework to the nonlinear static pushover analysis
of historical masonry constructions. The NSCD method is a time-stepping approach developed to
predict the dynamic behavior of discrete systems of rigid or deformable bodies. Its distinctive feature
is the ability to advance the solution in time with a fixed time step, regardless of non-smooth events
such as collisions between bodies, within an implicit time-integration scheme. Numerous applications
of the NSCD method have demonstrated its effectiveness for historical masonry structures modeled as
systems of rigid blocks in unilateral-frictional contact. More recently, a variational NSCD approach
has been proposed, exploiting a convex second-order conic programming (SOCP) formulation of the
time-step problem to tackle large-scale 3D masonry block structures under seismic excitation. Here,
this variational NSCD framework is extended to nonlinear static pushover analyses by treating time
as a monotonically increasing parameter and neglecting inertia. As a result, the analysis consists of
a sequence of quasi-static SOCP equilibrium problems under increasing lateral loads which, with a
suitable collision-detection algorithm, accurately models the unilateral-frictional contact behavior and
enables the computation of structural capacity curves and large-displacement collapse mechanisms.
Numerical results demonstrate the computational potential of the method and its value as a robust
and practical tool for the seismic assessment of historical masonry structures.
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This study presents a statistical moment-based damage detection procedure by exploiting an explicit
approximate formulation of the stationary second-order moments of nodal displacements and velocities,
which are in turn explicitly related to stiffness and modal damping parameters [1-3].

A weighted least-squares approach is then employed to inversely identify stiffness and damping by
minimizing a suitable objective function [4]. The proposed method enables the identification of both
stiffness reductions, indicative of structural damage, and the modal damping ratios of the significant
modes, the latter playing a crucial role in accurate damage evaluation.

Furthermore, the present approach accounts for the effect of filtered excitations as well as modulated
colored noise excitations applied at different locations along the beams, to evaluate their influence on
the identification process. Applications to cracked beams are presented to verify the consistency of
the method and to investigate the effects of measurement noise on the identification results.
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In structural integrity assessment, beams affected by multiple localized damages pose significant
challenges. Generally, damage is modeled as concentrated cracks inducing localized reductions in
flexural stiffness. Hence, a widely adopted macroscopic representation describes each crack as a
rotational internal spring. Since both the location and severity of such damages are typically not
known, the crack parameters—namely, position and amplitude—are inherently uncertain and are more
realistically described through non-deterministic models. In this work, previous investigations for the
analysis of multi-cracked Euler–Bernoulli beams [1] are extended from the static to the frequency
domain, with particular emphasis on the role of uncertainty modeling. Within a probabilistic
framework, uncertainty in crack parameters is described through random variables. In parallel, the
study is extended to a non-probabilistic perspective, where uncertainties are represented as uncertain-
but-bounded parameters. Taking full advantage of the closed-form expressions of the beam response
with explicit dependence on uncertain parameters, the frequency response probability density function
is evaluated using the Probability Transformation Method (PTM) [2], as well as building upon recent
advances in interval analysis of damaged beams, a two-step procedure is adopted for the evaluation of
response bounds in the frequency domain [3]. The proposed framework enables a direct comparison
between probabilistic and interval-based responses in the frequency domain, highlighting the influence
of uncertainty representation on the estimated structural response. Numerical results confirm the
effectiveness of the methodology and highlight its potential for applications in vibration-based
assessment and reliability analysis.
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High-voltage electrical substations are critical components of power transmission networks, and
their seismic damage may compromise the continuity of service after major earthquakes. Among
substation equipment, inductive voltage transformers are particularly vulnerable because of their
slender geometry, non-uniform mass distribution and the presence of brittle insulating components.
This work presents a simplified numerical–experimental procedure for the seismic assessment of high-
voltage voltage transformers. Two real case studies, representative of the same structural typology
but characterized by different geometrical dimensions, mass distributions and voltage levels, are
considered. Starting from shake-table experimental tests, a reduced-order finite element model with
lumped masses is developed to reproduce the global dynamic response of the devices through a limited
number of equivalent mechanical parameters. The model is calibrated through an inverse optimization
procedure based on dimensionless parameters describing stiffness, mass and damping properties. Both
acceleration response and base bending moments are used as target quantities, allowing a balanced
representation of the dynamic behaviour. The calibrated model is then adopted to derive seismic
fragility curves using Incremental Dynamic Analysis, Multiple Stripe Analysis and Endurance Time
analysis. Peak Ground Acceleration is selected as the intensity measure, while collapse is defined
by the exceedance of a critical base bending moment, consistently with the brittle behaviour of
insulating components [1-2]. The results show that the proposed reduced-order model can reproduce
the experimental response of the investigated transformers and can be effectively used for fragility
assessment. The comparison among the adopted dynamic procedures highlights the influence of the
analysis method on the estimated fragility and confirms the potential of calibrated simplified models
for rapid seismic vulnerability assessment of high-voltage electrical equipment.
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Structural health monitoring (SHM) is essential for improving the safety, resilience, and long-term
management of civil infrastructure. Despite substantial progress in bridge monitoring and operational
modal analysis, conventional SHM strategies remain affected by environmental variability, limited
scalability, and dependence on expert intervention during modal interpretation and damage assessment
[1, 2]. This work presents a fully automated, AI-driven SHM framework that integrates adaptive
modal identification, condition-aware anomaly detection, and sensor-level damage localization within
a unified workflow [3, 4].

Modal characteristics are identified through a hybrid strategy combining covariance-driven stochastic
subspace identification in the time domain with frequency-spatial domain decomposition. The
identification stage includes adaptive frequency-band allocation, unsupervised pole screening based
on isolation forests, and prominence-based peak detection, enabling stable extraction of dynamic
features under varying operational conditions. To separate true structural changes from environmental
and operational effects, anomaly detection is performed using a conditional variational autoencoder
trained on healthy-state natural frequencies and conditioned on temperature and time of day. The
latent reconstruction response is used to classify the structural condition into four health states
through Gaussian-intersection-based thresholds, avoiding subjective decision boundaries. A secondary
sensor-level verification stage based on singular spectrum analysis and three-dimensional one-class
support vector machines provides independent anomaly confirmation and damage localization [4].

The methodology is validated on a laboratory steel beam instrumented with triaxial MEMS accele-
rometers and tested through 500 hourly measurements under diurnal thermal cycles and progressive
damage scenarios. The results show low false-positive rates, robust performance under changing
environmental conditions, and accurate localization of damage. Overall, the framework provides
a scalable pathway toward next-generation AI-enabled SHM systems for real-world infrastructure
management.
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Pathological femoral fractures represent a major clinical and socio-economic burden, especially in
elderly patients, as they are associated with reduced quality of life, severe complications, and increased
mortality [1]. Accurate assessment of femoral fracture risk is therefore crucial to support clinicians
in selecting the most effective treatment for each patient. Current clinical practice mainly relies on
semi-quantitative indicators, which do not account for key patient-specific mechanical factors such
as anatomy, functional loads, and local distributions of bone strength and stiffness. This lack of
specificity may lead to situations of diagnostic uncertainty, with serious consequences for patients
such as surgical overtreatment or unnecessary surgery. Recently, finite element (FE) approaches
enhanced by computed tomography (CT) images have significantly improved the assessment of femoral
strength and fracture risk [2]. Nevertheless, most approaches focus on estimating a critical level load
only, without describing the subsequent evolution of damage and crack propagation. From a clinical
perspective, however, predicting also how and where a fracture occurs is essential, since fracture type
and location strongly influence post-fracture treatment strategies.

In this work, an integral non-local damage model, implemented within a FE framework, is proposed
to objectively predict the mechanical response up to failure of human femurs. Patient-specific
computational models are generated from CT images through semi-automatic segmentation of the
femoral geometry. Spatially heterogeneous material properties are also derived from the same imaging
data. The progressive loss of bone structural integrity is described using a continuum damage
mechanics formulation, in which an integral non-local regularization is introduced to overcome the
mesh-dependence and lack of objectivity affecting local models. The proposed methodology is assessed
by reproducing two femoral specimens from the experimental benchmark campaign conducted by
Yosibash et al. [3], where ex vivo human femurs were tested under single-leg-stance loading conditions.
In the experiments, the distal part of the femur was clamped, and an inclined load representative of
the hip-joint transmitted force was applied over a pseudo-circular region on the top of the femoral
head. This configuration is reproduced in the numerical model, allowing the predicted damage pattern
evolution and global mechanical response to be directly compared with the experimental evidence.
The results indicate that the proposed approach can capture effectively femoral failure and represents
a first step towards the development of more advanced in silico tools capable of supporting clinical
decision-making in cases where diagnostic standards are inconclusive.
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Bileaflet Mechanical Valves (BMVs) are routinely implanted as permanent replacements for dysfunc-
tional or diseased aortic valves [1]. Compared to bioprosthetic valves, BMVs offer greater durability
and are less susceptible to tearing and calcification; however, they create non-physiological hemody-
namics that can lead to platelet activation and mechanical hemolysis. Previous studies have linked
blood damage to elevated levels of turbulent stress downstream of BMVs relative to bioprosthetic
devices. In this context, we investigate two emerging technologies aimed at reducing the detrimental
hemodynamic effects of mechanical prostheses: a trileaflet configuration and a bileaflet valve equipped
with vortex generators (VGs).

The simulations are performed using a second-order accurate, finite-difference flow solver with direct
immersed boundary forcing, previously validated in [2]. Compared to the baseline design, the trileaflet
configuration produces a flow dominated by a central jet, in which mixing effects result in lower peaks
of turbulent kinetic energy. The presence of vortex generators introduces additional instabilities that
instead lead to lower vorticity magnitude within the mixing regions [3]. A quantitative characterization
of turbulent shear stresses and equivalent viscous stresses in all configurations will be discussed.
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Despite obesity being characterized by a volumetric alteration of body shape, musculoskeletal (MSK)
modeling still adopts lumped approaches, shifting vertebral center-of-mass along the antero-posterior
direction [1]. The study implements a novel volumetric approach for adipose distribution to explore
obesity impact on spinal loads across different sagittal shapes phenotypes. A volumetric approach
integrating 16 ellipsoids (12 abdominal, 4 thoracic, Fig. A), captured both antero-posterior and
mediolateral adipose shifts visceral adipose tissue shifts as derived from morphometric reference data
[2], with corrected muscle wrapping. A male thoracolumbar model ([3] OpenSim 4.5) was scaled to
four BMI conditions (22, 27, 32, 37) and combined with 15 spinal alignments equally stratified across
three morphologies (neutral, hypo- and hyperlordotic) [4], yielding a virtual cohort of 60 MSK models.
Intervertebral joint reactions were computed during upright standing posture under bodyweight
loading via static optimization, with significance assessed via Kruskal-Wallis test (Wilcoxon post-hoc,
p < 0.05).

Compression differences between hyper- and hypolordotic morphologies were significant from T12–L1
downward, while shear forces only at shape transitions (e.g., T12L1, L5S1, apex positions). Fig. B
shows average L3L4 compression, site of peak compressive loading, as percentage change relative to the
corresponding BMI 22 baseline for each spinal morphology. Compression increased substantially with
increasing BMI, but at markedly different rates (+85% vs +49% from BMI 22 to 37). Compression
reduction from neutral to hyperlordotic alignment was -6% at BMI 22, increasing to -15% at BMI 37.
This load mitigation resulted at the cost of elevated lumbosacral shear (∼ 190 N hyperlordotic vs. ∼
100 N hypolordotic, BMI 37).

Results quantify a morphology-driven mechanical trade-off at higher BMI: hyperlordotic alignment
mitigates mid-lumbar compression by redistributing anterior mass eccentricity, at the cost of increa-
sed lumbosacral shear. The volumetric approach shows promise where mass distribution dictates
biomechanical outcomes, such as breast mass representation.
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We consider an axisymmetric cylindrical vessel grown by surface deposition at the inner boundary.
The residual stress in the vessel may vary, depending for instance on the loading history during growth.
The present work addresses two questions: whether a stress-free material (reference) configuration
can be characterized for the vessel, and whether such a configuration can be employed to simulate
transient growth processes and to investigate different possible residual stress distributions. Extending
an idea originally proposed for surface growth on a fixed boundary [1], the material configuration is
introduced as a two-dimensional manifold embedded in a three-dimensional space. The problem is
first formulated in fairly general terms for an incompressible neo-Hookean material under plane strain,
and subsequently specialized to material configurations represented by ruled surfaces. An illustrative
example based on the geometric and material parameters of carotid arteries characterizes different
material configurations through their three-dimensional slope and computes the corresponding residual
stress fields. The slope is further shown to be in a one-to-one correspondence with the customary
measure of residual stress in arteries, namely the opening angle in response to a radial cut. The
present work [2] thus introduces a framework for residual stress and demonstrates its applicability in
a specific setting; ongoing work [3] extends the analysis to the kinetics of growth. Several further
generalizations and extensions — for instance, to thermal and plastic strains — will be considered in
future work, with the aim of further assessing and validating the proposed method.

References

[1] Tomassetti, G., Cohen, T. and Abeyaratne, R., “Steady accretion of an elastic body on a hard spherical
surface and the notion of a four-dimensional reference space”, Journal of the Mechanics and Physics of
Solids, 96, 333–352 (2016).

[2] Puntel, E., “Residual Stress in Surface-Grown Cylindrical Vessels via Out-of-Plane Material Configuration”,
Applied Mechanics, 6(4), 75 (2025).

[3] Abeyaratne, R. and Puntel, E., “Kinetics of Surface Growth in a Cylindrical Vessel”, in preparation (2026).

172



AIMETA 2026 - MS11

MS11 - Materials and Structures Across Scales:
Modeling, Simulation, and Uncertainty Quantification

173



AIMETA 2026 - MS11

Identification of micropolar yield parameters in composites
from discrete simulations

M. Colatosti1, P. Trovalusci1, B. Carboni1, S. Forest2

1DISG Department, Sapienza University, Via Gramsci 53, 00197 Rome, Italy
2Centre des Matériaux, Mines Paris PSL, CNRS UMR 7633

E-mail: marco.colatosti@uniroma1.it, patrizia.trovalusci@uniroma1.it, biagio.carboni@uniroma1.it,
samuel.forest@mines-paristech.fr

Keywords: Micropolar continua, Multiscale modelling, Yield criterion, Parameter identification

The macroscopic behaviour of composite materials is strongly influenced by microscale features such
as voids, cracks and inclusions, which challenge conventional continuum descriptions. To account for
the role of the underlying microstructure, a micropolar modelling framework is adopted, based on
a two-level description of the material. In particular, the material is represented both as a discrete
assembly of rigid particles connected by nonlinear interfaces and as an equivalent nonlinear micropolar
continuum exhibiting elasto-plastic behaviour. While the elastic constitutive parameters are obtained
through a multiscale identification procedure [1], the parameters characterising the yield surface [2]
are identified via an optimisation strategy relying on a genetic algorithm [3–4]. The parameters
of the micropolar yield criterion are identified using data extracted from the discrete simulations.
Numerical results show that the proposed methodology provides a consistent link between discrete and
continuum representations, allowing the identification of parameters that cannot be directly measured
and are typically inferred through sensitivity analyses. Numerical simulations of the plastic response
are presented to support the validity of the proposed approach. The developed framework promotes
the applicability of equivalent micropolar models to real engineering problems involving composites
with complex microstructures and provides a structured basis for extending the identification from
discrete simulations to experimental data.

This work is supported by MUR project MUSICS - FISA-2023-00099 (CUP: B83C25000810001).
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Multiscale modeling provides a powerful framework for predicting the effective response of heteroge-
neous materials across different scales of observation, encompassing both linear and nonlinear regimes.
In this work, a generalized Hill-type macrohomogeneity condition is developed for homogenization
of heterogeneous micropolar continua with complex microstructures [1-4]. The proposed formula-
tion relies on the separation of symmetric and skew-symmetric components of strain and stress,
enabling an energetically consistent coupling with curvature and couple stress measures, and thus
capturing scale-dependent effects characteristic of micropolar continua. Within a unified tensorial
setting, energetically consistent Dirichlet and Neumann boundary conditions are derived from power
equivalence, ensuring a rigorous micro–macro energy balance. The approach is assessed through finite
element simulations on both homogeneous and heterogeneous media with periodic microstructures,
demonstrating the effectiveness of the formulation [5]. The proposed framework offers a solid basis
for the advanced modeling of materials with complex architectures, including metamaterials and
composites, and provides a natural foundation for future extensions toward random microstructures
and the integration of uncertainty quantification within multiscale computational schemes.

This work is supported by Sapienza Ateneo Progetti Grandi (CUP: B83C24007070005), and
PROGETTO MUSICS - FISA-2023-00099 (CUP: B83C25000810001).
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Nonlinear mechanics of 1-D elastic structures is effectively investigated at different scales in a
geometrically consistent 4-D spacetime framework. The 4-D trajectory manifold becomes the object
of interest on which the motion can be experienced. Distinction between material and spatial fields
is clarified and material tensors at different instants are compared in a natural way by push along
the motion. Constitutive relations are formulated as instantaneous incremental responses to a finite
set of material tensor state variables and to their time convective rates along the motion [1]. The
Rate Virtual Power Principle is exploited and the variationally effective stress rate leveraged [2]. A
computationally efficient incremental solution procedure is implemented to effectively address problems
of multiscale 1-D elastic structures undergoing large displacements [3]. Contributed outcomes support
the implementation of the presented approach for resolution of geometrically nonlinear structural
problems, especially when non-elastic effects are taken into account, circumventing known and debated
issues that affect finite deformation approaches [4,5].
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Eringen’s nonlocal elasticity in integral form has been widely used to model size-dependent effects
in nanoscale structures. However, most contributions rely on differential formulations assumed to
be equivalent to the original integral model. For one-dimensional structures, such equivalence has
been rigorously established when appropriate constitutive boundary conditions are introduced, as
shown for beams and, more recently, for plates [1,2]. Nevertheless, for two-dimensional continua,
deriving a fully consistent differential counterpart from the integral formulation remains challenging
and typically requires restrictive assumptions on geometry, boundary conditions, or kernel functions
[2].

In this work, shear-deformable nanoplates are analyzed within a constitutive framework that
consistently combines local elasticity with a stress-driven nonlocal contribution. Size-dependent
behavior is incorporated through integral convolution operators acting on stress resultants, introducing
an intrinsic material length scale. The governing equations are solved using a finite-element-based
iterative strategy, in which the original nonlocal boundary-value problem is recast into a sequence of
linear local problems, thereby avoiding the explicit introduction of constitutive boundary conditions
arising in differential nonlocal formulations. Iterative methods, originally introduced by Romano et al.
[3] and applied to one-dimensional problems, are herein extended for the first time to two-dimensional
continua. The proposed local-nonlocal model ensures robust, stable convergence, with a linear rate
that is rapid for balanced mixtures and moderately slower in nonlocal-dominated regimes. Owing to its
flexibility, the proposed framework is applicable to arbitrary geometries, general boundary conditions,
and a wide class of nonlocal kernels. It therefore provides a robust and versatile computational tool
for the analysis and design of nanostructured plate systems.
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This work deals with the nonlinear dynamics of a spar-type Floating Offshore Wind Turbine under
parametric excitation induced by sea waves through the periodic variation of the buoyancy force.
First, an approximate 2-DOF analytical model is developed to capture the main features of the system
response. The governing equations are studied by means of the Multiple Time Scales Method [1],
up to the fifth order, under the primary parametric resonance condition, which is associated with
period-2 oscillations. In parallel, the Harmonic Balance Method [2] is employed to detect non-resonant
period-1 responses.

The third-order analysis shows that the trivial equilibrium loses stability through a Hopf bifurcation,
giving rise to an oscillatory response, while the fifth-order solution provides a significantly more
accurate description of this nonlinear behavior. Moreover, the Harmonic Balance analysis reveals the
presence of an additional branch of solutions, detached from the resonant one but coexisting with it.
The analytical predictions are further supported by numerical simulations and basin-of-attraction
analyses.

These results highlight a dynamical scenario of clear engineering relevance, since multiple coexisting
responses may arise and lead to potentially dangerous operating conditions. This evidence stresses
the importance of accounting for such nonlinear effects at the early stages of design and control.

Finally, a more detailed 4-DOF analytical model is introduced to investigate the nonlinear behavior
of the system under the combined action of parametric wave excitation and external aerodynamic
loading [3].
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In this work, we investigate plastic nucleation within an incremental strain-gradient plasticity
framework featuring a rank-one defect energy. Formulated as an incremental convex variational
problem, the model employs a defect energy that is positively one-homogeneous with respect to the
curl of the plastic strain [2].

As in other gradient plasticity formulations available in the literature, the proposed defect energy
provides a continuum measure of plastic incompatibility associated with geometrically necessary
dislocations (GNDs). However, unlike standard quadratic gradient penalizations, this rank-one
formulation regularizes singular localization into a distributed nucleus of finite width without inducing
diffusive smoothing effects. Owing to its degree-one positive homogeneity, this defect energy yields
a genuine strengthening effect: the yield threshold is elevated by a discrete energetic barrier, while
the post-yield response remains perfectly plastic [1]. Within this variational framework, the onset of
plasticity is no longer governed by a purely local criterion, but instead emerges from a global energetic
balance that variationally selects the plastic support.

We analyze an annular domain under azimuthal shear and for this case we derive closed-form
analytical solutions without a priori assumptions on the plastic support, providing exact benchmarks
for numerical simulations. Our analysis reveals two qualitatively distinct nucleation regimes. In the
first regime, plasticity spreads over the entire domain in a curl-free compatible configuration. In the
second, it localizes in an inner nucleus sealed by a concentrated GND wall at a locked front that
does not advance upon further loading. Furthermore, a square-root scaling law with respect to the
internal length scale is obtained from the exact solution for both the plastic zone size and the yield
threshold. Numerical simulations on elliptical geometries demonstrate that these scaling exponents
and nucleation patterns depend sensitively on the domain shape.

Overall, this work establishes exact analytical benchmarks for rank-one gradient plasticity and
identifies geometry as a fundamental control variable of the nucleation process, on a par with the
internal length scale.
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Over the last four decades, Microelectromechanical systems (MEMS) have been widely used to sense
parameters such as magnetic fields, acceleration, and pressure [1–2]. These devices are typically
optimized for sensing forces within hundreds of micrometers along their resonant (frequency-setting)
dimensions; however, they are not well suited for monitoring forces confined to much smaller regions,
which limits the minimum spatial sensing resolution achievable by MEMS sensors. To improve
performance, current MEMS must be scaled down. Unfortunately, due to their modal characteristics,
reducing their size – especially along the resonant dimension – leads to dramatic drops in Q-factor
and dynamic range [3], thereby degrading sensing performance. Motivated by recent advances in
topological wave physics, we present a MEMS design that leverages localized topological states to
achieve highly confined modes with enhanced responsivity (i.e., a high resonance-frequency shift per
unit change in the parameter of interest) and a low limit of detection. By engineering the surface of
an AlScN elastic plate with tailored surface corrugations, we enable the support of interface states
that exhibit both symmetric and antisymmetric wave modes. The resulting engineered interface,
with its unique spatial symmetry breaking, gives rise to two counter-propagating waves that interact
within a highly localized region, achieving ultra-high Q-factors and enhanced spatial confinement [4].

After introducing the fundamental wave mechanics and modelling approach, the talk will show
a direct application of the proposed MEMS in sensing infrared (IR) power emitted by a laser [5].
Our findings pave the way for the deployment of MEMS sensors in emerging applications requiring
localized parameter monitoring, such as proteomics, spintronics, and mass spectrometry.
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Reducing noise at low frequencies with devices much thinner than the wavelength of the incident
waves, i.e., sub-wavelength behaviour, is still a major scientific and technological challenge. This is
especially true in underwater acoustics, characterised by wavelengths significantly longer than in air
and by the (heavy) fluid-structure interaction, leading to the necessity for the highly sub-wavelength
structures to withstand hydrostatic pressure. Various approaches for underwater acoustic insulation
have been proposed in the literature, including using metamaterials with periodic arrangements of sub-
wavelength Helmholtz-like resonators [1–6]. The latter, although extensively investigated in the context
of airborne acoustics, showed promising results, as reported in [7] where authors freshly developed
an acoustic metasurface composed of sub-wavelength hybrid resonators, each of which comprising a
parallel array of an embedded neck and a front panel with multiple micro-perforations in front of
a cavity. This geometrical configuration, i.e., Helmholtz resonators coupled with a microperforated
panel, leads to perfect absorption at target frequencies, in which the metasurface dimensions are
significantly smaller than the corresponding wavelength. However, despite yielding significant noise
attenuation levels and thus representing a fruitful direction of research, the narrowband performance of
this approach remains an open issue in the design of efficient sub-wavelength low-frequency structures
for underwater noise reduction, operating over a broad frequency range.

To address this challenge, we present an innovative acoustic metamaterial with underwater lowfre-
quency broadband absorption performances. Starting from the work in [7] and taking into account
the advantages offered by the hierarchical structure of many natural materials [8–10], the unit cell
of this periodic arrangement is composed of a sequence of Helmholtz resonators coupled with a
microperforated panel (HMPP) so as to induce hybrid resonance between the embedded neck and
the MPP in a single sub-wavelength cell. While the external morphology and thicknesses of the
metamaterial is fixed, the key internal parameters of the resonators (i.e., number, radius and distance
of the micro-perforations at each hierarchical level, radius and length of the neck, ...) can be tailored
to achieve tuneable perfect absorption in a specific frequency range. Acoustic impedance tuning can
be thus realised through adjusting the geometry of the repeating unit cell while maintaining the
external morphology and thickness of the metamaterial unchanged. Initially, a theoretical model to
analytically derive the effective acoustic impedance and absorption performances of a single resonator
at level 0 of hierarchy is derived based on the transfer matrix method [7, 11, 12]. The model is
then extended to the hierarchical case and a parametric analysis to investigate the influence of the
geometric parameters of the (hierarchical) resonators on their impedance and absorption performances
is provided. The proposed study offers an efficient theory-based design procedure to potentially
solve one of the most challenging problems in acoustic and applied mechanics, which is mitigating
low-frequency broadband underwater noise radiated from different mechanical systems.

This project has received funding from the European Union’s Horizon Europe programme in the
framework of the ERC StG POSEIDON under grant agreement No. 101039576.
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Concrete is an efficient and potentially cost-effective solution for thermal energy storage (TES). In
such applications, concrete undergoes daily cycles of heating and cooling, with minimum temperatures
above 150-200 ◦C and maximum ones above 400 ◦C. Such conditions are very unconventional; the
literature lacks experimental data and obtaining them for thousands of heating cycles is difficult and
very costly. This creates scope for physical models that predict the coupled, physical, chemical and
mechanical processes driving degradation. The existing models of concrete for TES describe it at
the constitutive level [1], drawing from the literature and design standards for fire conditions. Such
conditions capture some of the physical processes taking place during TES, e.g. dehydration and
thermal eigenstresses, but miss others such as mechanical fatigue due to thermal cycling or interfacial
stress and dissolution reactions between the concrete and the heat transfer fluid. Recent advances
with the Lattice Discrete Particle Method (LDPM) have created a mesoscale simulation framework to
couple thermal eigenstresses with fatigue damage [2] but the coupling between chemical dissolution
and damage evolution is still to be addressed.
This contribution presents a Kinetic Monte Carlo framework to couple mechanical stress, chemical
reactions, and temperature [3]. The coupling is achieved through rate equations for mineral dissolution
that depend on the chemical potential, strain energy, and temperature of the material. The rates are
derived from transition state theory, which combines statistical mechanics and chemical kinetics. To
show the capabilities of the approach, a calcium hydroxide nanocrystal is taken as a relevant example
of a cementitious mineral. The crystal is discretized through interacting particles, with interactions
that reproduce the elastic modulus and tensile strength of calcium hydroxide at the nanoscale. The
impact of tensile stress on dissolution rates is quantified first; then a notch is introduced and a
sub-critical tensile stress is imposed. The simulations are able to predict subcritical crack propagation
driven by accelerated dissolution at the crack tip. The proposed framework provides the basis for
a thermodynamically consistent description of chemo-mechanical damage evolution in larger scale
models (e.g. LDPM) of concrete for TES.
The research presented here is part of the AVATAR project, Mission Innovation 2.0 (D.M. 386/2023),
funded by MASE (Ministero Italiano dell’Ambiente e della Sicurezza Energetica).
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Variations in environmental humidity are a primary driver in the deterioration of historical paintings,
frequently resulting in the development of craquelure, i.e., intricate networks of fine cracks that
affect both aesthetics and structural stability. To explore the mechanisms responsible for this type of
damage, a computational framework is introduced that accounts for the interaction between moisture
transport and mechanical degradation processes in painted artworks. The proposed methodology
relies on a reduced two-dimensional representation in which these coupled phenomena are consistently
described. In this setting, the painting is modeled as a stratified system consisting of canvas, rabbit
skin glue, and paint layers. The behavior of each constituent is influenced by humidity through
hygroscopic swelling and moisture-dependent material properties. Moisture migration within the
system is described by a simplified two-dimensional diffusion model, allowing for exchange between
layers as well as with the external environment. From a mechanical standpoint, the canvas and
paint layers are treated as elastic-brittle materials, while their interaction is mediated by a cohesive
interface representing the rabbit skin glue. This formulation enables a unified description of both bulk
deformation and interfacial behavior. Damage evolution is captured using two distinct phase-field
approaches. The first addresses crack initiation and growth within the paint layer, whereas the
second models the gradual loss of adhesion at the interfaces. Numerical investigations under varying
humidity conditions show that the framework can reproduce characteristic crack patterns and failure
mechanisms associated with craquelure formation. By offering a physically grounded description of
the interplay between moisture effects and fracture processes, the model provides a useful basis for
studying degradation pathways and for informing conservation strategies aimed at preserving cultural
heritage over time.
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Fracture mechanics remains one of the most active and impactful research areas in engineering. The
ability to accurately predict fracture initiation and propagation is essential for improving the design
and safety of structural systems, while also reducing maintenance costs, material losses, environmental
risks associated with accidental releases, and threats to human life. The foundations of modern
fracture mechanics can be traced back to the pioneering work of Griffith, who introduced an energy-
based interpretation of fracture and established the concept of fracture energy associated with crack
formation and growth.

The rapid development of computational methods has stimulated the formulation of advanced
numerical approaches for fracture analysis. Among these, phase-field models have emerged as one of
the most successful and versatile frameworks. By replacing sharp discontinuities with smoothly varying
auxiliary fields, phase-field formulations provide a robust and mathematically consistent description
of crack nucleation, propagation, branching, and coalescence without the need for explicit tracking
of fracture surfaces. A key aspect of phase-field approaches concerns the accurate representation of
fracture energy dissipation through suitable regularized functionals. In this context, high-order phase-
field formulations have recently attracted considerable attention owing to their enhanced computational
properties and improved approximation capabilities. Such models allow for a more accurate description
of crack profiles while reducing numerical artifacts and improving convergence behavior. Their
implementation, however, requires the solution of higher-order partial differential equations, for which
Isogeometric Analysis (IGA) offers a particularly natural and effective computational framework due
to its high-order continuity properties and exact geometric representation.

This contribution discusses the advantages of high-order phase-field formulations for brittle fracture
in both static and dynamic settings. Particular emphasis is placed on their ability to simultaneously
improve accuracy and computational efficiency when compared with classical second-order formulations.
Numerical investigations demonstrate that high-order approaches provide highly accurate solutions
while reducing computational costs, thereby offering a promising avenue for the development of
next-generation fracture simulation tools.
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This contribution presents a novel Virtual Element (VE) formulation for the nonlinear analysis of
two-dimensional initially curved beam structures undergoing large displacements and finite rotations.
The formulation is developed within the framework of the geometrically exact beam theory originally
proposed by Reissner, which provides a consistent kinematic description capable of accounting for
finite rotations, transverse shear deformations, and the effects of initial curvature.

The proposed approach extends the locking-free VE formulation for two-dimensional Timoshenko
beams recently introduced in the literature to the more general setting of geometrically exact initially
curved beams. The construction of the element relies on appropriately defined projection operators
onto polynomial spaces and employs only nodal displacements and rotations at the beam endpoints as
global degrees of freedom. Higher-order approximation spaces are naturally accommodated without
introducing additional nodal unknowns, since the extra degrees of freedom appear exclusively as
internal variables that can be efficiently eliminated through static condensation.

As a consequence, the resulting formulation retains a compact structure while preserving computa-
tional efficiency, making it particularly attractive for implementation within standard finite element
environments. The method combines the flexibility of the Virtual Element Method with the rigorous
kinematic description provided by geometrically exact beam theories, thereby enabling the accurate
treatment of highly nonlinear structural problems involving curved geometries.

The numerical performance of the formulation is assessed through a series of benchmark examples
involving arbitrarily curved beam configurations. The obtained results demonstrate excellent accuracy,
robustness, and convergence properties in the context of geometrically nonlinear beam analysis. In
particular, the numerical investigations highlight that incorporating the initial curvature directly into
the beam formulation allows the recovery of optimal convergence rates. This represents a significant
improvement over approaches based on straight-axis beam models, which typically exhibit suboptimal
convergence behavior when employed to approximate initially curved structures.

The proposed VE formulation therefore provides a consistent, accurate, and computationally efficient
framework for the analysis of curved beam structures undergoing finite deformations, contributing
to ongoing developments in geometrically exact structural modeling and advanced virtual element
technologies.
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This contribution investigates the free propagation of elastic guided waves in homogeneous isotropic
micropolar plates within the framework of Cosserat elasticity [1]. A unified semi-analytical formulation
based on the partial wave technique is adopted to describe both in-plane and out-of-plane wave
propagation, allowing direct treatment of the coupled displacement–microrotation eigenproblem. The
micropolar plate is intended as an unconstrained finite-thickness layer extracted from an infinite
three-dimensional Cosserat continuum, confined between two free-stress parallel planes.

Compared to classical theories, micropolar plates exhibit a significantly enriched dispersion spectrum
[2, 3]. In addition to the conventional branches of symmetric and antisymmetric wavemodes, additional
families of microrotational wavemodes arise, leading to increased modal density and unparalleled
spectral structures. For in-plane waves, an additional distinct family dominated by microrotation is
identified. For out-of-plane waves, three main families emerge, including shear-like wavemodes with
minor microrotation participation, microrotation wavemodes with minor displacement participation,
and purely microrotational wavemodes with null displacement components [4].

Particular attention is devoted to the constitutive coupling between translational and microrotational
fields, which governs the morphology and polarization of wavemodes. The resulting mechanical
interplay gives rise to strong wavemode interactions, including veering and hybridization phenomena,
associated with internal resonance conditions. Moreover, in the out-of-plane dispersion spectrum, a
dispersion branch with nearly constant phase velocity is observed, whose features are consistent with
an increased dimensionality, potentially approaching a two-dimensional null space.

The proposed discussion and classification of dispersion branches, based on symmetry and dominant
kinematic components, provides a physically consistent interpretation of guided wave propagation in
micropolar plates. The results highlight the potential of generalized continuum models for capturing
microstructure-driven dynamic effects that remain inaccessible to classical elasticity, with implications
for wave control and material characterization.
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Ultrasonic guided waves (UGWs) have been considerably applied for NDE and SHM purposes. In the
presence of uniform cross-sections and simple defects analytical solutions are available. For the more
complex structural configurations, materials or defects, numerical methods are indispensable, with
high computational effort. The hybrid Global–Local (GL) method [1, 2] allows coupling analytical
solutions and numerical methods to obtain accurate solutions but with less computational effort.
Propagating and non-propagating modes characterize the multimode nature of the problem. Inclusion
of the non-propagating modes into the analysis is of particular importance when the contribution of
near-field effects cannot be neglected, such as in the vicinity of free ends or defects [3]. In this work,
particular attention is paid to the indispensable minimum length choice for the local zone, one that
ensures accuracy and minimal computational costs. In fact, advanced numerical methods must be
validated and accurate to enable quantitative and robust SHM. It can happen that, even including
the non-propagating modes, when the length of the local zone size is not sufficient, erroneous gaps
in the total scattered energy can be obtained. In parallel, the authors for the first time investigate
the possibility of substituting FEM for the emerging Virtual Element method (VEM). In VEM the
displacement field in the elements is not explicitly assigned and the strain is evaluated by a projection
procedure. Compared to standard FEM, it offers high computational efficiency since it can model
polygonal meshes with multiple edges without constraints, as well as geometry that is irregular or
distorted [4].

References

[1] Spada, A., Capriotti, M., Lanza di Scalea, F., “Global-Local model for guided wave scattering problems
with application to defect characterization in built-up composite structures”, Int. J. Solids Struct., 182,
267–280, (2020).

[2] Spada, A., Capriotti, M., Lanza di Scalea, F., “Global–local model for three-dimensional guided wave
scattering with application to rail flaw detection”, SHM, 21(3), 370–386, (2022).

[3] Diligent, O., Lowe, MJS, Le Clézio, E., Castaings, M., Hosten, B., “Prediction and measurement of
nonpropagating Lamb modes at the free end of a plate when the fundamental antisymmetric mode A0 is
incident”, The Journal of the Acoustical Society of America, 113(6), 3032–3042, (2003).

[4] Spada, A., Puccia, M., Sacco, E., Giambanco, G., “A coupled fem-vem approach for crack tracking in
quasi-brittle materials”, Comput. Methods Appl. Mech. Engrg., 437, 117756, (2025).

193



AIMETA 2026 - MS03

Dynamic crack propagation speed transition in multilayer
systems

S. Zhang1, N.M. Pugno1,2

1 Mechano-X Labs, Department of Civil, Environmental and Mechanical Engineering, University of Trento, I-38123
Trento, Italy

2 School of Engineering and Materials Science, Queen Mary University of London, Mile End Road, E1 4NS, London,
United Kingdom

E-mail: shubo.zhang@unitn.it, nicola.pugno@unitn.it

Keywords: Dynamic crack propagation, Snow avalanche, Multilayer system

The dynamic propagation of cracks in solids is widely observed in nature, such as in snow avalanches.
Pioneering studies have demonstrated that the upper limit of crack velocity is constrained by the
energy transport speed of the medium—typically corresponding to the relevant elastic wave speeds.
Recently, a transition from sub-Rayleigh, mode I-dominated to supershear, mode II-dominated crack
propagation during snow slab release was reported by Trottet et al. [1] and further evidenced by
Bergfeld et al. [2]. An energy characteristic length scale was introduced by Buehler et al. [3] to
demonstrate the possibility of supersonic crack propagation in hyperelastic solids, which was later
extended by Pugno [4] with a self-consistent definition to describe the crack propagation speed
transition from a far-field average to a localized value in multilayer systems. In this work, we
validated this crack speed transition in multilayer systems through numerical simulations and further
investigated how this transition occurs in heterogeneous and asymmetric systems. Our findings
indicate that it is possible to control the speed of dynamic crack propagation through external loading
by appropriately designing composite materials.
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Spectral elements are powerful numerical tools to analyse the forced vibrations of frame structures
without introducing approximation in the shape functions [1]. This study develops a novel spectral
element that addresses the dynamics of multi-cracked Timoshenko frames. Within a continuous
framework, the free vibrations of multi-cracked Timoshenko structures were recently studied by the
authors with regard to beam-like [2] and frame [3] structures. In the latter studies, damage is treated
as concentrated (i.e. cracks) and the Localised Flexibility Model was employed for the evaluation of
stiffness loss. Convenient additional terms modulated with generalised functions are introduced in
the governing equations, leading to closed-form formulations depending on four boundary conditions
for the beam-like structures and on six degrees of freedom in the definition of the Dynamic Stiffness
Matrix (DSM), irrespective of the number of cracks along the span. Within this effective modelling
strategy, forced vibrations were studied with regard to beam-like structures only in terms of steady
state response with the Green’s functions [4] and transient analysis with the Modal Impulse Response
function [5]. Here, the frequency dependent shape functions of the multi-cracked Timoshenko spectral
element are introduced, and the formulation of the relevant multi-cracked spectral element is made.
The forced vibrations of multi-cracked frames are then studied in the frequency domain. Time domain
analyses are also provided via direct and inverse Fourier Transform.

References

[1] Spyrakos, C. C. and Beskos, D. E., “Dynamic response of frameworks by fast Fourier transform”, Computers
& Structures, 15, page 495–505 (1982).

[2] Cannizzaro, F., Fiore, I., Caddemi, S. and Caliò, I., “The exact distributional model for free vibrations of
shear-bending multi-cracked Timoshenko beams”, European Journal of Mechanics/A Solids, 101, 105039
(2023).

[3] Cannizzaro, F., Fiore, I., Caddemi, S. and Caliò, I., “Exact closed-form dynamic stiffness matrix of
damaged frames comprising Timoshenko-Ehrenfest beams”, Journal of Vibration and Control, 31, page
2036–2057 (2025).

[4] Fiore, I., Cannizzaro, F., Caddemi, S. and Caliò, I., “Distributional Green’s functions for the vibrations of
multi-cracked Timoshenko beams”, Applied Acoustics, 228, 110302 (2025).

[5] Fiore, I., Cannizzaro, F., Caliò, I. and Caddemi, S., “Extended modal superposition for forced damped
vibrations of multi-cracked shear deformable beams”, Archive of Applied Mechanics, 96, (2026).

195



AIMETA 2026 - MS07

MS07 - Mechanics of soft, hard and architected materials

196



AIMETA 2026 - MS07

Swelling-driven morphing of soft structures through pressure
generated by a confined hydrogel beads cluster

S. Monchetti1a, R. Brighenti1b
1Dept. of Civil & Environmental Engineering, Univ. of Florence, Florence, Italy

E-mail: asilvia.monchetti@unifi.it, broberto.brighenti@unifi.it

Keywords: Hydrogels, Confined swelling, Morphing, Hydrogel Beads cluster

Hydrogels are hydrophilic polymers capable of a huge volumetric expansion induced by water
absorption promoted by their hydrophilicity [1]. The mechanical response of hydrogels is similar to
that observed in living tissues, so their use is promising in a wide range of applications, especially in
the biomedical field, such as in drug delivery devices, soft actuators and sensors, etc. [2].

In the present study, we investigate the morphing capabilities of soft structures enabled by the
pressure generated in confined hydrogel beads cluster swelling in a confined environment [3]. We
present experimental tests performed on poly(acrylamid-co-acrylic acid) beads forming a cluster of
spherical hydrogel elements whose volumetric expansion is hindered by the presence of rigid or a
deformable confinements.

The volumetric expansion and the generated pressure is determined in relation to the confinement
degree, quantified through the relative dry gel to confining volume ratio, and for different deformability
of the confinement. The contact pressure arising between the swollen beads and the confining walls
is experimentally measured and is predicted through a simplified theoretical model. The obtained
results enable understanding the granular- vs the fluid-like response shown by the beads cluster.

Finally, the swelling-induced pressure arising in beads cluster expanding in confined conditions is
exploited to generate morphing in soft structures [4]; this approach demonstrates its versatility in
controlling the morphing of highly deformable structures of generic initial shape.
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The iris is a deformable circular diaphragm that regulates pupil size in response to changes in
illumination through the antagonistic actions of sphincter and dilator muscles. Beyond its physiological
role in pupil regulation, iris biomechanics is also implicated in ocular pathologies such as angle-closure
glaucoma, the second leading cause of irreversible blindness worldwide, in which anterior iris bowing
obstructs aqueous outflow and elevates intraocular pressure. While the phenomenological relationship
between pupil size and light intensity is well studied, the mechanical interplay between active muscle
contraction and passive iris tissue remains poorly understood.

In this study, we develop a finite-element model of the human iris using an active strain formulation
[1] to investigate the mechanics underlying pupil regulation under physiological conditions. The iris
is represented as a fiber-reinforced soft tissue, with passive matrix behavior modeled as isotropic,
nonlinear elastic and active muscle contraction introduced via contractive strains along fiber directions.
Numerical simulations are performed using a dedicated finite-element code. By progressively including
active and passive tissue components, we analyze how tissue architecture affects pupil kinematics,
stress distribution, and interaction with supporting boundaries at the iris root. Results reveal a
counterintuitive yet significant role of passive tissues in shaping three-dimensional iris deformation and
moderating boundary reactions. This computational framework provides a mechanically consistent
basis for understanding iris biomechanics and can support future studies extending to more complex
physiological or pathological conditions, including mechanisms underlying angle-closure glaucoma.
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Temperature is widely recognized as a key factor in the triggering of snow-slab avalanches, yet a
rigorous analytical framework capable of quantitatively capturing its role in avalanche release remains
elusive. Addressing this gap, we develop a robust theoretical model aimed at the prediction and
interpretation of temperature-driven instability in snowpacks, within the broader context of complex
mechanical behavior in heterogeneous materials.

The proposed approach builds upon recent advances in statistical and fracture mechanics, where
the classical Griffith energy balance has been extended to account for coupled thermo-mechanical
loading [1, 2]. While previous formulations primarily addressed Mode I fracture, here we focus
on Mode II (shear) failure, which more appropriately characterizes the rupture of the weak layer
responsible for slab detachment [3]. The model explicitly incorporates finite slab size effects, frictional
interactions, and material discreteness, thereby bridging discrete and continuum descriptions. In
the continuum limit, the formulation consistently recovers classical results of fracture mechanics,
while the application of Quantized Fracture Mechanics provides a rigorous pathway back to the
discrete, ab initio representation [4, 5]. Within this unified analytical framework, snowpack stability
emerges from the competition between elastic energy, external loading, fracture energy, frictional
dissipation, and entropic contributions associated with thermal fluctuations. The analysis predicts a
temperature-dependent reduction of the critical load required to trigger weak-layer failure, governed
by a scaling law of the form

√︁
1− T/Tc in the present formulation and Tc depending explicitly

on material, geometrical, and frictional parameters. Extensions of this scaling behavior can be
systematically derived by incorporating additional thermally activated mechanisms.

The proposed model not only reproduces established results in avalanche release theory but
significantly extends them by providing a rigorous analytical quantification of temperature effects.
In particular, it establishes a direct theoretical link between increasing temperature and decreasing
snowpack stability, thereby offering a predictive framework to assess avalanche hazard under changing
climatic conditions. More broadly, this work contributes to the development of general analytical
strategies for complex failure phenomena in soft and granular materials, with implications for the
design and control of instability in natural and engineered systems.
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Magnetorheological elastomers and magnetoactive gels have attracted growing interest as active
materials for morphing structures, haptic devices, and soft robotic actuators [1, 2]. Their coupled
magneto-mechanical response at finite strains enables reversible, contactless control of large deforma-
tions, making them natural candidates for interfaces whose morphology can be switched on demand.
Here we exploit this feature in the context of the Rayleigh-Taylor (RT) instability, the elastic analogue
of the classical fluid-fluid density-inversion problem [3, 4]; the applied magnetic field provides a handle
to tune the critical threshold without mechanical contact.

We adopt a finite strain continuum framework for incompressible magnetoelastic solids [5], in which
the free energy density couples an elastic contribution with a magnetic term. Unlike the classical
fluid-fluid RT problem, the elastic shear resistance of the solid introduces a finite critical load, turning
the otherwise unconditionally unstable interface into one with a well defined, magnetically tunable
threshold. The coupled governing equations are linearized about the finitely stressed base state to
yield a dispersion relation for the onset of periodic surface modes. The analysis reveals that the
applied field shifts the critical density contrast relative to the purely elastic RT threshold, with the
shift governed by the ratio of magnetic to elastic energy scales. These predictions are validated by
finite-element simulations at large strains and by preliminary experiments on agarose gels filled with
ferromagnetic particles.
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A commonly adopted beam theory to describe the mechanical behavior of shear-deformable beams is
provided by the Timoshenko model [1]. This first-order shear deformation theory is based on the
kinematic assumption that cross-sections are hinged to the beam axis. Although this methodology
provides a more accurate approach compared with Bernoulli-Euler theory, shear stresses in elastically
homogeneous Timoshenko beams are uniform along the flexural axis, with consequent violation of
equilibrium. For this reason, shear correction factors must be introduced to account for a more accurate
distribution of shear stresses. A refined model is provided by the third-order shear deformation theory,
which takes into account the warping of cross-sections [2, 3]. This higher-order theory predicts a
quadratic distribution of shear strains along the beam bending axis and ensures that equilibrium
conditions are satisfied.

In this work, the higher order beam model is combined with the nonlocal integral elasticity. This
methodology represents a more general constitutive law with respect to standard theories of local
elasticity, involving spatial convolutions whose kernels are driven by internal characteristic lengths [4].
The nonlocal elastic shear stress field [5], solution of the structural problem of third order nonlocal
elastic beams, thus depends on the characteristic length. An energy based criterion is here formulated
to evaluate the shear correction factor. Specifically, it is assessed by imposing energy equivalence
between the local elastic shear strain energy of a Timoshenko beam and the nonlocal elastic shear
strain energy of a third-order beam. The proposed strategy allows for accurate calibration of shear
correction factors, that plays a fundamental role in modeling and analysis of thick beams [6, 7].
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A variational formulation for viscoplasticity is presented which provides a suitable framework for the
analysis of the viscoplastic behaviour of solids and structures, see e.g. Perzyna [1], Skrzypek and
Hetnarski [2], Oden and Reddy [3]. The nonlinear field equations and the constitutive multivalued
equations are embedded into a viscoplastic operator governing the structural problem, see e.g. De
Angelis [4]. A suitable procedure is described for the derivation of a consistent multifield formulation
of the viscoplastic structural problem in all the unknown variables and, consequently, the relevant
variational principle in all the unknown variables is determined. The approach shows to be useful
for the definition of consistent variational principles in viscoplasticity and for analyzing problems
characterized by singularities and non-smooth functions, see De Angelis [5, 6]. Furthermore, the
discussed approach provides a variational framework for the consistent development of computational
algorithms in finite element applications. A proper implicit computational procedure is presented
which is suited to be applied to various constitutive models by properly specializing the viscoplastic flow
function, see De Angelis and Cancellara [7]. The numerical procedure is supplemented by determining
a tangent operator which can be properly specialized to different constitutive models. In the present
approach the local constitutive equation is reduced to the solution of a single variable algebraic
equation whose analytical solution can be found in exact closed form. Accordingly, no iterative
solution method is needed to solve the local constitutive equations of inelastic three-dimensional
solids with nonlinear kinematic hardening rule. At variance with previously presented approaches in
the present scheme the consistent tangent operator is determined without having to compute matrix
inversions thus further improving the effectiveness of the numerical scheme. Finally, computational
applications are illustrated to show the efficacy of the presented approach for various cyclic loading
conditions.
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The analysis of plate structures under uncertainty is increasingly relevant in multiscale modeling
and reliability-oriented structural mechanics, where material variability and manufacturing-induced
imperfections may significantly influence the global response. In this context, the Line Element-less
Method (LEM) provides an efficient computational framework for plate analysis, owing to its ability
to deal with complex geometries, boundary conditions, and loading configurations without relying on
a conventional mesh. Building on earlier developments for beam [1-2] and plate problems [3-4], the
present contribution extends the LEM formulation for Kirchhoff plates to include internal constraints
and loads distributed over restricted portions of the domain, thus broadening its applicability to more
realistic structural configurations.

The proposed framework also accounts for uncertainty in constitutive properties by introducing the
plate flexural rigidity as a random parameter. This modeling choice enables the representation of
variability associated with material heterogeneity, production processes, and thickness tolerances, all of
which may affect the mechanical performance of plate-like structures. A perturbation-based strategy is
adopted to evaluate the stochastic response: the leading-order term reproduces the deterministic LEM
solution, whereas the first-order contribution captures the influence of randomness in bending stiffness.
This allows the statistical characterization of the displacement field with modest computational cost.

A set of numerical applications is used to assess the formulation under different loading and support
conditions. The results confirm that the deterministic predictions are in close agreement with classical
plate theory, while the stochastic extension effectively quantifies the impact of uncertain material
properties and reveals departures from the nominal structural response.
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Finite, linear, local, and non-local elasticity in homogeneous continuous bodies may be derived as the
asymptotic limit of bunches of discrete particles interacting by central or non-central forces, following
the works of Cauchy, Poisson and Piola in the early XIX century [1] and, in the last century, of Born,
Von Kârmân, Gazis, and many more [2]. Following previous works on one- and two-dimensional
discrete lattices that are geometrically regular arrangements of point-like material particles interacting
by central and non-central forces [3], here we examine three-dimensional (3D) elastic lattices consisting
of equal cubic cells with such particles placed at their vertices and equally spaced along the three
sides of the cell.

Each particle undergoes molecular actions up to its p-neighbourhood via short- and long-range
central (segmental) and non-central (angular) forces. As the inter-particle spacing tends to zero,
the lattice asymptotically converges to a continuum. For next-neighbour interactions, the lattice
parameters can be calibrated to reproduce a homogeneous, linear elastic, isotropic medium with free
Poisson’s ratio. Higher-order asymptotic limits lead to either gradient- or non-local continua.

The wave dispersive properties of the lattice are analysed for short-range (p=1, nearest-neighbour
only), and medium-range (p=2) interactions, with emphasis on the role of the discrete interaction
kernel. It is shown that the iso-frequency surface for each mode (transversal or longitudinal) belongs
to the class of quartic Goursat surfaces for the second-order asymptotic medium, exhibiting a loss of
isotropy and reflecting the lattice cubic symmetry.
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A closed-form relation between the principal invariants (I1, I2, I3) of the Cauchy–Green strain tensor
and the invariants (K1, K2, K3) of the natural strain tensor introduced by Criscione et al. [1] is
derived for finite isotropic hyperelasticity, together with an analysis of its singularity structure and
its implications for constitutive identification. The motivation stems from the fact that experimental
data analysis is most naturally carried out in the Criscione framework, where the orthogonality of
the stress basis ensures independent access to the strain energy derivatives [2]. The explicit map is
obtained through the trigonometric parametrisation of the principal logarithmic stretches, and the
Jacobian of the transformation is derived in closed form, with its inversion shown to reduce to a 2
× 2 algebraic problem. The transformation is examined at two levels of constitutive assumption:
for general compressible materials, and under the volumetric–isochoric split, for which the Jacobian
acquires an exact block-diagonal structure that decouples the volumetric and deviatoric contributions.

The singularity at K2 = 0, corresponding to the undeformed or purely volumetric configuration, is
shown to be removable. At the boundary K3 → ±1, the effective rank of the Jacobian drops from three
to two: the response function ∂W/∂K3 becomes non-identifiable, as its contribution to any measurable
stress component vanishes identically owing to the simultaneous vanishing of its associated basis
tensor. This analytical argument emerges naturally and directly connects to the concept of energetic
exhaustiveness introduced in Falope et al. [3]. The framework is illustrated through the transformation
of representative strain energy functions. Classical models, when expressed in logarithmic invariants,
reveal a coupling between distortion magnitude K2 and distortion mode K3 that is implicit in the
principal invariant formulation but not directly visible; models formulated directly in (K1, K2, K3)
become transcendental when expressed in (I1, I2, I3), reflecting an inherent asymmetry of the map.
The complete derivation, singularity analysis, and transformation of representative energy functions
are presented in [4].
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Möbius kaleidocycles [1] are closed-ring kinematic chains composed of n ≥ 7 identical links paired
by revolute joints. The rotation axes relative to the link centerline are placed at an acute critical
twist angle, below which the chain cannot close congruently. The resulting non-orientable topology is
that of a Möbius band with three half-twists. While Maxwell’s rule predicts n− 6 internal degrees
of freedom, these geometries are highly overconstrained, admitting only a single finite mechanism
enabling smooth periodic eversion. Our analysis [2] follows a classical framework [3] for pin-jointed
frames, employing the Denavit–Hartenberg construction on a virtually disconnected chain to derive
the kinematic matrix. The dual static matrix is obtained from the principle of virtual work.

For the illustrative case n = 7, a rank deficiency in the governing matrices gives rise to an
infinitesimal mechanism in addition to the finite eversion. This infinitesimal motion, requiring second-
order link distortions, allows the structure to be stabilized by a state of self-stress. Crucially, we
identify several static and kinematic invariants that remain conserved throughout the everting motion.
In the state of self-stress, the sum of axial forces and specific integer powers of torsion moments
remain constant–a result useful for estimating internal actions in slightly incongruent linkages where
elastic forcing is required for closure. Furthermore, the algebraic sum of joint rotations raised to even
positive integer powers is invariant. This leads to neutral stability when links are equipped with
springs-hinges whose elastic energy is an even function of the joint rotation. Neutral stability also
holds when flexural-tensegrity joints [4], consisting of circular pitch profiles held by pre-tensioned
cables, are used: cable elongation and elastic energy remain constant during eversion.

This study provides a mathematical framework for designing complex stable rotating rings that
move with zero change in internal energy, with potential applications in micromachines and robotics.
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We investigate the design and analysis of a reconfigurable deployable geodesic gridshell based on the
aggregation of identical modules. The approach combines the design of a single module with the
combinatorial logic of its assembly into polyomino configurations, enabling the generation of multiple
configurations obtainable from a finite and consistent set of components [1].

At the module scale, the study addresses the design of a deployable geodesic gridshell unit [2]. It
defines a planar square grid whose beams are treated as geodesic curves on a doubly curved surface
[3]. By maintaining constant side lengths and varying the length of the diagonal elements, the module
transitions between Euclidean, spherical, and hyperbolic geometries. The law of cosines provides
explicit relationships between the corresponding diagonal lengths and the target Gaussian curvature
of the deployed configuration.

From this formulation, seven distinct configurations are obtained: the planar state, two spherical
states, and four hyperbolic states. All configurations share identical topology and member lengths,
differing only in the activation sequence of the diagonals. This sequence is implemented in Abaqus
through inelastic strains applied to two-node beam elements used to model each diagonal, enabling
controlled deployment.

Multiple modules are combined edge-to-edge to form polyomino layouts, characterized by a com-
binatorial space of possible configurations. This results in a large set of spatial configurations that
include combinations of spherical and hyperbolic regions that may appear inverted or twisted under
identical actuation inputs. Variations in actuation location and sequence, combined with different
pentomino arrangements, are shown to significantly influence both the resulting forms and their
multiplicity.

The structural behavior of both the single module and the assembled systems is investigated
through geometrically nonlinear finite element analyses performed by employing a corotational beam
formulation to accurately capture large displacements and rotations during deployment, while Riks
(arc-length) analysis is used to trace the equilibrium path through instability points. The analyses
verify the geometric consistency of the design approach and provide detailed insight into the mechanics
of deployment, such as internal forces in the beams and in the bolted connections used for assembly.
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MicroElectroMechanical Systems (MEMS) inertial sensors are widely used in consumer electronics
and industrial applications. However, their performance does not yet meet the rigorous requirements
of aerospace and defense. To bridge this gap, researchers are nowadays focused on improving their
performance [1] and developing fast and efficient tools able to simulate a-priori and in almost real-time
the complex dynamic response of such devices [2]–[3]. In this work, we propose a multi-physics, i.e.
electro-mechanical, reduced order model based on the Implicit Static Condensation able to predict
the nonlinear dynamics of a mode-matched Dual-Foucault Pendulum (DFP) MEMS gyroscope [4].
In ideal conditions, the two modes of the structure appear at the same frequency and are perfectly
decoupled. Their dynamic response can be then predicted through a one-degree-of-freedom system.
A hardening response is expected once the large displacement regime is entered due to the geometric
nonlinearities arising in suspension springs. When non-ideal conditions are taken into account, i.e.
fabrication process imperfections, the resulting quadrature couples the two modes and activates the
1:1 internal resonance. Numerical predictions and experiments are quantitatively compared, thus
showing the great potentiality of the adopted simulation strategy.
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The quality of an electrical connection is primarily assessed through the long-term stability of its
contact resistance. Reliable electrical joints require the simultaneous fulfillment of several conditions,
including minimization of constriction resistance at the real contact spots, control of oxide-layer
formation on conductive surfaces, preservation of contact pressures over time, and mitigation of
galvanic corrosion and fretting phenomena induced by thermal cycling. The progressive degradation
of these factors may result in localized overheating, loss of electrical continuity, service interruptions,
increased maintenance costs, and reduced operational safety.

Among the parameters governing joint performance, contact mechanics plays a central role. The
distribution of contact pressures and the effective contact area between the connector body and
the individual strands of a multi-wire conductor directly influence the electrical resistance of the
connection. The present work develops a mathematical model of the mechanical contact behavior in
bolted electrical connectors, with the objective of quantifying and optimizing pressure distributions,
real contact areas, clamping forces, and the geometry of the contact region.

The proposed formulation is framed within the context of nonlinear contact mechanics. Such an
approach is required by the geometric complexity of the system, consisting of a stranded conductor
interacting with the connector seat, as well as by the highly localized contact pressures and the
significant elastoplastic deformations occurring within the conductor strands. These aspects introduce
both material and geometric nonlinearities, requiring advanced numerical methods to obtain reliable
predictions of stress and strain distributions within the connection.

A natural extension of the model concerns the analysis of connector behavior under accelerated
aging cycles prescribed by the CEI EN 61238-1-3 standard. These qualification procedures involve
repeated thermal cycles that induce creep, fretting, relaxation of contact stresses, and microstructural
changes in conductive materials. To capture such phenomena, a fully coupled thermo-mechanical
framework is envisaged, integrating thermal and mechanical effects in order to predict the long-term
evolution of connection properties, including contact pressures and effective contact areas.

The ultimate goal of the research is the development of a predictive design tool capable of supporting
the optimization of highly reliable and durable electrical connectors while reducing dependence on
extensive experimental qualification campaigns.
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In multibody dynamics the impact between two colliding bodies is described by a continuous
forceindentation law and the indentation is read off from their relative kinematics. This approach
does not carry over to a rigid rocking block, which has a single rotational degree of freedom: once the
rotation angle is fixed, so is every point of the base, the indentation computed from the geometry is
identically zero and no contact force can develop. Most approaches in the literature therefore still
analyse rocking through the Housner impact [1], an instantaneous event whose energy loss is set by a
Coefficient of Restitution that depends on slenderness alone. Contact forces, interface penetration
and the role of the interface material remain inaccessible.

We propose a two-regime model that introduces a viscoelastic contact of finite duration into the
rocking equations. In the first regime the block rocks about a single edge, with the inertia taken about
the pivot. When the rotation angle crosses zero both edges touch the support and the motion enters a
short double-edge phase, written about the centre of mass and resolved without imposing any velocity
jump. The indentation, which the geometry cannot supply, is integrated as an independent state
variable governed by a damped oscillator. Its damping coefficient is not fitted: an energy-equivalence
condition links it directly to the material CoR and, at the same time, removes the singularity that
the Lankarani–Nikravesh damping factor [2] develops at low impact velocity. Since the impact is no
longer instantaneous, the block keeps turning during contact and leaves each transition at a small
non-zero angle; the gravitational energy this carries into the next half-cycle makes the free-rocking
amplitude decay more slowly than Housner predicts, in line with what experiments show. At the
contact scale, peak penetration and peak force depend on the interface stiffness in opposite ways:
a stiffer joint penetrates less but is loaded more, while the energy lost per impact does not change,
fixed by the material CoR alone. For blocks of intermediate slenderness the interface stress demand is
not monotonic in the ground-motion intensity, the local counterpart of a phase sensitivity well known
for global overturning.

We then compare the model with free-rocking tests on dry-joint limestone blocks over a wide range
of slenderness [3]. With the material CoR as its single free parameter, the proposed model reproduces
both the amplitude decay and the oscillation period, every other quantity coming from material
properties and geometry.
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Over the past two decades, the mechanics community has devoted increasing attention to the
introduction of nonlinearities in dynamical systems to enhance their performance [1]. In this context,
vibration energy harvesting has emerged as a promising solution for powering autonomous low-power
electronic systems [2]. Nonlinearities are typically introduced to overcome the frequency mismatch
between ambient vibrations and the natural frequencies of harvesters [3], with bistable configurations
being widely investigated for their ability to exploit large-amplitude responses. Despite the variety
of designs proposed in the literature, most bistable energy harvesters can be interpreted in terms
of two fundamental energetic schemes: static potential energy (SPE) and time-varying potential
energy (TVPE). In SPE systems, the potential remains fixed during excitation, whereas in TVPE
systems it evolves over time, inducing shifts in the equilibrium configuration and shaping the system
dynamics. However, a systematic comparison between these approaches is still lacking, as most studies
are conducted at the device level, relying on different geometries and parameter sets that obscure
the underlying physical mechanisms. In this work, representative SPE and TVPE configurations
are compared within a unified and physically consistent framework. A reduced-order model of a
piezoelectric cantilever beam with magnet-induced bistability is developed, with parameters selected
to ensure realistic operating conditions in the low-frequency range (1–7 Hz). The analysis focuses
on the resulting dynamic regimes, the mechanisms governing transitions between states, and the
corresponding power output, including the identification of optimal electrical conditions. To support
the theoretical findings, a dedicated experimental setup is developed, allowing direct observation of the
predicted dynamical regimes. The results provide a physically grounded criterion to identify the most
suitable scheme as a function of excitation amplitude and frequency, highlighting the role of inter-well
activation in SPE systems and time-dependent interaction mechanisms in TVPE configurations.
These findings provide new insight into the role of time-dependent nonlinearities in vibration-driven
systems and open new possibilities for the design of adaptive nonlinear electromechanical oscillators.
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This work studies the free vibrations of Timoshenko circular arches made of functionally graded
materials (FGMs). The material properties are assumed to vary continuously across the cross-section
following a law that is symmetric with respect to the centroid of the arch section thus allowing to
decouple the in-plane and out-of-plane vibration problems that are addressed.

The analysis is carried out by deriving the exact dynamic stiffness matrix (DSM) for circular
Timoshenko arches, accounting for shear deformation and rotary inertia effects. The natural frequencies
are then computed by employing the obtained DSM into the Wittrick–Williams algorithm [1], which
guarantees the determination of any number of desired eigenfrequencies without missing any roots.

To enable the application of the Wittrick–Williams algorithm, the expression of the J0 term has been
explicitly derived for the considered class of FGM Timoshenko circular arches. It is worth pointing
out that the exact formulation of the dynamic stiffness matrix and the analytical determination of
the J0 count are available in the literature only for homogenous arches [2, 3, 4].

The accuracy and reliability of the proposed formulation are demonstrated comparing the natural
frequencies and mode shapes obtained with solutions available in literature as well as with approximate
numerical results obtained from detailed three-dimensional finite element models developed in the
advanced software Abaqus and a very good agreement has been observed.

Finally, the developed dynamic stiffness formulation is employed to investigate the effect of stiffness
variations on the modal characteristics of circular arches. In particular, the influence of external
reinforcements, and material degradation is investigated.
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Within the framework of structural dynamic simulations, time integration still represents a challenging
task, especially when dealing with stiff structures. Standard numerical methods may introduce period
distortion and amplitude errors affecting the calculated dynamic responses, especially for accelerations,
which may be the subject of in-situ investigations. In order to provide an exact evaluation of all
dynamic response variables for Linear Time Invariant structural systems, an Exact Numerical Time
Integration Method was proposed [1, 2].

The method is based on a state-space representation of a discrete system, and solves the time
integration by the exponential matrix. The method has been applied to Moving Load problems for
a 1D model of the upper continuous beam of Paderno d’Adda Bridge (1889), within a context of
Structural Health Monitoring (SHM). Specifically, the novel ENTI method was employed to exactly
evaluate the dynamic response of 1D FEM models of the upper continuous beam, taken on firm [1,
2, 3, 4] and compliant supports [5], and for a single ML or multiple MLs [6]. Moreover, to validate
the results of the ENTI method, a novel analytical approach for continuous beams on multiple
firm supports was proposed [3]. This contribution provides a complete overview on the conducted
structural simulations of ML problems, presenting significant outcomes in terms of SHM perspectives,
for the conservation of the iconic bridge.
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The mechanics of growth and morphogenesis serve as essential theoretical tools for understanding the
evolution of complex living systems at the continuum level [1,2]. In mechanobiology, most problems
are currently modeled using morpho-elastic approaches [3,4]. However, the precise ways in which
growth, shape changes, and mechanical stresses interact and emerge at the macroscopic scale from
microscopic reaction-diffusion processes and other cross-scale biochemical events remain, in many
cases, poorly understood and are often overlooked by existing models. To address some of these open
questions, we introduce a mathematical framework in which growth and shape formation originate
and co-evolve from generalization of the mass balance equation [5]. This formulation naturally yields
consistent fully coupled evolution laws for volumetric growth, density changes, and morphogenesis,
based on local mass transport processes and a few key micro-architectural and hierarchical changes
observed in living matters.

This physics-informed and mathematically consistent approach recovers results from existing models
and can be applied to a wide range of growth problems in biomechanics, effectively incorporating
relevant information on species proliferation rates and interspecific interactions. Furthermore, the
proposed framework may facilitate the multiphysics optimal design of bio-inspired systems for a wide
class of engineering applications.
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Continuum models based on mixture theory provide a powerful framework for the multiphysics
description of biological soft materials characterized by coupled transport, growth and mechanical
response [1]. In the context of bacterial biofilms, however, most available models rely on simplified
mechanical descriptions and are mainly focused on hydrated configurations [2][3]. Often, the same
mechanical models are studied for both biofilm and tumor microenvironments, neglecting specific
biological problems [4]. In this work, a thermodynamically consistent continuum mechanical for-
mulation is proposed to describe the coupled chemo-mechanical behavior of dry bacterial biofilms.
The model is developed within the theory of mixtures by representing the biofilm as a three-phase
system composed of bacterial cells, extracellular polymeric substances and interstitial water, whose
mass exchange is regulated by nutrient availability through local reaction terms. The mass balance
equations explicitly account for the biological behavior of bacterial cells within the biofilm, regulating
their dynamics in response to local nutrient concentrations. The resulting framework allows the
description of growth-induced internal stress generation and its interaction with external mechanical
loading. To investigate damage mechanisms and structural integrity, the continuum formulation is
coupled with a Continuum Bond Method enabling the simulation of crack initiation and propagation
in dry biofilms under external actions [5]. The proposed framework aims at providing a predictive
tool for the analysis of biofilm mechanical response during sampling procedures, such as swab-induced
loading. Experimental investigations are ongoing to complement and validate the model.
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Intestinal wall healing after endoscopic interventions typically requires weeks to months due to
continuous exposure to luminal contents and biochemical agents. The healing process of the ga-
strointestinal (GI) tract is governed by complex mechanobiological processes and may lead to severe
complications, such as perforation or stricture formation [1]. In recent years, scientists aim to treat
gastric wounds by exploring a new frontier of endoscopic in-situ, in-vivo 3D printing depositing living
cells, implants or scaffolds directly on the wound region to enhance the healing mechanism and restore
the original bio-structural integrity of the tissue. Understanding the mechanobiological mechanisms
governing intestinal healing is essential for improving surgical outcomes and preventing postoperative
failure. In this regard, predictive computational tools capable of quantifying tissue growth and
remodelling integrated with 3D bioprinting processes remain limited. In this work, we propose an in
silico mechanobiological framework for GI healing that captures the coupled interactions between
biochemical signaling, cellular activity, and tissue mechanics for the proliferation and remodeling
phases. The model accounts for key processes, including infiltration of fibroblasts, cytokine concentra-
tion, collagen deposition, fiber reorientation, dispersion, and active contraction within a structurally
constitutive description [2]. The main contributions of the present work consist of (i) Development a
mechanobiological formulation to cope with GI wall microstructure thus incorporating a four-fiber
families reinforced constitutive model; (ii) Application of the present model to quantify the role of
scaffold fiber orientation and collagen density in the healing process of the GI tissue; (iii) Numerically
simulating inflation tests on GI tubular tracts after anastomotic line resection and subsequent tissue
fusion to predict the evolution of tissue strength and burst pressure as a clinically relevant indicator
of material integrity. This study will enable a mechanistic understanding of scaffold-mediated healing,
offering a computational tool for guiding biomaterial design in GI surgery.
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The vitreous body is a transparent, highly hydrated tissue occupying most of the posterior chamber of
the eye. Under physiological conditions, its mechanical equilibrium results from the balance between
hydrostatic pressure, swelling-induced chemo-osmotic effects, and the elastic response of the collagen
network. With aging, however, the vitreous progressively loses its ability to retain water, undergoes
liquefaction, and develops heterogeneous structures characterized by the coexistence of gel-rich and
fluid-rich regions [1].

In this work [2], we investigate the mechanical behavior of a fiber-reinforced biphasic medium,
taken in a dry reference configuration, undergoing large volumetric deformations induced by free
swelling. The evolution of the system is driven by the mixing between the fluid molecules and the
solid constituents, which gives rise to an entropic Flory–Huggins contribution to the Helmholtz free
energy density [3]. To account for the formation of heterogeneous hydration patterns, the constitutive
framework is further enriched by an interfacial energy depending on the spatial gradients of the
fluid concentration, allowing for the description of diffuse interfaces between regions characterized by
different solvent contents.

Finally, we compare the behavior predicted by the model with some characteristic features of the
human vitreous, highlighting the role of swelling, fiber reinforcement, and hydration heterogeneities
in determining its mechanical response.
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It is now widely recognized that cellular motility arises from the polymerization of actin – one
of the most abundant proteins in eukaryotic cells – into a dynamic and interconnected filament
network. In our continuum mechanics formulation, we describe this process by positing that actin
polymerization generates a localized mechanical swelling around nucleation sites, which ultimately
drives cellular or even bacterial locomotion [1, 2]. To elucidate the mechanobiology underlying these
phenomena, we combine state-of-the-art microscopy with a newly developed theoretical framework
[3], enabling advanced modeling and simulation. Departing from most existing mixture theories,
we remove the constraint of constituent incompressibility and extend the classical Larché–Cahn
chemo-transport-mechanics formulation. This enriched theory proves well suited for modeling cell
motility and holds promise for broader applications across mechanobiology, such as blood clotting
and biofilms formation.
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The end-notched flexure (ENF) test is a three-point bending test conducted on a laminated specimen
with an edge delamination crack, aimed at assessing the interlaminar fracture toughness. The standard
test method requires unidirectional (UD) laminated specimens with mid-plane delaminations, for
which crack propagation occurs in pure mode II [1]. However, also asymmetric end-notched flexure
(AENF) tests are often conducted on specimens with delaminations not placed on the mid-plane,
multidirectional (MD) laminated specimens, and bimaterial adhesive joints [2].

In early studies, it was debated whether the AENF test had to be considered as either a pure mode
II [3, 4] or a I/II mixed-mode fracture test [5]. As a matter of fact, the actual fracture mode depends
on the contact forces exchanged between the crack faces [6].

We develop a theoretical model of the AENF test accounting for contact between the upper and
lower sublaminates. The specimen is a general, asymmetric MD laminated specimen modelled as an
assembly of rigidly connected, shear-deformable Timoshenko beams. We derive a complete analytical
solution for the differential problem, including expressions for the generalised displacements, internal
forces, as well as for the distributed contact pressure and its resultant.

Based on the obtained solution, contact conditions depend on the ratio between the stiffnesses
of the upper and lower sublaminates. Hence, the mode mixity depends on the way in which the
specimen is placed in the testing apparatus, i.e. with the stiffer sublaminate on the top or on the
bottom. For both cases, we derive expressions for the specimen compliance, energy release rate, and
its mode I and II contributions [7].
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Mechanical metamaterials offer broad design flexibility, making them suitable for impact protection,
vibration control, and wave manipulation. Although early studies focused on bandgaps and dynamic-
response tuning, recent work has shifted toward improving energy absorption. Friction-enabled
metamaterials have become a key direction, using controlled interfacial sliding to produce stable,
repeatable, and tunable hysteresis. Their dissipation capacity is strongly influenced by geometry,
contact configuration, and frictional properties, indicating substantial room for optimization. A
related line of research investigates anisotropic friction [1], direction-dependent resistance arising from
surface texturing, micro-geometry, or material anisotropy. Inspired by biological systems such as
scales and fibrillar structures, anisotropic friction enables directional locking, asymmetric stiffness,
and enhanced dissipation, making it a promising mechanism for next-generation energy-absorbing
metamaterials.

This work introduces a new class of friction-enhanced meta-pipes that exploit anisotropic friction
to achieve superior energy absorption under axial loading. The design incorporates inclined spikes
within the interfacial layer of a cylindrical shell lattice, producing direction-dependent friction that
increases resistance during compression while reducing it during unloading, thereby broadening
and tuning the hysteresis loop. The meta-pipes are produced using high-resolution polymer 3D
printing, allowing precise reproduction of the inclined-spike friction layer. Their mechanical behavior
is evaluated through quasi-static cyclic compression tests, which capture the force–displacement
response, hysteresis characteristics, and specific energy absorption. To isolate the role of directional
friction, the results are benchmarked against two reference systems: frictionless meta-pipes and
designs with isotropic friction interfaces. These comparisons clearly show that introducing anisotropic
friction increases per-cycle energy dissipation, stabilizes the hysteresis loop, and improves repeatability
across successive loading cycles.

The influence of spike inclination angle θ is also examined, demonstrating how frictional aniso-
tropy can be tuned to optimize energy absorption for different loading scenarios. Experiments are
complemented by finite element simulations incorporating anisotropic contact, and a reduced-order
theoretical model is developed to capture the essential dissipation mechanisms and support design
optimization.

Overall, this study establishes anisotropic friction as a powerful yet underexplored strategy for
enhancing the energy absorption of friction-based metamaterials. The proposed meta-pipe architecture
offers a pathway toward lightweight, tunable, and highly dissipative structures for protective systems,
impact mitigation, and adaptive mechanical devices.
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We investigate dispersive wave propagation and spatial attenuation in generalized oriented peridynamic
continua with non-central pairwise interactions [1]. The free-wave problem is first treated analytically
by means of integral transform techniques, leading to closed-form dispersion relations for real-valued
wavenumbers. To extend the analysis to complex wavenumbers, a complementary perturbative
framework is introduced, which enables the characterization of attenuation effects, the reconstruction
of the complete band structure, and a systematic assessment of the dispersive response. The accuracy
of the approach can be progressively improved by increasing the order of the truncated expansions.
The integrodifferential structure of the governing equations, combined with the enriched kinematics
and the pair-interaction description, provides a natural setting for modeling the dynamic response of
mechanical metamaterials, including beam- and block-lattice systems that are typically described
within discrete Lagrangian frameworks. A key finding is that the oriented peridynamic model with
pairwise interactions–interpretable as a continuum–molecular description, in which continuous mass
distribution coexists with discrete-like kinematics–is able to reproduce both acoustic and optical
branches when the interaction horizon becomes comparable to the characteristic microstructural
length. This feature is not captured by standard peridynamic formulations. Moreover, the proposed
microstructure-informed model generally exhibits improved accuracy with respect to micropolar
continua obtained via conventional continualisation procedures applied to lattice systems [2]. The
formulation is validated and its physical implications are illustrated through a representative example
of forced wave propagation in hexagonal block-lattice materials, demonstrating its effectiveness in
capturing complex dispersive phenomena.
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Windows represent critical components of space stations in the demanding environment of low
Earth orbit. Precise determination of the temperature field within the window panes is paramount
for calculating internal thermal stresses, which pose a significant risk of structural breakage if left
unquantified. The temperature distribution is primarily dictated by radiation from the Sun, Earth’s
albedo, and terrestrial emission [1], as a function of orbital scenarios and window orientation [2].
Notably, the absorptivity, reflectivity, and transmissivity of the transparent materials depend upon
electromagnetic wave interactions that vary significantly across different wavelengths; consequently,
these must be independently assessed for each spectral band and successively integrated to capture
the non-uniform energy absorption through the thickness.

While space windows are traditionally multi-pane systems separated by air or vacuum gaps, recent
research [3] suggests that laminated packages–enabling a shared-load configuration–offer significant
advantages in structural efficiency, mass reduction, and fail-safe redundancy. Despite these benefits,
the deployment of laminated glazing in space remains challenging. Common polymeric interlayers are
often unsuitable due to their low softening temperature and the tendency to vacuum outgassing and
degradation under ultraviolet radiation and atomic oxygen exposure.

Building upon previous thermo-optical models [4], we present an analytical approach for advanced
laminated composites featuring transparent layers and interlayers of various types. The model accounts
for multiple recursive radiation reflections at internal material interfaces and the spectral-dependent
absorption of materials. Our analysis enables the precise determination of the time-dependent
volumetric heat source within the laminate, providing the essential data required to assess the
transient temperature field, governing the resulting thermal stresses, as a function of orbital motion.
The results highlight how lamination architecture dictates the thermal response of the window, offering
a fundamental tool for the structural design and verification of the next generation of high-performance
transparent components for space exploration.
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Recent progress in topology optimization has enabled the development of lightweight sandwich panels
featuring periodic, truss-based internal architectures [1]. These configurations are particularly effective
at attenuating severe dynamic loads generated by impacts and shock waves. A variety of unit cell
configurations can be adopted to achieve specific mechanical responses. For example, an extensive
study on honeycomb structures is reported in [2], where closed-form expressions are also derived for the
homogenized properties of lattice materials. Numerical homogenization methods, such as those based
on Bloch-Floquet theory, provide an effective means of evaluating macroscopic stress-strain behavior
through dynamic analysis [3], enabling effective topology optimization of architected structures
with graded properties [4]. Alternatively, the transition from discrete finite-dimensional models to
their continuous equivalents can be achieved using asymptotic and ‘so-called’ mixed homogenization
techniques, which can also allow for an analytical treatment of the problem [5, 6].

Within this context, this work presents a design framework for creating architected solids with
tailored mechanical properties. A two-dimensional lattice of regular unit cells is adopted as the core of
the sandwich panel, and an energy-consistent approach (as in [5], for instance) is used to analytically
determine the effective mechanical properties of the equivalent continuum. The density distribution of
this homogenized medium is then optimized, minimizing material usage in regions subjected to lower
mechanical demands, as described in [4]. The obtained configuration is then compared with those
derived via other approaches in literature. This methodology can support the design of functionally
graded honeycomb structures optimized for additive manufacturing.
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Diffuse interface methods have become increasingly popular for the simulation of multiphase flows,
enabling the treatment of complex interfacial phenomena such as breakup, coalescence, and topology
changes within a robust and flexible framework. Their effectiveness has been demonstrated in a wide
range of configurations, including turbulent droplet-laden flows [1]. However, their suitability within
a Large-Eddy Simulation (LES) framework remains an open question, particularly regarding the
modeling of unresolved interfacial dynamics.

In this work, we aim to systematically assess the potential of diffuse interface methods for LES of
multiphase turbulent flows. To this end, we perform an extensive a priori analysis based on a large
dataset of droplets evolving in homogeneous isotropic turbulence [4]. Particular attention is devoted
to the characterization of the unclosed terms arising in the filtered phase-field transport equation, as
well as to the contribution of surface tension in the filtered momentum equation. We also compare
how different interface-capturing techniques interact with subgrid-scale closures in LES.

Furthermore, we investigate inter-scale kinetic energy transfers, extending analyses previously
conducted at the DNS level to the LES framework. In particular, we build upon and generalize prior
studies [2, 3] to quantify the role of interfacial dynamics in the energy cascade of coarse grained
simulations of multiphase turbulent flows. These results provide new insights into the interplay
between interface-capturing methods and subgrid-scale modeling, specifically clarifying how diffuse
interface approaches interact with and influence unresolved interfacial physics.
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Rare microscopic fluctuations ultimately control phase-change phenomena such as boiling and
cavitation. Even under strongly stretched or superheated conditions, liquids may remain metastable
for extremely long times, until an improbable fluctuation initiates the formation of a vapour nucleus
large enough to trigger the transition. Nucleation is therefore not a deterministic event, but the
outcome of rare stochastic processes governed by free-energy barriers. At the microscopic level, the
emergence of a new phase results from the probabilistic aggregation and dispersion of molecules
into transient clusters. Most of these clusters dissolve rapidly, but with vanishing probability, a
critical nucleus is formed, allowing the system to escape the metastable basin. This intrinsically
statistical-mechanical nature of nucleation implies that understanding phase-change inception requires
explicit access to rare-event dynamics. A major challenge stems from the enormous separation of
time scales involved. The mean nucleation time ⟨τ⟩ scales exponentially with the nucleation barrier,
⟨τ⟩ ∼ exp(∆F †/kBT ), and can range from nanoseconds near spinodal conditions to geological times
close to saturation. While molecular dynamics can faithfully capture microscopic fluctuations, its
computational cost confines it to short times and small systems, preventing a consistent coupling
with hydrodynamics and heat transport.

In this talk, I will show how rare-event techniques grounded in Large Deviation Theory overcome
these limitations. When coupled with multiphase fluctuating hydrodynamics and diffuse-interface
thermodynamics, they make it possible to identify the most likely nucleation pathways and quantify
their probabilities. This unified framework yields predictive estimates of boiling temperatures and
cavitation pressures for several real fluids, together with the associated hydrodynamic fields, in
quantitative agreement with experiments.
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We recently introduced a Hybrid High-Order formulation of the variable density incompressible Navier-
Stokes equations designed to simulate mixtures of immiscical incompressible fluids [1]. The formulation
provides exact conservation of volume at the discrete level and produces a pointwise divergence free
H-div conforming velocity field that serves as the advection velocity in the mass conservation equation.
H-div conformity is achieved through pressure hybridization starting from broken polynomial spaces
with no continuity requirements at interelement boundaries, in particular the pressure space face
unknowns impose continuity of the normal velocity components at cell interfaces while the pressure
space cell unknowns enforce the divergence free constraint within each mesh cell. Note that the role
of the pressure at the continuous level is closely replicated at the discrete level. The pressure-velocity
coupling was analysed in context of the incompressible Stokes equation demonstrating stability,
convergence and pressure-robustness of the formulation [2]. The turbulence modelling capabilities
have been investigated in context of the constant density incompressible Navier-Stokes equations
focusing on robustness in the inviscid limit and tackling the Taylor-Green vortex problem [3]. The
variable density formulation is provably stable and bounds preserving at the lowest polynomial degree
(k = 0), accordingly, the density variable can be employed as a phase field variable for tracking the
diffuse interface. The numerical test cases demonstrate that optimal convergence rates are achieved
and the Rayleigh-Taylor instability has been successfully simulated considering different Atwood and
Reynolds numbers.

In an attempt to target physically relevant multicomponent flows, we seek to incorporate surface
tension and mass diffusion effects in the variable density model. To this end we explore the feasibility
of a Hybrid High-Order formulation of the Navier-Stokes-Cahn-Hilliard system. We plan to investigate
up to which extent the intrinsic interface thickness control will help in mitigating the onset of spurious
oscillations when higher-order (k > 0) formulations are considered.
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In this work, we propose and test the validity of a phase-field method tailored specifically for modeling
boiling phenomena [1]. The method relies on numerical solutions of the Navier-Stokes equations
coupled with a phase-field method and the energy equation. The continuity and Navier-Stokes
equations have been modified introducing a source term that accounts for phase change. Likewise,
in the conservative Allen-Cahn equation (phase-field method) a source term that accounts for the
volume is introduced. The system of governing equations is solved using a projection-correction
method and equations are discretized using a second-order finite difference approach. Thanks to the
numerical discretization employed, a constant coefficient Poisson equation for pressure is obtained,
which can be efficiently solved using FFT-based direct solvers. The proposed method is validated
against several benchmarks: an interface undergoing vaporization at a constant rate, the Stefan
problem, the adsorption problem, and the growth of a 2D vapor bubble. For all the benchmarks,
the present method well matches with analytical and archival literature results for a wide range of
vapor-to-liquid density ratios, from ρv/ρl = 1 down to ρv/ρl ≃ 5× 10−4 (where ρv identifies the vapor
density and ρl the liquid density).
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Emulsions are prototypical soft materials in which interfacial properties and mechanical response to
external forces are intrinsically coupled. When subjected to thermal flows, such as in Rayleigh–Bénard
convection, these systems display a complex multiscale dynamics [1, 2, 3]. In this work, we investigate
the role of interfacial stabilization in thermally driven liquid–liquid dispersions by means of mesoscale
lattice Boltzmann simulations. We compare stabilized liquid-liquid dispersions, i.e., proper emulsions,
where a disjoining pressure at the interface mimics the presence of surfactants and inhibits droplet
coalescence, with nonstabilized systems in which droplets can merge and reorganize dynamically. By
varying volume fraction and thermal forcing intensities, encoded in the Rayleigh number, we show
that interfacial stabilization leads to qualitatively different soft structures: stabilized systems maintain
a dispersed configuration of deformable droplets, while nonstabilized dispersions evolve toward larger,
irregular domains through coalescence. Surprisingly, these strong morphological differences do not
significantly affect global heat transport, expressed in terms of the Nusselt number, Nu. However, a
clear signature of interfacial physics emerges at the mesoscale. Stabilized emulsions exhibit enhanced
fluctuations of local heat flux, reflecting the persistence of fluctuations of Nu at droplet scales. In
contrast, coalescence in nonstabilized systems acts as an effective relaxation mechanism, damping
small-scale fluctuations. The mismatch between the two behaviors is nonmonotonic with the volume
fraction, with a maximum at intermediate concentrations [4]. These results highlight how interfacial
stabilization controls the interplay between structure and dynamics in thermally driven soft materials.
More generally, they emphasize the importance of mesoscale observables to capture the physics of
complex fluids, beyond what is accessible through macroscopic ones alone.
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A novel elastic fully coupled model for the analysis of reinforced concrete frame structures on
distributed foundations, based on closed-form Boussinesq–Cerruti solutions for linearly distributed
loads over polygonal domains [1, 2] is investigated. Such an approach permits the construction of a
global 6 × 6 stiffness matrix that couples all six degrees of freedom of foundation nodes thus capturing
their mutual interaction.
The proposed approach overcomes the intrinsic deficiencies of concentrated-load formulations, namely
stress singularities at load application points and the inability to represent applied moments, by
introducing a statically equivalent load distribution over a finite area, parameterized based on the
inertia properties of the contact domain, ensuring a mechanically consistent and robust formulation.
The model is investigated through a parametric study on four reinforced concrete buildings, combining
different structural configurations and soil types, and is benchmarked against the popular Winkler
model under both vertical and seismic loading conditions. Such a comparison reveals systematic
discrepancies between the two approaches. In particular, under vertical loads, the two models produce
markedly different bending moment distributions in foundation beams, with opposite trends: as
a matter of fact, the Winkler approach underestimates positive moments while overestimates the
negative ones. Discrepancies between the Winkler approach [3] and the investigated approach reach
20%–40% and are generally related to soil stiffness, while settlement predictions may diverge by
up to 135%, and are controlled by foundation footprint. Under seismic excitation, the investigated
approach activates foundation dynamic modes that are absent in Winkler-type strategies, leading
to an increment of total base shear (up to 50%) and a simultaneous reduction in internal forces in
structural members (up to 40%). This effect highlights the non-conservative behavior of the Winkler
model, particularly for structures characterized by large foundation footprints and low height-to-base
ratios. This confirms the effectiveness of the investigated strategy. In fact, neglecting foundation
coupling effects may lead to qualitatively incorrect structural assessments. These findings confirm
the effectiveness of the investigated approach and question the reliability of simplified soil–structure
interaction models in performance-based design.
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Historic masonry structures constitute a significant portion of the built cultural heritage in many
countries, particularly in seismic regions, where the vulnerability of masonry systems requires careful
preservation strategies. In recent years, sustainable strengthening techniques based on composite
materials and environmentally compatible solutions have gained increasing attention. However, the
design and optimisation of such interventions require reliable mechanical models that capture the
complex behaviour of masonry structures.
This contribution proposes a reduced-order mechanical modelling framework for the analysis of ma-
sonry arches subjected to dynamic actions [1, 2]. The approach is based on a kinematic representation
of the structural response that allows the evolution of collapse mechanisms to be investigated within
a time-dependent formulation [3]. By explicitly accounting for the interactions among structural
geometry, inertia, and external actions, the model provides a simplified yet effective description of the
dynamic response of masonry arch systems.
The proposed framework is intended as a computationally efficient tool for exploring the influence
of local modifications, including strengthening interventions, on the global mechanical behaviour of
masonry arches. In particular, the approach offers a promising perspective for the preliminary assess-
ment and optimisation of sustainable reinforcement strategies, such as fibre-reinforced cementitious
matrices and other environmentally compatible materials, thereby contributing to the development of
resilient, conservation-oriented solutions for cultural heritage structures.
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Externally Bonded Composites (EBC) represent a well-established strengthening technique for
masonry structures of historical and cultural interest because of their versatility and effectiveness. In
UnReinforced Masonry (URM) structures damage is typically due to tensile or shear failure in joints,
whereas more complex damage mechanisms involving the masonry, the composite material, the matrix
and their interfaces appear in EBC-strengthened masonry. Therefore, numerical tools, such as the
Discrete Macro-Element Method (DMEM) [1], which reproduce this complex nonlinear behaviour while
maintaining a lower computational cost in view of large-scale and practical applications have been
developed. The DMEM, first introduced to evaluate the nonlinear response of URM structures also in
dynamic conditions [2] and then extended to curved structures with spatial behaviour [3], represents
a parsimonious alternative to Finite Element (FE) methods, requiring fewer degrees of freedom.
Indeed, each masonry portion is modelled as a sheardeformable element interacting with adjacent
ones through interfaces that govern membrane and sliding responses. Subsequent developments [4]
introduced flat elements to model EBC layers and appropriate EBC–EBC and EBC–masonry interfaces
with appropriate constitutive laws for reproducing the complex interaction among all components.
This study leverages these developments and investigates static and transient nonlinear analyses of
EBC-strengthened simple and buttressed arches via DMEM. Different strengthening layouts have
been analysed (localised or continuous, applied at the intrados or extrados), evaluating the influence of
the EBC width on the arch’s response in terms of load capacity and collapse mechanisms. Numerical
applications aimed at reproducing experimental tests and FE simulations are shown to validate the
proposed modelling strategy.
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The mechanical modelling of masonry structures requires an accurate representation of the interaction
between units, mortar joints and internal discontinuities, while maintaining a computational cost
compatible with practical structural analyses and vulnerability assessment procedures. This study
addresses the development of reduced-dimensional interface finite elements for masonry modelling,
aimed at bridging three-dimensional, two-dimensional and one-dimensional descriptions of the struc-
tural response. The proposed approach is based on the identification of equivalent interface elements
able to reproduce the mechanical role of joints, discontinuity surfaces and interaction layers within a
finite element framework [2, 3]. Starting from a two-dimensional representation of masonry walls or
structural portions, suitable one-dimensional interface formulations are introduced to describe stress
transfer, deformation compatibility and the possible activation of localized failure mechanisms [4].
The formulation [1] is conceived to account for the typical features of masonry behaviour, including
low tensile strength, frictional sliding, compression-dominated response and directional dependence
induced by the arrangement of blocks and mortar joints. Accordingly, isotropic, orthotropic or
more general anisotropic constitutive assumptions can be incorporated, together with nonlinear or
limit-state descriptions of the material response.
The proposed methodology is intended to be compatible with finite element procedures and direct
formulations of the equilibrium problem, including lower-bound finite element limit analysis approa-
ches. In this perspective, masonry walls and structural assemblies can be analysed through simplified
but mechanically consistent models, supporting the evaluation of load-bearing capacity, collapse mul-
tipliers and critical failure mechanisms. The resulting framework offers a balance between mechanical
accuracy, numerical efficiency and applicability to existing masonry buildings, and may provide a
useful basis for structural safety assessment, seismic vulnerability evaluation and the development of
computationally efficient tools for large-scale analyses.
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Sodium-ion batteries are a promising alternative to lithium-ion systems due to the abundance and
low cost of sodium. Tin-based anodes offer high theoretical capacity through alloying reactions but
undergo complex multistep phase transformations, with large volumetric expansion, stress generation,
and degradation. This makes modeling of great relevance, yet challenging. Classical approaches rely
on concentration-based formulations combined with phase-field theories and finite-strain mechanics
[1, 2]. These frameworks capture diffusion, phase separation, and chemo–mechanical coupling,
showing qualitative agreement with experimental observations. However, concentration-based models
exhibit intrinsic limitations in systems with multiple stoichiometric phases and large volume changes.
Enforcing local volume consistency and accurately describing discrete intermetallic transformations
remains difficult, motivating more general frameworks based on reactive mixture theory [3].
In this work, we propose a unified modeling perspective in which the classical concentration-based
model is retained as a reference, while a novel chemo–mechanical formulation based on phase volume
fractions is introduced. This approach enforces the volume-filling constraint and enables a consistent
representation of multiple coexisting phases, including Sn, NaSn3, Na9Sn4, and Na15Sn4, consistent
with recent developments [4]. The alloying process is modeled as multistep reactions governed by
generalized mass-action kinetics and coupled with finite deformation. The nonlinear system is solved
using a finite element formulation and a Newton–Raphson scheme, with interfacial electrochemical
reactions described through Butler–Volmer kinetics. Results from the concentration-based model are
presented alongside preliminary developments of the volume-fraction framework and interpreted using
experimental observations. This combined modeling–experimental approach supports the development
of a more consistent multiphase chemo–mechanical framework for Na–Sn anodes.
Acknowledgments: This work has been financed by the Research Fund for the Italian Electrical
System under the Three-Year Research Plan 2025–2027 (MASE, Decree n. 388 of November 6th,
2024), in compliance with the Decree of April 12th, 2024.
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Constitutive models encode the material response and are therefore essential to predictive engineering
simulations and design. Their experimental identification, however, remains a central challenge
because material parameters are not directly measured, but inferred from indirect observables such
as boundary loads, prescribed displacements, local sensors or full-field data. The resulting chain
of modelling assumptions, data processing and inverse procedures can introduce bias and error
propagation, especially when deformation fields are heterogeneous and measurements are noisy or
incomplete.

Full-field imaging has transformed experimental mechanics by making deformation observable
over entire regions of interest. Inspired by integrated approaches that couple image information
and mechanical constraints [1], we propose a physics-informed framework for material parameter
identification directly from raw grayscale images, prescribed boundary displacements and measured
reaction resultants, without precomputed displacement fields or stress–strain labels. In the proposed
formulation, the unknown displacement field and material parameters are identified simultaneously
by minimizing a unified functional that combines gray-level image matching, weak-form mechanical
equilibrium, and boundary reaction-force consistency. A distinctive feature of the approach is that
displacement reconstruction and material calibration are not performed sequentially. They are coupled
within the same optimization loop, so that image information guides the reconstructed deformation
while mechanical constraints prevent optically plausible but mechanically inconsistent solutions.

The linear-elastic formulation provides a rigorous benchmark for evaluating identifiability, sensitivity
to image noise, and the role of limited force information in image-driven material calibration. More
broadly, the framework is conceived as a modular foundation for image-driven constitutive modelling,
in which Lamé parameter identification represents the entry point toward sparse constitutive libraries,
Input-Convex Neural Network representations of the strain-energy density, and nonlinear dissipative
models. In this sense, the work connects integrated image correlation and finite-element inverse analysis
with recent unsupervised constitutive law discovery approaches such as EUCLID and NN-EUCLID
[2].
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Ultimate limit-state capacity checks of reinforced concrete (RC) sections subject to axial force and
biaxial bending are traditionally performed through iterative nonlinear procedures or by explicit eva-
luation of capacity domains. Although accurate, such approaches can be computationally burdensome
when repeatedly invoked within optimization, reliability, or parametric design frameworks. In this
respect, machine learning can be exploited to construct surrogate capacity checks with negligible
computational cost; nevertheless, when used in a purely data-driven manner, such models may fail to
preserve fundamental mechanical features of reinforced concrete capacity domains, yielding decision
boundaries that are accurate but physically inconsistent. This fosters the use of hybrid physics–data
strategies, where learning techniques are constrained or informed by mechanical principles in order to
ensure robustness, interpretability, and reliability in structural applications.
par In this research, the capacity check problem is recast as a supervised classification task in the
space of generalized internal forces, where admissible and inadmissible states are separated by the
boundary of the ultimate capacity domain. In particular, Support Vector Machines (SVMs) are
adopted as surrogate classifiers trained on analytically generated capacity surfaces, computed through
a fiber-free integration strategy [1] providing exact reference data.
par Within this context, the work focuses on embedding mechanical admissibility directly into the
learning process. Rather than relying on purely unconstrained kernel calibration, which may lead
to decision boundaries that are incompatible with the convex and bounded nature of RC capacity
domains, the proposed approach enforces convexity and compactness at the kernel level through a
convexification and coercivization strategy applied to polynomial kernels. This formulation leads to
physics-informed SVMs that yield mechanically admissible and interpretable decision surfaces, preser-
ving the structural meaning of the capacity domain while maintaining computational efficiency. The
adopted perspective is consistent with recent hybrid modeling strategies that reinterpret kernel-based
learning as a physically grounded surrogate of structural verification problems [2].
par The numerical assessment shows that unconstrained kernels may achieve higher apparent accuracy
while producing mechanically inconsistent domains, whereas the proposed constrained formulation
ensures physically sound surrogates with controlled misclassifications. Future research directions
include extensions to parametric section descriptions and to advanced kernel paradigms, further
strengthening the synergy between mechanics-based modeling and machine learning.
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Hybrid finite elements (FEs) have demonstrated good accuracy in many contexts. In plasticity
problems, stress interpolation functions that a-priori satisfy equilibrium equations may provide
enhanced accuracy in evaluating the limit load, even with coarse meshes [1]. Similar results have also
been achieved for polytopal discretisations within the hybrid virtual element method [2]. However, in
such formulations, enforcing stress admissibility consistently with the assumed stress field leads to
constitutive updates at the element level, which require the solution of local optimisation problems
whose cost depends on the number of stress parameters and control points.

In this work, we propose a strategy to reduce the numerical effort required by return mapping
algorithms in incremental elastoplastic analyses based on mixed FE discretisations. It is based on
the use of a trained neural network (NN) [3] as a surrogate for the return mapping algorithm at the
element level, predicting the updated admissible stress parameters based on an elastic trial state. The
NN is trained in an unsupervised regime using a physics-informed approach. This strategy is tested
on a plane stress FE based on a five-parameter stress field assumed in a Cartesian elemental frame.
Therefore, the inputs to the NN are the five stress parameters for the elastic prediction, along with
six additional parameters describing distorted element configurations.

Results show that the proposed approach yields highly accurate predictions when compared to
solutions obtained through standard return mapping. Additionally, in all the tested examples,
the proposed approach also leads to a reduction in the number of equilibrium iterations. Overall,
computational savings of up to one order of magnitude are observed with respect to standard
element-level return mapping procedures.
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We investigate bifurcations from nontrivial linear fundamental paths in a class of elastic systems
admitting large precritical deformations [1, 2, 3, 4], in which axial softness plays a central role in
shaping the stability landscape. A distinctive feature of these systems is the occurrence of multiple,
sequential loss and recovery of stability along the fundamental path, here referred to as a “cascade” of
destabilizations and restabilizations. Such a phenomenon has stimulated considerable interest in the
recent literature on elastic structures, where even two of such events have been regarded as remarkable
[5]. The analysis carried out here identifies and classifies the bifurcation points, with particular
attention to the coalescence of eigenvalues at critical values of the loading parameter, responsible for
the occurrence of high-degeneracy conditions. Illustrative four- and six-degree-of-freedom systems
are examined in detail, acting as transparent prototypes to highlight the mechanisms through which
eigenvalue merging and axial compliance cooperate to produce this rich bifurcation structure. The
investigation of bifurcated paths, as well as the extension of the analysis to continuous systems, are
planned as natural continuations of the present work.
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Mechanical energy harvesters convert ambient vibrations into usable electrical power and are increa-
singly regarded as promising sustainable energy sources for low-power electronics, wireless sensor
networks, wearable technologies, and autonomous systems. Building upon the pioneering work
of Williams and Yates, the present contribution explores how parametric excitation and dynamic
stabilization can be exploited to improve the efficiency and operational range of vibration-based
energy harvesting devices.

Time-periodic modulation of system parameters is known to induce remarkable and often counte-
rintuitive dynamical effects. A paradigmatic example is provided by the Kapitza pendulum, whose
inverted equilibrium configuration can be dynamically stabilized through high-frequency, small-
amplitude oscillations of the suspension point. The phenomenon was first identified by Stephenson
through the analysis of the associated Mathieu equation and subsequently interpreted by Kapitza as
the consequence of an effective energy transfer between slow and fast dynamical scales, resulting in
an additional stabilizing potential.

Motivated by these concepts, the present work investigates the possibility of employing controlled
parametric excitation to enhance the performance of mechanical energy harvesters. The study builds
upon recent extensions of the classical Kapitza model that account for variable-length pendulum
dynamics and explores how externally imposed periodic modulations can be used to modify the
effective response of harvesting systems.

A theoretical framework, supported by numerical simulations, is developed to identify optimal
excitation regimes and stability thresholds. Particular attention is devoted to the influence of
parametric driving on the enlargement of the operational bandwidth, the increase of vibration-
to-electricity conversion efficiency, and the enhancement of power output under low-amplitude
environmental excitations.

The obtained results indicate that appropriately designed parametric excitation strategies can
substantially improve harvesting performance and may provide an effective route toward the develop-
ment of next-generation self-powered microsystems, autonomous sensing platforms, and distributed
low-energy technologies.
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Understanding damage evolution in concrete structures requires monitoring strategies capable of
capturing both local cracking phenomena and global changes in structural dynamics. Recent studies
have highlighted the benefits of combining complementary monitoring techniques, such as acoustic
emission [1], Digital Image Correlation (DIC) [2,3], and vibration-based identification [1,4], to obtain
a more comprehensive description of damage mechanisms in reinforced concrete structures. Building
upon these developments, the integration of global dynamic indicators and local crack information into
unified damage assessment frameworks offers promising potential for improving the characterization
of damage evolution under progressive loading conditions.

This work presents an integrated experimental framework combining dynamic testing and DIC
for damage evolution assessment in reinforced concrete beams. The proposed methodology enables
simultaneous acquisition of global dynamic response and full-field deformation data, including strain
localization and crack opening evolution.

A key contribution of this study is the development of a multi-source damage index, which integrates
dynamic indicators (variations in modal parameters) with local deformation metrics derived from
DIC (crack opening displacement). The temporal evolution of the proposed index is compared
with conventional damage indicators, highlighting its sensitivity to early-stage damage. The results
demonstrate that combining dynamic and full-field deformation information provides a more physically
meaningful representation of damage evolution than single-source approaches. The proposed framework
supports more reliable structural health monitoring strategies and opens the way to multi-sensor
damage assessment methodologies for concrete structures under service and cyclic loading conditions.
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Structural Health Monitoring (SHM) relies on sensor networks able to detect and characterize structural
damage [1]. Vibration-based approaches have been proven effective in this field [2], since these methods
enable global monitoring without requiring direct access to the damaged area, making them suitable
for large-scale or complex structures (such as bridges, buildings, and aerospace components). Optimal
Sensor Placement (OSP) is the research branch aiming to maximize damage detectability while
limiting instrumentation costs [3].

In this work, a novel formulation of the OSP problem for vibration-based SHM is proposed.
Following the approach proposed by one of the Authors [4], the damage is modeled as a perturbation
in structural stiffness, whose spatial position is a deterministic parameter, while its intensity is
a random variable. Each damage scenario is then associated with a distinct perturbation of the
structural model. The approach subsequently identifies, as the OSP, the network with the minimum
number of sensors such that the difference between the probability of damage occurrence and the
associated probability of detection is below a predefined threshold, where the latter probability is a
weighted measure considering shift of frequencies and mode-shapes.

Here, an enriched measure of identifiability is introduced based on the separation between the
responses associated with different damage scenarios. In particular, the sensor configuration is
optimized by maximizing the distance between response vectors, ensuring that distinct damage states
produce sufficiently distinguishable measurements. The proposed approach explicitly incorporates the
influence of sensor locations through the spatial sampling of modal quantities, such as mode shapes
or their derivatives [5]. This allows for a direct link between sensor placement and the ability to
discriminate among competing damage scenarios. The resulting formulation provides a theoretically
framework for OSP focused on damage identification rather than mere detection, offering a consistent
basis for the design of sensor networks in SHM.
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The development of passive isolation strategies for base-induced vibrations has recently attracted
significant interest, driven by the growing need to control the response of structures and equipment
subjected to infrequent but strong base excitations [1].

In many situations, both large and small structures are affected by base excitations, either periodic
or impulsive. In such cases, the resulting displacements, velocities, and accelerations can be substantial
and potentially dangerous for both the structure and its contents. Consequently, considerable attention
has been devoted to devices capable of decoupling the structural dynamics from the base excitation,
leading to a wide range of base isolation solutions. These systems are often characterized by the
combination of different elements, designed to exploit the advantages of their assembled behaviour [1,
2].

In this study, the isolator is composed of two elements: a viscoelastic element and a hysteretic
element, arranged in two configurations, in parallel and in series. The viscoelastic behaviour is
described by a Maxwell model, while the hysteretic behaviour is modelled using the Bouc–Wen
formulation [3, 4].

The aim of the investigation is to characterize the nonlinear dynamic response of the device in the
two different configurations. The analysis is based on several response features, including frequency
response curves, phase-plane trajectories, FFTs of the time histories, and restoring-force cycles. The
results demonstrate a strong sensitivity of the response to the relative weights of the two components,
highlighting their respective roles. In particular, the presence of hysteresis enhances the damping
capacity of the isolator, while also introducing nonlinearity, which leads to an amplitude-dependent
resonance frequency and a nonlinear relationship between response amplitude and excitation intensity.
Moreover, regions of unstable periodic solutions are observed, within which non-periodic motions
occur, characterized by different energy dissipation properties.
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Classical Eshelby theory predicts that liquid inclusions soften solid composites. However, recent
experiments in soft materials have revealed that surface tension at liquid–solid interfaces can instead
stiffen materials when inclusion size approaches the elastocapillary length [1]. These findings highlight
the critical role of interface mechanics in liquid-filled composites and call for unified theoretical
frameworks capable of capturing multiple interface effects.

From an engineering perspective, liquid inclusions are often realized as thin, liquid-filled capsules
embedded within a solid matrix. The mechanical response of such systems is governed by the interplay
between surface elasticity of the capsule shell, fluid-induced tension, and bending resistance of thin
coatings.

In this work, we develop a unified interface model for capsule-based liquid-filled composites that
integrates Gurtin–Murdoch surface elasticity [2], fluid interface effects [3], and bending stiffness
through a higher-order interface formulation [4, 5]. Using the Muskhelishvili complex potential
method [6], we obtain closed-form solutions for circular inclusions. The theory reveals transitions
between bulk-dominated, interface-dominated, and fluid-dominated mechanical regimes, providing new
physical insights into the mechanics of liquid-filled composites. The proposed framework establishes a
predictive tool for the rational design of next-generation liquid-filled materials with tunable stiffness
and multifunctional properties.
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Fibrous materials are widely used in engineering and biomedical applications due to their superior
mechanical properties compared to homogeneous media [1]. However, their anisotropic nature
complicates fracture characterization, particularly in predicting crack propagation. Analytical solutions
for near crack-tip fields in anisotropic linear elastic materials exist in two-dimensional settings [2,3] and
provide a basis for evaluating fracture toughness through the energy release rate, typically computed
via the J-integral. In anisotropic materials, cracks may deviate from their original path even under
pure mode I loading, making fracture toughness strongly dependent on the predicted propagation
direction. While several criteria are available for isotropic materials under mixed-mode loading, no
general closed-form solutions exist for anisotropic media, thus requiring numerical approaches such as
the Maximum Energy Release Rate (MERR) criterion.

Configurational forces, derived from the Eshelby stress tensor [4,5], offer an alternative framework
for determining crack propagation direction and for assessing fracture conditions. Although still not
widely applied to anisotropic materials, they enable computation of the J-integral vector and allow
both implicit and explicit determination of crack growth direction. In this work, the Target Angle
Correction (TAC) method [6] is adopted, combining the robustness of implicit approaches with the
efficiency of explicit schemes.

The proposed framework is extended to soft materials undergoing finite deformations, for which
analytical solutions are scarce. Finite element results are compared with available analytical solutions
to assess accuracy and reliability. The study demonstrates that configurational-force-based methods
provide an effective and versatile computational tool for fracture assessment in highly deformable
fibrous materials.
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Reciprocity is a fundamental property of many physical systems, generally expressing a symmetry
relation between two processes in which, for instance, input and output are interchanged. This
remarkable and fruitful property underpins powerful theoretical and experimental techniques; at the
same time, its tight constraints represent an obstacle to desired behaviours or functionalities. For
instance, in low Reynolds number hydrodynamics, reciprocity forbids net thrust or flow generation
through time-reversible deformations; microorganisms have hence adapted their motion so as to
circumvent this constraint. Likewise, reciprocity in linear elasticity impedes the creation of wavebearing
media where input and output are not interchangeable, prompting recent research efforts aimed at
finding means to break loose of this constraint.

This thesis explores reciprocity breaking in soft active structures, focusing on two domains:
biomimetic motility in soft robotics and wave propagation in periodic media. Active matter – whether
biological or synthetic – negates reciprocity by converting stored or ambient energy into mechanical
work. In living systems, this occurs in specialized motor proteins; in synthetic analogues, this is
achieved through the use of smart materials, such as stimuli-responsive hydrogels. In these systems,
internal activity introduces directed momentum input and disrupts the symmetries underlying classical
reciprocity theorems.

Using polyelectrolyte hydrogel filaments as a model system for one dimensional active structures,
we show that flutter instability can be harnessed as a new mechanism for undulatory locomotion and
periodic beating of active filaments requiring minimal actuation. Far from the detrimental consequences
often associated to its advent, here flutter instability emerges from the interaction of the active filament
with the fluid environment, thus allowing for the reduction of control complexity; its exploitation
can hence be regarded as a form of embodied mechanical intelligence. From another perspective, the
responsiveness of polyelectrolyte hydrogels to environmental cues, breaks reciprocity at the constitutive
level, leading to direction-dependant wave bearing properties. We explore this phenomenology in a
periodic metabeam composed of active rods, demonstrating nonreciprocal transmission in both static
and dynamic regimes. The material’s ability to harvest energy from external stimuli compensates
viscous dissipation, enabling near-lossless unidirectional wave propagation in a fluid environment.

This thesis represents a synthesis between mathematical modelling and physical experiments, in
mutual and continuous dialogue. Theory and numerical simulations have informed the design and
execution of the experiments, while laboratory observations have provided hints on how to refine the
theoretical models and occasionally inspired new research directions.
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We present an efficient and robust numerical algorithm for solving the two-dimensional linear elasticity
problem that combines the Quantized Tensor Train format and a domain partitioning strategy. This
approach extends the strategy proposed in [1] to the numerical resolution of the linear elasticity
problem on a computational domain that is more general than a square. The resulting method [2]
substantially decreases memory usage and achieves a notable reduction in rank compared to other
established Finite Element implementations. This performance gain, however, requires a fundamental
rethinking of how core finite element operations are implemented, which includes changes to mesh
discretization, node, and degree of freedom ordering, stiffness matrix, and internal nodal force assembly,
and the execution of algebraic matrix-vector operations. In this talk, we discuss these aspects in detail
and show the method’s performance in the numerical approximation of representative test cases.
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Atherosclerotic plaque progression emerges from tightly coupled interactions between transport
processes, inflammatory signaling, cellular phenotype transitions, and arterial biomechanics across
multiple spatial and temporal scales. Identifying mechanistic models that capture these interactions
from sparse, heterogeneous data, while remaining interpretable and computationally tractable, remains
a central challenge in system identification [1].

We present a graph-based mechanochemical modeling framework that integrates prior knowledge
with data-driven inference. Governing equations and multiphysics couplings are constructed from
structured interaction graphs, organized as networks of interconnected nodes representing biological
and biomechanical entities [2]. Within this architecture, unknown functional relationships are inferred
word-by-word through Gaussian process regression, enabling data-efficient learning under limited
and noisy observations [3]. Model discovery is formulated as the selection of competing interaction
pathways through residual minimization within the graph-based representation. The graph acts as a
knowledge-driven layer, while a library of operators maps interactions into coupled diffusion–reaction
systems and finite element mechanical models. This structure provides a flexible yet interpretable
alternative to purely data-driven approaches, consistent with recent advances in graph-based scientific
discovery and knowledge extraction.

Parsimony is enforced through magnitude-based weighting of interactions, and nonlinear behaviors
are captured via low-dimensional dynamical controllers. The probabilistic formulation also aligns with
recent developments in sparse system identification under uncertainty [3]. The framework is evaluated
on reduced-order and patient-specific vascular geometries, building on established biomechanical
models of atherosclerosis [1], and demonstrates robustness across heterogeneous and data-scarce
regimes. Overall, this work proposes a structured paradigm for physics-guided system identification
in multiscale systems, combining mechanistic modeling, probabilistic inference, and graph-based
representations to enable interpretable and data-efficient model discovery.
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Topology optimization of structural systems can incur significant computational cost and slow
convergence, especially in large design spaces. This work proposes a novel framework based on Large
Language Models (LLMs) for the generative optimization of truss layouts, aiming to maximize the
structural stiffness under prescribed loading conditions. The core idea is to reformulate topology
optimization as a sequential design process [1]. Truss structures are thus constructed step by step
through design grammar rules that ensure geometric admissibility and mechanical feasibility. Each
candidate design is encoded as a symbolic sequence, enabling the use of LLM architectures originally
developed for natural language processing tasks. Analogous to syntactic and semantic structures in
language, this representation captures both local and long-range dependencies within the structural
layout.

A GPT-2-based architecture [2] is adopted and trained using a mechanically informed loss function.
In particular, training layouts are weighted according to their structural stiffness, so that high-
performing configurations contribute more significantly to the learning process. In this way, the
model implicitly learns to bias the generative process toward mechanically efficient designs, while still
maintaining variability and diversity across the explored solutions. This strategy avoids the need
for explicit optimization loops during inference, effectively shifting the computational burden to the
offline training phase.

The proposed approach is assessed on six benchmark problems featuring different seed configurations,
boundary conditions, and loading scenarios. Results show that the generated structures achieve at
least 82% of the corresponding optimal stiffness, demonstrating strong performance despite the absence
of explicit gradient-based refinement during generation. Moreover, the model is capable of producing
novel, mechanically sound topologies that are not present in the training dataset, demonstrating its
ability to generalize beyond observed examples.
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Microelectromechanical systems (MEMS) sensors are ubiquitous in both industrial applications and
everyday life. Their market is continuously expanding, enabling key innovations in fields such as
automotive systems, structural monitoring, and navigation, to name just a few. At the end of the
fabrication process, which introduces relatively large uncertainties in geometric tolerances, thereby
affecting the mechanical response, MEMS calibration is typically performed through costly and
time-consuming mechanical testing. Recently, an alternative procedure based solely on electrical
signals has been proposed. In that approach, mechanical parameters of a MEMS accelerometer, such
as overetch, offset, and Q-factor, which ultimately influence device sensitivity, are estimated using
Markov chain Monte Carlo (MCMC) methods applied to the measured response to an electrical
input [1]. In this work, we show how this procedure can be made more efficient and faster by
leveraging the Kalman filter and its nonlinear variants, such as the Unscented Kalman Filter. We also
discuss how specific modifications to the baseline algorithm further enhance the robustness of the
proposed calibration strategy [2]. At this stage, the procedure has been numerically validated. We
demonstrate that excellent calibration performance can be achieved not only for a few target devices,
but also across the full probabilistic dispersion of MEMS geometric properties, as reasonably defined
by manufacturing specifications. The proposed approach is not limited to a single type of MEMS
accelerometer, as in [1], but is also extended to MEMS gyroscopes, despite the additional challenges
associated with their physical modeling.
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Numerical simulations of seismic wave propagation are an essential tool for earthquake engineering
and risk assessment. Empirical approaches are computationally efficient but are less reliable in
data-scarce regions and incapable of capturing site-specific geomorphological effects. Physics-based
methods, such as the spectral element code SPEED [1], provide high-fidelity solutions but remain
computationally prohibitive for large-scale, high-resolution domains, limiting their applicability in
real-time scenarios. Furthermore, uncertainty quantification and model calibration require many
simulations, adding to the computational cost. To address these challenges, we propose a a deep
learning–based surrogate model for seismic wave propagation based on neural operators. Fourier
Neural Operators (FNO) are particularly well suited for modeling wave propagation due to the spectral
structure of the formulation. They are capable of strong generalization to previously unseen scenarios,
achieving zero-shot super-resolution, i.e. the ability to generalize across different spatial resolutions
by learning mappings between function spaces. Among the class of FNO’s, we adopt the Tensorized
Fourier Neural Operator (TFNO) [2], which implements a Tucker tensor factorization on the trainable
weight matrices. This reduces the number of trainable parameters and computational cost, while
keeping the ability to capture the global structure of wave propagation phenomena. The surrogate
model is trained on high-fidelity simulations generated with SPEED and predicts the spatio-temporal
displacement field in near real-time [3]. The resulting framework allows rapid estimation of surface
ground motion, including time histories and intensity measures, supporting time-critical applications
such as post-event assessment. We assess the proposed approach on benchmark problems of increasing
complexity, from 2D elastic wave propagation in layered media to 3D scenarios with heterogeneous
materials, extended sources and complex topography, demonstrating accurate reconstruction of
full-order solutions.
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The tibiofemoral joint exhibits a strongly non-linear and configuration-dependent response to load,
which is difficult to represent within conventional musculoskeletal models. In most current formulations,
the knee is treated as rigid, or compliance is introduced only at discrete flexion angles, while fully
deformable models remain computationally expensive, with their accuracy depending on many
parameters to be tuned. To address this issue, an experimentally derived continuous nonlinear
compliance map of the knee was developed from in vitro measurements on cadaveric specimens to
reconstruct load-induced secondary kinematics as a function of flexion angle and external loading [1].

In the present work, this compliance formulation is implemented within an OpenSim-based musculo-
skeletal workflow, without introducing explicit deformable contacts or ligament elements. In practice,
the compliance map was used to compute secondary knee kinematics from joint reaction loads (JRL)
estimated by the inverse-dynamics, static-optimization and joint reaction analysis pipeline, thereby
providing an implicit, computationally efficient description of knee deformability. The framework was
tested on eight healthy subjects during level walking using stereophotogrammetry and force-platform
data. A generic musculoskeletal model was scaled to each subject to compute kinematics, muscle, and
joint loads at each frame; the compliance map reconstructed the loaded (i.e., deformed) tibiofemoral
motion during gait from these joint loads. To ensure consistency between experimental and computed
kinematics, the pipeline was iterated using the new kinematics until convergence (i.e., small changes
in kinematics and JRL), unlike what is typically done in the literature, where secondary kinematics
are computed in open loop. The resulting kinematics were compared with healthy knee motion from
mobile biplane X-ray imaging [2]. Two versions of the knee model, with 1-DoF and 2-DoF, were tested
to evaluate the impact of knee modeling on results. The proposed implementation proved feasible
within a conventional OpenSim environment; load-dependent knee kinematics were physiologically
meaningful and compared well with experiments. Predicted deformations were sensitive to the load
estimation strategy, in agreement with and extending the preliminary results reported in [3].
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Understanding the interplay between systemic hemodynamics and ocular physiology is crucial for
investigating vision-threatening conditions. In this work, we present a computational model of the
cardiovascular-ocular system. The 0D ocular model is embedded within a closed-loop cardiovascular
1D model. The cardiovascular model consists of the arterial-venous tree and lumped-parameter models
of the peripheral districts. Being a closed-loop system, it ensures conservation of mass, allowing for a
physiologically consistent redistribution of pressures and flow rates across the arterial and venous trees
under different conditions. In this configuration, the 0D ocular model is not treated as an isolated
system but as an integral part of the whole-body circulation. As a result, ocular hemodynamics
originates from and is driven by cardiac dynamics.

The vascular network is described using 1D formulations of the Navier–Stokes equations. This
approach enables efficient simulation of pulse wave propagation while retaining the essential features of
blood flow dynamics in compliant vessels. The peripheral district and the ocular model are described
using lumped-parameter elements based on the hydraulic-electric analogy. The ocular model includes
the main vascular beds (retina, choroid, ciliary body and lamina cribrosa) and incorporates a dedicated
representation of aqueous humor dynamics. Thus, intraocular pressure (IOP) is not prescribed but
arises from the balance between production and outflow, and is intrinsically coupled to systemic
hemodynamics.

The closed-loop structure enables the investigation of global-to-local interactions, making it particu-
larly suitable for studying conditions in which systemic circulation plays a key role in ocular perfusion.
As a primary application, the model is used to explore the hemodynamic mechanisms underlying
Spaceflight Associated Neuro-ocular Syndrome (SANS) [1], which is associated with microgravity-
induced fluid shifts. Additionally, the framework can be employed to investigate vascular-related
ocular diseases such as Ocular Ischemic Syndrome (OIS) [2], in which alterations in upstream arterial
supply critically affect ocular blood flow.

Overall, the proposed model provides a flexible and physiologically consistent platform for simulating
coupled cardiovascular-ocular dynamics, offering a powerful tool for in silico investigations of both
systemic and ocular pathologies.
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Mitral valve (MV) geometry and dynamics play a central role in preserving physiological left ventricular
(LV) filling and efficient intraventricular flow organization. Accurate patient-specific modelling of
MV–LV interaction is essential for improving both surgical and transcatheter repair strategies, but
remains challenging because tissue mechanical properties cannot be assessed non-invasively, limiting
the clinical applicability of rigorous fluid–structure interaction approaches.

This study reformulates and extends a dynamic MV model for the numerical simulation of LV flow
based directly on routine diagnostic imaging. The model reproduces physiological mitral leaflet motion
throughout the cardiac cycle without requiring direct estimation of tissue constitutive properties and
is validated against in vivo frame-by-frame high-resolution echocardiographic recordings [1]. Results
show that MV opening and closure are primarily driven by blood flow, while tissue mechanics mainly
determine the patient-specific leaflet geometry captured by imaging.

The validated numerical model can then be applied to investigate different clinical scenarios. In
the present study, it is used to evaluate the hemodynamic consequences of transcatheter edge-to-edge
repair using the MitraClip device in degenerative mitral regurgitation due to mitral valve prolapse.
Unlike previous studies based on idealized geometries or virtual clip reconstruction, the present
approach directly incorporates the true post-procedural mitral anatomy, including residual leaflet
asymmetry after clip implantation.

Results show that MitraClip significantly reduces regurgitation and improves direct flow, but post-
procedural ventricular efficiency strongly depends on the residual geometry of the two mitral inflow
orifices. Predominant anterolateral residual orifices generate more physiological vortex formation and
better redirection toward the LV outflow tract, whereas predominant posteromedial configurations
produce altered rotational patterns and less favorable hemodynamic force alignment.

These findings demonstrate that procedural success should be evaluated not only by residual
MR reduction [3], but also by preservation of physiological intraventricular flow organization [2].
Patient-specific numerical modelling may support image-guided optimization of clip positioning and
improve long-term ventricular performance.
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During invasion processes such as cancer metastasis and embryo implantation, cells penetrate the
extracellular matrix (ECM) by exerting contractile forces and secreting matrix-degrading enzymes.
Since the ECM functions both as a mechanical scaffold and provides mechanical feedback, the stress
generated by the tissues feeds back on their own remodeling activity. Understanding this closed-loop
coupling between tissue mechanics and ECM turnover is crucial for predicting invasion outcomes
and for identifying therapeutic targets, yet it remains quantitatively underexplored. We address
this challenge with a continuum model representing tissue as an active viscous fluid interacting with
a hyperelastic ECM. In this model, tissue surface tension drives elastocapillary indentation, while
enzymatic remodeling is controlled by a stress-dependent degradation process. Both mechanisms
are embedded in a Nitsche–Onsager variational formulation [1] which consistently couples fluid
flow, substrate deformation, and interfacial kinetics. The resulting moving-boundary problem is
regularized through a phase-field description and solved on non-conforming meshes under finite strains.
The computational framework is first validated against experimental observations of elastocapillary
deformation of the contact lines [2] and engulfment morphologies of human colon carcinoma (HCT-8)
colonies on compliant gels [3]. Building on these benchmarks, we explore how the interplay between
active stress and degradation kinetics shapes invasion. The results reveal that the mechanical tension
built up in the substrate acts as a negative regulator of the local degradation rate, creating a self-
limiting feedback loop that inhibits invasion. Depending on the balance between surface tensions
and degradation forces, the model predicts a range of invasion profiles, from shallow elastocapillary
dimples to deep proteolytic cavities. Crucially, simulations of tissue detachment show that each
invasion mode leaves a unique residual strain pattern in the ECM, indicating that the matrix retains
a mechanical memory of the invasion process. This memory could potentially be inferred by analyzing
the substrate’s topography after invasion.
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Heart and circulatory diseases are the main causes of death according to the World Health Organization.
Since the second half of the 20th century there has been a push aimed at attenuating the toll imposed
by such illnesses, leading to advances in cardiac surgery, diagnostics and prosthesis manufacturing
[1]. Still, several gaps remain in our understanding of the circulatory system. Because of this, the
circulatory system has been object by a large number of investigations, both in vivo [2], in vitro [3]
and in silico [4]. Despite lacking the level of fidelity of in vivo observations, in vitro measurements
have the advantage of being flexible, controllable and reproducible. These characteristics make the in
vitro practice particularly suited for evaluating the cardiac haemodynamics (both physiological and
pathological) and for testing innovative medical prototypes.

To investigate the blood dynamics inside the heart left ventricle an experimental rig was built
at the Gran Sasso Science Institute, L’Aquila. The apparatus is composed by a sealed box full of
a mixture of water and glycerin where the phantom of the ventricle (i.e. silicon replica) lies. To
mimic the systolic motion, this chamber is connected to a linear motion system that compresses the
fluid, causing an increment of the pressure and so a homogeneous compression of the phantom. A
free-surface tank upstream of the “mitral” check valve provides the prescribed head. Downstream
the “aortic” check valve the circuit splits in two branches: on one side a gate valve locally dissipates
the head that is normally lost during circulation; on the other side an expansion tank replicates the
natural compliance of the blood vessels. The two branches later merge together before returning to
the header tank and closing the circuit.

A system composed by two Photron Fastcam Nova S6 cameras (1024x1024 pixels and 20x20 µm
pixel pitch) mounting Zeiss Milvus 2/100 lenses and a constant wave laser are used for planar Particle
Image Velocimetry (PIV), allowing a spatial resolution of 0.2 mm/px while the acquisition rate was
set at 200 Hz. Flow visualisation is performed by seeding the working fluid (the same water-glycerin
mixture) with 220 µm neutrally-buoyant polyamide particles.

A series of experiments aimed at studying how the haemodynamics evolves for different strokes
volumes (i.e. difference between maximum and minimum of the ventricular wetted volume) are
currently in progress.
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Wave localisation is a fundamental phenomenon with far-reaching implications across mechanics,
physics, and engineering. In this contribution, we present several routes through which localisation
can be dynamically induced in microstructured media, demonstrating that geometry, inertia, topology,
and symmetry breaking each offer independent and tunable means to confine and direct wave energy.

We begin by examining localisation arising from Bragg scattering in periodic microstructured
systems, where the interplay between wavelength and structural periodicity opens band gaps and traps
energy within the medium. A particularly important mechanism is the emergence of defect modes
within stop bands: when a single cell in an otherwise periodic system is varied, a localised resonant
state appears inside the band gap, with the wave field decaying exponentially away from the defect.
The frequency of this trapped mode can be tuned by modifying the defect cell’s properties, providing
a precise handle on localisation [1, 2]. Closely related is the phenomenon of dynamically induced
anisotropy: in the two-dimensional vectorial problem of a triangular lattice, the slowness contours
– initially nearly circular at low frequencies – progressively transform into nearly perfect polygonal
shapes as frequency increases. This dramatic reshaping of the slowness surface governs directional
localisation and the channelling of wave energy along preferred lattice directions, a hallmark of
dynamic anisotropy in structured media [3].

Localisation in the neighbourhood of free surfaces and material interfaces also arises naturally in
microstructured systems supporting Rayleigh and Stoneley waves. In gyroscopic microstructured
systems, where the introduction of spinning elements breaks time-reversal symmetry, such surface
localisation becomes actively tunable. By controlling the gyroscopic parameters, one can selectively
steer, suppress, or redirect surface wave energy, enabling non-reciprocal propagation regimes and
dynamic shielding effects [4, 5].

We then address topologically protected interfacial waves in microstructured media, where localisa-
tion is intimately connected to topological invariants of the band structure. Waves become confined
to the neighbourhood of an interface separating two microstructurally distinct domains and propagate
in a unidirectional fashion protected against backscattering from disorder. The underlying mechanism
is characterised through the Berry phase, and the resulting states are mechanical analogues of the
Quantum Valley Hall Effect, exploiting distinct valley degrees of freedom associated with inequivalent
Dirac cones in the dispersion relation [6].

Finally, we consider wave localisation at the interface of a semi-infinite waveguide, where the
truncation of a periodic medium gives rise to edge resonance states whose existence and spatial decay
are governed by the bulk band structure and boundary conditions, providing an analytically tractable
setting to study the transition between bulk propagation and localised interface modes [7].

Taken together, these results reveal a rich and interconnected landscape of dynamically induced
localisation mechanisms, unified by the central role of microstructure and offering systematic routes
to engineer wave confinement, directionality, and topological protection in mechanical systems.
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Environmental conditions strongly influence the mechanical response of spider silk and must therefore
be accounted for when interpreting experiments and designing silk-inspired materials [1, 2, 3]. In
particular, changes in relative humidity can induce supercontraction together with a measurable
torsional response, suggesting a direct link between twist and humidity-driven axial shortening. At the
same time, applied tensile loading affects the observed twist, pointing to a second key coupling between
torsion and tensile stress. These two links, namely torsion–supercontraction and torsion–tensile stress,
have not yet been investigated within a unified experimental and theoretical framework. Here, we
perform experiments under controlled environmental conditions, using an in-house-built magnetic
system to load the silk and measure twist, to quantify the evolution of torsion during humidity-
driven supercontraction and under mechanical loading. We then interpret the results through a
micromechanics-based model, inspired by the dual Poynting effect in fiber-reinforced cylinders [4], to
relate the observed torsional response to both humidity-induced axial shortening and tensile stress.
In addition, cyclic tests reveal the onset of residual strain and its concomitant influence on torsion,
showing that loading history can modify the subsequent twist evolution during humidity cycles. The
modeling framework is therefore extended to account for the coupling between residual deformation,
tensile stress, and torsion. Overall, the combined experimental evidence and modeling provide a
unified picture of the links between torsion, supercontraction, and tensile stress in spider silk, while
offering transferable tools for hygroscopically active fibers and bioinspired actuators.
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Sandwich structures, comprising fibre-reinforced facesheets and lightweight honeycomb or foam cores
are widely used in aerospace and other critical applications due to their excellent weight-specific
stiffness/strength. Recent investigations, driven by ThermHex Waben GmbH [1], have sought the
enhancement of sandwich panels through structural hierarchy, achieved by structuring the honeycomb
core, to delay cell-wall buckling, and by redesigning the monolithic facesheets as sandwich systems, to
improve resistance to local failure mechanisms. The effects of hierarchy in the facesheets of sandwich
panels with conventional cores are explored in this work. Homogenized axial and flexural stiffnesses
and density are derived and compared with those of conventional sandwich composites and monolithic
materials, using material selection charts to better deal with the increased number of geometric and
material parameters of the hierarchical systems. For fixed total thickness and equivalent density
(weight), the introduction of hierarchical facesheets generally leads to a reduction of the stiffness,
except at very low equivalent densities where the performance is comparable. On the other hand, if the
restriction on the fixed height is released, substantial stiffness improvement is observed for fixed weight.
The higher local flexural stiffness of the hierarchical over the monolithic facesheets, is expected to have
positive effects on local failure mechanisms (wrinkling, dimpling, indentation). To investigate these
behaviours, elasticity models formulated to analyse wrinkling in conventional sandwich structures
with thick/thin cores and isotropic/orthotropic constituents, have been assessed and adapted, e.g.
[2,3,4]. Replacing the bending stiffness of the facesheets with that of the hierarchical configuration in
the model of a Euler-Bernoulli beam on a half-plane, which has been proven to accurately describe
the wrinkling collapse of conventional thick-core sandwiches [3], appears to significantly enhance the
critical wrinkling stress. However, 2D FE analyses, suggest that this improvement might be reduced
by the increased axial/shear deformability of the hierarchical facesheets, which should be included in
the model. An experimental campaign is in progress on hierarchical sandwich systems made of glass
fiber reinforced polymer facesheets and very low-density foam cores to assess the flexural stiffness and
wrinkling and indentation strengths.
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Beam- or rod-like components are structural elements employed in countless engineering applications,
whose slender geometry naturally motivates the use of approximate one-dimensional theories [1].
Although numerous beam formulations are available, their rigorous and rational derivation starting
from three-dimensional elasticity is not trivial in many instances, such as, for example, the case of
non-conventional constitutive material behavior. This issue is particularly relevant for beams made
of Cournier-type bimodular materials, for which, in a 1D setting, the constitutive response can be
roughly described as linear in both tension and compression, but governed by different elastic moduli.
Such behavior, typical of several composites and biomechanical materials, belongs to the broader
class of conewise elastic materials characterized by continuous, convex, and possibly non-differentiable
energy potentials. However, despite their increasing relevance in applications, the theoretical aspects
of the mechanics of beams exhibiting unilateral material behavior remain only partially understood,
with existing contributions mainly limited to numerical investigations [2].

In this paper, we address this gap by providing theoretical and analytical insights into the mechanics
of beams made of Cournier-type bimodular materials, within a two-dimensional small-displacement
setting and considering the particular, though important, case of no-shear models. The governing
equations for this class of structural elements are rationally derived in the dual-constraints framework
by minimizing a Hu-Washizu-type functional, leading to consistent generalized stress and strain
measures and equilibrium equations. These equations show that the beam mechanical response is
strongly governed by the position of the neutral axis, which, however, is no longer determined a priori
in this case because of the tension-compression asymmetry. Hence, the general equation of the neutral
axis is obtained, together with closed-form expressions for some cross-sectional geometries of practical
relevance, enabling the analytical derivation of the elastic solution for the beam problem in terms
of displacements, strains and stresses. Moreover, it is shown that, in specific cases, the governing
equations retain the classical Euler-Bernoulli form, provided that the bending stiffness is replaced by
a suitable equivalent counterpart. Closed-form examples finally demonstrate the agreement of the
proposed theory with numerical results reported in [2].
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The modeling of soft materials has become increasingly important in modern engineering and scientific
applications. These include advanced aerospace systems such as morphing wing skins, soft robotic
devices, and energy-absorbing structures in UAVs and space capsules, where damage may occur
due to cyclic loading, environmental conditions, or impact events. Similar challenges also arise in
biological contexts, for instance in simulating surgical procedures on brain tissue. Enhancing the safety
and performance of such systems requires the development of reliable and efficient numerical tools.
Peridynamics, a nonlocal reformulation of classical continuum mechanics, is particularly suitable for
simulating damage processes. Within this framework, correspondence models [1] make it possible
to incorporate hyperelastic constitutive laws commonly used in classical continuum mechanics to
describe soft materials. These models require stabilization techniques to prevent zero-energy modes
[2]. However, when applied to nearly incompressible materials, stabilized correspondence models
suffer from numerical issues analogous to volumetric locking in finite element codes, resulting in
an artificially stiff response under non-homogeneous deformations. To address this limitation, the
selective bond-associated method was proposed in [3]. In this work, the proposed approach is extended
to include Ogden-type hyperelastic constitutive models and is validated through numerical simulations
of representative problems involving indentation and evolution of discontinuities.
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The Enhanced Analytical Spectral Moments (EASM) method, developed by the authors in previous
studies [1], provides an efficient probabilistic framework for seismic response evaluation based on
random vibration theory. Ground motion is modeled through power spectral density functions
consistent with design response spectra, while closed-form approximations of spectral moments
enable rapid estimation of response statistics without resorting to time-history analyses [2, 3]. The
method enables a probabilistic characterization of seismic response while preserving the simplicity of
response-spectrum-based representations. Building on this framework, the EASM method is extended
to the probabilistic structural optimization of large multi-degree-of-freedom systems. Owing to its
computational efficiency, the approach is particularly well suited for iterative optimization procedures,
where repeated evaluations of structural response are required. Response quantities, expressed in
statistical terms, are directly incorporated into objective functions and constraints, allowing seismic
uncertainty to be explicitly accounted for within the optimization process. The proposed framework
also supports the assessment of alternative design strategies, including modifications of structural
properties and the potential integration of vibration mitigation solutions, within a unified probabilistic
setting. The methodology is demonstrated through its application to a real building characterized by
a large number of degrees of freedom, representative of complex large-scale structural systems. The
results highlight the capability of the EASM-based approach to provide accurate response estimates
with limited computational effort, enabling efficient performance-based optimization under seismic
loading. The study confirms the potential of the EASM method as a powerful tool for the probabilistic
analysis and optimization of large-scale structures, with direct implications for advanced seismic
design and assessment.
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This contribution presents a novel uncertainty-aware extension of the Fast Relaxed Vector Fitting
(FRVF) framework for experimental modal analysis (EMA) of structural systems. The study starts
from the methodology detailed in [1], i.e., an adaptation of the FRVF principles from electrical
engineering [2] to mechanical vibrations. That application is here extended from deterministic
modal extraction to explicitly include uncertainty propagation (UP) from repeated frequency response
function (FRF) measurements into the identified modal quantities (natural frequencies, damping ratios,
and mode shapes), following the best practices in current system identification (both input-output or
output-only [3]).

The study is experimentally tested, considering the well-known Los Alamos three-storey frame
benchmark under 17 structural configurations (one linear baseline, 8 linear scenarios with varying
localised added masses or reduced stiffnesses, and 8 nonlinear scenarios with or without additional
mass). For uncertainty estimates, 50 realisations are available for each scenario. For every realisation,
single-input multi-output (SIMO; 4 output channels) FRFs are estimated in the 20-150 Hz range,
smoothed, and fitted through FRVF to obtain poles and residues. A mode-tracking stage based on
the modal assurance criterion (MAC [4]) is introduced to ensure consistent correspondence among
repeated identifications.

The ensemble of repeated tests is then used to quantify the propagation of experimental variability
into the identified modal parameters, using mean values, standard deviations, coefficients of variation,
95% Student-t confidence intervals (CIs), and 95% bootstrap confidence bounds. The proposed
workflow also monitors fitting residuals and MAC distributions, thus providing uncertainty information
not only on frequencies and damping ratios but also on the stability of the identified mode shapes.
The resulting framework is intended for vibration-based structural assessment, where the reliability of
damage-sensitive features is as important as their nominal value. Compared with the original FRVF
application to structural modal identification [1], the present study moves toward a probabilistic
interpretation of the identification output and provides a practical route to uncertainty-informed
structural integrity diagnosis from repeated experimental data.
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Human-induced vibrations are a crucial aspect in the design of lightweight structures. The uncertainty
in pedestrian-induced loading parameters can affect significantly the expected vibration level [1].
Vibration serviceability assessment is commonly carried out neglecting human-structure interaction,
since it is widely recognized that, in the vertical direction, human-structure interaction is beneficial,
providing additional damping to the structure.

The aim of the present paper is to study the propagation of the uncertainties in the loading and
human properties on the human-induced vibrations of footbridges. The structure is represented as a
continuous system, whereas pedestrians are modelled as stationary single-degree-of-freedom (SDOF)
oscillators whose damping ratio and natural frequency are defined as interval variables [2]. The
pedestrian-induced load is modelled as a stationary random process using an equivalent spectral
model [3], enabling closed-form expressions for the power spectral density and spectral moments of
the response.

At a first step, based on the analysis of the available literature, the bounds of the dynamic properties
of the SDOF systems representing pedestrians are defined. Assuming the dynamic response dominated
only by the first mode of vibration, an interval model of the Frequency Response Function (FRF)
for the coupled system and of the maximum dynamic response of the structure are introduced. Two
numerical applications are considered: a footbridge with natural frequency coincident with the nominal
value of the pedestrians’ step frequency and a footbridge with natural frequency coincident with the
nominal value of the frequency of the SDOF systems characterizing pedestrians. Preliminary results
show that the uncertainties in the dynamic properties of pedestrians play a crucial role in assessing
the vibration levels of footbridges.
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Origami-inspired structures have gained increasing attention in engineering applications due to their
exceptional versatility, large deformability, and tunability of the mechanical response. Among them,
the Kresling pattern represents a well-known bistable configuration, characterized by coupled axial–
rotational kinematics and a highly nonlinear energy landscape. However, most existing models rely
on ideal geometries, neglecting the inevitable imperfections introduced during production [1, 2, 3].
In practice, manufacturing processes introduce geometric and material defects, such as variations
in panel dimensions, non-uniform crease stiffness, and inaccuracies in fold positioning. In bistable
systems, even small imperfections may significantly alter the energy path [4, 5].

This work investigates the sensitivity of the bistable response of Kresling structures to geometric
imperfections. A reduced five-parameter mechanical model is adopted [6], in which bar stretching
and fold rotation contribute to the total potential energy. Geometric imperfections are introduced
through a stochastic parametrization, enabling a quantitative assessment of their effect on the energy
landscape. The equilibrium response is then analyzed to evaluate the degradation of bistability
and the associated energy barriers [7]. A scaling law is derived to describe the reduction of the
energy barrier as a function of defect amplitude, showing that imperfections systematically weaken
bistability and may ultimately suppress it. The proposed formulation establishes a direct relationship
between imperfection amplitude and energy landscape modification, providing predictive insight
into the robustness of bistable response. These results offer practical guidelines for the design of
origami-based mechanical systems, enabling the definition of manufacturing tolerances required to
preserve bistability and achieve target performance.
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The growing demand for lightweight structures that combine material efficiency with high mechanical
performance is driving increasing interest in architected materials inspired by biological systems
and enabled by advanced computational design and additive manufacturing. In this context, triply
periodic minimal surfaces (TPMS) have emerged as a particularly promising class of geometries.
Their highly interconnected porous morphology resembles that of natural biological structures, such
as bone matrices, where mechanical efficiency results from a balance between low weight, stiffness,
and effective load transfer. Combined with their mathematical regularity and bicontinuous topology,
these features make TPMS especially attractive for performance-oriented structural design.

This contribution presents the latest advancement of a broader research programme focused on the
optimisation of TPMS-based structures through stress-informed design strategies. In an earlier stage
of the work, TPMS architectures were developed through computational modelling, manufactured
by additive techniques, and experimentally investigated under mechanical loading [1]. Conventional
mechanical testing was complemented by thermoelastic stress analysis (TSA), which provided full-field
measurements of stress distribution and confirmed the capability of finite element models to accurately
predict the structural response.

Building on this validated framework, the present study investigates two complementary optimisation
strategies aimed at improving the mechanical efficiency of TPMS architectures, while considering the
stochastic variability associated with manufacturing defects and process-induced imperfections. First,
a functionally graded configuration was achieved by locally modulating wall thickness according to
the Von Mises stress field obtained from finite element analyses, thereby allocating material where
it is most mechanically needed. Second, the orientation of the TPMS unit cells was aligned with
the principal stress directions in order to improve load transfer and strengthen the correspondence
between structural morphology and internal stress paths.

Experimental results permitted to verify if the combined application of stress-driven grading and
directional cell orientation leads to a clear improvement in mechanical performance compared with non-
optimised reference configurations. Overall, the findings highlight the potential of optimised TPMS
architectures as a robust and scalable design strategy for next-generation lightweight components,
with promising implications for advanced structural and biomedical applications.
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The study of free-surface fluid flows is essential for simulating both engineering applications and
natural phenomena. These problems involve unconstrained liquid interfaces whose time evolution
must be computed, often leading to complex and highly transient geometries that are difficult to
model accurately. Among the available numerical techniques, Lagrangian approaches are particularly
effective, as they naturally track interface motion. However, mesh-based formulations may suffer
from distortion as nodes move. The Particle Finite Element Method (PFEM) addresses this issue
by combining a finite element solver with an efficient remeshing strategy, preserving mesh quality
throughout the simulation [1].

Despite its effectiveness for complex, large-scale problems, PFEM can be computationally demanding.
Surrogate models offer a way to reduce this cost by approximating system behavior, but their
development for PFEM-based free-surface flows is challenging. Unlike standard approaches, PFEM
data is defined on evolving meshes, making it difficult to establish a consistent reference configuration
for solution mapping. To address these challenges, a novel approach based on Proper Generalized
Decomposition (PGD) is proposed and extended to non-constant domains with mesh motion and
remeshing [2]. In addition, we investigate an alternative surrogate modeling strategy based on Graph
Neural Networks (GNNs). GNNs are well suited for unstructured data, as commonly encountered in
free-surface flows, and overcome the limitations of grid-based methods. Unlike existing particle-based,
mesh-free GNN approaches, the proposed NPFEM framework exploits the mesh structure of PFEM
simulations, allowing the data to be directly interpreted as graphs without reconstruction during
training [3]. Both approaches are evaluated and compared across several benchmark cases.
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The development of reliable digital representations of cultural heritage assets is becoming increasingly
important for conservation, structural assessment, and long-term monitoring. While high-fidelity
geometric models provide an accurate description of the shape and appearance of historical artefacts,
effective conservation strategies also require a mechanical representation capable of reproducing the
actual structural condition and dynamic behaviour of the monument. In this context, physics-based
digital twins offer a powerful framework by integrating detailed geometric information with numerical
models calibrated through experimental observations. This work presents an integrated methodology
for the development of a physics-based digital twin of the Equestrian Statue of Marcus Aurelius,
combining reality-based geometric reconstruction, numerical modelling, and non-contact dynamic
measurements.

A detailed three-dimensional representation of the monument was obtained from a high-resolution
point cloud survey. The acquired geometry was processed to generate a finite element model capable
of reproducing the complex morphology of the statue and its supporting system. To characterize the
dynamic behaviour of the monument, full-field motion measurements were acquired through a vision-
based approach relying on digital image correlation techniques. The identified modal information was
employed to refine the numerical representation and improve the consistency between experimental
observations and numerical predictions.

The study demonstrates the feasibility of entirely non-contact procedures for the dynamic assessment
of cultural heritage structures and highlights their potential for future monitoring and conservation
strategies.
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This study presents a sensor placement methodology for a digital twin-based structural health
monitoring and predictive maintenance framework applied to the Città dello Sport in Rome, designed
by Santiago Calatrava. Data assimilation is formulated as a classification problem and addressed
through a supervised approach that maps sensor observations to estimates of damage presence and
location. Within a simulation-based framework, the structural dynamics is modelled through a
high-fidelity finite element model, which is systematically queried offline to generate training data
representing structural behaviour under varying damage conditions. Sparse sensing techniques are
employed to optimize the minimal set of measurement locations that enhances the separability
of damage-sensitive features in a low-dimensional space, as measured by the classification of the
simulated damage patterns. The obtained results demonstrate accurate classification of undamaged
and damaged configurations with a limited number of sensors, displaying robust performance under
varying operational conditions. The case study therefore highlights the effectiveness of classification-
oriented sensor placement as a key enabler for digital twin applications in large-scale, complex civil
structures.
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This study proposes a remote structural health monitoring (SHM) framework for detecting and
characterizing structural anomalies in bridges using Differential Interferometric Synthetic Aperture
Radar (DInSAR) displacement measurements combined with environmental data [1]. The methodology
consists of a physics-informed approach that integrates a simplified structural model with statistical
descriptors of the measured displacement fields. Daily statistical features are extracted from InSAR
displacement time series together with temperature data to capture both structural response and
environmental effects. A simplified parametric model of a bridge is then developed and calibrated to
reproduce the observed displacement behavior. The calibrated model is used to generate a synthetic
dataset comprising both the healthy configuration and possible anomaly scenarios, including prestress
loss and support settlements.

A transfer learning strategy based on Transfer Component Analysis (TCA) is used to address the
discrepancy between simulated and real data [2]. The transformation matrix is learned on a shared
baseline interval between real and synthetic data and then applied to harmonize the entire dataset. A
neural classifier trained on the harmonized synthetic data is subsequently used to infer the structural
condition of the real bridge, overcoming the common limitation of scarce labeled damage data.

The methodology is demonstrated on the Polyfytos bridge (Greece), a Gerber bridge known to
exhibit serviceability issues in the past years [3]. Results indicate a progressive deviation from the
baseline structural behavior, consistent with an evolving anomalous scenario. The identified anomaly
is in agreement with in-situ observations and compatible with the effects of a prestress loss. This
result highlights that combining simplified structural modeling with spaceborne radar measurements
enables effective monitoring of bridge serviceability, while supporting maintenance-oriented decision
making.
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Under biaxial tension, fibre-reinforced biological tissues are typically expected to exhibit in-plane
stretches that grow monotonically as the applied loads increase. However, for certain combinations
of fibre orientation and load biaxiality, this expectation may break down, as one of the principal
stretches attains a local maximum and then decreases, while the biaxial loads continue to rise – a
counterintuitive kinematic phenomenon that we refer to as stretch reversal.

In this work, we discuss this aspect and pinpoint the conditions enabling such reversal in anisotropic
hyperelastic materials representative of fibrous biological tissues. The phenomenon emerges from
a geometric interplay among three competing ingredients: the compliant isotropic ground matrix,
the stiff anisotropic fibre network, and the incompressibility constraint characteristic of soft tissues.
Adopting an exponential strain-energy function of the type widely used in soft-tissue biomechanics,
we derive a critical fibre stiffness threshold that demarcates two distinct regimes, one of immediate
transverse contraction and the other admitting stretch reversal.

The theoretical predictions are then complemented by numerical simulations and experimental
observations on reproductive tissues. A finite element formulation of cruciform specimens is developed
to translate the analytical framework into a realistic testing configuration. Notably, the same
kinematic signature is also observed in creep experiments, where anisotropic viscoelasticity contributes
an additional time-dependent mechanism. Finally, the sensitivity of the reversal to fibre architecture
suggests its potential use as a basis for sequential strategies aimed at identifying constitutive parameters
from biaxial mechanical tests.
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Remodeling in biological tissues comprises multi-field stochastic processes spanning several time
and length scales. Although the problem has been widely investigated using directional statistics
approaches supported by experimental observations, a comprehensive theoretical framework is still
lacking. In this contribution, we clarify the theoretical origin of the out-of-equilibrium dynamics
governing soft tissue fiber remodeling in the context of homogenized constrained mixture models
(HCMM) [1,2]. We analytically solve a mechanically driven evolutionary model for collagen fibers and
demonstrate that the emergence of the Von Mises distribution follows naturally from the underlying
mechanics, in agreement with established optical measurements. We further introduce a quantitative
framework to track the evolving level of structural organization by representing fiber density through
a probability distribution function (PDF) and defining a continuous Shannon entropy. The proposed
methodology yields closed-form expressions for the drift term in the associated Fokker–Planck equation.
Finally, we derive and solve the corresponding stochastic differential equation, interpreting tissue
reorganization as the time evolution of noisy fiber remodeling processes.
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Neurodegenerative diseases pose a major challenge for contemporary medicine, driven by the rapid
aging of the global population. A central class of these disorders is the family of proteinopathies (i.e.,
Alzheimer’s and Parkinson’s diseases), where disease onset is linked to the misfolding, spreading, and
aggregation of proteins in the brain. Mathematical modelling plays a key role in describing disease
progression and in supporting clinical practice, by capturing the dynamics of prion-like proteins
and the response of brain physiological systems, while advanced numerical methods are required to
simulate these processes in silico.
In this talk, I will present mathematical models and numerical schemes for simulating neurodegenera-
tive diseases in realistic brain geometries. The discretization is based on high-order discontinuous
Galerkin methods on polygonal and polyhedral meshes, which are particularly well suited to resolve the
complex brain surface and internal interfaces with high geometric fidelity. Special attention is devoted
to structure-preserving formulations, in order to guarantee physically meaningful concentrations of
misfolded proteins. Finally, I will show how biological post-mortem data can be exploited to inform
and validate the models.
The computational framework is implemented in lymph, a new software library for multiphysics
simulations based on polygonal discontinuous Galerkin methods.
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The periodontal ligament (PDL) is a specialized connective tissue that maintains periodontal homeo-
stasis and supports tooth function through its collagen fiber network and population of periodontal
ligament stem cells (PDLSCs). When affected by periodontitis, however, the PDL deteriorates, leading
to alveolar bone resorption and tooth loss. Since conventional treatments provide limited regenerative
outcomes, periodontal tissue engineering, combining biomimetic scaffolds and mechanical stimulation,
has emerged as a promising strategy to enhance the regenerative potential of PDLSCs.

This study investigates the influence of controlled mechanical stimuli, specifically stretch and shear
stress, on human PDLSCs (hPDLSCs) cultured in biomimetic environments. Three experimental
platforms were developed: (i) PDMS flexible substrates coupled with a stretch bioreactor, (ii)
electrospun PCL scaffolds integrated with a stretch bioreactor, and (iii) 3D TPU scaffolds combined
with a perfusion bioreactor. For the first platform, a custom PDMS substrate was designed through
an iterative process involving numerical modelling, manufacturing, and mechanical characterization.
Finite element (FE) analyses and digital image correlation (DIC) measurements were employed
to quantify strain distributions and estimate the mechanical stimulation experienced by adherent
cells. In vitro experiments demonstrated that the timing of cyclic stretching plays a crucial role in
promoting cell alignment and enhancing the expression of osteogenic and PDL-related genes. The
second platform increased the degree of biomimicry through electrospun PCL scaffolds. Several
scaffold formulations were developed and characterized in terms of mechanical and morphological
properties, enabling the identification of the most suitable configuration. Preliminary biological
investigations revealed pronounced cell alignment and overexpression of PDL-related genes, further
supporting the synergistic role of biomimetic scaffolds and mechanical stimulation in directing cellular
behaviour. Finally, the perfusion platform was employed to investigate the effects of fluid-induced
shear stress, a mechanical cue that remains poorly explored in vitro. Three-dimensional TPU scaffolds
with different pore architectures were characterized for morphology and permeability, while wall
shear stresses were estimated through computational fluid dynamics (CFD) simulations. Biological
experiments conducted under dynamic perfusion conditions showed significant upregulation of key
genes and enhanced protein deposition, providing new insights into the role of shear stress in PDL
regeneration.

Overall, the present work highlights the fundamental importance of combining biomimetic scaf-
folds with controlled mechanical stimulation in periodontal tissue engineering, contributing to the
development of more effective regenerative strategies for periodontal disease.
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Lattice materials [1, 2], particularly those based on triply periodic minimal surfaces (TPMS), represent
a class of architected materials defined by implicit mathematical surfaces periodically repeated in space.
Owing to their geometric continuity and periodic arrangement, these structures allow the development
of lightweight components with tailorable mechanical properties, which makes them appealing for
both engineering and biomedical applications. Nevertheless, natural biological materials rarely exhibit
perfect periodicity, as they adapt to environmental conditions, often introducing irregularities that
can improve their mechanical performance. In this work, the influence of geometric perturbations on
the mechanical response of TPMS lattices is investigated. Starting from ideal periodic configurations,
stochastic TPMS structures are generated by introducing stochastic perturbations in the orientation
and periodicity of the unit cells, following the methodology proposed in [3]. This approach maintains
surface continuity while enabling a controlled introduction of disorder into the geometry. The aim is
to evaluate how different levels and types of perturbations affect the global mechanical behaviour
of these structures. A set of random configurations is produced and compared with their periodic
counterparts to quantify the impact of geometric variability on stiffness and overall structural response.
The results provide insights into the relationship between perturbations and macroscopic mechanical
properties, highlighting trends that may lead to more efficient lattice designs. The proposed framework
establishes a computational approach for the analysis of stochastic TPMS lattices, with the aim of
supporting the design of improved architected materials.
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The structural analysis of historic masonry systems is often based on high-fidelity finite element
models capable of accurately reproducing geometry and local mechanical behavior. However, their
computational complexity limits their applicability in uncertainty quantification, parametric analyses,
and data-informed assessment frameworks [1].

This work proposes a stochastic modeling strategy for the derivation of equivalent structural
representations of the Ponte delle Torri, a large-scale historic masonry bridge [2,3]. Starting from
a detailed finite element model, an equivalent reduced-order model is constructed to reproduce the
global mechanical response of the structure while significantly reducing computational cost.

The reduction procedure is formulated to preserve key static and dynamic features, including
stiffness distribution, deformation patterns, and global modal properties. Uncertainty is introduced
at both the detailed and reduced levels through spatial variability of material properties and model
parameters, enabling a consistent probabilistic comparison between the high-fidelity and equivalent
representations.

Within this framework, the equivalent model is calibrated to match the response of the reference
finite element model across a range of loading conditions. The resulting reduced representation is
then employed to perform uncertainty propagation analyses, highlighting its capability to capture the
variability of structural response with limited computational effort.

The study provides insight into the role of model reduction in stochastic structural analysis,
showing how equivalent models can be effectively used to bridge detailed simulations and probabilistic
assessment of complex masonry structures. The proposed approach offers a robust and computationally
efficient tool for the analysis and interpretation of structural behavior under uncertainty.
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Impulsive events can be observed in a variety of natural and engineering systems. In recent years,
the need to use stochastic processes to model many engineering problems, including loads induced
by earthquakes, turbulent winds, or ocean waves, has been recognized. Therefore, an adequate
probabilistic characterization of the structural response must be performed. In these circumstances,
however, the excitations may be significantly non-normal, and the response is non-normal even in
the simplest linear systems. This need inspired the development of stochastic differential calculus, in
both Gaussian and non-Gaussian fields [1].

In this work, the important rules of the stochastic differential calculus, when the external and para-
metric (or multiplicative) excitations are modeled as Gaussian white noise processes, are generalized
to the case of non-Gaussian white noise excitations. This extension began some years ago, when
the classical Gaussian stochastic differential calculus was generalized to the Poisson delta-correlated
actions [2, 3].

In this study, the formulation is extended to the broader class of α-stable Lévy white noise processes.
It is shown that extending the formulation to α-stable processes naturally requires the inclusion of
correction terms within an Itô-type integration framework. These results have been possible thanks
to the evidence that, as well as the Gaussian white noises, are considered as the formal derivatives of
the Brownian motion processes; in the non-Gaussian case, the α-stable Lévy white noise processes
can be considered as the formal derivatives of α-stable Lévy motion processes.

Numerical analyses have been conducted for non-linear dynamical systems excited by different
classes of parametric α-stable Lévy white noise processes. The obtained results show the influence
of the correction terms on the response, and it is possible to see very accurate results, even if the
Itô-type integral is used.
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Reliable prediction of dam crest displacement is essential for the structural health monitoring and safety
management of large concrete dams. In most operational models, thermal actions are represented
through simplified formulations, such as sinusoidal seasonal components, air temperature records, or
a limited number of embedded temperature sensors. While these approaches are practical, they may
be inadequate when dense temperature measurements are available along the dam cross-section at
multiple elevations, since the identification of representative thermal inputs becomes nontrivial.

This paper proposes a data-driven framework that exploits Principal Component Analysis (PCA)
to synthesize high-dimensional temperature measurements into a reduced set of meaningful thermal
indicators. Temperature data collected at the upstream face, dam core, and downstream face are
first processed using PCA to extract dominant spatial–temporal patterns governing the thermal
behavior of the structure. The resulting principal components are then integrated, together with
hydrostatic load and long-term temporal effects, into a multiple linear regression (MLR) model for
crest displacement prediction.

The methodology is validated on the Ridracoli arch-gravity concrete dam in Italy, for which an
extensive monitoring dataset is available. The proposed PCA-based model demonstrates a clear
improvement in predictive performance compared to conventional models relying on predefined
seasonal terms. The results highlight the potential of combining advanced statistical techniques with
high-resolution monitoring data to enhance the interpretation of dam behavior and support more
informed decision-making in dam safety assessment.
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Matrix viscoelasticity has emerged as a key regulator in health and disease, for example playing a
role in fibroblast activation, fibrosis and cancer progression, and therapy resistance [1–3]. Despite the
importance of such cues, the field lacks a feasible method to measure these quantities in a way that is
[1] compatible with the variety of cardiac 3D in vitro models, [2] localized, i.e. providing mechanical
cues perceived at the cell scale, and [3] amenable to large scale screening, for both biomaterial
optimization and preclinical drug research.

Here, we show how the Pavone nanoindentation platform can be leveraged at every step of a
bottom-up tissue engineering and screening workflow, from native tissue testing to model engineering
and in-vitro functional screening, to provide design guidelines for better in vitro models and functional
markers of disease and treatment efficacy.

In particular, we present examples where nanoindentation data was used in different steps of
preclinical workflow. First, the elastic properties of target tissue are identified, to build biomimetic
replicates [3]. Second, viscoelastic, adhesive, and morphological properties of bioinks and printed
microstructures are evaluated to ensure manufacturing consistency and tunability. Lastly, the same
properties are leveraged as functional biomarkers to assess the effects of cardiac ECM remodeling and
treatment administration in a cells/ECM mixture and spheroid model, respectively.

The ability to characterize the mechanical properties at multiple scales and levels of model
complexity, with the same device, represent a fundamental step forward towards more physiological
models, with higher predictive power thanks to more comprehensive readouts. The compatibility
of the approach with standard formats such as 96 or 384 wellplates, as well as the label-free and
non-destructive nature of the assay make it a powerful addition to preclinical workflows and model
development.
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Cell migration is essential for many physiological processes, including tissue repair, immune response,
and transport between organs. Understanding it is also crucial for studying diseases in which cells
move abnormally and for developing effective therapies.

In [1], we prove the well-posedness of a model introduced in [3], describing cell populations diffusing
across two tissues separated by a thin membrane, with interface conditions accounting for motility
terms depending on a continuous phenotypic parameter. This influences cell invasiveness and the cells’
ability to cross biological barriers. The model captures both active motility and passive responses to
compression due to growth. Using results from [2], we establish existence of solutions in the absence
of active stress via a regularized approximation and fixed-point arguments.

Tissue engineering has recently gained great interest. On of its approaches focuses on scaffolds,
namely artificial 3D structures that mimic the extracellular matrix and support cell adhesion, growth,
and migration. In [4], we study periodic scaffold geometries (such as cubic lattices and triply periodic
minimal surfaces) to determine the largest rigid spherical nucleus that can pass through them with
minimal deformation. In [5], we introduce an optimality ratio to classify these structures based on
the average path that a cell travels between unit cells.
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Cetaceans rely on sound for vital tasks, including communication, environmental sensing, and prey
detection. Although several hypotheses address the acoustic pathways involved in the overall cetacean
hearing process, the mechanisms by which sound and vibrations propagate through diverse tissues,
particularly for echolocation, remain poorly understood. Addressing such issues might be key to
understanding how cetaceans achieve extremely high precision in echolocation, outperforming the
sound localization skills of most terrestrial mammals.

We explore the potential of using SPECFEM3D [3, 4], an open-source spectral element method
solver, to model three-dimensional sound propagation through a CT-scan-based model of the head
of a bottlenose dolphin (Tursiops truncatus). SPECFEM3D provides highly efficient time-domain
simulations, essential for capturing complex wave interactions in biological tissues. Optimized for
parallel supercomputing, it supports large-scale simulations in non-homogeneous media, enabling
analysis of wave propagation through varied tissues.

The spectral element method is applied here to high-frequency biophysical modeling of marine
mammals for the first time [1]. We validate our model by benchmarking it against a pseudospectral
wave-propagation model [2] based on the same CT scan. We then use numerically generated data
to train a machine-learning algorithm to localize sound sources in 3D. Despite technical challenges,
notably the generation of hexahedral meshes for intricate biological structures, our results suggest that
the spectral element method provides an efficient framework for studying the mechanics of audition
in biological media.
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Bioabsorbable magnesium-based fixation screws can provide temporary support during bone healing
while avoiding secondary removal surgery, but their use is limited by the difficulty of predicting
degradation in physiological environments. This work presents a peridynamic computational framework
for modelling Mg-alloy screw degradation in a biomimetic electrolyte. Corrosion is described as anodic
dissolution at the evolving solid-liquid interface, coupled with diffusion of released metal ions in the
liquid phase. The nonlocal peridynamic formulation naturally handles interface recession without
explicit surface tracking or remeshing.

The model extends the FFT-accelerated PeriFast/Corrosion framework [1] and previous phase-field
models [2] by introducing a space- and time-dependent corrosion current density. This allows uniform
corrosion and pitting-like degradation to be treated within the same formulation. In the non-uniform
case, randomly distributed current-density peaks over a background value represent mesoscale effects
of local microstructural heterogeneities, so that pits emerge from the interaction between the wetted
surface and the current field rather than from prescribed geometric defects.

The framework is calibrated against 60-day experimental volume-loss data for an M2 Mg-10Gd
screw in an medium mimicking the biological bone environment. Results compare degradation through
volume loss, ion concentration, and surface roughness, and demonstrate region-dependent current
distributions for heterogeneous implant environments.
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Constitutive Modeling in Nonlinear Elasticity: History, Pitfalls,
and Perspectives.

G. Saccomandi1
1 Department of Engineering, University of Perugia, Perugia, Italy

This lecture presents a critical overview of constitutive modeling in nonlinear elasticity, with particular
emphasis on isotropic incompressible materials. Starting from the historical foundations of the Italian
school and the seminal contributions of Rivlin, the talk revisits the motivations behind invariant-based
strain-energy functions and their experimental interpretation.

The widespread proliferation of constitutive models is discussed in relation to several recurring
pitfalls, including over-parameterization, identifiability issues, and an excessive reliance on analyticity.
Special attention is devoted to Ogden-type models, whose remarkable descriptive capabilities are
contrasted with their well-known limitations in predictive reliability.

By reconsidering classical experimental data and multiscale arguments, alternative modeling
perspectives are outlined, with the aim of clarifying the principles that should guide constitutive
choices in nonlinear elasticity and their applications to soft materials and biomechanics.
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Numerical Modeling of Structural Nonlinearities with
COMSOL Multiphysics

M. Pagani1
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The COMSOL Multiphysics environment provides a comprehensive FEM framework for analyzing the
mechanical behavior of solid structures across engineering and research fields. Its features, including
shell and beam elements, dynamic and vibration modeling, and contact analysis, are applied across
numerous fields, including civil, mechanical, and biomechanical engineering, geo-mechanics, and
MEMS design.

This presentation explores COMSOL Multiphysics capabilities in handling structural nonlinearities,
including geometric nonlinearity, contact, and material nonlinearities. While geometric linearity is
often tacitly assumed, it becomes unsuitable in cases of large rotations, significant deflections, or
stress stiffening.

Structural contact modeling is a highly nonlinear problem; available methods and practical
approaches for both static and dynamic analyses are briefly discussed.

Material nonlinearities are also critical, as many materials exhibit nonlinear stress–strain behavior
at higher stress and strain levels. Nonlinear Structural Materials Module and Geomechanics Module
include numerous built-in models and supports the customization of constitutive laws. Parameter
identification for nonlinear material models requires the use of extensive experimental datasets, and
COMSOL Multiphysics enables calibration through nonlinear least-squares parameter estimation
techniques and efficient gradient-based optimization solvers.

Under large strains, several material models have regions where the material is unstable, indicating
use beyond their validity range and potentially causing convergence issues. COMSOL Multiphysics
provides dedicated tools to test material models in advance, ensuring more reliable simulations.
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Nonlinear Axial Dynamics in Thrust Bearings: Modelling,
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Axial sub-synchronous vibrations (SSV, ∼ 0.2X) in double-acting thrust bearings represent a critical
issue in high-performance turbomachinery. High-amplitude oscillations may span the entire available
axial clearance, leading to seal wear, pad fretting, and fatigue phenomena, often accompanied by
sudden amplitude jumps and load-dependent hysteresis. Although previous studies have identified
partial causes of these instabilities, no existing model has been able to quantitatively reproduce the
complete set of experimental observations.

In this work, a comprehensive nonlinear vibration model is proposed. The axial hydrodynamic
force is obtained by solving Reynolds’ equation on both sides of the thrust bearing. The resulting
net double-acting force introduces a Duffing-type nonlinear stiffness and damping, whose magnitude
increases as the collar approaches the pads. Furthermore, collar tilt induced by rotor bending modes
breaks the symmetry of the oil film, generating a net axial force at the same frequency and explaining
the sub-synchronous vibration signatures observed in radial measurements.

A coupled nonlinear axial–bending model is developed and rendered computationally efficient
through the adoption of artificial neural network (ANN) and interpolation-based surrogate models,
together with Craig–Bampton model reduction techniques. The resulting framework successfully
reproduces the experimentally observed SSV frequency, bi-stable operating regions, and vibration
amplitude jumps.

The methodology was applied to an H-class gas turbine during commissioning. Axial SSV phenomena
were identified between 10% and 50% of rated load, with vibration amplitudes reaching up to 0.9,mm
peak-to-peak, corresponding to the full available axial clearance. The model guided the redesign of
the thrust bearing through a reduction of bearing diameter, an increase in the number of pads, and a
reduction of pad area. Field validation demonstrated a substantial mitigation of the phenomenon,
with vibration amplitudes reduced below 200, µm peak-to-peak and the instability window narrowed
to the range between 10% and 25% of rated load.

Ongoing developments focus on the inclusion of thermo-hydrodynamic effects, pad dynamics, and
the extension of the methodology to centrifugal compressors operating under load-reversal conditions.
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Chromonic liquid crystals (CLCs) are a special class of lyotropic liquid crystals with promising
applications in the life sciences. The classical quadratic elastic theory of Oseen and Frank has been
shown to lead to potentially paradoxical consequences when applied to free-boundary problems, such
as those involving the equilibrium shape of chromonic droplets surrounded by their isotropic phase. To
overcome these limitations, it has recently been proposed that the elastic energy governing equilibrium
distortions in CLCs may depend quartically on the twist deformation.

In this contribution, we investigate the propagation of damped nonlinear twist waves arising from a
quartic twist elasticity model. We demonstrate that smooth solutions of the associated nonlinear
wave equation may lose regularity in finite time, giving rise to shock-wave formation. In particular, we
identify a set of mild conditions on the initial distortion profile that guarantee finite-time breakdown
of the smooth solution, thereby establishing shock waves as attractors in the dynamics of twist-wave
propagation in chromonic liquid crystals.

More specifically, an upper bound for the critical time t∗ at which the singularity occurs is derived.
Numerical simulations performed on several representative examples confirm the remarkable accuracy
of this estimate. Within the adopted framework, the director field is represented as

n = cosw, ey + sinw, ez,

where w = w(t, x) denotes the twist angle. At the critical time t = t∗, the twist field remains
continuous, whereas its first spatial derivative develops a discontinuity and the second derivative
diverges, revealing the emergence of a twist shock wave.

These results provide new insights into the nonlinear dynamics of chromonic liquid crystals and
highlight the fundamental role played by quartic twist elasticity in governing the formation of singular
wave structures.
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For over half a century, the capability of polymers to reduce friction in turbulent wall-bounded flows
has remained one of fluid mechanics’ most intriguing challenges. Following the seminal contributions
of Lumley and De Gennes, the theory of polymer-induced drag reduction (DR) advanced significantly
through the development of Direct Numerical Simulations (DNSs). Nevertheless, several fundamen-
tal questions remain unresolved, mainly due to quantitative discrepancies between experimental
measurements and numerical predictions obtained using continuum Eulerian viscoelastic models.

Recent developments have overcome some of these limitations by coupling the Eulerian Navier–
Stokes equations with Lagrangian descriptions of polymer dynamics, enabling the first realistic
simulations of polymer solutions and direct comparisons between numerical results and experimental
observations. In the large-extension regime, the relationship between polymer stress and fluid
deformation is represented through a tensorial viscosity that depends on both the concentration and
the spatial orientation of stretched polymer molecules.

This framework provides new insight into the mechanisms underlying drag reduction and offers a
more faithful representation of polymer-turbulence interactions. The resulting simulations capture
key flow features observed experimentally, including the structure of velocity fluctuations in the
maximum-drag-reduction regime, thereby contributing to a deeper understanding of one of the most
fascinating open problems in turbulent flow physics.
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Biological soft tissues exhibit complex mechanical responses arising from their hierarchical organization
[1]. Accurately modelling this behaviour is essential for understanding physiological function and
disease progression [2], and, more broadly, for advancing predictive frameworks in the mechanics
of soft materials. However, classical viscoelastic models based on spring–dashpot networks often
struggle to reproduce the broad power-law relaxation observed in many biological materials without
introducing a large number of parameters.

Fractional viscoelastic frameworks, formulated in terms of non-integer order derivatives, have
been shown to accurately capture such behaviour, providing a compact and effective approach for
constitutive modelling across multiple time and length scales [3]. Despite their effectiveness, these
models remain computationally demanding due to the non-local and history-dependent nature of
fractional operators, which limits their applicability in large-scale simulations.

In this work, we focus on the efficient numerical implementation of established fractional consti-
tutive models within a computational mechanics framework. We develop numerical strategies that
significantly reduce the associated computational cost while preserving predictive accuracy. Practical
tools for parameter identification and data fitting are also presented, enabling robust comparison
with experimental rheological measurements [4]. The proposed methodology retains the descriptive
power of fractional viscoelasticity while enabling efficient computation, thereby providing a practical
framework for the analysis of complex materials and opening new perspectives for the design and
modelling of advanced bio-inspired and soft engineered systems.
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Historical masonry structures constitute a substantial portion of the world’s architectural heritage.
Their preservation in seismic regions requires reliable methodologies for assessing structural vul-
nerability and predicting dynamic response under earthquake excitation. This task is particularly
challenging because masonry structures modeled as assemblies of rigid blocks exhibit intrinsically
non-smooth dynamics, characterized by velocity discontinuities arising from impacts and complex
contact interactions among blocks. Since Housner’s pioneering study on the rocking motion of
rigid blocks, numerous numerical approaches have been proposed to model the dynamic behavior
of masonry structures. Event-driven methods require accurate detection and treatment of impact
events, while the widely adopted Discrete Element Method (DEM) may become computationally
expensive in large-scale applications owing to the use of penalty-based contact formulations and
explicit time integration schemes. This contribution presents a novel variational framework based
on the Non-Smooth Contact Dynamics (NSCD) method for the dynamic analysis of block masonry
structures. Previous applications of NSCD have demonstrated the potential of impulse-based contact
formulations combined with implicit time integration, although existing approaches remain either
computationally demanding or restricted to two-dimensional problems. Building upon this background,
the proposed methodology reformulates the NSCD time-stepping problem as a convex optimization
problem with second-order cone constraints. This variational formulation enables robust, scalable,
and computationally efficient simulations of large-scale three-dimensional masonry assemblies while
accurately capturing the non-smooth nature of contact interactions. The proposed framework opens
new perspectives for the analysis and preservation of historical masonry structures. In particular,
its computational efficiency makes it especially attractive for large-scale seismic vulnerability and
fragility assessments, where repeated dynamic analyses are required to quantify structural reliability
under earthquake loading.
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	 -  Self-excited vibration in automotive clutch-differentials
	 -  A reduced-order model for the dispersion analysis of nonlinear periodic metamaterials
	 -  A comparison between different approaches of the Narrow Groove Theory for grooved gas bearings 
	 -  Experimental investigation on the tribocorrosion of different materials used in dual mobility hip implants 
	 -  Differential Algebraic Equations simulating Elasto-Hydrodynamic Lubrication 
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	 -  Intra– versus supra–annular deployment of the mechanical aortic valve: a fluid–structure interaction investigation 
	 -  Thermal regelation of irregular particles: a comparison with idealised spheres 
	 -  Vapour chamber performance analysis through Lattice Boltzmann method 
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	 - Mechanics-Informed Automation for Generating Modal Datasets for Structural Damage Identification
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	 - Topological Properties of Heterogeneous Flexural Systems and Analogy with the SSH Model
	 - Continuum–Molecular Modeling of Viscoelasticity: A Convolution-Driven Approach for Multiscale Analysis of Heterogeneous Media
	 - Dispersive Wave Propagation in Oriented Peridynamic Continua with Non-Central Interactions
	 - Simulation Driven Contributions to Product Development in Beretta
	 - Experimental characterization and finite element modelling of Fiber Metal Laminates subjected to ballistic impact
	 - Modeling of Electrolyte Concentration Polarization-Induced Phase Transformation in Low-Temperature Li-Ion Batteries
	 - Size Effects and Gradient-Dependent Response in Bending and Stretching-Dominated Mechanical Metamaterials
	 - Analysis of the spatial and material flow rules which govern remodeling in active gel discs
	 - Eulerian Modeling of Large Deformations in Deposition Processes
	 - Simulation and testing of polymer-based piezoelectric energy harvesters
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	 - Enhanced stress recovery for the Q4RS quadrilateral shell element via Recovery by Compatibility in Patches
	 - Increasing the Buckling Capacity with Modal Geometric Imperfections
	 - Three-dimensional mechanical response of dry-joint masonry on elastic soil
	 - A variational non-smooth contact dynamics framework for nonlinear static pushover analysis of 3D historical masonry structures
	 - Damage detection in beams via a stochastic approach
	 - Explicit Frequency Response of Multi-Cracked Beams Under Uncertain Damage
	 - A simplified numerical–experimental framework for seismic fragility assessment of high-voltage voltage transformers
	 - Condition-aware AI Framework for Automated Structural Health Monitoring
	 - An advanced patient-specific computational framework for fracture-risk assessment in pathological femurs
	 - Characterization of turbulent flow past mechanical aortic valves
	 - Obesity in musculoskeletal models: the interaction of BMI and lordosis on spinal loads
	 - Surface growth and residual stress in a cylindrical vessel
	 - Identification of micropolar yield parameters in composites from discrete simulations
	 - Generalized Macrohomogeneity Condition for Multiscale Modeling of Micropolar Continua
	 - On spacetime evolutive equilibrium of multiscale 1-D elastic structures
	 - A robust FEM-based iterative framework for stress-driven integral nonlocal analysis of shear-deformable nanoplates
	 - Nonlinear Response of Spar-Type Floating Offshore Wind Turbines to Parametric Sea Waves and External Wind Loads
	 - Nucleation in rank-one gradient plasticity: exact solutions and geometry-dependent regimes
	 - Localized Topological States for Advanced Microscale Sensing
	 - Low-frequency broadband acoustic metamaterials via hierarchical Helmholtz resonators
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	 - A Virtual Element Formulation for Geometrically Exact 2D Curved Beams
	 -  Spectral enrichment and guided wavemode interactions in micropolar plates
	 -  UGW propagation in plates through enhanced Global-Local analysis
	 -  Dynamic crack propagation speed transition in multilayer systems
	 -  A spectral multi-cracked Timoshenko beam element
	 - Swelling-driven morphing of soft structures through pressure generated by a confined hydrogel beads cluster
	 - Towards computational evaluation of angle-closure risk factors using an active-strain iris model
	 - Ab Initio Quantized Fracture Thermo-Mechanics (QFTM) of Snow-Slab Avalanche Release
	 - Rayleigh-Taylor surface instability in magnetoelastic soft solids
	 - On the shear correction factor in nonlocal Timoshenko beam theory
	 - A variational formulation for viscoplasticity with closed form solution of the constitutive problem and nonlinear kinematic hardening
	 - Uncertainty-Aware Line Element-less Method (LEM) Formulation for Kirchhoff Plates
	 - Asymptotic expansions for the dispersive properties of cubic lattices
	 - An invariant transformation in finite hyperelasticity: Jacobian structure, boundary singularities and energy coupling
	 - Static and kinematic invariants in Möbius kaleidocycles. A mathematical framework for designing complex rotating rings
	 - Geometric design and nonlinear analysis of reconfigurable deployable gridshells obtained from polyomino assemblies
	 - Understanding the Dual Foucault Pendulum MEMS gyroscope nonlinear dynamics
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	 -  On the choice of static and time-varying potentials in nonlinear energy harvesting
	 -  Free vibrations of symmetric functionally graded spatial Timoshenko circular arches
	 -  Exact Numerical Time Integration method for Moving Load Problems on Paderno d'Adda Bridge (1889)
	 -  A unified continuum approach to growth and morphogenesis in mechanobiology
	 -  The mechanobiology of biofilm
	 -  A computational framework for wound-healing optimization of 3D bio-printed implants in endoscopic surgery of the gastrointestinal tract
	 -  A preliminary approach to the mechanics of the human vitreous
	 -  The Chemo-Mechanics of Cell Motility and Blood Clotting
	 -  A theoretical model of the asymmetric end-notched flexure test accounting for contact and mixed-mode fracture
	 -  Directional Friction Mechanisms in Meta-Pipes for Improved Dissipation
	 -  Dispersive wave propagation in oriented peridynamic continua with non-central interactions
	 -  Electromagnetic wave interactions in laminated transparent composites for the design of space windows in low Earth orbit
	 -  A multi-scale approach for the design of architected composite materials
	 -  On the suitability of phase-field methods for Large-Eddy Simulations of two-phase turbulent flows
	 -  Large Deviations and Phase Change
	 -  A Hybrid High-Order formulation for multicomponent incompressible flows
	 -  Boiling heat transfer by phase-field method
	 -  How does interfacial stabilization affect transport in thermally driven liquid-liquid dispersions?
	 -  Fully-Coupled foundation soil modelling approach based on elastic half-space analytical solution
	 -  A simplified dynamic framework for collapse analysis of masonry arches
	 -  Nonlinear static and dynamic analysis of EBC-strengthened masonry arch structures using the Discrete Macro-Element Method
	 -  Reduced-Dimensional Interface Modelling for Masonry Structures
	 -  Modeling multistep phase transformations in tin-based anodes for sodium-ion batteries
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	 - Physics-informed kernel learning for ultimate capacity checks of RC sections
	 - Integration of elastoplastic constitutive laws in hybrid finite elements using a physics-informed neural network
	 - Cascade of Restabilizations along Linear Fundamental Paths of Axially Soft Multi-Degree-of-Freedom Systems
	 - Enhanced Energy Harvesting via Parametric Excitation Through a Modified Kapitza Approach
	 - Combined dynamic and DIC-based monitoring for damage detection in reinforced concrete structures
	 - Damage Identifiability-Based Optimal Sensor Placement in Structural Health Monitoring
	 - Dynamic behaviour of viscoelastic hysteretic isolators
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	 - Large language model-based approach to topology optimization of truss structures
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	 - A Deep Learning Surrogate Based on the Tensorized Fourier Neural Operator for Time-Dependent Seismic Wave Propagation
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	 - Closed-Loop 1D–0D Modeling of Cardiovascular–Ocular Fluid Dynamics
	 - Patient-Specific Modeling of Mitral Valve Dynamics After MitraClip: Impact of Residual Leaflet Asymmetry on Left Ventricular Flow
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	 - Stereo Particle Image Velocimetry of the Heart Left Ventricle
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