
 

 

Computational Analysis of Triply Periodic 

Minimal Surface Based Honeycomb Structures 

Under Impact Loading 

 

 

 

 

 

 

 

 

Faculty of Technology, Department of Mechanical and Materials Engineering 

 Master's thesis 

Author: Nimantha Sandaruwan Meneripitiyage Don 

Supervisor: Asim Rashid 

Number of pages: 104 pages 

21.05.2026 
Turku 

 



 
 

Abstract 

Balancing lightweight structural design with adequate crashworthiness performance 

remains a fundamental engineering challenge in automotive crash management. 

Conventional crash bars exhibit inherent limitations under dynamic loading, including 

localised deformation and inconsistent force transmission, motivating research into 

alternative cellular architectures. This thesis presents a computational investigation 

comparing two TPMS-derived 2D crash bar architectures, namely the G-Honeycomb 

and P-Honeycomb, against a conventional hollow cylindrical crash bar. Finite element 

models were developed in SolidWorks and analysed using Abaqus/Explicit, with all 

configurations assigned AA6061-T6 aluminium alloy properties via a rate-independent 

elastic-plastic constitutive model. Simulations were conducted at impact velocities of 

40 km/h and 60 km/h under identical boundary conditions. The G-Honeycomb 

produced the highest crush force efficiency and the most stable, broadly distributed 

deformation pattern across both test velocities. The P-Honeycomb generated a 

substantially higher initial peak force and exhibited a reduction in energy absorption 

with increasing velocity, consistent with a velocity-induced change in collapse 

mechanism. The conventional crash bar demonstrated concentrated plastic hinge 

formation with limited structural participation, resulting in comparatively low force 

efficiency that deteriorated further at higher velocity. These results suggest that the G-

Honeycomb represents a viable alternative for automotive crash bar applications and 

highlight the importance of dynamic validation when evaluating TPMS-derived 2D 

structures intended for impact-critical engineering applications. 

 

Keywords: TPMS-derived prismatic structures, G-Honeycomb, P-Honeycomb, 

crashworthiness, specific energy absorption, crush force efficiency, finite element 

analysis, Abaqus/Explicit, AA6061-T6, automotive crash management 
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1 INTRODUCTION 

1.1 Crashworthiness and Lightweight Structural Design 

Vehicle structural performance during a collision is explained through the concept of 

crashworthiness engineering, a discipline that emerged as a formal field of study in the 

second half of the twentieth century in response to the escalating human and road 

traffic accidents. According to (Global Status Report on Road Safety 2023, 2023), road 

traffic crashes cause approximately 1.19 million deaths annually worldwide and are the 

leading cause of death among individuals aged 5/29 years.  (European Commission, 

2023) recorded that within European union, 20 640 road fatalities were recorded in 

2022, with a considerable proportion of these involving frontal and rear impact 

collisions at speeds consistent with urban and peri urban traffic conditions. Such 

collisions frequently occur within the velocity range of 40/60 km/h, which is therefore 

selected as the focus of this study. The economic cost of road crashes in the EU is 

estimated at approximately 280 billion euros per year, representing nearly 2% of gross 

domestic product. These costs include emergency response services, medical 

treatment, vehicle repair and productivity losses (European Commission / European 

Road Safety Observatory, 2023).  

In response to these safety and economic challenges, regulatory bodies have 

developed crash testing procedures to define the minimum structural performance 

required for vehicles. In Europe, the primary standards include ECE Regulations No 

42, which governs low speed bumper performance at impact velocities of 4 km/h and 

2,5 km/h in pendulum and barrier test. More severe crash conditions are assessed 

through Euro NCAP protocols, including the frontal offset deformable barrier test at 64 

km/h and the full width rigid barrier test at 50 km/h. Similarly, the Insurance Institute for 

Highway safety applies moderate overlap and small overlap frontal crash tests at 64,4 

km/h. These standards collectively define a crash management performance range 

approximately 40-65 km/h that the front crash management system. This system 

generally comprises of the bumper beam, crash bars, and other energy absorbing 

component designed to dissipate impact energy before it reaches the passenger 

compartment. Accordingly, the selected impact velocities of 40 km/h and 60 km/h used 

in this thesis represents suitable lower and upper bounds of the urban crash 

management regime.  
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One of the main challenges in the engineering of crash management is the 

simultaneous requirement for low structural mass and high energy absorption capacity. 

Increasing environmental regulations and market expectations have intensified the 

demand for lightweight vehicles with reduced CO2 emissions. The European Union’s 

regulation 2019/631 mandates a fleet average CO2 target of 95 g/km for new 

passenger cars, with further reductions to 55% below 2021 levels by 2030 and zero 

tailpipe emissions by 2035. Every kilogram of mass removed from a vehicle reduces 

fuel consumption and reduces lifecycle emissions. However, mass reduction 

introduces a significant engineering limitation in crash safety. The crash management 

system which consists of front and rear energy absorbing structures such as bumper 

beams, crash bars and longitudinal members represents approximately 8-12% of the 

total structural mass of a vehicle, must absorb substantial impact energy without 

proportional reductions in its size or mass. Balancing between lightweight design and 

crashworthiness performance is the core engineering problem that motivates the 

search for architected cellular materials with enhanced specific energy absorption.  

1.2 Conventional Honeycomb Crash Management Systems 

The front crash management system of a modern passenger vehicle includes a 

transverse bumper beam made from high strength aluminium or steel, that is 

connected to the longitudinal members of the vehicle through crash bars. Crash bars 

are short, prismatic structures designed to collapse progressively to dissipate energy 

in a controlled manner during low to moderate speed frontal impacts. In higher end 

vehicles and battery electric vehicles with greater front end packaging availability, 

increase crush stroke is required that cannot be achieved by the standard bumper 

beam and crash bar arrangement. A supplementary cellular energy absorber is 

therefore installed between the bumper beam and crash bars to increase the effective 

crush stroke and enhance overall energy absorption capacity of the front crash 

management system. Aluminium hexagonal honeycomb structures are commonly 

selected for this purpose due to the predictability of its collapse behaviour and its high 

specific stiffness relative to other cellular structures.  

The performance of a conventional aluminium honeycomb crash bar is characterised 

by initial peak crushing force (PCF), mean crushing force (MCF), and crush force 

efficiency (CFE), metrics defined in Chapter 2. A well-designed aluminium honeycomb 
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crash bar typically achieves CFE values of 0,65-0,85 and Specific Energy Absorption 

(SEA) values of 10-25 kJ/kg depending on cell density, wall thickness and alloy 

selection.  

While honeycombs have been shown to achieve optimal energy absorption in axial 

tests, their performance drops significantly at oblique test angles. Another limitation of 

hexagonal honeycombs is that their mechanical properties are governed by a small 

number of discrete parameters, making it challenging to achieve a smooth gradient 

and density. Furthermore, there is a notable research gap on their dynamic material 

behaviour of honeycombs for the 40-60 km/h range, which is the typical range for the 

urban crashes. 

 

Figure 1 - Conventional honeycomb crash management system layout (top view) 

 

1.3 TPMS-Derived Prismatic Structures  

Triply Periodic Minimal Surface (TPMS) structures are a class of mathematically 

defined geometries that repeat periodically in three independent spatial directions and 

maintain zero mean curvature at every point on their surface (Hossain et al., 2025). In 

this study, however, TPMS lattices periodic in all three spatial dimensions are not 

employed. Instead, 2D cross-sectional profiles derived from TPMS level-set equations 

are extruded longitudinally to produce the crash bar core geometries studied here. 

These TPMS-derived prismatic structures retain the smooth, continuous wall profiles 

of the parent surface while remaining distinct from volumetric TPMS lattices. The 

smooth, continuous wall profiles distribute stress more gradually along the structure 

compared to conventional geometries with sharp node connections and straight struts, 
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reducing localised stress concentrations (Guo et al., 2019; Hossain et al., 2025). This 

continuity makes the profiles more resistant to premature local buckling, resulting in a 

more stable and incremental failure process (Yin et al., 2020). 

Among the different TPMS topologies, the Schwarz Primitive (P), Schoen Gyroid (G), 

and Schwarz Diamond (D) are the most widely studied in the engineering applications. 

But the focus of this thesis is on the Primitive and Gyroid topologies. The differences 

of these topologies strongly influence stiffness, strength, and energy absorption, which 

are key parameters for crashworthiness performance. 

TPMS-derived 2D structures, generated by extruding TPMS level-set cross-sections, 

have emerged as a promising class of crash bar core geometries. Their smooth, 

continuous wall profiles produce more uniform stress distribution compared to 

conventional hexagonal honeycombs with sharp node junctions. This is considered an 

advantage over traditional honeycombs which perform differently depending on load 

orientation. Advances in additive manufacturing have made using these complex 

geometries in engineering-grade materials increasingly practical. Quasi-static studies 

further support their potential, showing energy absorption comparable to honeycombs 

and better performance under off-axis loading conditions. 

Experimental testing across a wide range of design parameters is both resource 

intensive and time consuming. This study therefore adopts a finite element modelling 

approach using Abaqus/Explicit, based on previously validated methodologies. This 

allows for efficient evaluation of structural response under crash relevant loading 

conditions. 

1.4 Identification of the Research Gap 

Despite significant growth in TPMS research during the past decade, five principal 

gaps remain between existing knowledge and the level of understanding required for 

engineering deployment of TPMS-derived 2D crash bars as alternatives to 

conventional honeycomb crash bars in automotive applications. These gaps are 

central to determining whether TPMS-inspired honeycombs specifically the G-

Honeycomb and P-Honeycomb studied here, can be reliably considered as viable 

alternatives to conventional aluminium honeycomb crash bars.  
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A review of the published literature indicates that no published study has evaluated G-

Honeycomb and P-Honeycomb topologies under identical conditions at impact 

velocities representative of automotive crash testing, nor has any work directly 

benchmarked a TPMS-derived prismatic crash bar against a conventional aluminium 

honeycomb crash bar under equivalent automotive boundary conditions. Whether a 

topology-dependent interaction exists between structural performance and impact 

velocity within the 40-60 km/h range also remains unexamined. TPMS crashworthiness 

data for AA6061-T6, which is the wrought aluminium alloy most used in extruded 

automotive crash bars, are similarly scarce in the literature. Finally, the computational 

TPMS impact literature lacks systematic field-level analysis of stress and plastic strain 

distributions, limiting the ability to explain topology-dependent performance differences 

or guide design optimisation. 

Collectively, these five gaps define the scope and motivation of this study. A full review 

of the supporting evidence for each gap is provided in Chapter 2. 

1.5 Research Objectives 

This study aims to address the five research gaps identified above using a systematic 

computational approach. The scope of the work is defined by these objectives. 

The first objective is to develop finite element models of the G-Honeycomb, P-

Honeycomb, and conventional hexagonal honeycomb crash bar geometries 

manufactured from AA6061-T6 aluminium alloy using Abaqus/Explicit. Model 

validation is carried out against published experimental results for comparable TPMS 

structures tested under equivalent loading conditions. 

The second objective is to evaluate and compare the crashworthiness performance of 

the three architectures under identical boundary conditions, using geometries of 

identical external dimensions but differing internal topology and mass, at impact 

velocities of 40 km/h and 60 km/h. Specific Energy Absorption (SEA) is used as the 

primary mass-normalised performance metric to account for differences in structural 

mass.Performance is evaluated by total energy absorption, specific energy absorption, 

peak crushing force, mean crushing force, and crash force efficiency. 

The third objective of this study is to examine the deformation behaviour of both G-

Honeycomb and P-Honeycomb crash bars under crash simulation conditions. The 
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analysis is topology focused and covers von Mises stress development, equivalent 

plastic strain progression, and how energy absorption is spatially distributed at 

selected impact intervals. 

The fourth objective is to evaluate the velocity-topology performance interaction by 

comparing the crashworthiness metric rankings of the G-Honeycomb, P-Honeycomb, 

and conventional honeycomb at 40 km/h vs 60 km/h, and to test whether the quasi-

static performance hierarchy is preserved, amplified, or reversed at automotive-

relevant impact velocities. The fifth objective is to provide an engineering assessment 

of the viability of TPMS-derived 2D crash bars in automotive bumper systems, based 

on quantitative performance margins across all studied metrics at both impact 

velocities.  

1.6 Research Questions 

The research objectives above give rise to four specific research questions that the 

study is designed to answer. 

1. Which TPMS-derived 2D structure (G-Honeycomb or P-Honeycomb) exhibit 

superior crashworthiness performance, as measured by SEA, CFE, and PCF, 

at impact velocities of 40 km/h 60 km/h? 

2. Does the relative performance ranking between the G-Honeycomb and P-

Honeycomb change as a function of impact velocity between 40 km/h and 60 

km/h, and if so, in which direction and by what magnitude? 

3. By what quantitative margin do the TPMS-derived 2D crash bars (G-

Honeycomb and P-Honeycomb) outperform or underperform the conventional 

aluminium honeycomb crash bar in terms of SEA, PCF, and CFE at each of the 

two test velocities? 

4. What deformation mechanisms, identifiable through stress and plastic strain 

field analysis, underlie the observed differences in crashworthiness 

performance between the G-Honeycomb and P-Honeycomb, and how do these 

mechanisms evolve with increasing impact velocity? 
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1.7 Scope and Delimitations 

The scope of this study is defined by the intersection of the identified research gaps, 

the available computational tools. The following inclusions and exclusions set the study 

boundaries.  

The study scope includes G-Honeycomb and P-Honeycomb crash bar cores, 

generated from 2D level-set cross-sections derived from TPMS equations and 

extruded longitudinally, at a uniform relative density of approximately 0.25, modelled 

as homogeneous specimens for controlled comparison, a hexagonal aluminium 

honeycomb crash bar of equivalent external bounding dimensions as the performance 

benchmark, with mass differences between configurations addressed through SEA-

based normalisation, AA6061-T6 material behaviour represented by a Johnson-Cook 

elasto-viscoplastic constitutive law without fracture initiation, explicit dynamic FEA in 

Abaqus/Explicit at impact velocities of 40 km/h and 60 km/h with a 1000 kg rigid 

impactor, and crashworthiness evaluation through EA, SEA, PCF, MCF, CFE, and 

densification strain, supported by deformation sequence and stress field analysis. 

The following are excluded from the scope of this study. Experimental fabrication and 

physical impact testing, functionally graded or hybrid TPMS architectures, multi axial, 

oblique or lateral loading, thermal effects and adiabatic heating, fatigue and cyclic 

deformation, full vehicle system level simulation and fracture or ductile damage 

initiation modelling. These exclusions are acknowledged as limitations and are 

identified as key directions for future work in chapter 6.  

This study also assumes idealised geometries without manufacturing defects. As 

shown by (Bahrami Babamiri et al., 2020) and (Özen et al., 2024), such defects may 

reduce performance by 10-25%. Results therefore represent upper bound estimates. 

1.8 Thesis Structure 

This thesis is structured into six chapters. Chapter 2 reviews energy absorbing cellular 

structures, TPMS behaviour under different loading conditions, comparisons with 

honeycomb structures, and numerical modelling approaches, concluding with the 

identification of five research gaps. Chapter 3 describes the computational 

methodology, including mathematical definition and CAD generation of G-Honeycomb, 
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P-Honeycomb, and conventional honeycomb geometries, material modelling of 

AA6061-T6 aluminium alloy, FE model setup, loading conditions, and validations. 

Chapter 4 presents simulation results, while Chapter 5 provides a detailed discussion 

of the results, interpreting deformation behaviour, comparing with the literature and 

evaluating implications for automotive crash management systems. Chapter 6 

concludes the thesis by addressing the research questions, summarising main findings 

and contributions and outlining future work.  
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2 LITERATURE REVIEW 

2.1 Energy Adsorption Metrics and Fundamentals 

Crashworthiness engineering addresses the ability of structures and systems to 

safeguard occupants and critical components during impact events through controlled 

dissipation of kinetic energy into mechanisms such as plastic deformation, fracture, 

and heat generation. Since the emergence of structural energy management concepts 

in automative design during the mid twentieth century, crashworthiness engineering 

has expanded from simple thin-walled tubes to highly architected cellular materials 

designed for specific loading conditions. Although notable advances have been made, 

the central design problem remains unresolved. Maximizing energy absorption 

efficiency and minimizing peak force transmission are competing demands, and finding 

the right balance between them continues to drive research in this area. 

Several performance indicators are commonly used to evaluate crashworthy 

structures. EA measures the total energy absorbed during impact, calculated as the 

integral of the force-displacement curve in joules. SEA normalizes EA by structural 

mass, providing a mass-efficiency metric in kJ/kg making it useful for lightweight design 

comparisons. PCF indicates the highest force reached during impact, expressed in 

kilonewtons, and is a key safety parameter. Regulations such as FMVSS 208 set 

deceleration limits that effectively define acceptable PCF limits. 

The crush force efficiency (CFE) is defined by the ratio between the MCF to PCF. It 

indicates how stable the deformation behaviour is throughout the crushing process. 

MCF is derived by dividing EA by the total crush displacement. Densification strain (εD) 

defines the transition to full compaction where stiffness increases significantly. 

Structures with a higher εD are preferred, as they maintain effective energy absorption 

over a longer deformation range. 

In a study by (Shinde et al., 2022), failure mechanisms in AlSi10Mg cellular structures 

were examined under quasi static compression. This study was aimed to understand 

their relationship with energy absorption. TPMS lattice variants including the Gyroid 

topology, outperformed the other architectures overall. Their curved wall geometry 

supported gradual deformation than sudden fracture, producing more stable plateau 

behaviour and densification. The study identified geometry and relative density as key 
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factors shaping collapse mode, including buckling, shear banding, or wall folding. The 

authors concluded that TPMS structures are well suited for crash energy management 

applications. 

Mass based metrics have traditionally dominated crashworthiness evaluation, but 

specific energy absorption by volume (SEAV) is increasingly used as a complementary 

measure. Unlike SEA, SEAV normalizes energy absorption against external structural 

volume rather than mass. In automotive design, where packaging space is often as 

constrained as weight, this distinction can provide a more practical basis for 

comparison, especially in bumper systems and front-end crumple zones. The 

difference becomes clearer when structures of varying densities are compared. A low-

density TPMS may yield a high SEA due to its reduced mass, yet its SEAV can remain 

modest if the absolute energy absorbed per unit volume is low. This study therefore 

considers both metrics where available in the literature, enabling a more complete 

assessment of structural performance. 

2.2 Conventional Honeycomb Structures in Automotive Crash Management 

2.2.1 Structural Mechanics of Hexagonal Honeycombs 

In energy absorption studies, the hexagonal honeycomb is widely used due to its 

predictable axial compression response. Deformation begins at wall junctions through 

plastic hinge formation and develops progressively through the structure. The 

response typically follows a clear pattern of elastic deformation, peak force, a stable 

plateau, and final densification. 

The plateau flatness, quantified by CFE, generally lies between 0,6-0,85 for well-

designed hexagonal aluminium honeycombs under axial loading. The exact values 

depend on cell wall aspect ratio, geometry, material strain hardening, and behaviour 

of the parent material. 

The theoretical framework for honeycomb mechanics was established in (“L.J. Gibson 

and M.F. Ashby, Cellular Solids,” 1989), where scaling laws that relate relative density 

to elastic modulus, plastic collapse stress, and energy absorption capacity were 

derived. For a regular hexagonal honeycomb with cell wall thickness t and cell edge 

length l, the relative density is given by  
𝜌

𝜌𝑠
=  

2𝑡

𝐼√3
 . As summarised by (Ashby, 2006), 
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the governing deformation mode determines the scaling behaviour. Bending 

dominated architectures follow  𝐸∗ ∝  (
𝜌

𝜌𝑠
)

2

 and 𝜎∗𝑝𝑙 ∝  (
𝜌

𝜌𝑠
)

1,5

, whereas stretch 

dominated structures exhibit a linear dependence on relative density. These 

relationships have been widely validated for metallic honeycombs and remains a useful 

design guidance for preliminary sizing. However, they do not account for effects such 

as manufacturing induced imperfections or dynamic loading conditions.  

2.2.2 Limitations of Conventional Honeycombs 

Conventional hexagonal honeycombs, while highly effective under axial compression, 

are associated with several limitations that reduce their applicability in realistic crash 

loading conditions. A key limitation of conventional honeycomb structures is their 

strong mechanical anisotropy. Although they perform well under axial loading, energy 

absorption capacity drops noticeably when loads are applied in the transverse or 

oblique direction. In practice, automotive crash events rarely involve purely axial 

loading.  Oblique, pole, and rear-offset impacts introduce shear and lateral forces. 

Honeycomb structures are not well suited to handle these conditions, making their 

sensitivity to loading direction a major limitation in crashworthiness design. 

Loading rate strongly influences the progressive folding response of these structures. 

At quasi-static rates, deformation is stable and consistent, yielding repeatable force-

displacement behaviour. Once impact velocities exceed around 30 to 50 m/s, cell wall 

inertia begins to influence fold formation. Micro-inertia effects then enhance plateau 

stress dynamically, which can increase the force transmitted through the structure. In 

the velocity range of 40-60 km/h corresponding to automotive regulatory testing, the 

dynamic response of conventional honeycombs is not well documented. Furthermore, 

no systematic dataset documents how PCF and SEA vary across this range. This gap 

is identified as one of the main motivations for this study. 

Another limitation of conventional honeycombs is their poor adaptability to functionally 

graded or hybrid designs. Unlike TPMS structures, conventional honeycombs depend 

on discrete geometric changes in geometries. The manufacturability of graded 

conventional honeycombs is significantly more challenging than producing uniform 

designs, thereby limiting their industrial adoption despite reported performance 

benefits in the literature. 
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2.3 Triply Periodic Minimal Surface (TPMS) Structures and TPMS-Derived 2D 

Honeycombs   

2.3.1 Mathematical Foundations 

A TPMS is a surface that repeats periodically in three independent spatial directions 

while maintaining zero mean curvature at every point. The zero mean curvature 

condition requires that the principal curvatures satisfy 𝐾1 + 𝐾2 = 0 across the entire 

surface, which means that the surface locally achieves minimum area under the 

geometric constraints of its topology and periodic repetition. TPMS structures are 

represented using implicit level set functions of the form 𝐹 (𝑥, 𝑦, 𝑧) = 𝑐, where, F is a 

sum of trigonometric functions with periods equal to the unit cell dimensions, and the 

constant c defines the isovalue at which the surface is extracted, thereby controlling 

wall thickness and the relative density of the resulting cellular solid. The two most 

widely studied TPMS geometries in the engineering literature are the Schwartz 

Primitive (P-surface) and the Schoen Gyroid (G-surface), whose level set 

approximations are given by: 

𝐒𝐜𝐡𝐰𝐚𝐫𝐭𝐳 𝐏𝐫𝐢𝐦𝐢𝐭𝐢𝐯𝐞 (𝐏) ∶ cos(x) + cos(y) +  cos(z) = c 

𝐒𝐜𝐡𝐞𝐨𝐧 𝐆𝐲𝐫𝐨𝐢𝐝 (𝐆) ∶ sin(x) cos(y) + sin(y) cos(z) + sin(z) cos(x) = c 

For CAD generation, a thickened sheet network solid is extracted by replacing the 

equality with an inequality of the form -t  F(x,y,z)  t, where t controls wall thickness 

and therefore relative density. 

These expressions are practical trigonometric approximations of the exact minimal 

surfaces rather than closed-form analytical solutions. The Gyroid, first described 

mathematically by Alan Schoen in a NASA technical report in 1970, has no known 

closed-form analytical expression, but the level set approximation is widely used in 

engineering applications because it is computationally tractable and reproduces the 

key topological features of the true surface with high fidelity. 

The two topologies differ substantially in their structural character. The Primitive 

surface has cubic symmetry and forms a structure with two interpenetrating open 

channels aligned with the principal axes, giving it a relatively high proportion of walls 

oriented perpendicular to the loading direction. The Gyroid surface has a chiral, 
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bicontinuous topology with no straight channels in any direction, a feature that 

distributes stress more uniformly and is considered responsible for its resistance to 

shear band localisation. 

From level set equations, two different solid architectures can be formed. In a sheet-

network TPMS, material is distributed as a thin shell centred on the zero-level surface, 

forming two interconnected voids. In a skeletal-network TPMS, the solid phase instead 

occupies one of the two volumes separated by the surface, producing a strut-like 

geometry. Sheet network architectures are widely studied for crashworthiness 

applications due to their higher surface area, more uniform wall thickness, and greater 

resistance to localised buckling. In this thesis, the three-dimensional TPMS level-set 

equations described above are applied in a reduced form: a 2D cross-sectional profile 

is extracted at a fixed parameter plane and extruded longitudinally to produce the crash 

bar core. The resulting TPMS-derived 2D structures retain the smooth wall profiles and 

topological character of the parent surface but are distinct from full three-dimensional 

TPMS lattice implementations. 

2.3.2 Relative Density and Functional Grading 

In TPMS architectures, relative density can be varied spatially by, modifying the level 

set constant c cross the structure. This enables functionally graded designs with 

smooth, mathematically defined density gradients, avoiding stress concentrations from 

discrete geometric changes.(Yu et al., 2019) showed this experimentally using linearly 

graded Schwarz Primitive structures made from stereolithography. The graded 

structures collapsed in a layer-by-layer manner, converting the flat plateau into a 

progressively increasing mean force. Total energy absorption improved by 

approximately 50% over the uniform equivalent. This confirmed functional grading as 

a practical strategy for enhancing TPMS crashworthiness. 

Instead of exhibiting a single stress plateau, the graded structures displayed two 

distinct plateau regions occurring at different stress levels. Collapse initiated in the 

thinner section and subsequently propagated into the thicker region in a sequential 

manner. Both the magnitude of the stress levels and the duration of each plateau were 

found to be tunable by modifying the wall thickness ratio as well as the position of the 

barrier layer. This demonstrates that a single architecture can incorporate multiple 

force-displacement responses within a continuous structural design. Such dual-stage 
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energy absorption behaviour provides a level of design flexibility that is not achievable 

in homogeneous structures and is particularly advantageous for crashworthiness 

applications that require progressive or staged energy dissipation. 

2.3.3 Fabrication Methods and Their Influence on mechanical Performance 

The practical manufacture of TPMS structures for engineering applications is presently 

dominated by powder bed fusion additive manufacturing processes, particularly laser 

powder bed fusion (L-PBF), also commonly referred to as selective laser melting (SLM) 

or LPBF. This process enables the layer-by-layer solidification of metallic powders into 

complex geometries with sufficient resolution to replicate TPMS wall thickness in the 

range of 0,3-1,5 mm. Polymer TPMS structures are typically fabricated by fused 

deposition modelling (FDM) or stereolithography (SLA).  

(Shinde et al., 2022) studied six cellular structure types, including Gyroid and Schwarz-

Primitive TPMS, fabricated from AlSi10Mg by L-PBF, and related their failure 

mechanisms to energy absorption metrics, finding that TPMS structures, including 

Gyroid, outperformed beam lattice and auxetic structures across multiple performance 

criteria.  

The choice of fabrication method significantly influences TPMS mechanical 

performance. (Özen et al., 2024) compared AlSi10Mg Gyroid structures (full three-

dimensional TPMS lattices, distinct from the G-Honeycomb studied in this thesis) 

produced by investment casting and L-PBF, finding that L-PBF structures exhibited 

approximately 150% greater specific energy absorption, while cast structures provided 

around 25% higher crush force efficiency due to lower peak stresses at the onset of 

crushing.Cast structures deformed by ductile plastic folding whereas printed structures 

exhibited brittle fracture, differences attributed to the finer and more homogeneous 

microstructure produced by rapid -PBF solidification compared to the coarser dendritic 

structure of cast parts.  

Geometric imperfections inherent to L-PBF also cause as-built structures to deviate 

from idealized CAD geometry. (Bahrami Babamiri et al., 2020) showed using XCT that 

strut diameters in SLM fabricated Inconel 718 lattices were 10-20% larger than 

nominal, with joint fillet radii nearly twice the design values, causing as built relative 

density to exceed the CAD value by a factor of approximately 1,1. Simulations based 
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on idealized geometry consequently underpredicted experimental stiffness and flow 

stress, and the study further identified that L-PBF induced plastic anisotropy, 

manifesting as different yield strengths under tension versus compression, cannot be 

captured by conventional isotropic plasticity models.  

2.4 Mechanical Performance of TPMS Structures Under Quasi-Static Loading 

2.4.1 Compressive Response and Energy Absorption 

The compressive behaviour of full three-dimensional sheet-based TPMS lattices under 

quasi-static loading, as reported in the literature, is characterised by four stress-strain 

response stages: linear elasticity, elastic-plastic transition, plateau deformation, and 

densification with rapidly rising stress as cell walls contact each other (Maskery et al., 

2017; Zhang et al., 2024). These findings provide indicative benchmarks for the TPMS-

derived 2D structures investigated in this thesis, though direct equivalence cannot be 

assumed due to the geometric differences between extruded 2D cross-sections and 

volumetric lattice architectures. 

Literature commonly shows that sheet-based TPMS lattices outperform equivalent 

density strut based lattices in SEA. (Maskery et al., 2017) found that heat treated 

AlSi10Mg double gyroid lattices produced by selective laser melting absorbed about 

three times more energy per unit volume than BCC lattices at a volume fraction of 0,22 

up to 50% strain. The authors connected this improved mechanical behaviour to the 

continuous shell morphology of the gyroid. This geometry improved stress distribution 

and delayed local cracking and diagonal shear localization seen in as-built conditions. 

The role of post-build heat treatment significantly changed the response. Untreated 

specimens failed at strains of just 0.14, while heat-treated counterparts exhibited an 

extended, nearly flat plateau consistent with Gibson-Ashby behaviour. This result 

shows that TPMS mechanical performance is governed by more than topology and 

relative density and strongly influenced by process-induced microstructure from 

fabrication thermal history.  

The comparative performance of different TPMS topologies has been systematically 

characterized in literature. (Yin et al., 2020) investigated four sheet-based TPMS types 

(Primitive, FRD, IWP, and Gyroid) fabricated from 316L stainless steel by selective 
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laser melting, under quasi static axial loading. Among the topologies considered, the 

Gyroid demonstrated a progressive collapse with a relatively smooth plateau response, 

although its SEA was lower than that of FRD. Primitive was the least stable, showing 

X shaped failure patterns and a plateau response governed by localized shear band 

formation. Overall, these results show that topology has a stronger effect on crushing 

behavior than small changes in thickness or relative density.  

Hybrid and functionally graded TPMS designs have also been explored in the literature 

and demonstrate promising performance gains but fall outside the scope of this study. 

A reliable dynamic baseline for uniform G-Honeycomb and P-Honeycomb 

configurations must first be established before the additional variables introduced by 

hybridisation or grading can be systematically evaluated. 

The energy absorption efficiency of a cellular structure depends strongly on how it 

deforms under load, which is governed by its architecture. Structures that deform 

primarily through bending of their walls, known as bending-dominated architectures, 

tend to absorb energy more gradually and exhibit a stable, extended plateau in their 

stress-strain response. In contrast, stretch-dominated architectures resist deformation 

through axial tension and compression of their walls, giving them higher initial stiffness 

but also making them prone to a sharp, sudden peak force before the plateau is 

reached. These two deformation modes produce different relationships between 

relative density and specific energy absorption (SEA), with bending-dominated 

structures generally offering more efficient and progressive energy absorption at lower 

relative densities (Ashby, 2006). Abdulhadi et al. (2023) identified the Primitive 

topology as stretch-dominated at low relative densities, which explains its 

characteristically high initial stiffness and sharp peak force response under axial 

loading 

The observations suggest two main principles for TPMS crashworthiness design. 

Firstly, topology is the dominant factor governing deformation mode and plateau 

stability. The Gyroid produces progressive distributed collapse while the Primitive 

shows localised and unstable response. Secondly, relative density is a key 

performance variable for both topologies, with SEA increasing consistently with 

densification. This confirms that crashworthiness performance can be tuned through 

geometric parameters.  
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2.5 Dynamic and Impact Behaviour of TPMS Structures 

2.5.1 Strain Rate Effects and Dynamic Enhancement 

The dynamic mechanical response of TPMS structures under impact loading differs 

from quasi static behaviour due to micro inertia of cell walls, stress wave propagation, 

and strain rate dependent material properties. These mechanisms combine to produce 

a dynamic enhancement factor, defined as the ratio of dynamic to quasi static plateau 

stress that increases with impact velocity and depends on topology and relative 

density.  

(AlMahri et al., 2021) characterised full three-dimensional TPMS lattice structures 

under strain rates from 10⁻³ to 10³ s⁻¹ using AlSi10Mg Gyroid and Primitive specimens. 

While these are distinct from the TPMS-derived 2D structures (G-Honeycomb and P-

Honeycomb) studied in this thesis, their findings provide relevant context for 

understanding topology-dependent dynamic behaviour. They reported dynamic 

enhancement factors of 1,15- 1,45, with the P topology showing the highest values due 

to greater perpendicular wall orientation and micro inertia effects. Deformation 

transitioned from progressive collapse at low rates to diffuse densification above 500 

s-1, with an intermediate shock front regime. This transition reduced CFE due to 

reduced deformation localisation efficiency. SEA also increased under dynamic 

loading conditions across tested topologies. However, the study was limited to a single 

strain rate and employed metallic specimens only, and the authors noted that 

additional studies are needed to evaluate performance across a wide range of strain 

rates and loading conditions. 

(Novak et al., 2023)  extended TPMS dynamic testing over a wide strain rate range 

(0.005–11,000 s⁻¹) using full three-dimensional Gyroid and Primitive TPMS lattice 

topologies, among others, manufactured from 316L stainless steel. Similar to (AlMahri 

et al., 2021), only moderate hardening was found at low rates, caused mainly by 

material rate sensitivity and micro-inertia. Strong hardening occurred above the second 

critical velocity, where shock collapse increased SEA significantly across the highest-

performing topologies. However, neither study examined Gyroid-inspired or Primitive-

inspired topology performance specifically within the automotive crash velocity range 
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of 40–60 km/h, nor did either study use structures equivalent to the G-Honeycomb or 

P-Honeycomb defined in this thesis. 

While the majority of dynamic TPMS studies focus on very high strain rates (above 500 

s-1) achievable with split Hopkinson pressure bars, the automotive crashworthiness 

regime of 40-60 km/h (approximately 11-17 m/s) corresponds to significantly lower 

strain rates in the range of 50-200 s-1 for typical crash bar geometries. This 

intermediate regime has received comparatively limited systematic investigation.  

(Cai et al., 2025) examined TPMS deformation across quasi static and low to medium 

velocity impacts and identified a critical velocity threshold of approximately 8-12 m/s, 

below which deformation behaviour closely resembles quasi static response and 

above which inertial effects begin to suppress layer by layer collapse. The results show 

that 40 km/h marks a transition regime in which both quasi-static deformation and 

inertial effects are active. At 60 km/h, the response shifts towards fully dynamic 

behaviour, especially for low-density TPMS structures. This suggests that quasi-static 

optimisation alone may not be sufficient for accurate crashworthiness design. 

(Ma & Guo, 2024) studied functionally graded TPMS meta-structures under dynamic 

loading conditions and reported that gradient direction has a stronger effect on PCF at 

strain rates above approximately 100 s⁻¹. However, the total energy absorption showed 

limited sensitivity to gradient orientation. Similarly (Liang et al., 2024)  identified that 

the gradient directions needed to minimise PCF and maximise SEA are incompatible. 

This introduced a design conflict that must be resolved through multi objective 

optimization. These findings suggest that TPMS topology and grading strategies must 

be evaluated at target impact velocities rather than extrapolated from quasi static or 

extreme high-rate regimes.  

2.6 Comparative Analysis of G-Honeycomb and P-Honeycomb  

2.6.1 Quasi Static Comparison 

The Gyroid and Primitive topologies have been widely compared in the literature on 

full three-dimensional TPMS lattice structures. The following review synthesises their 

behavioural tendencies to provide a basis for predicting the relative performance of the 

G-Honeycomb and P-Honeycomb, which are the TPMS-derived 2D structures studied 
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in this thesis. Conclusions vary between studies due to differences in relative density, 

constituent material, and loading conditions. constituent material and loading 

scenarios. At low relative densities (below 0,159), the P surface typically exhibits 

greater initial stiffness as its open channel topology aligns a larger proportion of cell 

walls with the loading direction. However, the same topology is more prone to shear 

band formation and layer by layer brittle fracture, which reduces CFE and total EA at 

post yield displacements. By contrast, the Gyroid topology deforms through a more 

distributed bending mechanism that generates a smoother, more progressive stress 

strain response.   

(Özen & Aslan, 2023) examined Gyroid TPMS lattices fabricated from AlSi10Mg 

through powder bed fusion under quasi-static compression. The Gyroid exhibited 

shear dominated and folding damage mechanisms that produced greater stress 

fluctuations in the plateau region and more abrupt post peak load drops. In terms of 

crashworthiness, CFE reached maximum values of 51% for Gyroid, reflecting the 

relative brittle fracture behaviour of AlSi10Mg under the tested conditions. SEA 

increased clearly with relative density, suggesting improved energy absorption with 

densification strategies. 

Additional experimental support comes from (Abueidda et al., 2019), who examined 

Gyroid, Primitive, IWP, and Neovius TPMS structures produced from PA 2200 by 

selective laser sintering. At relative densities between 14 and 15%, the Gyroid reached 

a compressive strength of 2.4 MPa against 1.5 MPa for the Primitive and absorbed 

more energy at 60% compressive strain. The Primitive consistently underperformed 

across all measured parameters. The Gyroid's improved mechanical response was 

linked to its continuous surface morphology, which encourages more uniform stress 

distribution and limits localized collapse. The smoother plateau response also indicates 

a more stable deformation process. This is valuable in crash scenarios that require 

predictable force transmission. Overall, these results support a performance ranking 

of Gyroid > Primitive for quasi-static AlSi10Mg behaviour, consistent with the findings 

of (Özen & Aslan, 2023). 

(Wagner et al., 2025) provided supporting evidence through quasi static compression 

testing of polymer TPMS structures with DIC-based strain measurement. The Gyroid 

showed higher strength to density ratios and greater failure strain than the Primitive. 
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This suggests that it can sustain more deformation before fracturing. For metallic 

systems, (Sombatmai et al., 2024) further showed that the Gyroid performs better than 

the Primitive under maximum stress constraints relevant to crash design. The Primitive 

structure displayed unstable plateau behaviour and macroscopic shear banding at 

higher relative densities, reflecting its known interlayer collapse mechanism. 

Across these three studies, the Gyroid consistently outperforms the Primitive, in energy 

absorption efficiency, plateau stability, and deformation capacity, making it the more 

suitable topology for crashworthiness applications, where controlled progressive 

crushing beneath a defined force ceiling is required.  

2.6.2 Dynamic Comparison and Velocity Sensitivity 

(AlMahri et al., 2021) tested five sheet-based TPMS topologies (full three-dimensional 

lattice structures manufactured from stainless steel SS316L) using a Direct Impact 

Hopkinson Bar at a strain rate of 2057 s⁻¹, representing one of the highest strain rates 

reported in the literature. All five topologies exhibited enhanced plateau stress and 

SEA under dynamic loading relative to quasi static conditions, with dynamic increase 

factors for plateau stress ranging from 1,10 to 1,36. The authors concluded that this 

improvement was mainly caused by the strain rate sensitivity of the SS316L material, 

rather than structural inertial effects.  

(Yılmaz et al., 2024) examined cell-size-graded sheet-based Gyroid and Primitive 

TPMS structures, triply periodic in all three spatial dimensions produced from a 

photopolymer resin under deformation rates between 6 mm/min and 500 mm/min, 

representing lower strain-rate conditions more relevant to intermediate-velocity loading 

events. Their findings indicated that collapse initiation stress, plateau stress, 

densification strain, and SEA generally increased with deformation rate for all three 

topologies, a trend again attributed to the strain rate sensitivity of the base material, 

above which susceptibility to brittle failure increased markedly. The authors also 

identified a critical strain rate of 0,7 s-1 for the resin material, beyond which the 

tendency for brittle fracture increased significantly. The Primitive topology showed a 

significant reduction in plateau stress and SEA at the highest deformation rate of 500 

mm/min (approximately 0,008 m/s), while the Gyroid maintained more stable 

performance, consistent with its progressive deformation behaviour observed under 

quasi static conditions. While these findings provide useful insight into rate dependent 
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behaviour trends, the tested velocity range does not approach the conditions relevant 

to automotive crash management, limiting the direct application of the results to this 

study.  

Overall, these studies show that the topology hierarchy observed under quasi static 

conditions, with Gyroid outperforming Primitive in SEA, is generally maintained under 

dynamic conditions. They further suggest that dynamic improvements are mainly 

attributed to base material strain rate sensitivity (Yılmaz et al., 2024). However, neither 

study offers a direct, velocity dependent comparison of Gyroid and Primitive topologies 

at automotive crash velocities, which remains a principal gap addressed by this study.  

2.7 TPMS Structures Compared to Conventional Honeycomb in 

Crashworthiness 

The directional dependence identified in section 2.3 was quantified by (Wagner et al., 

2025), who conducted direct quasi static compression testing SLA printed Gyroid and 

Primitive TPMS lattices (triply periodic in all three spatial dimensions, distinct from the 

TPMS-derived prismatic structures investigated in this thesis) against conventional 

honeycomb. Under axial loading, honeycomb achieved a strength to density ratio of 

26,144 N kg-1m3, significantly higher than both Gyroid (5,692 N kg-1m3) and Primitive 

(5,182 N kg-1m3). However, under transverse loading this advantage inverted with 

honeycomb dropping to 1,008 N kg-1m3, below both variants. These results indicate 

that the more isotropic response of TPMS lattices is advantageous in crash events 

involving off axis loading.  

(Zhou et al., 2024) (Zhou et al., 2024) extended this comparison to SLM-fabricated Ti-

6Al-4V specimens, thereby addressing the material transferability limitation associated 

with earlier polymer-based studies. Their Gyroid honeycomb (a three-dimensional 

TPMS-based structure in that study, distinct from the G-Honeycomb defined in this 

thesis) demonstrated in-plane energy absorption 34.8% higher than a truss 

honeycomb of equivalent volume fraction under quasi-static compression. Importantly, 

this advantage was maintained and, in some cases, amplified under dynamic loading. 

At compressive velocities of 1 ms-1 and 10 ms-1, the Gyroid honeycomb absorbed 69% 

and 47% more energy per unit volume, respectively than the truss equivalent. These 

findings obtained from metallic system representative of crashworthiness applications, 

provide stronger grounds for considering TPMS derived geometries as viable 
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alternatives to conventional honeycomb structures in automotive energy absorbing 

components. 

Their Gyroid honeycomb (a three-dimensional TPMS-based structure in that study, 

distinct from the G-Honeycomb defined in this thesis) demonstrated in-plane energy 

absorption 34.8% higher than a truss honeycomb of equivalent volume fraction under 

quasi-static compression. Importantly, this advantage was maintained and, in some 

cases, amplified under dynamic loading. At compressive velocities of 1 ms-1 and 10 

ms-1, the Gyroid honeycomb absorbed 69% and 47% more energy per unit volume, 

respectively than the truss equivalent. These findings obtained from metallic system 

representative of crashworthiness applications, provide stronger grounds for 

considering TPMS derived geometries as viable alternatives to conventional 

honeycomb structures in automotive energy absorbing components. 

A major limitation of the comparative literature reviewed is that performance is mostly 

evaluated under a quasi-static loading rates and against simplified honeycomb 

geometries rather than crash bar configurations used in real automotive bumper 

systems. The automotive crash bar is a constrained component with defined 

attachment points, wall thickness calibrated for specific regulatory impacts, and an 

established progressive folding pattern that has been optimised over decades of 

development. Accordingly, comparison between a laboratory-scale TPMS specimen 

and a generic honeycomb under quasi-static loading cannot substitute for a simulation 

or physical test in which a TPMS-derived prismatic crash bar (such as the G-

Honeycomb or P-Honeycomb) and a conventional crash bar are evaluated under 

identical automotive loading and boundary conditions.  

2.8 Numerical Methods for Finite Element Analysis 

2.8.1 Explicit FEA for Impact Simulation 

Explicit FEA is the standard numerical tool for predicting the crash and impact 

response of cellular materials. The explicit central difference scheme advances the 

solution incrementally in time without requiring assembly and inversion of the global 

stiffness matrix at each increment, thereby making it well suited to problems involving 

large deformation, complex contact interactions, and material nonlinearity, all of which 

are characteristic of crash events. Abaqus/Explicit and LS-DYNA are the most used 
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commercial solvers in the TPMS literature, with Abaqus/Explicit used in the majority of 

recent metallic TPMS impact studies. 

The governing equation of the motion is integrated explicitly as: 

𝑢(𝑡 + ∆𝑡) = 𝑢(𝑡) +  ∆𝑡 ∙ u̇ (𝑡) + (
∆𝑡2

2
) ∙ ü (𝑡) 

The stable time increment (∆𝑡) must satisfy the Courant-Friedrichs-Lewy (CFL) 

criterion:  

∆𝑡 ≤
𝐿𝑚𝑖𝑛

𝑐𝑠
 

Where Lmin denotes the minimum element size and cs is the wave speed in the material. 

As TPMS models often require fine meshes, stable increments can become extremely 

small. To mitigate this, mass scaling and artificial damping are commonly introduced. 

Mass scaling increasing effective element density to enlarge the allowable time 

increment but must be controlled to avoid non-physical inertia effects.  Most studies 

use scaling factors between 10 and 1000 and check that kinetic energy remains below 

10% of internal energy. 

2.8.2 Mesh Generation and Sensitivity 

Finite element meshing of TPMS structures presents significant numerical challenges 

due to smooth, doubly curved geometry of minimal surfaces. Volumetric meshing using 

3D solid elements, such as C3D10 tetrahedra, captures the full wall volume. It also 

represents through thickness deformation and contacts between opposing walls during 

densification. This approach was used instead of shell elements, which are less 

computationally demanding but cannot fully capture these effects 

(Rezapourian et al., 2025) demonstrated that mesh density is the single most influential 

numerical parameter in TPMS FEA, with coarse meshes overpredicting plateau stress 

by as much as 20% relative to experimentally validated refined meshes. They 

recommended a minimum of four elements through the wall thickness for solid models 

and a maximum surface element size of 𝑡/4 ,where t is wall thickness. 



30 
 

(Sun et al., 2025) further reported that, for AlSi10Mg TPMS lattices, plateau stress 

converged. Within 2% of the reference solution at an approximate maximum element 

size of 0,1mm for wall thickness between 0,4 and 0,8 mm.  

2.8.3 Material Modelling 

The material model employed in TPMS impact simulations must capture elastic 

deformation, yielding plastic flow, strain hardening and strain rate sensitivity. For 

aluminium alloys, one of the most widely adopted approaches is the piecewise linear 

plasticity formulation, which uses experimentally derived true stress-true strain data 

and may incorporate strain-rate effects through Cowper-Symonds or Johnson-Cook 

rate dependence. 

The Johnson-Cook constitutive model formation is commonly expressed as: 

𝜎 = (𝐴 + 𝐵𝜀𝑛)(1 + 𝐶 𝑙𝑛 (
𝜀

𝜀0
) (1 − 𝑇𝑚) 

where A is the initial yield stress, B and n define strain hardening behaviour, C is the 

strain rate sensitivity coefficient, 𝜀0 is the reference rate, 𝑇 is the homologous 

temperature, and 𝑚 is the thermal softening exponent.  For AA6061-T6 aluminium 

alloy, which is used as the structural material in this study, validated Johnson-Cook 

parameters are available in the literature and have been correlated against impact 

experiments. In this study, both the strain rate sensitivity term (1 + 𝐶 𝑙𝑛 (
𝜀

𝜀0
) and the 

thermal softening term (1 − 𝑇𝑚)  are excluded from the material model. Only the strain 

hardening term is activated, consistent with the rate independent elastic plastic 

formulation described in section 3.2. This simplification is acceptable as the strain rate 

effects are considered to result from inertia, not from material rate dependence, and 

thermal effects fall outside the defined scope of this study.   

2.8.4 Validation Strategies and Surrogate Modelling 

The validation of FEA models for TPMS structures typically involves comparison of 

force-displacement curves. Total absorbed energy and deformation patterns between 

simulation and physical experiment. A model is generally considered validated, if it 

predicts the experimental plateau force within ±10%, the total EA within ±8%, and 
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reproduces the correct qualitative deformation sequence, such as progressive 

deformation versus catastrophic failure.  

The validity of Abaqus/Explicit models for TPMS crushing simulation has been 

discussed in the literature. (Wan et al., 2023) validated Abaqus/ Explicit models against 

physical crushing experiments for TPMS structures, achieving force-displacement 

predictions within 8% of measured results throughout the plateau regime. Based on 

this and similar studies, a maximum deviation of 10% in plateau force and absorbed 

energy is adopted as the validation limit in this study. 

2.9 Research Gaps 

As shown in Sections 2.1 to 2.8, five specific gaps remain between current 

understanding of TPMS structures and the requirements for engineering deployment 

of TPMS-derived prismatic crash bars as alternatives to conventional honeycomb 

crash bars in automotive applications. Addressing these gaps is essential, as they form 

an interconnected set of unresolved issues that currently restrict the adoption of G-

Honeycomb and P-Honeycomb architectures in automotive crash management 

systems. 

The most significant gap is the lack of controlled comparative studies between TPMS 

geometries at impact velocities relative to real automotive crash scenarios. Most 

dynamic characterization of TPMS structures has been carried out using Split 

Hopkinson Pressure Bar experiments, where strain rates in the range of 10²-10³ s⁻¹.  

For crash bars of 80-200 mm impacted at 40-60 km/h, strain rates of approximately 

50-200 s⁻¹ are generated. This intermediate range is not addressed by quasi-static 

studies and is not directly represented in the high-rate literature. (AlMahri et al., 2021)) 

measured dynamic increase factors of 1.10-1.36 across five TPMS topologies at 2057 

s⁻¹. The rate-dependent enhancement was linked to the material behavior of SS316L 

rather than inertial effects. Neither the automotive velocity range nor a direct G-

Honeycomb vs P-Honeycomb comparison was included. (Yılmaz et al., 2024)) 

approached automotive-relevant conditions but equally did not deliver a controlled 

comparison between these topologies. The quasi-static ranking, in which the Gyroid 

has broadly outperformed the Primitive in SEA and CFE, therefore lacks dynamic 

validation. 
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The second gap arises from the absence of validated, direct performance comparisons 

between TPMS-derived 2D crash bars and traditional honeycomb crash bars under 

realistic crash scenarios. Existing studies, including (Wagner et al., 2025), mainly 

evaluate simplified geometries under quasi-static conditions instead of integrated 

structural systems at automotive impact velocities. This limitation is important as crash 

performance is influenced by topology and geometric scaling, end constraints, and 

strain-rate effects. These are not fully represented in quasi-static testing frameworks. 

A conclusion that TPMS structures outperform honeycomb in specific energy 

absorption under quasi-static laboratory compression does not constitute evidence that 

a TPMS-derived 2D crash bar would outperform a honeycomb crash bar in a regulatory 

frontal impact test, and the engineering literature does not yet contain a study that 

bridges this gap. 

The third gap concerns the interaction between impact velocity and topology-

dependent crashworthiness performance. (AlMahri et al., 2021) and (Novak et al., 

2023) both report that dynamic enhancement of plateau stress and SEA is topology-

dependent, with certain structures exhibiting substantially higher strain-rate hardening 

than others. If this topology-dependent enhancement extends into the automotive 

crash velocity range, the relative performance ranking of the G-Honeycomb and P-

Honeycomb may not be stable across velocities. A topology selection based on quasi-

static or low-rate data may therefore be unreliable for a crash bar application where 

the design velocity is fixed by regulatory requirements. Whether the performance 

ranking between the G-Honeycomb and P-Honeycomb shifts, inverts, or remains 

stable between 40 km/h and 60 km/h has not been examined in any study identified in 

this review. 

The fourth gap concerns the limited availability of TPMS crashworthiness data for 

AA6061-T6, the wrought aluminium alloy most widely used in extruded automotive 

crash bars. The dominant material choices in the TPMS impact literature are AlSi10Mg 

and Ti-6Al-4V, both of which differ substantially from AA6061-T6 in yield strength, 

strain hardening behaviour, ductility, and strain-rate sensitivity. These differences have 

direct consequences for crashworthiness predictions. The Johnson-Cook strain-rate 

sensitivity parameter C for AA6061-T6 is substantially lower than that reported for 

AlSi10Mg processed by L-PBF, meaning that dynamic enhancement effects observed 

in AlSi10Mg-based TPMS studies cannot be directly transferred to AA6061-T6 
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structures. Similarly, the higher yield strength and lower ductility of Ti-6Al-4V produce 

failure modes that are not representative of wrought aluminium behaviour under 

automotive crash loading. As a result, existing TPMS crash performance data, even 

where well validated for their respective material systems, cannot be reliably extended 

to automotive production materials without dedicated experimental or computational 

investigation using AA6061-T6. 

Another important gap is the lack of deformation mechanism analysis in computational 

TPMS crash studies. As discussed in Sections 2.7 and 2.8, most finite element work 

reports only macroscopic force-displacement behaviour and summary performance 

indicators, without resolving the internal stress-strain evolution during collapse. This is 

a major limitation, as key indicators such as peak crushing force, plateau stress, and 

crushing force efficiency are governed by microscale processes, including stress 

redistribution and localisation. These internal processes govern energy absorption but 

are not captured by global response curves. As a result, the influence of geometry on 

crash behaviour cannot be fully explained or predicted under changing conditions. This 

thesis addresses this limitation through detailed contour-based analysis across 

deformation stages and loading velocities. 

 

 

 

 

 

 

 

 

 

  



34 
 

3 METHODOLOGY 

A computational method was used to compare the crashworthiness of crash bars 

incorporating TPMS-derived 2D structures against a conventional crash bar under 

impact loading. The dynamic crushing behaviour of these TPMS-derived 2D structures 

and a conventional crash bar was investigated using the commercial finite element 

analysis software Abaqus/Explicit. A consistent method to develop the models was 

adopted ensuring reproducibility and consistency. First, TPMS-derived 2D structures 

and the conventional structure were designed with controlled parameters in 

SolidWorks. Then, material properties, boundary conditions, and loading cases are 

applied uniformly using Abaqus Explicit. Finally, performance metrics including energy 

absorption, peak crushing force, and deformation behaviour are extracted for 

comparison. All models were analysed under identical boundary conditions and 

loading to ensure a consistent comparison. However, the structures differ in mass due 

to their internal topology, and therefore the comparison is not strictly mass equivalent. 

3.1 Geometry Modelling 

Geometry modelling is a critical step in this study, as the structural configuration 

directly influences energy absorption and deformation behaviour. The geometries of 

the TPMS derived 2D structures (Gyroid and Primitive variants) and the conventional 

structure were developed with controlled parameters to ensure a fair comparison. 

3.1.1 TPMS Geometry Definition 

The structures used in this thesis are generated from 2D cross-sectional patterns 

derived from TPMS level set equations, which define continuous periodic surfaces. 

Two TPMS-derived structures are considered: a Gyroid derived structure and a 

Primitive derived structure. These 2D cross sectional profiles were developed and 

visualised using the Desmos mathematical tool, allowing direct control over geometric 

parameters. It is important to note that these are not full three-dimensional TPMS 

lattice implementations; the cross-sectional topology is derived from TPMS level-set 

equations and subsequently extruded longitudinally to produce the three-dimensional 

crash bar core geometry. These geometries are developed and visualised using the 

Desmos mathematical tool, allowing direct control over geometric parameters.(Peng 

et al., 2023)  
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The G-Honeycomb is generated from the following trigonometric implicit level set 

function: 

−𝑡 ≤ sin(𝑥) 𝑐𝑜𝑠(𝑦) + sin(𝑦) cos(𝑛) + sin(𝑛) cos(𝑥) ≤ 𝑡 

where t is a level set constant that controls the relative density of the structure. By 

adjusting t, the thickness of the solid region changes, which directly affects porosity 

and mass distribution. 

In this implementation, n serves the equivalent role of z in the standard level set 

equation, controlling periodic variation within the 2D cross-sectional plane. The 

inequality form −t ≤ ... ≤ t extracts a solid region of controlled thickness centred on the 

zero-surface, consistent with the sheet-network architecture described in Section 

2.3.1. 

 

Figure 2 - 2D cross-sectional profile of the G-Honeycomb generated in Desmos 
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Figure 3 - Extruded 3D crash bar geometry of the G-Honeycomb 

 

These parameters are tuned in Desmos to obtain a stable and manufacturable 

geometry with the desired density. 

The Primitive surface is defined using the following implicit equation: 

cos(𝑎 − 𝑥) + cos(𝑏 − 𝑦) − 𝑐 ≤ 𝑚 

Where a, b, and c are geometric shift and scaling parameters, and m defines the solid 

region threshold. The parameters used for this structure are, a = −2.8, b = −3.8, c = 

−0.8, m = 0. 

The P-Honeycomb was constructed from a 2D cross-sectional pattern generated from 

this implicit equation in Desmos and subsequently extruded along the longitudinal Z-

axis in SolidWorks to produce the three-dimensional crash bar core. This produces a 

prismatic structure whose cross-sectional topology is inspired by the open-channel, 

cubic-symmetric character of the Schwartz P surface. While this approach differs from 

a fully three-dimensional level-set implementation, TPMS-derived 2D structures of this 

type represent an established approach in the crashworthiness literature, where the 

primary loading direction is axial and the cross-sectional topology governs deformation 

behaviour. 
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Figure 4 - 2D cross-sectional profile of the P-Honeycomb generated in Desmos 

 

 

Figure 5 - Extruded 3D crash bar geometry of the P-Honeycomb 

 

The parameters a, b, c, and m control the spacing, orientation, and size of the repeating 

unit cells. By modifying these values, the geometry can be adjusted to get the optimal 

relative density and structural behaviour.  

Both the G-Honeycomb and P-Honeycomb were designed as periodic unit cells in the 

cross-sectional plane and built longitudinally through extrusion to form the complete 

crash bar geometry. The use of implicit level-set functions ensures smooth wall profiles 

in both structures, which promotes more uniform stress distribution during deformation.  
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The Desmos-based approach provides a simple and effective means of visualising and 

adjusting the 2D cross-sectional profiles of the G-Honeycomb and P-Honeycomb 

before exporting them into CAD and finite element environments. 

3.1.2 CAD Model Generation 

The G-Honeycomb and P-Honeycomb geometries were created using a multi-step 

digital process to transform the 2D level-set cross-sectional profiles into 

manufacturable solid models suitable for finite element analysis.  

Implicit level-set equations for the G-Honeycomb and P-Honeycomb were 

implemented in the Desmos mathematical tool to visualise the 2D cross-sectional 

patterns and control the geometry through variables t, n, and phase-shift constants. 

These 2D cross sectional patterns were then exported from the app as SVG vector 

graphics files. The SVG files were then imported into Inkscape for preprocessing, the 

geometries were cleaned, scaled, and converted into closed profiles ready for import 

into CAD software. The files were then saved as DXF (Drawing Exchange Format), 

which is widely supported for CAD import.  

The DXF files were imported into SolidWorks. The 2D cross-sectional profiles of the 

G-Honeycomb and P-Honeycomb were then extruded along the longitudinal direction 

to form the internal core structures. These cores were then Incorporated within a 

predefined crash bar geometry. 

Two types of TPMS-based structures were developed: 

•  G-Honeycomb (G) structure  

  

Figure 6 – G-Honeycomb crash bar core design 
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• P-Honeycomb (P) structure   

 

Figure 7 – P-Honeycomb crash bar core design 

Both the G-Honeycomb and P-Honeycomb crash bar cores were modelled with the 

following identical external dimensions:  

• Length = 1200 mm  

• Width = 80 mm  

• Height = 80 mm  

  

 

The individual cross-sectional unit cell patterns of the G-Honeycomb and P-

Honeycomb were repeated along the length of the crash bar through longitudinal 

extrusion to form the complete internal core geometry. This ensured geometric 

consistency and allowed direct comparison between the two topologies.  

To enable a comparison, a conventional crash bar was also modelled in SolidWorks. 

The conventional crash bar model consists of a hollow cylindrical tube with a diameter 

of 40 mm.  

Figure 9 - G-Honeycomb crash bar  Figure 8 - P-Honeycomb crash bar 
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Figure 10 - Conventional crash bar  

 

Figure 11 - Conventional crash bar 

 

For a fair comparison, the conventional crash bar maintains the same external 

dimensions as the G-Honeycomb and P-Honeycomb designs. 

3.2 Material Properties 

Accurate prediction of deformation and energy absorption for dynamically loaded 

structures requires a robust material model. In the present work, the widely used 

automotive crash component material aluminium alloy AA6061-T6 was adopted for all 

geometries, owing to its well documented mechanical properties. 
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AA6061-T6 aluminium alloy is suited for use in lightweight structural applications where 

a good balance of strength, ductility, and manufacturability is required. It is widely 

applied in automotive crash structures such as bumper beams and energy absorbers.  

Another advantage of this alloy is the availability of reliable material data in the 

literature, which supports accurate numerical modelling. In addition, AA6061-T6 is 

compatible with modern manufacturing techniques, including additive manufacturing, 

making it a suitable material choice for the G-Honeycomb and P-Honeycomb designs 

should physical fabrication be pursued. 

The mechanical properties used in the simulations are taken from standard references 

and are summarised in Table 1 (MatWeb LLC, 2024). 

Table 1 - Material properties of AA6061-T6 

Property Value 

Density (ρ) 2700 kg/m³ 

Young’s Modulus (E) 68.9 GPa 

Poisson’s Ratio (ν) 0.33 

Yield Strength (σᵧ) 276 MPa 

Ultimate Tensile Strength 310 MPa 

 

These properties are used to define the elastic and plastic behaviour of the material in 

the finite element model. 

The material model is defined as rate-independent elastic-plastic. Strain-rate effects 

are not included in this thesis. Therefore, any variation in force response with impact 

velocity is attributed to inertial effects and increased kinetic energy, rather than strain-

rate-dependent material behaviour. The elastic region is defined using Young’s 

modulus and Poisson’s ratio, while plastic behaviour is described using a stress-strain 

curve based on available experimental data. 

In this study, the selected material model assumes isotropic behaviour and uniform 

properties throughout the structure. Thermal effects or material damage are not 

considered. Which simplifies the analysis while still capturing the main deformation 

characteristics. 
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3.3 Finite Element Model  

Finite element models of the G-Honeycomb, P-Honeycomb, and conventional crash 

bar were analysed under dynamic impact loading. Abaqus/Explicit was used to analyse 

high-speed deformation, complex contact interactions, and nonlinear material 

behaviour of the G-Honeycomb, P-Honeycomb, and conventional crash bar. 

3.3.1 Software selection. 

The numerical analysis has been performed using the Abaqus/Explicit software. The 

explicit dynamic solver in Abaqus/Explicit has been chosen to simulate the dynamic 

impact problem efficiently.  

A methodology is demonstrated to accurately predict the force-displacement response 

and energy absorption characteristics of the G-Honeycomb, P-Honeycomb, and 

conventional crash bar. 

3.3.2 Model Import and Assembly Setup  

All the developed models have been exported from SolidWorks CAD system in the 

form of STEP files (.step). These STEP files were then imported into Abaqus/Explicit. 

A consistent unit system has been adopted throughout the simulation. In this 

simulation, all dimensions of models were described in millimetres, masses in tonnes 

and time in seconds.  

All inputs, including geometry dimensions, material properties and boundary 

conditions, are provided within this consistent unit system to avoid scaling errors and 

ensure accurate simulation results.  

The conventional, G-Honeycomb, and P-Honeycomb crash bar configurations were 

modelled as deformable bodies while the impactor has been modelled as a discrete 

rigid body to reduce computational cost. An isotropic inertia corresponding to a mass 

of 0.2 tons (200 kg) has been assigned to the rigid body of the impactor. This simplifies 

the model while maintaining realistic impact behaviour. The reference point of the rigid 

body is then used to apply velocity and boundary conditions. 

All components, including the crash bar and impactor were assembled and within the 

Abaqus assembly module. Proper positioning and alignment were ensured to maintain 
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consistent contact interaction during simulation. Distance between crash bar and 

impactor is 5 mm. 

 

Figure 12 - Assembled G crash bar and impactor in Abaqus 

 

Figure 13 - Assembled P crash bar and impactor 
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Figure 14 - Assembled traditional crash bar and impactor 

 

3.3.3 Material Assignment  

The material properties of AA6061-T6 were assigned to all crash bar models. The 

mass of each structure differs due to its internal geometry, as summarised below: 

• Traditional crash bar: 10.1 kg  

• G-honeycomb crash bar: 11.4 kg  

• P-honeycomb crash bar: 13.5 kg  

These mass differences arise due to variations in internal topology and material 

distribution. Despite having identical external dimensions, the internal structures 

influence the overall mass and, consequently, the energy absorption behaviour. 

As the three structures differ in mass due to their internal topology, direct comparison 

of total energy absorption (EA) alone is not considered valid. All primary conclusions 

are therefore drawn from mass-normalised and efficiency-based metrics, specifically 

Specific Energy Absorption (SEA) and Crush Force Efficiency (CFE). 

3.3.4 Dynamic Explicit Analysis 

After defining the geometry and assembly, the analysis step was created using the 

Dynamic, Explicit procedure in Abaqus. This step is specifically designed for problems 
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involving high-speed events, such as impact and crash simulations (Ogmaia & Tasel, 

2015).  

The Dynamic Explicit solver is selected because it can efficiently handle: 

• Large deformations  

• Complex contact interactions  

• Nonlinear material behaviour  

• Short-duration dynamic events  

Unlike implicit methods, the explicit solver does not require iterative convergence at 

each increment. This makes it more stable and computationally efficient for impact 

problems. (Ogmaia & Tasel, 2015) 

In this study, the loading event occurs over a very short time period, time period of 

simulation is 5 milliseconds. Therefore, the explicit dynamic step is suitable for 

accurately capturing the transient response of the crash bar during impact. 

3.3.5 Mesh Strategy  

 A finite element mesh was generated for all crash bar models to accurately capture 

the deformation behaviour during impact. Due to the complex internal geometry of the 

G-Honeycomb and P-Honeycomb, a tetrahedral free-meshing technique was adopted. 

For the Gyroid (G) and Primitive (P) honeycomb structures, a finer mesh was applied 

within the internal honeycomb core region to accurately represent the complex 

topology. A detailed mesh size of 8 mm was applied to the internal G-Honeycomb and 

P-Honeycomb core regions, with a slightly coarser mesh size of 10 mm applied to the 

outer crash bar shell. This approach balances accuracy and computational efficiency. 

This approach balances accuracy and computational efficiency. 

A 3D stress element type of C3D10M with quadratic tetrahedral formulation was 

selected. This element type is well suited for solving problems which include large 

deformation as well as complex geometrical features. 

The mesh quality and size for each model are summarised as follows: 

• G-Honeycomb crash bar  
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o Number of elements: 148,404  

o Analysis errors: 0 (0%)  

o Analysis warnings: 149 (0.10%)  

 

 

Figure 15 - Finite element mesh of the G-Honeycomb crash bar 

• P-Honeycomb crash bar  

o Number of elements: 158,171  

o Analysis errors: 0 (0%)  

o Analysis warnings: 1506 (0.95%)  

 

 

Figure 16 - Finite element mesh of the P-Honeycomb crash bar 

 

• Traditional crash bar  

o Number of elements: 25,666  
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o Analysis errors: 0 (0%)  

o Analysis warnings: 0 (0%)  

 

 

Figure 17 - Meshed traditional bar 

 

 

Figure 18 - Meshed traditional bar (wireframe style) 

Figures 17 and 18 present the finite element mesh of the conventional hollow 

cylindrical crash bar. Figure 17 shows the overall element distribution across the outer 

cylindrical wall, while Figure 18 provides a wireframe view revealing the internal void 

region and the uniform element distribution through the wall thickness. 

In contrast to the conventional crash bar, the G-Honeycomb and P-Honeycomb have 

more complex internal geometries, requiring a greater number of elements to achieve 

adequate discretisation.  
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The rigid parts were meshed using a quadrilateral-dominated free mesh. Since these 

parts are defined as rigid bodies, a coarse mesh is sufficient and does not significantly 

affect the accuracy of the results. 

 

Figure 19 - Meshed rigid impactor 

 

A formal mesh convergence study was not conducted due to the high computational 

cost of the complex G-Honeycomb and P-Honeycomb geometries. Confidence in the 

selected mesh size is however supported by zero analysis errors across all models, 

element distortion warnings ranging from 0% to 0.95% across the three structures, and 

artificial energy ratios well below the accepted 5% threshold in all simulations. Based 

on these findings, the adopted mesh quality is considered acceptable for accurately 

capturing the overall deformation and energy absorption behaviour, The absence of a 

formal convergence study is nonetheless acknowledged as a limitation. 

3.3.6 Interaction Definition  

In the numerical model, contact interactions between all components were modelled 

using the General Contact (Explicit) algorithm available in Abaqus/Explicit. This 

algorithm allows automatic detection of contact between multiple surfaces and is 

particularly well suited to the complex internal geometries of the G-Honeycomb and P-

Honeycomb. 

The contact behaviour was defined using the following parameters: 
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• Contact type: General contact (Explicit)  

• Tangential behaviour: Penalty formulation with a friction coefficient of 0.3 (Liu et 

al., 2022). 

• Normal behaviour: Hard contact. 

The friction coefficient used in the simulation is representative of aluminium to 

aluminium contact conditions and allows realistic simulation of sliding resistance during 

deformation. Hard contact in the normal direction was enforced in order to ensure that 

surfaces do not penetrate each other during impact. 

3.4 Boundary Conditions and Loading  

Boundary conditions and loading configuration were defined in order to represent the 

dynamic impact behaviour of the crash bar. The simulations were carried out with 

consistent boundary conditions and loading parameters to ensure a controlled 

comparison between different structural configurations. 

3.4.1 Impact Setup  

For the rigid impactor in the model, the encastre boundary condition was applied at the 

reference point to fully constrain all translational and rotational degrees of freedom.  

U1=U2=U3=UR1=UR2=UR3=0  

Above, U1 - displacement along X-axis; U2 - displacement along Y-axis; U3 - 

displacement along Z-axis; UR1 - rotation about X-axis; UR2 - rotation about Y-axis; 

UR3 - rotation about Z-axis. 

As a result, the rigid impactor is held completely fixed during the simulation and serves 

as a stable reference point through which loads are transferred. 

For the crash bar, displacement and rotation boundary conditions were applied. In the 

initial step, all translational and rotational degrees of freedom of the entire crash bar 

body were constrained to maintain the initial positioning and prevent any unintended 

motion before the loading is applied.  
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The impact loading was applied in the Dynamic Explicit step by assigning a velocity to 

the crash bar in the Z-direction (U3). The velocity was applied along the Z-direction 

(U3 ≠ 0), while the other directions were constrained: 

U1 = 0, U2 = 0  

UR1 = UR2 = UR3 = 0  

Where U1 is displacement in X- direction, U2 is displacement in Y- direction, U3 is 

displacement in Z- direction, UR1 is rotation about X-axis, UR2 is rotation about Y-

axis, and UR3 is rotation about Z-axis. 

 

 

Figure 20 - Apply boundary condition to simulation 

Two different impact velocities were considered to evaluate performance under varying 

crash conditions: 

• 40 km/h = 11.11 m/s = 11,110 mm/s  

• 60 km/h = 16.67 m/s = 16,670 mm/s  

The encastre condition is used for rigid impactor to simulate a fully fixed boundary, 

which is commonly assumed in crash simulations. 

In the idealised impact scenario used in this study, the crash bar moves directly toward 

a fixed rigid surface. It is recognised that in real vehicle systems, the crash bar is 

connected to deformable components such as crush cans, which also contribute to 
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energy absorption during impact. As such, this simplification may result in a slightly 

stiffer response compared to real-world conditions. 

3.4.2 Output Requests 

The performance of the structures is evaluated based on several output parameters 

recorded during the simulation. The reaction force at the rigid body is presented as a 

force-displacement curve, from which energy absorption as well as other performance 

metrics can be determined.  

Three types of energies: internal energy, kinetic energy, and plastic dissipation energy 

(ALLIE, ALLKE, ALLPD) are monitored during analysis for simulation accuracy and 

stability verification. The loading conditions are realistic, consistent, and suitable for 

evaluating crash performance. (Demirci et al., n.d.) 

3.5 Performance Metrics 

To evaluate the crashworthiness of the structures, several quantitative performance 

metrics are defined based on the force-displacement response obtained from the 

simulations. These metrics allow a consistent comparison between the G-Honeycomb, 

P-Honeycomb, and conventional crash bar under identical loading conditions. 

3.5.1 Energy Absorption (EA) 

Crash bars on vehicles primarily absorb and dissipate kinetic energy. As the front part 

of the vehicle they are the first to come into contact with impact loading during a crash. 

Therefore the material used to manufacture the bars is subjected to significant 

deformation during use. Typically this is in the form of controlled plastic deformation of 

the material through bending, folding or crushing, rather than operating in a completely 

rigid state. Through this deformation process, the vehicle's kinetic energy is converted 

into deformation energy, thereby protecting the occupants and other critical vehicle 

components from the severity of the impact forces. 

It is calculated as the area under the force-displacement curve up to the densification 

point. 

𝐸𝐴 =  ∫ 𝐹(𝛿)𝑑𝛿
𝛿𝐷

0
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Where F(δ) is the crushing force, dδ is the incremental displacement, and δD is the 

displacement at densification. (Xia et al., 2023) 

Higher Energy Absorption means the bar can absorb more impact energy before it 

reaches the vehicle frame. A structure with higher EA therefore gives better occupant 

protection. 

Densification is the point during an impact event where the cellular or thin-walled 

structure has fully collapsed, cell walls have made contact, and the material acts as a 

solid, resulting in a rapid increase in stress. It marks the end of the energy-absorbing 

plateau region. 

Before densification, structure deforms and absorbs energy efficiently. After 

densification, structure becomes stiff and force increases rapidly. It is therefore 

desirable for densification to occur as late as possible, allowing the crash bar to absorb 

the maximum amount of energy before the onset of full compaction. 

3.5.2 Specific Energy Absorption (SEA) 

Specific energy absorption is defined as the energy absorbed per unit mass of the 

structure. This metric is important for lightweight design applications. 

𝑆𝐸𝐴 =  
𝐸𝐴

𝑚
 

where m is the mass of the structure. Vehicles need to stay lightweight. A crash bar 

with high SEA (Specific Energy Absorption) absorbs a large amount of energy with a 

minimal amount of material. In cases where two designs absorb the same amount of 

energy, the lighter one is preferable. 

3.5.3 Peak Crushing Force (PCF) 

The peak crushing force is defined as the highest force value observed during the initial 

stage of impact, and is a critical crashworthiness indicator used to determine the 

severity of force transmitted to the occupants during a collision event. It represents the 

maximum force experienced by the structure prior to the onset of buckling or 

progressive folding and is therefore of direct relevance in assessing the safety risk 

posed to the occupants of the vehicle. 
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𝑃𝐶𝐹 = max (𝐹(𝛿)) 

This value gives a direct indication of the high peak forces that can occur during an 

impact. High peak forces translate into severe impact loads, which represent a critical 

safety risk to the vehicle structure and its occupants. High PCF means a sudden large 

force which can damage the chassis and cause serious injury to the occupants of the 

vehicle. A well designed crash bar is therefore one that minimises these high PCF 

values to reduce the risk of injury during a collision. 

3.5.4 Mean Crushing Force (MCF) 

The mean crushing force represents the average force during deformation and 

provides an indicator of how efficiently a structure can dissipate kinetic energy during 

a collision event. 

𝑀𝐶𝐹 =  
𝐸𝐴

𝛿𝐷
 

The mean crushing force (MCF) is a measure of the overall load carrying capacity of 

the structure. A higher MCF with controlled PCF means the crash bar is consistently 

absorbing energy throughout the deformation process, rather than failing 

prematurely.(Jackowski et al., 2023). 

3.5.5 Crush Force Efficiency (CFE) 

Crush force efficiency is defined as the ratio of the mean crushing force to the peak 

crushing force, measuring how consistently a structure absorbs energy during a 

collision event. 

𝐶𝐹𝐸 =
𝑀𝐶𝐹

𝑃𝐶𝐹
 

A higher CFE (closer to 1 or 100%) will lead to improved consistency in terms of energy 

absorption and reduced peak forces. This will result in reducing the structural impact 

severity and the risk of injuries to occupants. In addition, a high CFE indicates more 

effective and stable progressive collapsing behavior. Such performance metrics will 

allow complete assessment and comparison of different structural configurations 

investigated within this research. (Sebaey, 2020) 
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3.6 Model Validation and Assumption  

3.6.1 Model Validation 

The proposed approach in this study is purely computational, therefore no 

experimental validation is performed for the proposed finite element models. The 

modelling methodology was, however, validated using available literature data where 

similar simulation methods, material systems, and experimental testing conditions 

were utilised. This approach is consistent with established practice in the TPMS 

crashworthiness literature, where Abaqus/Explicit models are validated against 

experimental results from prior studies before being applied to novel structural 

configurations. (Rezapourian et al., 2025; Wan et al., 2023) 

The numerical models were established by using the finite element analysis method, 

where C3D10M (modified quadratic tetrahedral solid element) was adopted in the 

models. General contact with penalty friction coefficient of 0.3 was applied. A rate-

independent elastic-plastic constitutive model was used to define the deformation 

behaviours of the AA6061-T6 alloy. The adopted finite element models for TPMS 

impact simulation in the paper have been validated and their accuracy was confirmed 

by relevant existing research works. Wan et al., 2023 demonstrated that 

Abaqus/Explicit models with equivalent contact definitions and mesh densities 

predicted force-displacement responses within 8% of experimental measurements 

throughout the plateau regime. Therefore, the maximum error of 10% of the plateau 

stress and total energy absorption was taken as the acceptance criterion for the 

developed models in the study. 

The G-Honeycomb model showed consistent, distributed crushing with a stable 

plateau consistent with the layer-by-layer folding reported in the literature for Gyroid 

TPMS lattices (AlMahri et al., 2021; Novak et al., 2023), providing qualitative 

correspondence despite the geometric differences between the extruded 2D cross 

section used in this thesis and volumetric TPMS implementations.. The P-Honeycomb 

model showed localised collapse predominantly in a shear mode with pronounced 

post-peak force variation, consistent with the interlayer failure behaviour documented 

for Primitive TPMS lattices (Abueidda et al., 2019; Sombatmai et al., 2024). These 

qualitative correspondences confirm that the models reproduce physically 

representative deformation modes for each topology. 
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For the numerical validation of the obtained results the energy balance of the analyzed 

models has been checked. The artificial strain energy (ALLAE) remained below 5% of 

the total internal energy (ALLIE) throughout all simulations. The internal energy 

(ALLIE) increased steadily and remained closely matched to the plastic dissipation 

energy (ALLPD), confirming that the dominant energy pathway was permanent plastic 

deformation. This is the physically expected behaviour for a crashworthy structure. 

From a mechanical point of view valid results have been achieved; from a numerical 

point of view the results are reliable. 

3.6.2 Assumption And Simplifications  

Numerical simulations were performed on the basis of several assumptions and 

simplifications. Firstly, a perfect CAD model of the crash bar structures was created 

without accounting for any manufacturing errors or geometric imperfections/surface 

roughness. The crash bar structures were designed with a constant wall thickness. 

Additionally, a homogenous and isotropic material assumption was made for all crash 

bar structures (G-Honeycomb, P-Honeycomb and Traditional). This means that a 

constant material property was assumed for all crash bar structures. The dynamic 

simulations did not account for any temperature rise and subsequent thermal softening 

during an impact event. 

Boundary conditions and contact definitions were defined such that the impactor was 

modelled as rigid without any deformation. General contact with constant friction 

coefficient was defined between the impactor and sample. Surface interactions were 

assumed to behave uniformly and were not expected to introduce any differences. 

Mass scaling was used to speed up the computations, and was not expected to cause 

significant errors. 

The G-Honeycomb and P-Honeycomb were created from 2D cross-sectional patterns 

extruded along the longitudinal axis, rather than from a fully three-dimensional level-

set implementation. Consequently, the curved wall profile characteristic of the TPMS 

level-set equations is retained only within the cross-sectional (XY) plane, while the 

structure extends as straight prismatic walls along the Z-direction. This may result in a 

higher axial stiffness relative to a true three dimensional TPMS lattice. However, 

TPMS-derived 2D structures of this type represent an established approach in the 

crashworthiness literature where the primary loading is axial and cross-sectional 
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topology governs deformation behaviour; this simplification is therefore considered 

acceptable for the present study. 
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4 RESULTS 

A total of six finite element simulations were performed to evaluate the crashworthiness 

performance of three different crash bar configurations under dynamic impact loading 

conditions. The structures considered include the conventional crash bar, the G-

Honeycomb crash bar, and the P-Honeycomb crash bar. Each structure was analysed 

under two impact velocities, namely 40 km/h and 60 km/h. 

The results presented in this chapter are based entirely on numerical simulations 

conducted using Abaqus/Explicit. The outputs analysed include force-displacement 

response, energy absorption characteristics, deformation patterns, and velocity 

sensitivity. 

4.1 Force - displacement Response (40km/h) 

The force-displacement behaviour of the crash bars is used to evaluate the crushing 

performance under impact loading. The reaction force was obtained from the rigid 

component and plotted against displacement. 

4.1.1  G-Honeycomb Crash Bar 

 

Figure 21 - G-Honeycomb force-displacement 40km/h Graph 

Figure 21 - Force-displacement response of the G-Honeycomb crash bar under impact 

loading at 40 km/h, showing the initial peak crushing force, plateau region, and 

progressive deformation behaviour. The steadily increasing line in this chart indicates 
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the material is beginning to deform. The initial peak was 2.51MN at 16.26mm 

displacement. A fluctuating plateau stage followed between 15 mm and 35 mm 

displacement, during stable and progressive crushing of the internal G-Honeycomb 

core, after which the force decreased gradually. The maximum peak crushing force 

(PCF) was 2.53MN at 30.14mm. The post peak drop is smooth with oscillations in force 

until the final displacement of 43.25 mm where continuous folding and energy 

dissipation occur. The relatively smooth plateau region suggests efficient load 

distribution and stable deformation behaviour.                                                                                                                                                                                                                                                                                 

4.1.2 P-Honeycomb Crash Bar  

 

Figure 22 – P-Honeycomb force-displacement Graph (40km/h) 

The P-Honeycomb crash bar demonstrated a significantly different response. The 

force profile for this product exhibited a very high initial peak force of approximately 

13.4 MN occurring at 5.56 mm, indicating a stiff initial response. The force then drops 

very quickly showing unstable crushing. The post peak response is then characterised 

by irregular variations throughout the deformation process. There are several 

secondary peaks with the largest two occurring late in the deformation with forces of 

4.06 MN and 3.02 MN. (Figure 22). On closer inspection however, one can observe 

localised deformation and uneven energy absorption compared to the Gyroid structure. 

The Primitive structure does not contain a stable plateau and as such, does not 

undergoing progressive collapse efficiently. 
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4.1.3 Traditional crash Bar  

 

Figure 23 - Traditional force-displacement Graph (40km/h) 

The standard crash bar studied here showed a sharp highest point at the initial stage 

of impact with an axial force of approximately 7.30 MN at 5.57 mm. The force reduced 

steadily down a straight pull with some small oscillations, indicating limited load 

carrying capacity during progressive deformation. There were a few secondary peaks 

the highest being 3.75 MN at 25.19 mm and the last at 2.80 MN at 38.62 mm. The 

observed deformation behaviour results in less uniform deformation and lower crush 

force efficiency (CFE = 0.21) compared to the G-Honeycomb (CFE = 0.58) and P-

Honeycomb (CFE = 0.26). 
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4.2 Force - Displacement Response (60Km/h)  

4.2.1 G-Honeycomb Crash Bar  

 

Figure 24 – G-Honeycomb force-displacement 60km/h Graph 

 

The force displacement response of the G-Honeycomb crash bar at 60 km/h begins 

with a gradually increasing force due to the progressive collapse of the internal 

honeycomb core, increases steadily up to the PCF of 3.49 MN at 35.58 mm. This is 

higher than the PCF at the lower test velocity of 40 km/h due to increased impact 

energy and inertia. The force then decreases and fluctuates between 0.7 MN and 2.5 

MN as further progressive collapse occurs until maximum deformation of 

approximately 70 mm. This is significantly greater than the deformation seen at 40 

km/h. The slow increasing section of force followed by a long plateau section indicates 

stable energy absorption and uniform crush bar deformation. 
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4.2.2 P-Honeycomb Crash Bar  

 

Figure 25 - Primitive Force displacement 60km/h Graph 

Dynamic Unloading Force data for the P-Honeycomb sample crash test revealed an 

unusual high initial peak force of 7.04 MN at 16.61 mm, which is significantly higher 

than the G-Honeycomb. 

The force drops rapidly, followed by irregular fluctuations. There are two secondary 

peaks of approximately 3.95 MN and 3.10 MN. The crushing behaviour is unstable and 

localised. This suggests early dynamic structural collapse compared to the 40 km/h 

test. The force-time history does not have a consistent plateau region and therefore 

the load is not efficiently transferred across the structure. 
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4.2.3 Traditional Crash Bar  

 

Figure 26 - Traditional Force displacement 60km/h Graph 

The load-displacement curve of the standard crash bar starts at a very high force of 

about 13.4 MN at a displacement of 8.35 mm. The force then decreases immediately 

and strongly and only shows a weak increase reaching values around 2.25 MN before 

decreasing again in the later stages of deformation. The structure is stiff and rigid at 

the beginning, then changes to a weak progressive deformation. The load-carrying 

capacity after the first impact is limited and there is no well-defined plateau. 

4.3 Energy Absorption Metrics (40km/h) 

The energy absorption capability of the structures was evaluated based on the 

simulated force displacement response. The key crashworthiness parameters 

calculated include SEA, PCF, MCF, CFE, EA (Specific Energy Absorption, Peak 

Crushing Force, Mean Crushing Force, and Crush Force Efficiency, Energy 

Absorption) were evaluated. EA was calculated from the area under the force 

displacement curve by the numerical trapezoidal rule. (Ha et al., 2024) 

𝐸𝐴 = ∑ (
𝐹𝑖 + 𝐹𝑖+1

2
) × (𝛿𝑖+1 − 𝛿𝑖)  

Three different structures with the same external dimensions were analysed using 

finite element simulations. Although they have the same dimensions, they have 
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different mass, therefore the comparison is not mass-equivalent; instead, specific 

energy absorption (SEA) is used as the primary metric for performance comparison. 

Symbol Meaning 

𝐸𝐴 Total energy absorbed by the structure 

∑ Summation over all data intervals 

𝐹𝑖 Force at the i-th data point 

𝐹𝑖+1 Force at the next data point 

𝛿𝑖 Displacement at the i-th data point 

𝛿𝑖+1 Displacement at the next data point 

 

4.3.1 G-Honeycomb Crash Bar  

The G-Honeycomb showed well balance of crashworthiness at 40 km/h collision test 

results of collision resistance. The absorbed energy is 63.3 kJ with small peak force of 

2.53 MN. The corresponding SEA value is 5.55 kJ/kg with moderate energy absorption 

efficiency relative to its mass. 

The mean crushing force (MCF) for the G-Honeycomb structure simulated was 1.46 

MN. The structure had a crush force efficiency (CFE) of 0.58. The G-Honeycomb 

structure performed well dissipating energy steadily and safely up to the average crush 

strength. 

Table 2 illustrates the parameters of G-Honeycomb crash bar at 40 km/h with their 

respective values.   

Table 2 - Parameters of Gyroid Crash Bar at 40 km/h with their respective values 

Parameter Value (with Unit) 

Energy Absorbed (EA) 63.3 kJ 

Mass 11.4 kg 

Specific Energy Absorption (SEA) 5.55 kJ/kg 

Peak Crushing Force (PCF) 2.53 MN 

Mean Crushing Force (MCF) 1.46 MN 

Crushing Force Efficiency (CFE) 0.58 
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4.3.2 P-Honeycomb Crash Bar  

For the P-Honeycomb structure the energy absorption achieved was 139.4 kJ at 40 

km/h. The average specific energy absorption (SEA) for this test was 10.3 kJ/kg, 

indicating excellent energy absorption capability. The corresponding peak crushing 

force was 13.4 MN. 

The mean crushing force for the test specimen Primitive was found to be 3.45 MN. 

However the mean crush force efficiency was found to be only 0.26. This indicates a 

very high initial peak force and subsequent unstable deformation. Despite the high 

energy absorbed, Primitive is less suitable under these test conditions. 

Table 3 illustrates the parameters of P-Honeycomb crash bar at 40 km/h with their 

respective values.  

Table 3 - Parameters of Primitive Crash Bar at 40 km/h with their respective values 

Parameter Value 

Energy Absorption 139.4 kJ 

Mass 13.5 kg 

Specific Energy Absorption 10.3 kJ/kg 

Peak Crushing Force 13.4 MN 

Mean Crushing Force 3.45 MN 

Crush Force Efficiency 0.26 

 

4.3.3 Traditional Crash Bar  

It is observed that the existing design can absorb an impact energy of 61.8 kJ; however 

it is lower than both the G-Honeycomb and P-Honeycomb. The Specific Energy 

Absorption of the existing design is found to be 6.1 kJ/kg. Moreover, the peak crushing 

force remains relatively high at 7.30 MN. 

Average crushing force was 1.5 MN, comparable to the Gyroid structure; while CFE 

was merely 0.21, indicating inefficient energy distribution, which does not exhibit stable 

progressive collapse, resulting in lower overall crashworthiness performance. 
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Table 4 illustrates the parameters of traditional crash bar at 40 km/h with their 

respective values.  

Table 4 - Parameters of Traditional Crash Bar at 40 km/h with their respective values 

Parameter Value 

Energy Absorption  61.8 kJ 

Mass 10.1 kg 

Specific Energy Absorption 6.1 kJ/kg 

Peak Crushing Force 7.30 MN 

Mean Crushing Force 1.5 MN 

Crush Force Efficiency 0.21 

 

4.4 Energy Absorption Metrics (60km/h) 

4.4.1 G-Honeycomb Crash Bar  

At 60 km/h, the gyroid structure exhibits significantly enhanced energy absorption of 

109.2 kJ with an SEA of 9.6 kJ/kg. The peak crushing force is increased only 

moderately to 3.49 MN. MCF (1.6 MN) and CFE (0.46) confirm that the structure 

maintains stable and controlled deformation at higher speeds. The G-Honeycomb 

structure achieves a well-balanced performance in terms of stiffness, energy 

absorption, and peak force. 

Table 5 illustrates the parameters of G-Honeycomb crash bar at 60 km/h with their 

respective values.  

Table 5 - Parameters of G-Honeycomb Crash Bar at 60 km/h with their respective values 

Parameter Value 

Energy Absorption  109.2 kJ 

Mass 11.4 kg 

Specific Energy Absorption 9.6 kJ/kg 

Peak Crushing Force 3.49 MN 

Mean Crushing Force 1.6 MN 

Crush Force Efficiency 0.46 

 



66 
 

4.4.2 P-Honeycomb Crash Bar  

Test results show 127 kJ of absorption at 60 km/h with an SEA of 9.4 kJ/kg (indicating 

high energy absorption capability). The peak crushing force decreased to 7.04 MN, 

which is still relatively high. The mean crushing force was found to be greater than that 

of the G-Honeycomb sample at 1.9MN, however the Crush Force Efficiency (CFE) was 

only 0.27. The results show that the structure still experiences unstable deformation, 

although the reduction in peak force suggests earlier structural collapse at higher 

velocity. 

Table 6 illustrates the parameters of P-Honeycomb crash bar at 60 km/h with their 

respective values.  

Table 6 - Parameters of Primitive Crash Bar at 60 km/h with their respective values 

Parameter Value 

Energy Absorption  127 kJ 

Mass 13.5 kg 

Specific Energy Absorption 9.4 kJ/kg 

Peak Crushing Force 7.04 MN 

Mean Crushing Force 1.9 MN 

Crush Force Efficiency 0.27 

 

Notably, the energy absorption of the P-Honeycomb decreased from 139.4 kJ at 40 

km/h to 127 kJ at 60 km/h, which is counterintuitive as higher impact velocity is 

generally expected to increase energy absorption. This anomalous trend is discussed 

further in Section 4 (Discussion). 

4.4.3 Traditional Crash Bar  

The traditional crash bar at 60 km/h absorbed 108.6 kJ of energy, with a high SEA of 

10.75 kJ/kg. The peak crushing force of 13.4 MN is undesirable for crash safety. 

The traditional crash bar achieved an average 1.6 MN mean crushing force, however 

its average CFE was only 0.12, indicating a poor CFE. The structure proved effective 

in energy absorption but had poor stability during crushing. 
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Table 7 illustrates the parameters of traditional crash bar at 60 km/h with their 

respective values.  

Table 7 - Parameters of Traditional Crash Bar at 60 km/h with their respective values 

Parameter Value 

Energy Absorption  108.6 kJ 

Mass 10.1 kg 

Specific Energy Absorption 10.75 kJ/kg 

Peak Crushing Force 13.4 MN 

Mean Crushing Force 1.6 MN 

Crush Force Efficiency 0.12 

 

The change in performance metrics between 40 km/h and 60 km/h is presented below. 

Table 8 - Performance metrics for the G-Honeycomb, P-Honeycomb, and conventional crash bar at 40 km/h and 60 km/h. 

Structure Velocity 

(km/h) 

EA 

(kJ) 

Mass 

(kg) 

SEA 

(kJ/kg) 

PCF 

(MN) 

MCF 

(MN) 

CFE 

Gyroid (G) 40 63.3 11.4 5.55 2.53 1.46 0.58 

Primitive 

(P) 

40 139.4 13.5 10.3 13.4 3.45 0.26 

Traditional 40 61.8 10.1 6.1 7.30 1.5 0.21 

Gyroid (G) 60 109.2 11.4 9.6 3.49 1.6 0.46 

Primitive 

(P) 

60 127 13.5 9.4 7.04 1.9 0.27 

Traditional 60 108.6 10.1 10.75 13.4 1.6 0.12 

 

The Gyroid structure, energy absorption increases from 63.3 kJ to 109.2 kJ, and 

specific energy absorption increases from 5.55 kJ/kg to 9.6 kJ/kg. The peak crushing 

force increases from 2.53 MN to 3.49 MN, while the mean crushing force increases 

slightly from 1.46 MN to 1.6 MN. The crush force efficiency decreases from 0.58 to 

0.46.  
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The Primitive structure, energy absorption decreases from 139.4 kJ to 127 kJ, and 

specific energy absorption decreases from 10.3 kJ/kg to 9.4 kJ/kg. The peak crushing 

force decreases from 13.4 MN to 7.04 MN, and the mean crushing force decreases 

from 3.45 MN to 1.9 MN. The crush force efficiency shows a slight increase from 0.26 

to 0.27.  

The traditional structure, energy absorption increases from 61.8 kJ to 108.6 kJ, and 

specific energy absorption increases from 6.1 kJ/kg to 10.75 kJ/kg. The peak crushing 

force increases from 7.30 MN to 13.4 MN, while the mean crushing force increases 

slightly from 1.5 MN to 1.6 MN. The crush force efficiency decreases from 0.21 to 0.12. 

4.5 Deformation Behaviour  

4.5.1 Von Mises stress Distribution (40 km/h)  

Figure 27-35 present the von Mises stress distribution for the G-Honeycomb, P-

Honeycomb and Traditional crash bars at different deformation stages under 40 km/h 

impact. For direct comparison of all plots, a consistent colour scale was used. 

G-Honeycomb crash bar 

The G-Honeycomb exhibits well-distributed deformation along the length of the crash 

bar, with the internal honeycomb core transferring force along multiple load paths 

during crushing. 

Most regions actively participate in deformation, which results in progressive crushing 

instead of localized failure, stable collapse, and consistent energy absorption. 

Furthermore, the peak force is only moderate. (Dagdeviren et al., 2016) 
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Figure 27 - von Mises Stress Distribution of the Gyroid Structure at 40 km/h  

Figure 27 - von Mises stress distribution of the G-Honeycomb crash bar at the onset 

of impact under 40 km/h loading, showing initial stress development at the contact 

region. 

 

Figure 28 - von Mises Stress Distribution of the Gyroid Structure at 40 km/h  

Figure 28 - von Mises stress distribution of the G-Honeycomb crash bar at intermediate 

deformation stage under 40 km/h loading, showing progressive stress redistribution 

across the internal core. 
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Figure 29 - von Mises Stress Distribution of the Gyroid Structure at 40 km/h  

Figure 29 - von Mises stress distribution of the G-Honeycomb crash bar at the onset 

of densification under 40 km/h loading, showing fully developed stress field and 

maximum deformation extent. 

P-Honeycomb crash bar 

The primitive structure shows partially distributed deformation but the behaviour is less 

uniform than that of the G-Honeycomb, with high stress concentrations appearing early 

in specific regions, causing localized collapse zones. 

The structure absorbs a large amount of energy but the deformation is not as smooth, 

and there are sharp peaks in the force. This indicates an unstable crushing behaviour 

where certain regions deform rapidly while others remain less engaged. Figures 30-32 

show deformation behaviour of the P-Honeycomb crash bar. 
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Figure 30 - von Mises Stress Distribution of the Primitive Structure at 40 km/h (Initial Contact Point) 

 

 

Figure 31 - von Mises Stress Distribution of the Primitive Structure at 40 km/h (Middle Point) 
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Figure 32 - von Mises Stress Distribution of the Primitive Structure at 40 km/h (Final Point) 

Traditional crash bar 

The traditional crash bar shows highly localised deformation, mainly at the central 

impact region. The absence of an internal lattice limits stress redistribution, so only a 

small portion of the structure undergoes significant deformation. 

The majority of the section of the bar is still relatively undeformed and the failure 

mechanism is dominated by both bending and local yielding. This results in less 

efficient use of the structure for energy absorption. 
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Figure 33 - von Mises Stress Distribution of the Traditional Structure at 40 km/h (Initial Contact Point) 

 

 

Figure 34 - von Mises Stress Distribution of the Traditional Structure at 40 km/h (Middle Point) 
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Figure 35 - von Mises Stress Distribution of the Traditional Structure at 40 km/h (Final Point) 

 

4.5.2 Von Mises Stress Distribution at 60km/h  

Figures 36 to 43 display the von Mises stress distribution for the G-Honeycomb, P-

Honeycomb, and Traditional crash bars under 60 km/h impact loading. 

G-Honeycomb crash bar 

In the case of the G-Honeycomb structure, progressive and widely distributed 

deformation is observed at 60 km/h. Stress initially appears at the contact region during 

the initial stages of deformation and subsequently spreads throughout the G-

Honeycomb core as the deformation increases. 

At higher deformation a smooth crushing zone forms at the centre of the structure, with 

surrounding regions also participating in deformation. The stress distribution remains 

relatively uniform with no extreme concentration at a single point. This indicates that 

the G-Honeycomb structure maintains stable deformation even at higher velocity 

allowing efficient load redistribution. 
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Figure 36 - von Mises Stress Distribution of the Gyroid Structure at 60 km/h (Initial Contact Point) 

 

 

Figure 37 - von Mises Stress Distribution of the Gyroid Structure at 60 km/h (Final Point) 

 

P-Honeycomb crash bar 

The P-Honeycomb structure shows a strong stress concentration at the initial impact 

region, which is higher than the G-Honeycomb structure. Multiple stress regions 

appear especially near the center as deformation progresses. 
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The collapse behavior was not uniform, where localized zones were observed with 

higher deformation while other areas were less active. Even at later stages, stress is 

not evenly distributed across the structure.  

This confirms that the P-Honeycomb structure undergoes localized and less stable 

deformation, especially under higher impact velocity. 

 

Figure 38 - von Mises Stress Distribution of the Primitive Structure at 60 km/h (Initial Contact Point) 

 

 

Figure 39 - von Mises Stress Distribution of the Primitive Structure at 60 km/h (Middle Point) 
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Figure 40 - von Mises Stress Distribution of the Primitive Structure at 60 km/h (Final Point) 

Traditional crash bar 

The traditional crash bar exhibits highly localized deformation at the center. At the initial 

stage, stress is concentrated directly above the rigid body. As deformation progresses, 

the structure mainly undergoes bending and compression in a limited region, while the 

outer sections remain relatively undeformed. Even at higher displacement, stress 

distribution does not spread significantly along the length.  

This shows that the traditional structure has poor stress distribution capability under 

high-speed impact. 
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Figure 41 - von Mises Stress Distribution of the Traditional Structure at 60 km/h (Initial Contact Point) 

 

 

Figure 42 - von Mises Stress Distribution of the Traditional Structure at 60 km/h (Middle Point) 
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Figure 43 - von Mises Stress Distribution of the Traditional Structure at 60 km/h (Final Point) 

 

4.5.3 Equivalent Plastic Strain (PEEQ) 

Figures 44 to 49 present the distribution of equivalent plastic strain (PEEQ) at the onset 

of densification for the G-Honeycomb, P-Honeycomb, and traditional crash bar 

structures. The densification point was identified from the force displacement curves 

as the stage where the force begins to rise sharply after the plateau region.(Rapaka et 

al., 2021) 

G-Honeycomb crash bar 

At 40 km/h, the PEEQ contour shows low to moderate plastic strain distributed across 

the entire G-Honeycomb core. The deformation starts at the central contact zone and 

spreads along the length of the structure. Most of the geometry remains in blue to 

green levels, indicating gradual and uniform plastic deformation. 
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Figure 44 - PEEQ distribution: G-Honeycomb crash bar at 40 km/h. 

At 60 km/h, the plastic strain increases, with higher values appearing near the impact 

region. Compared to the 40 km/h contour, the area of the more yellow/green regions 

has increased. However, the deformation is still spreading across the lattice indicating 

progressive collapse. 

 

Figure 45 - PEEQ distribution: G-Honeycomb crash bar at 60 km/h. 
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P-Honeycomb crash bar 

At 40 km/h, the PEEQ distribution shows clear concentration near the contact area. 

Higher strain values (green to yellow) are also observed in the central region of the 

structure. In contrast, much of the structure remains mostly blue. This indicates that 

deformation is more localized compared to the G-Honeycomb structure. 

 

Figure 46 - PEEQ distribution: P-Honeycomb crash bar at 40 km/h. 

When impacting at 60 km/h the strain concentration becomes stronger, with the central 

area recording the highest values and the area of deformed zone increasing in size. 

Nevertheless a large proportion of the structure remain to record low levels of strain 

confirming uneven deformation behavior. 
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Figure 47 - PEEQ distribution: P-Honeycomb crash bar at 60 km/h 

Traditional crash bar 

At 40 km/h, the PEEQ contour of the structure shows very limited deformation, and 

most of the structure remains in blue, indicating highly localized plastic deformation 

limited to a very thin band around the contact point. At 60 km/h, the same pattern 

continues, with slightly higher strain values at the center. There remains confined 

deformation in a small region with the majority of the structure showing minimal plastic 

strain. 

 

Figure 48 - PEEQ distribution: Conventional crash bar at 40 km/h. 
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Figure 49 - PEEQ distribution: Conventional crash bar at 60 km/h. 

4.6 Velocity Sensitivity Analysis 

 

The influence of the impact velocity on the dynamic behavior of the structures has been 

studied on the basis of the Dynamic Amplification Ratio.  

𝐷𝐴𝑅 =
𝑉𝑎𝑙𝑢𝑒 𝑎𝑡 60𝑘𝑚/ℎ

𝑉𝑎𝑙𝑢𝑒 𝑎𝑡 40𝑘𝑚/ℎ
 

The DAR results indicate that the response of the structures varies significantly with 

velocity. The G-Honeycomb and conventional crash bar show a notable increase in 

energy absorption, with EA and SEA values increasing by factors of 1.73 and 1.76, 

respectively. The P-Honeycomb showed the lowest velocity scaling in energy 

absorption, with a DAR of 0.91. The peak crushing force increased for Gyroid and 

traditional structures, most for the traditional structure at a 1.84-fold increase. In 

contrast, the peak force for the Primitive structure decreased by 0.53-fold. The mean 

crushing force showed only very slight variations between the three geometries and 

showed limited sensitivity to velocity. The results revealed that the crush force 

efficiency decreased for the Gyroid and traditional models, whereas for the Primitive 
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model there was a slight increase. Overall, the effect of velocity varies across different 

structural configurations and performance metrics. 

Table 9 provides the DAR values for key performance metrics: energy absorption (EA), 

specific energy absorption (SEA), peak crushing force (PCF), mean crushing force 

(MCF), and crush force efficiency (CFE).  

Table 9 - Dynamic Amplification Ratio (DAR) for key crashworthiness metrics. 

Structure EA SEA PCF MCF CFE 

Gyroid (G) 109.2 / 63.3 

= 1.73 

9.6 / 5.55 

= 1.73 

3.49 / 2.53 = 

1.38 

1.6 / 1.46 

= 1.10 

0.46 / 0.58 

= 0.79 

Primitive (P) 127 / 139.4 

= 0.91 

9.4 / 10.3 

= 0.91 

7.04 / 13.4 = 

0.53 

1.9 / 3.45 

= 0.55 

0.27 / 0.26 

= 1.04 

Traditional 108.6 / 61.8 

= 1.76 

10.75 / 6.1 

= 1.76 

13.4 / 7.30 = 

1.84 

1.6 / 1.5 = 

1.07 

0.12 / 0.21 

= 0.57 

 

4.7 Energy Balance Verification 

 

The accuracy and numerical stability of the simulations were evaluated using the 

energy conservation principle. In explicit dynamic analysis, the total energy of the 

system should remain approximately constant throughout the simulation. The energy 

balance can be expressed as: 

𝐸𝑇𝑂𝑇𝐴𝐿=𝐴𝐿𝐿𝐼𝐸+𝐴𝐿𝐿𝐾𝐸+𝐴𝐿𝐿𝐴𝐸 

Here, ALLIE denotes the internal energy, ALLKE denotes the kinetic energy, and 

ALLAE denotes the artificial strain energy of the system, respectively. The plastic 

dissipation energy (ALLPD) is included within the internal energy and therefore is not 

considered separately in the energy balance equation. (Boulbes, 2020) 

Figure 50 to 55 show in the verification graphs below. 
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Figure 50 - Energy Balance Verification of Gyroid bar at 40km/h 

 

 

Figure 51 - Energy Balance Verification of Gyroid bar at 60km/h 
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Figure 52 - Energy Balance Verification of Primitive bar at 40km/h 

 

 

Figure 53 - Energy Balance Verification of Primitive bar at 60km/h 
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Figure 54 - Energy Balance Verification of Traditional bar at 40km/h 

 

 

Figure 55 - Energy Balance Verification of Traditional bar at 60km/h 

 

After reviewing all of the simulation results the following trends were observed. The 

total energy (ETOTAL) remained nearly constant for all the cases, confirming that 

energy is conserved throughout the simulation. The solution was both stable and 

physically consistent. The kinetic energy ALLKE is high at the beginning and then 

drops down as deformation is built up, demonstrating that kinetic energy is effectively 

converted into deformation energy. The internal energy ALLIE increases steadily along 
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the simulation history, indicating that the structure is absorbing energy as it crushes. 

The increase of internal energy ALLIE is very close to the total plastic dissipation 

energy ALLPD. This is a desired crashworthiness behavior for a structure designed to 

crush favorably. This relationship is expressed as ALLIE ≈ ALLPD, which confirms that 

most of the internal energy is dissipated through permanent plastic deformation rather 

than elastic recovery. Regarding numerical accuracy, the accuracy of the results has 

also been checked by calculating the artificial energy (ALLAE) which is found to be 

close to zero and to be significantly lower than the internal energy. The ratio of the 

ALLAE to the internal energy is well below 5%, validating the applied mass scaling 

approach. The energy curves show a good energy transfer from the kinetic energy to 

the internal (plastic) energy and a total energy conservation. Therefore, the results of 

the simulation are considered reliable and suitable for further analysis. 
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5 DISCUSSION 

While many results show trends consistent with established behavior for damage and 

response, it is important to consider the underlying mechanisms responsible for the 

dynamic behavior of structures subject to axial loading, where the impact force acts 

along the longitudinal Z-axis of the crash bar, in a crash scenario. The effects of internal 

structure or topology upon the response of the three configurations studied are greater 

than those induced by variations in the dynamic crash environment, such as, crash 

velocity.  

The force displacement response recorded at both test velocities for the G-Honeycomb 

consisted of a steadily increasing force reaching a moderate maximum, followed by a 

fluctuating plateau. This behaviour arises from the cross-sectional geometry derived 

from the Gyroid level set equation, which contains no straight channels. As a result, 

every internal load path has curvature and out of plane bending, leading to a 

deformation mechanism whereby several curved ligaments across the cross section 

are simultaneously subjected to deformation. This avoids the typical localized buckling 

of discrete columns observed in structures with straight channels. A typical von Mises 

stress distribution across the section is shown in Fig. 27. At the onset of impact, high 

stress developed progressively across the full length of the G-Honeycomb crash bar 

as the internal core began to deform. As the loading continued, this region of high 

stress transferred along the section from the impact face to the distal end of the 

specimen. The deformation mode and corresponding plastic strain distribution were 

consistent with previous results. At 40 km/h, the G-Honeycomb core experienced low 

to moderate strain levels, with plastic work distributed broadly throughout the internal 

structure. At 60 km/h, overall strain magnitudes increased; however, the distribution 

remained relatively uniform across the core. The average peak crushing force was 

found to be 2.53 MN at 40 km/h and 3.49 MN at 60 km/h. These values correspond to 

CFE values of 0.58 and 0.46 respectively. The highest CFE values for any of the tested 

structures were achieved at both test velocities. The 58% CFE at 40 km/h indicates 

that the mean crushing force is 0.58 times the peak force, meaning that this structure 

achieves the most desirable force profile for a crash energy absorber; high average 

force levels with minimal peak forces. From an occupant safety perspective, the G-

Honeycomb delivers the least severe instantaneous deceleration within the vehicle 
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structure due to the peak force seen at the beginning of the crush stroke, whilst still 

benefitting from the full crush stroke energy absorption.  

The P-Honeycomb collapses in a very different manner to the other structures, and its 

energy absorption and efficiency must therefore be discussed accordingly. The 2D 

cross sectional profile of the P-Honeycomb contains large open regions connected 

through narrow nodal junctions, derived from the Schwartz Primitive level-set equation. 

The 2D cross-sectional profile of the P-Honeycomb includes straight load-carrying wall 

segments aligned with the loading axis. The high axial compression stiffness 

generated by these aligned walls produces a high initial force peak of 13.4 MN at 40 

km/h. This high force however is generated over a very small displacement of 5.56 mm 

due to a sharp force spike occurring due to buckling of the load carrying columns. This 

sudden softening of the structure results in a sharp decrease of force as the structure 

is allowed to deform through the more compliant inter cavity necks. Stress contour 

plots pick out localized stress concentrations but then allow variability over longer 

distances. For the P-Honeycomb structure the first instances of high stress 

concentrations were found to be located within discrete localized areas of the lattice. 

The distributions of PEEQ show high green to yellow strains concentrated within the 

centre of contact areas extending into the higher-pressure areas around them. It can 

be seen that the majority of the structure's volume is associated with the peripheral 

regions of the components, yet these regions are responsible for a very small 

percentage of energy dissipation. The efficiency of the load-carrying behaviour is 

reflected in the CFE, which was only 0.26 for the P-Honeycomb. This P-Honeycomb 

had achieved a total strain energy release of 139.4 kJ to 40 km/h. The localized nature 

of the first peak force for the P-Honeycomb structure is striking. The maximum force 

achieved was 13.4 MN within the contacting area. This was 5.2 times greater than that 

obtained for the G-Honeycomb at the same test velocity. The first peak force for the P-

Honeycomb structure will initially have travelled with the structure through the car 

chassis, seat, door trims, floor structure and on to any back seat occupants. The 

resulting acceleration pulse would be associated with higher risk of thoracic and head 

injury according to current methods of crash assessment. It is not just a case of 

achieving the greatest amount of energy dissipation within future car structures for 

them to attain superior crashworthiness. The way this energy is dissipated is of equal 
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importance. It must be achieved in a progressive rather than catastrophic manner, or 

in a uniform rather than impulsive fashion.  

The conventional crash bar represents the baseline case of localised, bending-

dominated collapse, in which the absence of an internal lattice results in a plastic hinge 

forming at the impact point rather than progressive distributed crushing. The 

conventional crash bar, consisting of a hollow cylindrical tube, was evaluated under 

impact loading at two velocities of 40 km/h and 60 km/h. The conventional crash bar 

has no internal lattice structure to enforce lateral stress redistribution, and therefore 

the load-displacement response is governed by localised collapse behaviour. 

Significant plastic deformation occurred in a small area at the center of impact. The 

strain PEEQ distributions supported this finding, and the geometry yielded into a 

localized plastic hinge rather than undergoing global fold induced collapse. The test 

results showed a sharp initial force peak of 7.30 MN at 40 km/h at a displacement of 

5.57 mm, followed by a very rapid decline in force. The outer regions of the bar 

remained largely undeformed for the remainder of the test. Crush Force Efficiency for 

the lightest configuration was 0.21 at 40 km/h, which is the lowest CFE of the three 

configurations. This structure provides most of its resistance in a short single stroke 

and then offers only a minimum of static load carrying capacity for the remainder of the 

stroke.  

Effect of different impact velocities on crashworthiness responses of Gyroid and 

Primitive topologies was investigated. Both designs have their own merits and demerits 

at 40 km/h and 60 km/h impact velocities. The results obtained in this study provide 

valuable insights on the crashworthiness responses of these two designs at different 

velocity conditions and are important for engineering design practicability. The G-

Honeycomb performed consistently well and with improved energy absorption at the 

higher impact velocity of 60 km/h. The energy absorption (EA) of the structure was 

increased from 63.3 kJ to 109.2 kJ. The Dynamic Amplification Ratio for energy 

absorption and specific energy absorption was 1.73. The average peak and mean 

crushing force increased by 1.38 and 1.10 times, respectively. The crush force 

efficiency decreased from 0.58 to 0.46, though it should be noted that this reduction is 

a plausible physical explanation rather than a mechanism directly demonstrated by the 

available simulation outputs. Importantly, the PCF has increased at a slightly reduced 

rate to the EA%, leading to a favourable increase in the ratio of absorbed 
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energy/transmitted peak force load at 60 km/h. The G-Honeycomb achieved a 65.3% 

reduction in PCF at 40 km/h (2.53 MN vs. 7.30 MN for the conventional crash bar), and 

an even greater 73.9% reduction at 60 km/h (3.49 MN vs. 13.4 MN for the conventional 

crash bar). Therefore, the improved deformation characteristics, along with the 

topology driven resistance to localised failure, have been demonstrated to be 

consistent and even enhanced at higher dynamic loading conditions.  

For the P-Honeycomb, the response to increasing impact velocity is anomalous. The 

energy absorption for the Primitive structure decreases with increasing velocity from 

139.4 kJ at 40 km/h to 127 kJ at 60 km/h (DAR = 0.91). The peak crushing force for 

the Primitive structure decreases with increasing velocity from 13.4 MN to 7.04 MN 

(DAR = 0.53). The mean crushing force also decreases with increasing velocity from 

3.45 MN to 1.90 MN (DAR = 0.55). For all cases, energy balance verification confirms 

that this trend is unlikely to be due to numerical artefact; the artificial energy to internal 

energy ratio was 0.26% for the 40 km/h case and 0.40% for the 60 km/h case, well 

below the 5% threshold. The total energy for the two simulations was constant to within 

0.01%. The data for the Primitive structure suggests that the structure has undergone 

a velocity induced change in collapse mechanism. At low velocity the Primitive 

structure displayed partial progressive collapse with alternating load bearing 

behaviour, achieving a relatively high mean crushing force of 3.45 MN and high total 

energy absorption of 139.4 kJ. However, at high velocity the structure displayed a 

collapse mode transition occurring between the first and second folding, resulting in 

catastrophic localised buckling and bending leading to a premature loss of load 

carrying capacity. The structure achieved a low mean force of 1.90 MN and total energy 

absorption of 127 kJ.  

The P-Honeycomb model accumulated 1,506 mesh warnings (approximately 0.95% of 

all elements), with the majority localising to the most highly curved regions of the 

geometry. These areas experience the largest post buckling distortion and at high 

velocity are highly susceptible to over stress and over distortion, potentially leading to 

loss of physical realism in the post peak load carrying capacity. A separate mesh 

refinement study would be required to quantify the relative contributions of this collapse 

mode transition, and the numerical issues due to the results. The lack of a strain rate 

sensitive material model for AA6061-T6 means that dynamic work hardening at higher 

strain rates is not included in the model, which would tend to increase both the peak 
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and mean crushing forces and energies. Consequently, the results obtained here 

provide only a lower bound estimate of these parameters. This is particularly significant 

at the higher strain rates associated with a design velocity of 60 km/h. As a result, it is 

likely that the anomalous velocity for the P-Honeycomb structure corresponds to a 

dynamically unstable fold rather than some unusual dynamic collapse characteristic. 

As such, confidence in the performance of the P-Honeycomb at multiple design 

velocities is limited.  

The conventional crash bar had the worst velocity scaling in terms of PCF, with results 

increasing from 7.30 MN at 40 km/h to 13.4 MN at 60 km/h (DAR = 1.84), in marked 

contrast to the DAR for total energy absorption of 1.76. The local yielding mechanism 

of the cylinder wall was further exacerbated by the absence of an internal lattice. The 

impulsive load wave could not be transferred to other areas of the bar and was 

absorbed by a localised collapse that increased with velocity. While the total energy 

absorbed by the conventional crash bar did increase with velocity at a DAR of 1.76, 

the CFE of the conventional bar decreased from 0.21 at 40 km/h to 0.12 at 60 km/h, 

being the lowest CFE of any simulation. This CFE value corresponds to a peak force 

greater than eight times the mean force, showing that the conventional crash bar 

delivers virtually all of its resistance in a single brief single impulse and provides almost 

no resistance at other times. The local peak load transfer is 13.4 MN at 60 km/h 

reached within a displacement of 8.35 mm only. In the vehicle context this corresponds 

to a very high instantaneous deceleration of the vehicle front structure in the first few 

milliseconds after the first strike. This is exactly the parameter, which influences injury 

criteria such as chest acceleration and head injury criterion (HIC) in dynamic full scale 

test procedures according to present regulations. However, the slowly falling CFE of 

the conventional bar indicates that the weaknesses of its crashworthiness are by no 

means restricted to low speed. To the contrary, the weaknesses are increased and 

become more critical at higher speeds.  

For the three architectural designs, the same performance hierarchy is observed for 

mass normalized safety performance at 40 and 60 km/h. Specifically, for energy 

absorption, The G-Honeycomb achieved the lowest PCF of 2.53 MN with the highest 

CFE of 0.58 at 40 km/h, with an SEA of 5.55 kJ/kg, which is 54% lower than that of the 

P-Honeycomb (10.3 kJ/kg), and 10% less than that of the conventional bar (6.1 kJ/kg). 

Notably, the mass of the G-Honeycomb (11.4 kg) was 12.9% greater than that of the 
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conventional crash bar (10.1 kg). However, the same volume of material can be used 

to absorb 9.6 kJ/kg of energy at 60 km/h, which is only 10.7% less than that of the 

conventional bar (10.75 kJ/kg). Moreover, the average PCF is reduced by 73.9% and 

the average CFE is increased by 283%. The performance of the Primitive specimen 

showed a similar SEA of 9.4 kJ/kg, but with the worst PCF of 7.04 MN and the lowest 

CFE of 0.27, which indicates that achieving high one-off performance of mass 

normalized energy absorption through catastrophic initial collapse is not sufficient to 

provide good crashworthiness performance. Using design requirements for suitable 

car crash components, a single metric (CFE) can be used to compare and rank the 

performance of different architectures. The results indicate that the Gyroid performed 

best achieving the highest CFE at both velocities for all orientations.  

The findings presented here have some limitations, primarily due to the methodology 

adopted. The absence of strain rate hardening in the material model means the 

calculated forces represent lower-bound estimates, and the non-mass-equivalent 

structures mean SEA is used as the primary comparison metric rather than total EA. A 

full discussion of limitations is provided in Chapter 6. 
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6 CONCLUSION 

In this thesis, a comprehensive numerical analysis was performed to evaluate the 

crashworthiness performance of two newly introduced TPMS inspired honeycomb 

crash bars: the G-Honeycomb and the P-Honeycomb. The performance of these two 

types of designs was compared with that of the conventional hollow cylindrical type. 

Numerical models of the three types of crash bars were designed and evaluated under 

dynamic impact loading at two automotive relevant testing speeds (40 km/h and 60 

km/h). A comparative study was conducted to address five fundamental gaps in the 

current knowledgebase regarding the design of crashworthy components. Numerical 

experiments were performed using Abaqus/Explicit to compare the performance of the 

three designs under uniform test conditions. All three configurations were modelled 

using AA6061-T6 aluminium alloy. 

Which topology results in the best crashworthiness performance? For the three 

performance criteria SEA, CFE and PCF, the best performance in terms of crush 

efficiency was achieved by the G-Honeycomb. The CFE achieved by the G-

Honeycomb at 40 km/h was 0.58, with a moderate PCF of 2.53 MN and average SEA 

of 5.55 kJ/kg. At 60 km/h the CFE achieved was 0.46, with a PCF of 3.49 MN and 

average SEA of 9.6 kJ/kg. In contrast, the CFE achieved by the P-Honeycomb was 

significantly lower, with an extremely high initial peak force of 13.4 MN at 40 km/h and 

7.04 MN at 60 km/h. The force history therefore includes an extremely high force spike 

that would result in an unacceptable instantaneous deceleration pulse in a real world 

crash event. Although the SEA achieved by the P-Honeycomb at 40 km/h of 10.3 kJ/kg 

is higher than that achieved by the G-Honeycomb, the results show that the collapse 

of the P-Honeycomb tested here results in highly localised and mechanically unstable 

behaviour that is not suitable as impact-responsive mechanical structure. Topology 

had the greatest influence on crashworthiness performance. The G-Honeycomb was 

found to be the optimal configuration among those studied for the design of automotive 

energy-absorbing crash bar components under the given boundary conditions. 

Results were also compared based on the relative ranking of performance. The ranking 

for CFE and force management were both better for the G-Honeycomb at 60 km/h. In 

addition, the percent change in force due to energy was further improved for the G-

Honeycomb with a PCF reduction relative to absorbed energy. The dynamic 
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amplification ratio (DAR) for the Energy Absorption (EA) of the G-Honeycomb 

increased moderately and consistently with a DAR of 1.73 between the two velocities. 

The DAR for SEA was likewise 1.73, reflecting favourable and predictable velocity 

scaling. The average increase factor for the PCF was 1.38, indicating a more moderate 

increase in force for the G-Honeycomb. In contrast, the P-Honeycomb structure 

exhibited an anomalous decrease in both EA and PCF with increasing velocity. The 

DAR for EA was 0.91, and the DAR for PCF was 0.53. This result indicated that there 

exists a velocity below which the P-Honeycomb structure undergoes a partially 

progressive folding collapse and a higher velocity above which it undergoes premature 

localised buckling. The results clearly show that the crashworthiness performance of 

the P-Honeycomb undergoes a change in collapse mechanism with increasing impact 

energy, and that quasi-static or low-rate results are insufficient to predict the 

performance of TPMS derived 2D structures at automotive crash velocities. 

For the third research question, based on the above numerical results, the quantitative 

performance margins between the G-Honeycomb, P-Honeycomb, and the 

conventional crash bar are discussed. The results indicate that although the 

conventional crash bar achieved comparable SEA values to the G-Honeycomb and P-

Honeycomb, it exhibited the poorest force efficiency with CFE values of 0.21 and 0.12 

at 40 km/h and 60 km/h respectively. Most concerning is that the PCF for the 

conventional bar increased significantly with velocity, reaching 13.4 MN at 60 km/h 

compared to the initial value of 7.30 MN at 40 km/h. This is due to the localised bending 

and plastic hinge occurring in the hollow section of the conventional bar without the 

internal lattice achieving high SEA values through focused deformation in the central 

impact area and high impulsive forces transmitted to the vehicle structure in the first 

milliseconds of the crash event. In contrast, the results for the G-Honeycomb design 

were favourable from an occupant protection perspective, achieving lower SEA at 40 

km/h and lower peak forces with higher force efficiency. Specifically, the SEA value of 

9.6 kJ/kg achieved at 60 km/h represents a reduction of approximately 10.7% on the 

conventional bar result. The corresponding PCF for the G-Honeycomb was reduced 

by 73.9% compared to the conventional bar. The CFE for the G-Honeycomb was 0.46, 

which is significantly greater than that of the conventional bar (0.12). 

Sequential von Mises stress contours and equivalent plastic strain (PEEQ) 

distributions are presented for the G-Honeycomb, P-Honeycomb, and conventional 
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crash bar samples tested at 40 km/h and 60 km/h. The deformation mechanisms of 

the G-Honeycomb arise from its cross-sectional geometry derived from the Gyroid 

level set equation, which contains no straight axial channels. This promotes the 

simultaneous deformation of multiple curved wall segments across the cross-section, 

leading to a well distributed stress field and stable progressive crushing. At 40 km/h, 

this mechanism resulted in a broadly distributed plastic strain field with low to moderate 

strain levels across the internal core. As velocity increased to 60 km/h, the same 

fundamental mechanism was preserved; however, the overall magnitude of strain 

increased while the distribution remained relatively uniform, demonstrating that the G-

Honeycomb deformation mechanism is stable and consistent across the tested velocity 

range. In contrast, the P-Honeycomb exhibited early, high-stress concentrations at 

specific locations corresponding to the nodal junctions of its cross-sectional profile, 

resulting in sharp force spikes and a post peak load drop. At 40 km/h, this manifested 

as partial progressive collapse with alternating load bearing behaviour. At 60 km/h, the 

mechanism evolved into a catastrophic collapse mode transition between the first and 

second folding, resulting in premature loss of load carrying capacity and a significant 

reduction in both EA and PCF. The conventional crash bar sample produced the most 

localized response where significant plastic deformation occurred within a narrow band 

at the impact point, with most of the sample not participating in the crush test. With 

increasing velocity, this localised plastic hinge mechanism intensified, resulting in a 

disproportionate increase in PCF from 7.30 MN to 13.4 MN, while contributing no 

improvement in deformation distribution. These field-level analyses of the structural 

deformation mechanisms elucidate the mechanisms behind observed global 

differences in behaviour as extracted from force-displacement data, addressing one of 

the research gaps identified from the literature review. 

Based on the available literature, this study presents the first direct, controlled 

computational comparison of G-Honeycomb, P-Honeycomb, and conventional crash 

bar geometries under identical automotive boundary conditions and impact loading at 

40 km/h and 60 km/h, using AA6061-T6, the wrought aluminium alloy most widely 

employed in extruded automotive crash bars. The results from two vehicle speeds, 40 

and 60 km/h, show that although the G-Honeycomb did not achieve the maximum 

mass-specific energy absorption for all cases, it performed the best in terms of force 

smoothing, stable deformation and overall crash management. Therefore, the G-
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Honeycomb can be considered the preferred design solution among those studied for 

future automotive frontal impact applications where the protection of occupants and 

consistent, predictable response of critical vehicle structures are of utmost importance. 

The velocity dependent behaviour of the P-Honeycomb highlights the need to refine 

design methodologies for TPMS-derived 2D structures that rely solely on quasi static 

performance criteria when applied to automotive crash loading conditions. 

This thesis describes a number of limitations, primarily that the employed material 

model is assumed to be rate independent elastic plastic, not capturing strain rate 

hardening for the employed material AA6061-T6, which would be expected to increase 

both peak and mean crushing forces by approximately 10-15% at the studied 

velocities. The model does not reflect real world structures, as no physical testing and 

fabrication was conducted. It is expected that the model produces lower-bound 

estimates for the structural resistance. The G-Honeycomb and P-Honeycomb are three 

dimensional in their overall crash bar geometry. However, their internal topology 

originates from 2D level set cross sectional profiles extruded longitudinally, rather than 

from a fully three dimensional level set implementation. This may result in a slight 

overestimation of axial stiffness relative to a true three dimensional TPMS lattice. The 

employed idealised CAD models do not incorporate any manufacturing defects. It is 

known that as built TPMS produced by Additive Manufacturing can have a significantly 

reduced performance, of 10-25% lower than the computational upper bounds reported. 

The results presented in this thesis, therefore, provide upper bounds to the 

performance that can be expected from such structures. No effect of fracture initiation 

was included, nor were any thermal or oblique load effects assessed. Also, no full 

vehicle system level effects were considered. 

Several additional avenues can be pursued in future work to enhance the scope and 

applicability of the current study. A strain-rate sensitive constitutive model (e.g. 

Johnson Cook, Cowper Symonds) with proper calibration of material constants for the 

AA6061-T6 material should be incorporated into the finite element simulations to obtain 

absolute EA and PCF predictions for on-road automotive impacts. To further validate 

the simulation-based results, G-Honeycomb and P-Honeycomb crash bar cores or 

their fully three dimensional TPMS equivalents can be fabricated by laser powder bed 

fusion and subjected to drop tower and/or sled impact tests. In addition to the in-line 

(off-axis) performance, the current design can be tested under oblique and multi-axial 
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loading conditions typical of non-standard design configurations for crash worthy 

applications. Functionally graded and hybrid G-Honeycomb and P-Honeycomb 

designs in which the cross-sectional density or topology varies along the crash bar 

length can be considered to further enhance the CFE beyond the results obtained in 

the uniform relative density study presented herein. In addition, the combination of 

surrogate modelling and multi objective optimisation methods could enable efficient 

numerical exploration of the TPMS derived 2D structural design space across different 

topological, dimensional, and material parameters relevant to automotive 

crashworthiness. 
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