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Abstract

This study investigates the design, numerical analysis and manufacturing-oriented evalu-
ation of two-dimensional energy-absorbing lattice structures. Several lattice geometries,
including conventional honeycomb and non-conventional auxetic layouts, were modelled
using CAD tools and analysed through static and explicit dynamic finite element simula-
tions. The mechanical response was evaluated in terms of deformation behaviour, reaction
forces and energy dissipation. Results indicate that auxetic and anti-tetrachiral lattices
exhibit more progressive deformation and reduced transmitted forces compared with hon-
eycomb configurations. Manufacturing aspects were assessed through additive manufactur-
ing simulations, providing a first screening of feasible geometries. The proposed workflow
supports the selection of lattice families suitable for further experimental validation.

Keywords: lattice structures; finite element analysis; additive manufacturing; mechanical
testing

1. Introduction

Energy-absorbing lattice structures are widely employed in systems requiring con-
trolled deformation, lightweight design and mitigation of mechanical loads. Their me-
chanical performance is strongly governed by topology, relative density and deformation
mechanisms. Classical studies on cellular solids distinguish between stretch-dominated
and bending-dominated architectures, showing that deformation mode plays a central role
in determining stiffness, strength and energy absorption efficiency [1-3].

Conventional honeycomb lattices are typically characterised by high stiffness and
load-bearing capability, but they often exhibit limited energy dissipation capacity under
compressive and dynamic loading. In contrast, auxetic and chiral lattices, characterised by
rotational and bending-dominated mechanisms, have attracted increasing attention due
to their enhanced ability to distribute deformation and delay densification [4-9]. Several
studies have reported that auxetic configurations, including anti-tetrachiral lattices, can
outperform traditional honeycomb structures in terms of impact mitigation and energy dis-
sipation, particularly under in-plane compression and dynamic loading conditions [9,10].

Recent advances in numerical simulation and manufacturing technologies have signif-
icantly expanded the design space of lattice structures. Additive manufacturing enables the
fabrication of complex geometries that were previously impractical to produce, allowing
systematic exploration of topology-driven mechanical behaviour [11-13].
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This work aims to fill this gap by proposing a unified workflow that integrates lattice
design, mechanical simulation and manufacturing evaluation. Five two-dimensional lattice
geometries were selected or adapted from the literature and remodelled to a common exter-
nal size to enable direct comparison. Static and explicit dynamic finite element simulations
were performed to assess deformation behaviour, reaction forces and energy dissipation.
In parallel, manufacturing feasibility was investigated through process simulations for
Selective Laser Melting. The combined analysis provides a comprehensive framework for
identifying lattice families that offer a favourable balance between mechanical efficiency
and manufacturability.

Recent studies published after 2020 further confirm the relevance of topology-
driven energy absorption and dynamic crushing behaviour in lattice structures, high-
lighting the role of manufacturing routes and graded architectures in impact mitigation
applications [8,14].

Accordingly, the main question addressed in this work is whether different two-dimen-
sional lattice topologies exhibit measurably different energy absorption and load mitigation
performance when evaluated under identical mechanical and numerical conditions.

2. Methods
2.1. Lattice Modelling

Five representative two-dimensional lattice geometries were modelled using CATIA
V5 (Figure 1). The selected configurations include a conventional honeycomb lattice, an anti-
tetrachiral lattice, a double-arrow-headed lattice and two square-based variants derived
from auxetic designs reported in the literature [9,10]. All geometries were remodelled to fit
within an approximately cubic envelope of 27 x 27 x 27 mm.

10mm

Figure 1. Representative CAD models of studied lattices.

2.2. Static Mechanical Simulations

Static compression simulations were carried out using software Ansys Mechanical
2025 R1. All lattice models were assigned isotropic material properties corresponding to
AlSi10Mg, a widely adopted aluminium alloy in studies on additively manufactured lattice
structures [13,15,16]. A compressive load of 10 kN was applied through rigid plates to
ensure uniform load transfer.

Mesh sizes ranged from 0.5 to 1 mm depending on geometric complexity. This range
represents a compromise between numerical accuracy and the limitations imposed by
computational resources. Output quantities included von Mises stress, equivalent strain
and total deformation, allowing detailed comparison of elastic—plastic behaviour among
lattice families [1-3].
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A limited mesh sensitivity check was conducted on the reference honeycomb topology
to verify that further mesh refinement produced negligible variations in global reaction
force and deformation trends. Based on this check, the adopted mesh sizes were considered
adequate for comparative purposes across all lattice configurations.

2.3. Explicit Dynamic Simulations

Dynamic response was investigated using Ansys Explicit Dynamics. A compressive
load equivalent to 10 kN was applied over a short time interval, with an analysis end time
of 1072 s. This loading condition is consistent with time scales in numerical studies of
impact and high rate compression of cellular structures [10,11].

Time histories of deformation, reaction force and residual energy transmitted to the
support were extracted. These metrics provide insight into the energy dissipation capability
of each lattice topology and allow evaluation of dynamic load mitigation performance
beyond static stiffness considerations.

2.4. Additive Manufacturing Simulations

Selective Laser Melting (SLM) of AlSi10Mg lattices was simulated using software Altair
Inspire 2024.1. The simulations focused on building orientation, support requirements,
thermal evolution and predicted distortion. Attention was paid to thin ligaments, overhang
regions and thermal gradients, which are known to influence dimensional accuracy and
defect formation in additively manufactured lattice structures [12,13,15,16].

Thermal distributions were analysed at different stages of the simulated build process
to identify regions prone to heat accumulation and distortion. This analysis supports
assessment of manufacturability and provides additional criteria for topology selection.

3. Results and Discussion
3.1. Static Mechanical Response

Static compression simulations reveal clear and systematic differences among the
investigated lattice topologies. The honeycomb lattice exhibits a predominantly stretch-
dominated response, characterised by high initial stiffness and limited plastic deformation
prior to rapid stress increase. This behaviour is consistent with classical descriptions of
cellular solids, where honeycomb structures prioritise load bearing capacity over energy
dissipation [1-3].

The square-based lattices show a partial transition towards bending-dominated be-
haviour. Compared with honeycomb, these configurations display a broader plastic regime
and a more gradual stress—strain evolution. However, stress localisation at node inter-
sections remains evident, limiting the extent of progressive collapse. Similar trends have
been reported in numerical studies on modified square lattices, where improvements over
honeycomb are observed but remain topology dependent [9,11].

The double-arrow-headed lattice exhibits early yielding concentrated at geometric
discontinuities, particularly at the arrow junctions. While this geometry promotes localised
plastic deformation, stress concentrations accelerate damage initiation and reduce overall
energy absorption efficiency. This finding aligns with previous studies showing that
increased geometric complexity does not necessarily translate into improved mechanical
performance [11,17].

In contrast, the anti-tetrachiral lattice demonstrates a deformation mechanism domi-
nated by rotational and bending modes. Plastic deformation initiates at relatively low stress
levels and propagates progressively throughout the lattice. The absence of abrupt stress
localisation enables stable collapse, a key requirement for efficient energy absorption [7,10].
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A way to interpret these trends is through the cellular solids framework, where stretch-
dominated topologies are typically stiffer but less tolerant to stable progressive collapse,
while bending-dominated mechanisms promote extended plastic regimes and improved
energy absorption efficiency [1,2]. In this sense, the honeycomb response observed here is
consistent with a stiffness-oriented behaviour, while the anti-tetrachiral lattice activates rota-
tion and bending modes that distribute deformation over the structure. Similar qualitative
differences between conventional and auxetic chiral lattices under in-plane compression
have been reported in recent comparative studies, where auxetic families show broader
plastic regimes and delayed densification compared with reference honeycombs [9,10].
Therefore, topology alone already introduces a high-level effect on the static response,
which justifies the unified benchmarking approach adopted in this work.

3.2. Explicit Dynamic Response and Energy Dissipation

The explicit dynamic simulations provide deeper insight into the energy absorbing
mechanisms of the investigated lattice topologies. While static analyses highlight stiffness
and yielding behaviour, dynamic simulations capture inertia effects and time-dependent
load transmission, which are critical for assessing impact mitigation performance.

Comparable reductions in peak reaction force and improved crashworthiness have
been reported for additively manufactured and functionally graded lattice-based systems
under dynamic loading [14,18]. In the context of dynamic crushing, peak reaction force and
transmitted residual energy are commonly adopted as primary performance indicators,
as they directly quantify the severity of load transfer to the protected structure and the
efficiency of energy dissipation during collapse [14,18].

Under identical loading conditions, the honeycomb lattice exhibits the highest peak
reaction force transmitted to the support. The force-time history is characterised by a sharp
initial peak occurring shortly after load application, followed by limited force smoothing.
This response indicates a predominantly stiffness controlled behaviour, where deformation
develops rapidly but with limited capability to delay or redistribute the applied load. Such
behaviour is consistent with the stretch dominated nature of honeycomb architectures,
which prioritises load carrying rather than energy dissipation [1,3].

Square-based lattices show a moderate reduction in peak reaction force compared
with honeycomb configurations. However, their force-time curves still display relatively
abrupt force transmission, indicating that partial geometric modification is insufficient
to fundamentally alter the dominant deformation mechanism. Although bending con-
tributions increase, the dynamic response remains sensitive to local stiffness variations
and node constraints, as also reported in previous numerical studies on modified square
lattices [9,11,17].

The double-arrow-headed lattice presents a more complex dynamic behaviour. Peak
reaction forces are lower than those of the honeycomb lattice, but pronounced oscillations
are observed in the force-time history. These oscillations reflect an unstable collapse
mechanism driven by stress concentrations at geometric discontinuities. While localised
plastic deformation contributes to energy absorption, the lack of a smooth and progressive
collapse limits the effectiveness of this topology under dynamic loading conditions. Similar
instability phenomena have been reported for lattices with sharp node transitions and
complex ligament intersections [1,11].

In contrast, the anti-tetrachiral lattice demonstrates the most favourable dynamic
response among the investigated configurations. It consistently exhibits the lowest peak
reaction force and the smallest residual energy transmitted to the support. The deformation
mechanism is governed by progressive ligament rotation and bending, resulting in a
smoother force-time evolution and delayed force transmission. This behaviour confirms
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the advantages of auxetic and chiral architectures for impact mitigation, as previously
observed in both numerical and experimental investigations [9,10].

While static analyses identify trends in stiffness and yielding, explicit dynamics clearly
discriminate between topologies based on their ability to control load transmission over
time. These results highlight that lattice topology plays a dominant role in dynamic
energy dissipation and that performance ranking under static loading cannot be directly
extrapolated to dynamic conditions [9,10].

Dynamic loading provides a more stringent comparison than static compression
because inertia and rate-dependent collapse paths amplify topology-driven differences.
For impact mitigation, peak reaction force is often a more actionable indicator than local
stress maps, since it quantifies the load transmitted to the protected support in time. In this
study, the anti-tetrachiral lattice shows the lowest transmitted force and the lowest residual
transmitted energy, indicating a smoother collapse process and more effective dissipation.
This interpretation is coherent with the literature reporting that auxetic and chiral lattices
can reduce transmitted loads under dynamic crushing compared with conventional cellular
cores, provided that collapse remains progressive and does not localise prematurely [9,10].
Accordingly, the coupled reading of reaction force and transmitted energy (Figure 2, Table 1)
is retained as the primary dynamic ranking criterion emphasise in the present workflow. In
this study, the reaction force refers to the instantaneous force measured at the constrained
support during compression, representing the load transmitted to the protected boundary.
The transmitted energy corresponds to the cumulative mechanical energy transferred
through the lattice to the support over time. While local stress fields describe internal
material response, reaction force and transmitted energy provide global metrics directly
relevant to impact mitigation and crashworthiness assessment.

Explicit Dynamics simulations, transfered energy comparison
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Figure 2. (a) Transmitted total energy histories for all lattice samples. (b) Representation of reaction
force obtained for anti-tetrachiral lattice, Freaction = 72 N. For both figures, compression load is equal
to 10 kN at time t = 1077 s.

Table 1. Summary of dynamic performance indicators for investigated lattice topologies. Compres-
sion load is equal to 10 kN at time t = 1075 s.

Lattice Topology Peak Reaction Force (N) Transmitted Energy (m])
Honeycomb “hexagon” 5041 676
Square-based “horizontal” ~1 1007
Double-arrow-headed 892 465
Anti-tetrachiral 72 457

Square-based “inclined” ~2 1017
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3.3. Manufacturing Feasibility and Numerical-Process Interaction

SLM simulations highlight the strong influence of lattice topology on thermal be-
haviour and predicted distortion (Figure 3). Honeycomb lattices, despite their geomet-
ric simplicity, exhibit regions of heat accumulation associated with thin unsupported

walls, consistent with observations reported for additively manufactured cellular struc-
tures [13,15,16].

Figure 3. Thermal distribution during simulated SLM fabrication. Simulation of manufacturing
of double-arrow-headed lattice, time-framed at (a) t1 = 25%, (b) t2 = 66% and (c) t3 = 100% of the
manufacturing process.

Square-based and anti-tetrachiral lattices show more uniform thermal distributions
and reduced predicted distortion. The smoother load paths and reduced overhang severity
contribute to improved process robustness. These findings indicate that favourable mechan-
ical performance does not necessarily imply increased manufacturing complexity [12,15].

3.4. Comparison with the Literature and Design Implications

The results obtained in this study show strong qualitative agreement with established
theoretical frameworks and recent numerical investigations. Gibson and Ashby’s classifica-
tion predicts that bending-dominated lattices offer superior energy absorption compared
with stretch-dominated architectures [1,2], a trend confirmed here under both static and
dynamic conditions.

Studies on auxetic and anti-tetrachiral lattices consistently report enhanced energy dis-
sipation relative to honeycomb structures [9,10]. The present work extends these findings
by providing a unified comparison across multiple topologies under identical modelling
assumptions, while also incorporating manufacturing considerations. Experimental and
numerical evidence on auxetic and chiral lattice composites under compressive and dy-
namic conditions further supports the trends observed in this study, confirming enhanced
deformation stability and energy dissipation mechanisms [9].

From a design perspective, the results suggest that anti-tetrachiral lattices represent
a favourable compromise between mechanical efficiency and manufacturability. While
honeycomb structures remain attractive for load-bearing applications, auxetic lattices are
better suited for systems prioritising energy absorption and impact mitigation.

3.5. Limitations and Scope

The present study is numerical and intended as a comparative benchmark. Isotropic
material data were adopted to keep modelling assumptions consistent across geometries,
while in practice additively manufactured alloys may show process dependent anisotropy
and defect sensitivity [1,13]. In addition, mesh size was constrained by the student version
limitations and differed slightly across models; although this does not invalidate the
qualitative ranking, future work will include a mesh sensitivity check on the selected
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best-performing topologies to quantify numerical stability. Boundary conditions were kept
uniform to enable direct comparison; nevertheless, local contact effects and friction may
influence absolute values and will be refined during experimental correlation. The dynamic
simulations were performed using a force-controlled loading scheme in order to enable a
direct comparison among different lattice topologies under identical nominal conditions.
While velocity- or mass-controlled impact formulations are often adopted in full crash
simulations, the present approach is consistent with comparative benchmarking studies,
where relative performance ranking rather than absolute impact response is the primary
objective. Extension to velocity-controlled impact scenarios will be considered in future
work to further assess rate sensitivity and inertia-driven effects. Finally, scaling effects
related to unit-cell size, wall thickness and relative density will be explored in a parametric
campaign once the reference manufacturing routes are fixed [1,17].

4. Conclusions

This study presents an integrated design, simulation and manufacturing evaluation
of two-dimensional energy-absorbing lattice structures. Simulations demonstrate that
auxetic and anti-tetrachiral lattices outperform conventional honeycomb configurations
by transmitting lower reaction forces and exhibiting more progressive plastic deformation.
Manufacturing simulations confirm that these topologies can be produced via Selective
Laser Melting with manageable thermal behaviour and distortion.

The main contribution of this work lies in the integrated evaluation framework rather
than in the identification of a single optimal geometry. By combining static and dynamic
mechanical simulations with manufacturing process analyses, the proposed approach
enables topology-driven design decisions to be supported by quantitative evidence. This
methodology can be readily extended to other lattice families, materials and loading
conditions, providing a scalable tool for the systematic development of energy absorbing
cellular structures.

Beyond the specific ranking of the investigated geometries, the results demonstrate
that lattice topology alone can act as a first-order design parameter for controlling energy
absorption and load mitigation, even when material properties and boundary conditions
are kept constant. The combined static-dynamic evaluation highlights that performance
trends observed under quasi-static compression cannot be directly extrapolated to impact-
like conditions, where inertia and progressive collapse mechanisms play a dominant
role. From a design perspective, this underlines the importance of early stage numerical
benchmarking to guide topology selection prior to experimental validation and detailed
process optimisation.

The proposed workflow provides a robust basis for selecting lattice families for future
experimental validation and further development. Future work will focus on the fabrication
of metallic lattice coupons and mechanical testing under static and dynamic conditions to
validate the numerical trends identified in this study.
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The following abbreviations are used in this manuscript:

CAD Computer-Aided Design
SLM  Selective Laser Melting
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