Abstract

This thesis investigates the potential of additively manufactured auxetic lattice structures for energy
absorption and dissipation with a particular emphasis on their crashworthiness performance. Aux-
etic materials, characterized by their negative Poisson’s ratio, possess peculiar deformation mecha-
nisms that cause lateral contraction under compression, sugesting potential advantages for energy
absorption.

Three thermoplastic polymers were selected to explore the influence of mechanical properties on
the acquirable performance: TPU, PP, and PA12, which were characterized through mechanical
testing following ISO standards for tension and compression. High Speed Sintering (HSS) manu-
facturing was used to produce specimens and the auxetic structures. From the test data, material
models were developed and validated in LS-DYNA, progressing from simple piecewise linear plas-
ticity (MAT_024) to an advanced compression-tension differentiated model (MAT 124).

A parametric numerical investigation was carried out in order to evaluate the influence of several
design variables on the energy absorption capability of the auxetics. The study included the effects
of unit cell base size, relative strut thickness, loading orientation, and material selection on per-
formance metrics such as Specific Energy Absorption (SEA), Peak Crushing Force (PCF), and Mean
Crushing Force (MCF).

The results demonstrated a 25% higher SEA in 3D reentrant structures loaded at 90° compared
to the standard orientation, and an optimal relative thickness of 10% of the base size. Energy
dissipation mechanisms were quantified by analyzing both stored elastic energy and irreversibly
dissipated energy through loading-unloading simulations. PA12 presented the highest dissipation
ratio (96%) due to failure, while TPU showed predominantly elastic behavior, and PP provided an
intermediate performance, but the highest overall SEA.

A comparative analysis later revealed superior crashworthiness in conventional lattice architectures.
Similarly, 2D honeycomb and extruded reentrant structures outperformed their 3D counterparts,
achieving higher SEA values, but at the cost of increased structural mass.

This research establishes a methodology for the design, manufacturing, and simulation of auxetic
structures for crash applications. The study provides valuable insights into their trade-offs in terms
of structural performance, providing guidance for future accurate simulations of HSS 3D printed
crash structures and lattices.
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1 Introduction

1.1 Motivation

Both energy absorption and dissipation are properties of great interest in engineering, particularly
regarding the crashworthiness of vehicles. Understanding the mechanisms behind them can help
improve the design of structures that preserve their functionality while enhancing their performance
in dynamic loading scenarios like a crash or an impact, which has the potential to improve safety
in road, rail, and air transportation.

The search for lightweight and crashworthy structures has become increasingly critical in modern
engineering. The optimization of aircraft structures like the fuselage section in Figure 1.1 is an
example of such advancements in an industry with strict safety regulations, environmental concerns,

and increasing performance requirements like aviation.

Figure 1.1: Crash concept with energy absorption by tensile loads for a new CFRP aircraft fuselage [7].

The evolution of additive manufacturing technologies has opened the opportunity for novel complex
internal geometries that were previously impossible to produce using conventional manufacturing
methods. Auxetic materials, characterized by a negative Poisson’s ratio, are a particularly intrigu-
ing type of engineered structures that offer a completely alternative material behavior. Auxetic
structures expand perpendicular to the applied load, creating unique deformation mechanisms.

The integration of auxetic geometries with additive manufacturing presents many opportunities
but also complex challenges. While 3D printing enables the fabrication of structures with intricate
internal features, the layer-by-layer deposition process introduces material anisotropy and other
side effects that can substantially influence mechanical performance. The lack of a validated sim-
ulation framework specifically adapted to 3D printed auxetic structures limits their assessment for




energy absorption applications, particularly when considering the nonlinear material behaviour, the
progressive failure mechanisms, and the contact interactions that dominate the crushing sequence.

1.2 Approach

This research aims to address the identified challenges through an experimental and numerical
investigation on additive manufacturing and crashworthiness performance.

The approach begins with a systematic material characterization campaign of additively manu-
factured polymers. The characterization involves tensile and compressive loading conditions, with
particular attention to the manufacturing orientation dependencies that influence structural perfor-
mance. Advanced measurement techniques, including Digital Image Correlation (DIC), are used to
capture true strain distributions and provide highly reliable data for the calibration of the material
models.

The experimental characterization is directly fed into the development of numerical models within
LS-DYNA, a finite element analysis platform with proven crashworthiness simulation capabilities. A
particular interest lies in triaxiality-dependent properties, since auxetic structures subject elements
to complex multiaxial stress states.

Finally, the approach includes a critical assessment that compares auxetic structures against other
well-established energy-absorbing architectures using consistent metrics and loading conditions to
provide direct performance comparisons.

Through this systematic approach, the research aims to establish a validated methodology for pre-
dicting the crashworthiness performance of additively manufactured auxetic structures, enabling
large parametric studies that would be too expensive to be conducted experimentally.




2 Fundamentals

As a first step, this chapter includes a literature review with the purpose of synthesizing existing
research that can be relevant to this thesis. Including conceptual foundations, definitions, as well
as experimental and numerical methodologies.

2.1 Energy Absorption and Dissipation

Energy absorption is a process by which a physical material or structure stores energy from an ex-
ternal source. In the context of this thesis, the origin of this external energy is the force exerted on
a structure. For example, during a collision or an impact.

Energy dissipation is another closely related physical process that describes how the energy entering
a mechanical system spreads and transforms, rather than being retained and transferred.

Materials have different mechanisms to absorb and dissipate energy:

* Plastic deformation: Irreversible deformation resulting from the conversion of the input en-
ergy into strain energy.

* Fracture and fragmentation: Cohesive failure of the material leading to the creation of new
facets.

* Viscoelasticity: Some materials, like polymers, can dissipate energy as heat through molec-
ular motion and relaxation.

Figure 2.1 shows a typical example of a structure’s Force-Displacement curve during a crash. The
initial slope can be tied to the elastic regime of the material. which reaches a local peak force before
permanently and progressively deforming and/or failing. The area under this curve is the sum of
the energy stored in the structure as potential energy and the dissipated energy through the previ-
ously mentioned mechanisms.
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Figure 2.1: Example plot of energy absorption (storage) and Dissipation [17].

In a second stage, the force is completely removed from the structure, which now acts as a spring,
recording a reversed Force-Displacement curve describing only the portion of energy that was not
dissipated during the first phase.

A frequent optimization problem in the engineering area of crashworthiness is to preserve the ab-
sorption capacity while reducing weight, and that is why Specific Energy Absorption (SEA) is widely
used for comparisons among different design choices.

Eabs

SEA = 2.1

Where:
* E.s is the energy absorbed in J.
* m is the mass of the structure in kg.

A definition [21] that justifies the necessity to evaluate crash performance not just based on the
ability to absorb energy, but also by comparing it to the structural mass required for it.

For comparison between structures composed by the same material, or by similarly dense materials,
a parameter normalized to the volume occupied by the structure is a suitable alternative to SEA.
Especially in cases where the research focuses on infill patterns, typically expressed volumetric
percentages, introducing the concept of Volumetric Energy Absorption (VEA)

Eap
VEA = =25 2.2
v (2.2)

Where V is the volume of the structure in m3.




These two parameters alone are a relevant performance metric in crash scenarios, but are insuf-
ficient to describe the complete behaviour. A more detailed view of the Force-Displacement plot
depicted in Figure 2.2 illustrates how the structure responds during the crash, and reveals a higher
complexity of the sequence.

A

PRE}crushin; . . i
= Progressive crushing zone Densificatio
- 3 .
§ Peak load, P
R
B
S Average load, P_

Displacement 6/mm

Figure 2.2: Stages of an exemplary crash sequence on a Load-Displacement plot [21].

Four main stages can be identified:

1. Pre-Crushing: The first part of the curve, representing the phase where the structure deforms
elastically, and therefore mostly reversibly (with a low energy dissipation). Force increases
proportionally to displacement.

2. Peak Crushing Force (PCF): The structure reaches a point where it can no longer deform
purely elastically, which results in local maxima that can be tied to buckling, failure, or lo-
cal yield of the structure. In terms of crashworthiness for transport vehicles, a high initial
peak force is often undesirable for occupant safety, since it can lead to potentially harmful
accelerations.

3. Progressive Crushing (Plateau Region): the curve levels out and the force remains relatively
constant as the structure progressively collapses. This is where, ideally, most energy absorp-
tion should occur, since a spread of the dissipation across a larger displacement implies a
more gradual process that is not concentrated in a very short time span, again preventing
dangerously high accelerations. Here, the concept of Mean Crushing Force (MCF) is intro-
duced, representing the average force over the plateau region. And the ratio of PCF to MCF
also serving as a relevant crash performance metric: Crush Force Efficiency (CFE).

4. Densification: As the structure continues to crush, the material becomes more and more
tightly packed, and force increases sharply as the original geometry turns into a solid slab.
The sudden increase in loads during this stage creates a non-ideal environment for energy
absorption. One of the design goals for crash structures is to minimize the contribution of
densification to total energy absorption, as the SEA is typically calculated by excluding it [8],
a method referred to as ”onset of densification”.




2.2 Lattice Structures

Lattice structures are three-dimensional frame-
works composed of the repetition of a UC.
They are connected to each other, typically
arranged in a regular pattern, and repre-
sent a recurrent choice for research of novel
lightweight component design concepts. A
unit cell is composed by nodes and struts
connecting them.
ample of a Kelvin Cell lattice with a high-
lighted UC, and a detail of its different ele-
ments.
customization of mechanical, thermal, and
even acoustic properties by fine-tuning their
geometry. And Kelvin Cells in particular
have been repeatedly studied due to their
potential for energy absorption and dissipa-
tion[4].

Figure 2.3 shows an ex-

Lattices open the possibility for the

Many different architectures exist, ranging
from other periodic lattices such as honey-
combs, cubic, or octet-truss, to stochastic struc-
tures defined by random arrangements or even
functionally graded lattices where mechanical
properties vary spatially to achieve a specific
target behaviour.

(d) (e)
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face t shell
square

face i

f od

beam
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Figure 2.3: Detail of a Kelvin Cell and lattice with
parameters [5].

A crucial differentiation among engineered lattice structures is whether their UCs are bending-
dominated or stretch-dominated when under loading, since this defines their mechanical behavior:

* In bending-dominated lattices, such as Kelvin Cell networks, deformation under load is
mainly defined by the bending of struts around the nodes. This mechanism results in a rela-
tively low stiffness and strength, but it allows for large strains and a soft initial response, which
makes bending-dominated lattices suitable for impact mitigation and cushioning, effectively

reducing peak forces upon impact.

* Stretch-dominated lattices are designed so that most of their struts carry axial loads under
tension or compression, which leads to a higher stiffness, strength, and SEA when compared
to bending-dominated types [9], making them a more suitable option for impact and crash-

worthiness applications.

The choice between them implies a fundamental trade-off that must be considered according to the

specific use case.




2.3 Auxetic Structures

Poisson’s ratio is a fundamental material prop-

erty that describes the ratio between axial and
transverse strains in a stressed material.
It quantifies contraction (or expansion) in the

direction perpendicular to the load application,
and it is defined as: Y1t T T T

V:_i (2‘3) %%‘7 = E
€a o o o
Where:
7] v ¥+ 4

* ¢ is the transverse strain
« &, is the axial strain Figure 2.4: Non-auxetic (left) and auxetic structure
(right) [14].

Auxetics, from the Greek au&ntikdg (auxetikods), “that which tends to enlarge” are a variety of engi-
neered structures defined by a negative Poisson’s ratio. This concept can be traced back to Poisson’s
work in the 19th century, but it was not until 1987 that Rodney S. Lakes [16] documented the first
experimental demonstration of a re-entrant polyurethane foam. The term auxetic itself was later
introduced in the early 1990s by Ken Evans [12] in a Nature article, establishing the groundwork
for contemporary research in auxetic materials. Unlike conventional materials, auxetics expand
when stretched and contract when compressed, as shown in Figure 2.4.
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Figure 2.5: Classification of various 2D and 3D concepts for auxetic lattice structures [6, 10, 17, 20, 15].

This behavior is the result of the mechanics of microstructural geometries such as re-entrant shapes,
rotating units, or chiral layouts, which collectively enable this special property. Over years of re-




search, diverse architectures with a negative v have been discovered. Figure 2.5 summarizes the
most relevant families of 2D and 3D structures.

Re-entrant cells are the most widely studied type, characterized by inward-pointing ribs that unfold
under tension, while the rotating rigid family consists of connected units that rotate relative to each
other, leading to large deformations, and chirals achieve auxeticity with node-ligament structures
with twisting of circular nodes that produces a lateral expansion. 2D variants have the advantage
of simpler manufacturability and analysis. Their 3D counterparts offer a more orthotropic behavior
and a reduced weight for the same infill volume.
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Figure 2.6: Example of an energy-absorbing structure for head protection in a vehicle crash [26].

The unusual behavior of auxetics has the potential to distribute stresses more evenly and to avoid
stress concentrations that can lead to premature failure, increasing the deformation volume during
energy absorption, which can allow the structure to absorb and dissipate more kinetic energy before
failure. By tuning individual parameters, the densification phase can be shifted or mitigated, the
plateau regions enlarged, and the energy absorption maximized [20].

A recent study by Sunao Tomita et al. [26] demonstrated the potential for vehicle crash protec-
tion by implementing a crushable auxetic headrest as shown in Figure 2.6. It achieves an initial
soft regime that mitigates PCF upon head contact, followed by a stiffer regime providing energy
absorption through continued deformation. Sled testing in real vehicles confirmed significant im-
provements in occupant safety when compared to conventional plate headrests, reducing the Head
Injury Criterion (HIC) from 274 to 155.




The compliant nature of some polymer auxetics
also enables multiple use cases for deformable
structures and ”print in place” 3D printed mech-
anisms. Figure 2.7 demonstrates a morphing
airfoil using a chiral core, allowing it to adopt
an optimal shape according to the flight condi-
tions.

For these reasons, auxetic lattices are con-
sidered to be promising tools for innovation
in applications like vehicle crash absorbers,
aerospace components, protective gear, and
even biomedical implants.

Figure 2.7: Chiral infill morphing airfoil concept by
Paolo Bettini et al.[2].

In this thesis, the main focus will be on 3D re-entrant configurations, an architecture with prece-
dents of enhanced SEA capabilities by fine-tuning of their multiple geometric parameters [25]. With
the added dimension of a multi-material consideration, and a critical comparison against other non-
auxetic, well-performing lattices, as well as their two-dimensional analogs.

2.4 Additive Manufacturing

Additive Manufacturing (AM), commonly referred to as 3D printing, is a range of manufacturing
processes by which components are fabricated layer by layer from a virtual model. In contrast to
conventional subtractive or formative methods, AM opens the possibility of manufacturing highly
complex parts with minimal material waste and is particularly important for the production of
auxetics, as well as other lattices and Triply Periodic Minimal Surface (TPMS) structures.

Their characteristic thin struts, overhangs, and void features are often not possible or too expensive
to recreate using traditional methods like machining or plastic injection. But building objects slice
by slice allows the placement of temporary support material that can hold overhang structures and
fill the empty volumes during the printing process. Several 3D printing technologies exist:

* Fused Deposition Modelling (FDM): a widely used, low-cost technology where a thermo-
plastic filament is melted and extruded through a moving nozzle to form layers made of
consecutive strings. FDM is easy to use and versatile in material choice, but it suffers from
relatively low resolution and problematic internal support removal, so is therefore discarded
as an option for auxetic manufacturing.

* Stereolitography (SLA) is one of the earliest AM technologies; its principle is the curing of a
liquid photopolymer resin, layer by layer, by using a UV source. It produces parts with very
high resolution and smooth surface finishes, but it is limited to photopolymer materials with
moderate mechanical performance, a compromise that collides with the objective of attaining
good energy absorption.

* Selective Laser Sintering (SLS) fuses powdered polymer layers with a high-power laser. The
unmelted powder acts as a support structure and can be removed after the printing process. It




can produce parts with good mechanical properties, at the expense of a more porous surface
finish. A good candidate for the production of all sorts of lattice structures, but an expensive
service that would have to be externalized.

* High Speed Sintering (HSS) follows a similar principle: first, a thin layer of polymer pow-
der (such as PA12, PP, or TPU) is deposited, then an inkjet printhead selectively applies an
infrared-absorbing ink to the regions to be sintered. Infrared radiation melts the covered
regions while leaving unprinted areas loose, and the process, represented in Figure 2.8 is re-
peated layer by layer until the completion of the object. Multi Jet Fusion (MJF), developed
by HP, also follows this same principle.
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Figure 2.8: Visual description of the process stages in HSS manufacturing [28].

HSS is the technology employed in this study

due to availability and versatility for print-
—~ ing with high-performance materials of radi-
[ cally different properties. The printer used
— . in this research, the VX200 HSS (Figure 2.9),
C— offers a build space of 290 X 140 X 180
n mm, adjustable layer thickness above 80 pm,
a medium grain size range of 55 pm to 1
mm, and a resolution of 360 dpi in the x-y
plane. This configuration provides good reso-

lution, and the manufacturer claims mechani-
cal properties comparable to injection molding,

Figure 2.9: VX200 HSS printer at the DLR Institut ; ] .
fiir Fahrzeugkonzepte in Stuttgart. which will later prove inaccurate for the used

setup.

Despite the great impact of printing parameters on the resulting parts, which will be further dis-
cussed in Chapter 3, there are many advantages to this method when compared to conventional
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manufacturing techniques. The flexibility of the process results in very short production times giv-
ing the option to print parts on demand, and the geometrical complexity of auxetic lattices comes
at no additional cost.
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Figure 2.10: Stair stepping effect on the surface of 3D prints due to layer thickness.

Like all AM processes, HSS is subject to a stair-stepping effect depicted in Figure 2.10 caused by
finite layer thickness, which can have an impact on performance for applications such as crash ab-
sorbing structures, where behavior is geometry-sensitive and deviations from the CAD model should
be avoided. Reducing layer thickness improves surface finish and prevents the appearance of stress
concentrators that become potential failure points, but at the expense of increasing printing time,
which limits the number of parts that can be inserted in the same print job, since the machine needs
to be continuously monitored due to safety concerns. By taking these particularities into consider-
ation, it was possible to produce surfaces that are suitable for functional testing of lattices without
requiring intensive post-processing.

2.5 Testing Standards

Characterizing the mechanical properties of the 3D-printed polymers used to create the auxetics in
this study is essential for understanding their suitability. This characterization is also necessary to
obtain an accurate material model for a numerical study including Finite Element (FE) simulations.
Internationally recognized standards such as ISO and ASTM are used for that purpose. They spec-
ify procedures, universal specimen geometries, and loading conditions for obtaining reliable and
reproducible experimental data. The three procedures that provide enough data for general load
case modeling are tensile, compression, and shear tests.

2.5.1 1S0 527: Tensile Testing of Polymers

ISO 527 standard defines the experimental procedure for determining tensile properties of polymer
materials. It consists of the measurement of the force required to stretch a designated specimen
until its failure, together with its elongation (strain).

The main results of this experiment are metrics such as tensile strength, Young’s Modulus, yield
point, and elongation at break, but it can also provide insights into the plasticity of each material,
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which is critical in crash scenarios due to the large deformations sustained by the structures.

A multipurpose ISO 3167 Type 1BA specimen

- % - (Figure 2.11) is gripped in a Universal Test-

- 5 " ing Machine (UTM). This particular variant

30 was chosen due to its reduced size compared

to other standard test specimens like the 1A,

i ' which simplifies the manufacturing process by

shortening the required height of the print job

N and therefore allowing for faster prints with a

i | lower failure risk. The machine applies a uni-

Figure 2.11: Tensile 1BA specimen geometry. axial tensile force at constant speed. Testing at

different speeds can provide information about

strain rate behaviour. An extensometer measures elongation, and a force sensor, usually piezoelec-
tric, captures the load on the specimen.

R30

2.5.2 1SO 604: Compression Testing of Polymers

ISO 604 sets the protocol for measuring compressive properties of rigid and semi-rigid thermoplastic
and thermoset polymers. The test reveals the material’s ability to withstand compressive loads.
The specified procedure starts with the placement of the specimen, a cylinder of 4mm in height
and 10mm in diameter, between two compression plates in a UTM. Compressive force is then
applied axially until failure or another predefined parameter is reached. Due to the ductility of
most polymers, this parameter is usually set as the upper limit of the force sensor in order to prevent
damage to the testing equipment. The test provides compressive strength, compression yield stress,
strain at yield, and compressive modulus.

2.6 Simulation in LS-DYNA

LS-DYNA is an advanced Finite Element Analysis (FEA) software developed to simulate the com-
plex real-world behavior of structures under different load cases. It is widely used in research for
its strong capabilities in nonlinear analysis, including highly dynamic scenarios such as crash and
impact [31]. LS-DYNA allows for explicit and implicit time integration schemes and incorporates
a library with over 200 different material models, which can also couple structural, thermal, and
fluid domains, making it one of the most trusted tools for crashworthiness studies.

The overall simulation workflow in LS-DYNA is depicted in Figure 2.12. It involves a free prepro-
cessing software (LS-PrePost), where cases can be configured by generating and editing meshes,
imposing boundary conditions to the different geometries, selecting the desired contact definition
between elements, and assigning among other options. All this information is then read by the
solver, which performs numerical analysis according to the specified computational method, cal-
culating strains, stresses and derived variables for every element of the mesh. LS-PrePost is again
used as a postprocessor of the generated solution in the format of .d3plot and .binout files, which

12



J

-

J

Preprocess Solver Postprocess
4 N ( N\ )
& I \nsys
LSP LS - DYNA
[ G - ) L ( ]
L Leometry J : : L J
[ Mesh ] E Z E [ Data Export ]
[ Boundary Conditions ] Rinnd [ Crash Animations ]
- -

Figure 2.12: Simulation workflow with LS-DYNA.

respectively provide visualization of the results and multiple data extraction options for further
analysis.

2.6.1 Implicit and Explicit Simulations

LS-DYNA solves the fundamental equations of motion for a deformable body [22]:

M + Cu + Ku = Fext 2.4)

Where M is the mass matrix, C is the damping matrix, K is the stiffness matrix, i is the acceleration
vector, u is the velocity vector, u is the displacement vector, and F.,; is the vector of external forces.
This problem can be solved by following two distinct approaches:

Explicit schemes which use central difference time integration, update displacement and velocity
directly. The system advances in time by calculating the acceleration response based on known
forces and displacements from previous steps, avoiding costly iterative solutions at the cost of small
timesteps to ensure stability.

. 1 .
.11 = u, + Atu,, + §At2un

. . At .. . (2.5)
Up41 = Uy + 7(“71 + un+1)
With a critical timestep At., governed by the Courant stability criterion [24]:
Aty = tmin (2.6)
C

Where l,,,;, is the smallest element length in the mesh and c is the speed of sound in the material
E
P
incremental steps, ideal for highly dynamic events.

(c = ), with E = Young’s modulus and p= density. This restricts explicit analysis to small

Implicit schemes iteratively solve for displacements that satisfy equilibrium at each time increment:

Kun+1 = Fext,n+1 (27)
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They allow for much larger timesteps which can reduce computing time, and are best suited for
static or quasi-static analysis.

2.6.2 Suitability

Analytical models for the determination of periodic lattice behaviour range from Cosserat rods, to
Timoshenko or Simo-Reissner beams. Theories that account for large deformations and rotation,
but that are limited to the use of linear constitutive models and the assumption of undeformed
cross-sections [30].

The prediction of energy absorption, failure modes, deformation patterns and force response of aux-
etics under dynamic loading needs a tool capable handling large deformations, a complex material
model capable of capturing nonlinear plasticity and damage effects, as well as the consideration of
contact mechanics. All of them are requirements that LS-DYNA fulfills.

The choice of solver depends on the particular characteristics of the structure, with large deforma-
tions expected at an early stage and a complex failure behavior at a later phase. A mix of implicit
controls with an automatic switch to explicit after failure will later prove to be the optimal solution
for reducing computational effort.

2.7 Material Models in LS-DYNA

A key aspect of simulation fidelity in LS-DYNA lies in the accurate selection and calibration of
material models. These models define the stress—strain response of the material under different
loading conditions, and are critical to ensure a reliable prediction [23]. In the case of auxetic
lattice structures, where mechanical performance is governed by the nonlinear response at large
strains and complex failure mechanisms, this is particularly relevant. The ability of LS-DYNA to
reproduce plastic deformations and progressive damage through its constitutive models is essential
for a realistic interpretation of energy absorption and crashworthiness.

Understanding the constitutive behavior behind the selected material models requires a brief re-
view of fundamental material response types implemented in LS-DYNA. Linear elastic behavior
represents the foundation of all material models, described by Hooke’s law:

o = Ee (2.8)

where stress o is proportional to strain e through the elastic stiffness tensor E. For isotropic mate-
rials, two independent parameters are considered: Young’s modulus F and Poisson’s ratio v. This
relationship governs the initial response in all the material models investigated.

Elastoplastic behavior extends beyond the elastic limit through the introduction of a yield criterion
and plasticity, usually implemented through a piecewise linear hardening law:

oy(ep) = oyo + Hep (2.9)
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where o, is the initial yield stress, H is the hardening modulus, and ¢, is the accumulated plastic
strain. It can also be defined through a load curve (L.C) with any given number of stress and effective
plastic strain pairs.

The library of LS-DYNA offers a wide range of complexity, from linear elastic models to advanced
formulations that incorporate viscoplasticity, failure criteria, and strain rate effects. For this study,
two candidates are considered: MAT024 (Piecewise Linear Plasticity) and MAT124 (Plasticity
Compression-Tension). These models differ in terms of assumptions and computational cost, but
they share the ability to reproduce large strain plasticity and failure, which are the defined prereq-
uisites for lattice-level simulations under crash loads.

The progression from MAT024 to MAT124 also reflects an increasing ability to capture the effects
of property variations in different axis. There is a direct link between simulation and experimental
characterization, which is particularly relevant because the selected models are designed to utilize
multi-axial input data, and the tensile and compression tests to be carried out will provide the right
dataset for calibration and validation.

2.7.1 *MAT_024

Among the many constitutive models available, “MAT 024 (*MAT_PIECEWISE_LINEAR_PLASTIC-
ITY) is one of the most widely used elasto-plastic representations for its versatility and low de-
manding computational requirements. It allows to reproduce the measured plastic response of a
material without restrictions to a single hardening law, and can accommodate a bilinear hardening
description through the input of a tangent modulus or a complete stress—strain curve from a table
of experimental datapoints.

An advantage of *MAT 024 is its ability to account for strain-rate effects, which improves accu-
racy for high load speed applications [27]. Several options are offered: user-defined scale curves,
tabulated stress—strain curves, or a simple scaling of the yield stress using Cowper—Symonds factor:

1 £ v 2.10

Where ¢ is the strain rate ¢ = |/¢;;¢;;

Failure can be included in *MAT 024 through a critical plastic strain criterion with the parameter
"FAIL”. Once reached the specified effective plastic strain, element erosion (removal of the element)
takes place. This provides an approximation of material degradation and fracture, but it should be
noted that the failure definition lacks other considerations like advanced damage accumulation or
softening laws.

In the context of this study, “MAT 024 acts as an entry point. Its relative simplicity means it can
be generated with results from a tensile test campaign alone. Allowing to establish a consistent
baseline representation of the material at a low computational cost.
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2.7.2 *MAT_124

The previously described option provides a general-purpose model, but it does not differentiate be-
tween tensile and compressive behaviour. For auxetic structures, this simplification can lead to a loss
of detail of their response, because the UC geometry induces asymmetric stress states. “MAT 124
(*MAT_PLASTICITY_COMPRESSION TENSION) offers the possibility to define two independent
yield stress and plastic strain curves for tension and compression, with a smooth interpolation in the
transition regime. This distinction is relevant to auxetic lattice architectures, where local bending
generates different effective strengths under compression and tensile stretching.

Tension-compression asymmetric plasticity addresses the limitation of symmetric yield behavior
through separate constitutive relationships. *MAT 124 implements this by defining independent
yield for tensile and compressive states:

€ foro,, >0
o, = oyt(ep) o (2.11)

oyelep) forop, <0

where o, = %tr(a-) is the mean stress, and o,; and o, . are the tension and compression yield
functions, respectively. This formulation captures the different mechanical responses observed in
polymer materials under varying loadings.

Table 1 of Annex A provides a summary with details of the available input parameters for each of
the proposed material models, giving an overview of the mentioned increase in complexity [23].

2.7.3 Selection Criteria: Triaxiality

Triaxiality is a dimensionless parameter that quantifies the relative contribution of hydrostatic stress
to the equivalent stress state in a material:

1/3(0’1 + 09 +O’3)

n= (2.12)

Y T SR

Where 01,02 and o3 are the components of stress in the three axis.

A key reason for employing stress triaxiality as selection criteria for material models is its ability
to classify the predominant stress states within a given geometry [3]. Quantifying triaxiality in
the auxetic structures of interest, allows to anticipate whether it is governed primarily by tension,
bending (tension and compression), or shear. Figure 2.13 illustrates this logic over a failure strain
curve.

If a numerical analysis reveals that the auxetic mostly experiences uniaxial tension, a simple model
such as MAT 024 is sufficient. In case the geometry induces significant bending and local com-
pression zones, the use of MAT 124 becomes more appropriate. An observed behaviour where
the auxetic structure is subjected to complex multiaxial states with noticeable shear components, a
more advanced model like MAT 187 (SAMP-1) is required. In this sense, a preliminary triaxiality
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