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Abstract 

This study presents the design, fabrication, and multi-objective optimisation of a novel 

additively manufactured aluminium sinusoidal ligament auxetic structure (SAS) using 

AlSi10Mg and Selective Laser Melting (SLM) achieving 99.85% density. Unlike conventional 

re-entrant designs, the smooth sinusoidal geometry minimises stress concentrations, 

enhances manufacturability, and provides tunable stiffness and crashworthiness. The SAS 

lattice, designed with unit cell dimensions of 5×5×3 mm and global dimensions of 30×30×20 

mm, demonstrated a negative Poisson’s ratio of −0.113 and a compressive elastic modulus of 

547 MPa under quasi-static loading (ISO 13314). Finite element analysis (FEA) achieved 

<3.7% deviation across six key mechanical metrics ranging from E, 𝜎𝑦, −𝜐, SEA, PCF, and 

CFE validating numerical predictivity. Response Surface Methodology (RSM) informed by 

Central Composite Design (CCD) was employed to develop six high-fidelity surrogate 

models (R² > 0.92, p < 0.0001), capturing the influence of strut thickness (0.2–0.4 mm) and 

length (0.5–1.4 mm). Parametric optimisation revealed that strut thickness dominantly 

controlled stiffness, yield strength, and peak crush force, while strut length significantly 

influenced Poisson’s ratio and crush force efficiency. Three functional optimisation scenarios 

(S1–S3) yielded tailored structures for stiffness, crashworthiness, and hybrid functionality, 

achieving maximum SEA of 17.23 kJ/kg and CFE of 73.23%. The results position SAS as a 

versatile auxetic metamaterial platform with tunable energy absorption for lightweight 

structural applications. 

Keywords: Auxetic metamaterials; Additive manufacturing; Selective laser melting; Energy 

absorption; Sinusoidal ligament structures. 
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1. Introduction 

The continual advancements in materials science and manufacturing techniques have given rise to the 

development of novel structures possessing improved mechanical properties and energy absorption 

capabilities [1–4]. Auxetic structures, characterised by their ability to exhibit a negative Poisson’s ratio, 

have emerged as a promising class of materials that offer unique attributes [5–9]. The term ‘auxetic’ to 

describe materials exhibiting a negative Poisson’s ratio was initially introduced by Evans et al. [10]. 

Unlike traditional materials, auxetics expand transversely when subjected to external forces, enabling 

Abbreviation Definition 

AM Additive manufacturing 

AlSi10Mg Aluminium-silicon-magnesium 

ANOVA Analysis of variance 

BISO Bilinear isotropic hardening 

CAD Computer-aided design 

CCD Central composite design 

CFE Crush force efficiency 

CPU Central processing unit 

EDM Electrical discharge machining 

𝐸 Elastic modulus 

FEA Finite element analysis 

LS-DYNA / FE Finite element (solver) 

NPR Negative Poisson’s ratio 

PCF Peak crush force 

R² Coefficient of determination 

RSM Response surface methodology 

SAS Sinusoidal Auxetic structure 

SEA Specific energy absorption 

SEM Scanning electron microscopy 

SLM Selective laser melting 

UC Unit cell 
𝜎𝑦 Yield strength 

𝜐 Poisson’s ratio 

𝑡𝑠 Strut thickness 

𝑙𝑠 Strut length 

𝜌𝑟 Relative density 

S1 Scenario 1 

S2 Scenario 2  

S3 Scenario 3 
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enhanced energy absorption and impact resistance[11–19]. The fabrication of auxetic structures has 

conventionally been limited by traditional manufacturing processes. However, the advent of additive 

manufacturing, commonly known as 3D printing, has revolutionised the production of complex 

geometries and opened exceptional possibilities for tailoring material properties. 3D printing allows for 

precise control over microstructure, porosity, and architecture, thus providing immense design 

freedom[20–29]. However, despite the growing body of research on auxetic materials, significant gaps 

remain in understanding the mechanical behaviour and energy absorption performance of certain 

auxetic geometries, particularly those based on sinusoidal ligament architectures. 

Regarding AlSi10Mg alloy, previous studies have primarily centred on its mechanical properties and 

microstructural characterisation. Johnson et al. [3] explored the mechanical behaviour of AlSi10Mg alloy 

under various loading conditions, revealing superior strength and ductility compared to traditional 

aluminium alloys. In another investigation, Liu et al. [4] studied the microstructure and mechanical 

properties of 3D-printed AlSi10Mg alloy components, highlighting its potential for lightweight structural 

applications.  

The introduction of additive manufacturing (AM) has revolutionised the fabrication of complex auxetic 

structures. Selective Laser Melting (SLM), a powder bed fusion technique, allows for the precise control 

of material properties, geometrical features, and porosity, facilitating the creation of highly customisable 

metamaterials [30,31]. SLM offers advantages for lightweight metallic auxetic structures, such as those 

fabricated from AlSi10Mg, an aluminium alloy renowned for its high strength-to-weight ratio, thermal 

stability, and corrosion resistance [32]. These properties make AlSi10Mg an excellent candidate for 

applications requiring energy absorption and structural integrity under extreme loading conditions. 

A variety of auxetic geometries have been explored in recent literature, including re-entrant, chiral, and 

rotating rigid structures [18,28,33–55]. Studies on 3D-printed auxetics have demonstrated their superior 

mechanical properties, with researchers investigating their behaviour under quasi-static, dynamic, and 

multi-axial loading conditions [56,57]. While previous works have examined polymeric auxetics [58–60], 

lattice-based metallic auxetic structures [61–66], and functionally graded auxetic materials [67,68], 

research on sinusoidal ligament auxetic structures (SAS) remains limited. Unlike traditional re-entrant 

auxetic designs, sinusoidal ligament architectures exhibit a smooth, wave-like deformation that may 

reduce stress concentrations and improve manufacturability[69]. However, the mechanical response and 

energy absorption potential of SAS have yet to be thoroughly investigated, particularly when fabricated 

using SLM-based AlSi10Mg components. 

To the best of our knowledge, there is a research gap in exploring the combination of 3D printing 

technology and AlSi10Mg alloy for fabricating of sinusoidal ligament auxetic structure (SAS). This study 

addresses this gap by systematically analysing the mechanical behaviour and energy absorption 

capabilities of 3D-printed AlSi10Mg sinusoidal ligament auxetic structures (SAS). The research focuses 

on understanding how key geometric parameters, including strut thickness, sturt length, influence key 

mechanical properties such as elastic modulus(𝐸), yield strength (𝜎𝑦), Poisson’s ratio (𝜐), and specific 

energy absorption (SEA), peak crush force (SEA) and Crush Force Efficiency (CFE). Using a combination 
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of Finite Element Analysis (FEA) and experimental validation, this study provides a comprehensive 

assessment of SAS architectures, enabling their potential optimisation for lightweight, high-strength, and 

impact-resistant applications. 

2. Materials and Methods 

2.1. Design and fabrication  

2.1.1. Sinusoidal auxetic architecture 

In the case of auxetic materials, the re-entrant structure is one of the most widely utilised design 

approaches to achieve a negative Poisson’s ratio (−𝜐) [70]. Recently, more research has been carried out 

to develop new auxetic structures from traditional re-entrant structures. For instance, the Sinusoidal 

ligament can be thought of as a modification of re-entrant structure replacing the sharp chevrons with 

sinusoidal wave-like architecture. A sinusoidal ligament is an auxetic structure that offers unique 

mechanical properties. In SAS the auxetic effect is generated by the stretching of the sinusoidal curves. 

In addition, the sinusoidal ligaments can be changed in response to hinged linear ligaments. Additively 

manufactured auxetic sinusoidal ligament structures (SAS) are a promising avenue in the field of 

advanced manufacturing and energy absorption applications. Auxetic structures have high energy 

absorption and fracture resistance, which makes them suitable for novel applications in defence and the 

civil sector as body armour, shock-absorbing material, and packaging material. 

For cellular materials, the lattice architecture can be defined by the representative volume element which 

contains the smallest linearly repeatable geometry, called a unit cell (UC) [71,72]. According to Ashby 

[73], a cellular material is composed of the repeating unit geometry referred to as the unit cells. The 

relative density and mechanical properties of the unit lattice structure remain unaffected by the number 

of unit cells (UC) held in its assembly. Informed by the insights from the literature, this work 

systematically characterises auxetic unit cells (UC) as shown in Fig.1b.  

 
Fig. 1. Three-dimensional schematic of the Sinusoidal ligament structure (SAS) showing (a) the unit cell dimensions along with 

the variable parameters strut thickness (𝑡𝑠) and strut length (𝑙𝑠), and (b) the resulting auxetic lattice architecture with dimensions 

[74–76].  

(a) (b) 

5 
m

m
 

                  



5 

To minimise the need for extensive support structures during the SLM manufacturing process, the unit 

cells were designed to ensure that overhangs did not exceed 45°[77–80]. According to Lakes et al. [81] 

auxetic structures are characterised by their ability to be mechanically adjusted to suit specific 

requirements. This controllability permits the refinement of properties such as elastic modulus (𝐸) and 

strength (𝜎𝑦) while also allowing unit cell geometries to be adapted for use in various functional and 

engineering scenarios [82]. To achieve this, the structure must be inherently stable, have a repeating unit 

cell, and have fewer geometrical parameters. The auxetic cellular structures studied in this research 

satisfy these criteria. The unit cell geometry was defined with dimensions of 5 mm for both length and 

height, and 3 mm in width. Upon integration into the lattice framework, each strut was assigned a 

thickness of 0.3 mm to maintain structural consistency. The sinusoidal ligament −𝜐  structure (SAS) was 

developed by linear mirroring of unit cells in the x and y direction. Informed by the respective unit cells, 

the auxetic architecture is designated as shown in Fig. 1a. The global dimensions for the lattice structure 

were 30 mm in x and y and 20 mm along the z direction. The cross-sectional area and length of all the 

sinusoidal ligament  −𝜐 architectures (SAS) measured 600 mm2 and 30 mm respectively. 

2.1.2. 3D printing and powder morphology 

The samples were fabricated using the EOS M290 SLM system, which is equipped with a 400 W laser to 

ensure precise and high-quality manufacturing. AlSi10Mg alloy was selected as the material due to its 

widespread use in aerospace and automotive applications. This selection is informed by the alloy’s low 

density, high strength-to-weight ratio, notable capacity for energy absorption, strong resistance to 

impact, and minimal thermal expansion behaviour [83,84]. The AlSi10Mg feedstock, produced via 

atomisation, is primarily composed of aluminium (Al), silicon (Si), iron (Fe), manganese (Mg), Zinc (Zn) 

and other trace elements as summarised in Table 1 and the powder morphology as shown in Fig. 2. 

Table 1. Chemical composition of AlSi10Mg powder utilised in selective laser melting (SLM) for additive manufacturing [85]. 

Al Si Fe Cu Mn Mg Ni Zn Pb Sn Ti 

wt% 9.0-11.0 0.55 0.005 0.45 0.25-0.45 0.05 0.10 0.05 0.05 0.15 

 

Fig. 2. Scanning electron micrograph of the AlSi10Mg powder feedstock used for selective laser melting. 

Due to its composition containing nearly eutectic Al and Si, AlSi10Mg alloy has good weldability [86,87]. 

This makes AlSi10Mg an excellent choice for the selective laser melting (SLM) additive manufacturing 

process. The AlSi10Mg metamaterial architecture was fabricated using the selective laser melting (SLM) 

10 µm 
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additive manufacturing process. The AlSi10Mg feedstock powder was selectively melted using the EOS 

M 290 SLM system. Auxetic metamaterial specimens were produced on a 250 mm× 250 mm build plate 

[88–90].The SLM process parameters namely the laser power, hatch distance, scan speed and layer 

thickness were specified at 290 W, 0.11 mm, 950 mm/s and 30 µm respectively. In-house prints were 

carried out to identify the optimum process parameter that will result in 99.85% dense print. This was 

found to be at 370 W laser power, 1300 mm/s scanning speed, 0.11 mm hatch distance and 30 µm layer 

thickness. The process took place in a 99.995% Argon environment with oxygen content maintained 

below ~0.1%. The selective laser melting (SLM) process constructed the sample layer by layer, depositing 

powder layers each with a thickness of 0.03 mm until the full geometry was formed. The build platform, 

composed of AlSi10Mg, was preheated to 35 °C prior to the commencement of the printing process [91]. 

After the initial powder layer is melted, the build platform is incrementally lowered, and a new layer of 

powder is applied. This process is repeated iteratively until a fully dense part is successfully fabricated. 

When printing aluminium alloy, heat treatment is a necessary post-processing step that aids in removing 

residual stresses brought on by the rapid solidification rates. All the samples were heat-treated at 300°C 

for 2 hours before removing from the building platform. The heat treatment procedure was informed by 

previous studies that resulted in good mechanical performance [92,93]. Once thermal post-processing 

had been completed, the specimens were removed from the build platform using wire electrical 

discharge machining (EDM). The resulting strut thickness and surface quality were characterised using 

scanning electron microscopy (SEM). The EVO 50 SEM by Zeiss featuring an incident electron beam that 

interacts with the sample to generate backscattered and secondary electrons to create an image of the 

porous scaffold was used [48–52]. 

2.2. Finite element method 

2.2.1. Material behaviour and degree of freedom 

The finite element method (FEM) was applied to analyse the non-linear elastic-plastic response of the 

SAS architectures. The numerical model was developed to closely simulate the structural behaviour 

observed in experimental tests. To ensure material integrity and prevent self-penetration during the 

simulation process, the nonlinear explicit mechanical solver in Ansys was utilised. The auxetic lattice 

structures were digitally designed following established methodologies from previous research. The 

design models were subsequently imported into the finite element simulations were carried out in 

ANSYS, with the model geometry imported via the Parasolid format. This approach ensured a high 

degree of computational precision and consistency throughout the numerical analysis. The Parasolid 

format was selected for data transfer due to the large geometrical data within the metamaterial 

architecture to minimise data loss. 

Following the evaluation of various element types, the quadratic 20-node SOLID186 element was 

selected as the most appropriate for this study. This was combined with the bilinear isotropic hardening 

strain (BISO) model to accurately represent material behaviour. The SOLID186 element was chosen for 

its ability to capture complex displacement fields with higher precision, outperforming lower-order 

elements that utilise linear shape functions in displacement estimation. This choice ensured a more 

                  



7 

precise representation of the material response during the finite element simulation.[94–96]. The element 

is described by 20 nodes having three degrees of freedom per node: translation in the nodal x, y, and z 

directions as shown in Fig. 3(a). The selected element is capable of capturing complex material 

behaviours, including plastic deformation, nonlinear elasticity, creep, stress-driven stiffening effect, large 

deflections, and strain effects. Its versatility makes it particularly effective for simulating structures with 

irregular meshing, ensuring accurate representation of intricate geometries. Additionally, the simulation 

employs hexahedral elements to enhance computational stability and improve result accuracy [97]. 

The Bilinear Isotropic Strain Hardening (BISO) material model was selected as the most suitable 

approach for simulating the auxetic structure, as it effectively captures both elastic and plastic 

responses[98,99]. This model is characterised by a bilinear stress-strain relationship, where the initial 

slope is determined by the elastic modulus (𝐸), and the transition to plastic deformation is governed by 

the yield strength (𝜎𝑦). To focus on the overall structural deformation, the post-yield behavior was 

assumed to follow perfect plasticity. 

 

Fig. 3. Finite element model (a) mesh structure using SOLID186 20-node quadratic elements for high geometric fidelity, and (b) 

boundary conditions applied during compression simulation with fixed lower platen and displacement-controlled upper platen. 

To ensure alignment between the numerical model and experimental data, the bulk material properties 

of AlSi10Mg were derived from tensile test specimens produced using the same process parameters as 

those employed in fabricating the metamaterial structure. The material properties were calculated. 

Young’s modulus (𝐸) was specified as 68.4 (GPA), yield strength (𝜎𝑦) of 268 MPa Poisson’s ratio of 0.29 

and the bulk density of 2670 kg/m3. While the physical tests of the SAS metamaterial architecture featured 

prototypes of 30×30×20 mm (length×height×width), the numerical model of SAS architecture was 

reduced to 30×30×3 mm to reduce the solution time. The influence of reduced thickness on the numerical 

results was characterised by comparing the two models. The results (Fig. 8) reveal that the reduced model 

is performing similarly to the full model offering a comparable force-displacement response. This negates 

the need for a large model and validates that the reduced width model offers comparable results. 

𝑈𝑦 = −70% (𝑛𝑠𝑢𝑏 100) 

Fixed rigid body 

Moving rigid body 
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The finite element analysis (FEA) results offer a detailed understanding into how the entire structure 

reacts under applied loads and constraints. In this investigation, two rigid rectangular plates, each 

measuring 34 mm in length, 6 mm in width, and 0.5 mm in thickness, were positioned on the upper and 

lower surfaces of the metamaterial architecture, as depicted in Fig. 3b. The auxetic structure remained 

unconstrained, allowing unrestricted rotation and deformation in all directions, mirroring the conditions 

of the physical experiment. To minimise numerical artifacts associated with large load increments, the 

loading process was divided into 100 sub-steps, ensuring high-resolution monitoring of the deformation 

response. 

In the FEA study, the boundary plates were treated as rigid components, with their thickness regarded 

as negligible owing to their lack of involvement in load transmission within the simulation environment. 

The bottom plate was fully constrained in all directions, while the top plate was displaced by 70% of the 

structure’s height in the -y direction to mirror the conditions of the mechanical testing within the 

simulation study, effectively replicating the compressive loading crushing behaviour. A frictional 

interface with a coefficient of 0.1 was applied between the rigid bodies and the SAS to ensure a realistic 

representation of contact interactions. To accurately represent the deformation behaviour of the fine 

beam elements within the structure, large deflection effects were enabled in the simulation. These effects 

account for both large rotations and large strains, incorporating stress stiffening to enhance the fidelity 

of the numerical model. 

2.2.2. Mesh fidelity 

A key factor in developing an accurate finite element model is selecting the optimal mesh discretisation 

to ensure computational efficiency and solution accuracy. The quality of the mesh plays a critical role in 

obtaining the best possible solutions from the finite element model. If the mesh is too coarse, the solution 

will be inaccurate, while a finer mesh will improve the convergence of the numerical model by more 

accurately capturing stress gradients across an element through the averaging of smaller elements. 

However, using finer meshes comes at a cost in terms of computing resources due to excessive solution 

time, which can also lead to generation of substantial amounts of data [100]. As the element density 

increases, the time it takes to solve the problem also increases, resulting in a need for an effective mesh 

that balances element density and solution time. 

A mesh refinement analysis was performed to evaluate how element size influences the accuracy of the 

simulation outcomes. This analysis was essential, as changes in mesh density can significantly affect the 

stress-strain response of the auxetic structure. The study involved carrying out a mesh sensitivity 

analysis on SAS architecture with a range of element sizes from 0.3 to 0.05 mm as shown in Fig. 4. The 

model was constraints as shown in Fig. 4. with the SAS structures sandwiched between the top and 

bottom end plates. The SAS geometry was discretised using 3D 20-node quadratic elements with mesh 

sizes of 0.30, 0.10, 0.075, 0.06 and, 0.05 mm. Simulations were conducted for each mesh resolution, and 

the resulting force–displacement curves were analysed to assess variation. 
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Fig. 4. Mesh convergence study showing force-displacement responses of SAS using varying mesh sizes. Mesh refinement below 

0.1 mm yielded stable elastic modulus and yield strength predictions. Final mesh of 0.1 mm ensured numerical accuracy and 

reduced computation time. 

The mesh refinement process was guided by the analysis of force–displacement responses, which served 

as the principal dataset for evaluating the accuracy of the simulation and the structural performance. The 

force reaction and axial deformation were analysed to generate force-displacement curves for varying 

element sizes. As shown in Fig. 4, mesh sizes finer than 0.1 mm showed negligible variation in both the 

elastic and yield responses of the auxetic structure, thereby confirming numerical convergence. 

Consequently, element size of 0.1 mm was identified as suitable for reliably capturing the structural 

stiffness and strength characteristics.  The final meshing scheme comprised 773,312 elements and 

3,757,303 nodes, requiring a total computation time of 10,396 seconds. The simulations were performed 

on a computing system equipped with an Intel Xeon 8280 processor running at 2.7 GHz, utilising 56 

cores, 1 TB of RAM, and two NVIDIA Quadro GV100 GPUs to improve computational performance. 

2.2.3. Poisson’s ratio calculation 

Poisson’s ratio is determined by measuring the material’s deformation transverse to the loading 

direction. It is defined as the ratio of transverse strain to longitudinal strain, as expressed in Eq. 1 [101]. 

𝜐𝑦𝑥 = −(
𝜀𝑥 
𝜀𝑦 
). (1) 

In conventional materials, the Poisson’s ratio typically assumes a positive value (υ > 0), signifying that 

axial compression leads to a corresponding lateral expansion. Auxetic materials behave in a 

fundamentally opposite manner, exhibiting a negative Poisson’s ratio. Under axial compression, these 

materials experience a reduction in their transverse dimensions. In this study, the lateral strain, reflecting 

horizontal contraction, was derived from finite element simulations by averaging the elastic strain along 

the principal radial direction, designated as 𝑒𝒙 . Strain values were independently assessed across each 

layer of the Sinusoidal Auxetic Structure (SAS), with the overall transverse contraction represented by 
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the mean of these values. Subsequently, the negative Poisson’s ratio was determined by computing the 

ratio of the mean lateral strain to the corresponding longitudinal strain (𝜀𝑦). 

2.3. Prototype testing 

Compression testing of the fabricated sinusoidal ligament auxetic structures (SAS) was carried out using 

a Zwick Roell Z1474 universal test machine (100 kN capacity), configured for high-resolution load–

displacement capture (Fig. 5). The machine’s servo-driven crosshead operated at a fixed displacement 

rate of 0.416 mm/s, ensuring quasi-static loading aligned with BS EN ISO 13314 guidelines. Prior to 

testing, the system was calibrated to BS EN ISO 7500 standards to ensure traceable force accuracy. Three 

SAS specimens, produced under identical SLM conditions, were tested at room temperature to 70% 

nominal strain (21 mm displacement). All samples were compressed between flat platens under 

displacement control until a 50% post-peak load threshold was reached-protecting the system from 

catastrophic failure. A peak load limit of 80 kN was predefined for safety. To monitor in-situ deformation 

and capture failure progression, a fixed video tracking system recorded each test. This visual dataset 

complemented the force–displacement data, which was used to extract stiffness, yield onset, 

densification behaviour, and specific energy absorption (SEA). Repeat testing confirmed strong 

reproducibility across all specimens, validating the consistency of the SLM process and the mechanical 

integrity of the SAS design. 

 

Fig. 5. Experimental compression setup using Zwick Roell Z1474 machine. SAS specimens are compressed quasi-statically at 

0.416 mm/s to 70% strain under ISO 13314 conditions. Video capture enables deformation tracking. 

2.4. Scanning electron microscopy (SEM) 

Scanning Electron Microscopy (SEM) was employed to investigate the morphology of the AlSi10Mg 

feedstock powder and the surface characteristics of the fabricated SAS samples. SEM is widely used for 

the characterisation of additively manufactured components because of its ability to resolve sub-micron 

features at high magnification. Unlike optical microscopy, SEM utilises a focused beam of electrons that 

interacts with the specimen surface to produce signals such as secondary electrons, backscattered 

electrons, and characteristic X-rays, which are subsequently detected to form detailed images of the 

microstructure and surface morphology. In this study, an EVO 50 SEM (Zeiss, Germany) was used, 

Video 

Recorder 

SAS 
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comprising an electronic console to control key operating parameters (filament current, accelerating 

voltage, focus, magnification, brightness, and contrast) and an electron column where the beam is 

generated, focused, and scanned (rastered) across the sample under vacuum using electromagnetic 

deflection coils. This technique enabled a detailed assessment of particle morphology in the feedstock 

powder and the surface quality of the printed SAS samples, thereby providing further insight into defect 

formation and structural integrity [102–104]. 

In addition to specimen morphology, the role of AM-induced defects was considered when interpreting 

the mechanical behaviour of the SAS samples. Typical imperfections arising from the SLM process, such 

as surface roughness, partially fused particles, internal porosity, and dimensional deviations from the 

CAD geometry, are well documented in the literature [105–108].These defects reduce the effective load-

bearing cross-section of struts and act as local stress concentrators, which can explain the lower stiffness 

and yield strength observed experimentally when compared with the FEA predictions. 

2.5. Surrogate model development  

2.5.1. Parametric evaluation 

The surrogate model was developed using the Response Surface Methodology (RSM) informed by the 

Central Composite Design (CCD) algorithm [109,110]. RSM is a mathematical technique that is generally 

used for design and process optimisation when multiple parameters are at play. Typically, RSM is 

employed in cases where the input factors exert a significant impact on the quality attribute of the output 

responses [111,112]. In this context, Response Surface Methodology (RSM) provides a systematic 

framework for exploring and quantifying the relationships between input variables and their resulting 

influence on performance indicators or quality-related outcomes. The selection of input variables can be 

tailored to specific design and optimisation requirements [113]. 

In terms of structural mechanics, a certain relationship exists between output (𝑦) and design variables 

(𝑥), where the model can be written as shown in Eq. (2). 

𝑦 = 𝑓 (𝑥1, 𝑥2, …… . . , 𝑥𝑛) +  𝜀,    (2) 

where 𝑛 denotes the number of input variables, and 𝜀 represents the random error associated with the 

response 𝑦. In Response Surface Methodology (RSM), when a quadratic polynomial is employed to 

represent the interaction between the response and the independent variables, the resulting Response 

Surface (RS) model is formulated as revealed in Eq. (3)  

𝑦 = 𝛽0 +∑𝛽𝑖𝑥𝑖

𝑘

𝑖=1

+∑𝛽𝑖𝑖𝑥𝑖
2

𝑘

𝑖=1

+∑∑𝛽𝑖𝑗𝑥𝑖𝑥𝑗 + 𝜀

𝑗𝑖

. (3) 

Regression coefficients ( 𝛽0, 𝛽𝑖 , 𝛽𝑖𝑗 and 𝛽𝑖𝑖  ) serve as statistical estimators that quantify the influence of 

predictor variables on the corresponding responses. After analysing the randomised experimental data 

and calculating the beta parameters, the response surface model can then be applied to determine the 

input values 𝑥  that correspond to a desired set of output responses. These models are particularly 
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effective for conducting parametric studies, enabling the evaluation of individual variable effects on the 

target responses (−𝜐, 𝜎𝑦, 𝐸, 𝑆𝐸𝐴, 𝑃𝐶𝐹, 𝐶𝐹𝐸). 

The variation of porosity with respect to and 𝑡𝑠 and 𝑙𝑠 was also examined. Increasing 𝑡𝑠 reduces porosity 

by raising the relative density of the lattice, while increasing 𝑙𝑠 increases porosity through the extension 

of the ligament length relative to the unit cell dimensions. These dependencies highlight the strong 

coupling between geometry and porosity and confirm that porosity is implicitly governed by the chosen 

design variables. The parametric linking of the variables 𝑡𝑠 and 𝑙𝑠 to the performance −𝜐, 𝜎𝑦, 𝐸, 𝑆𝐸𝐴, 𝑃𝐶𝐹 

and 𝐶𝐹𝐸 . The response surface model is employed for characterisation, allowing both the individual and 

combined effects of design variables on the target response to be examined and predicted. This approach 

allows the surrogate model to determine the relative significance of each design parameter, ranking them 

from highest to lowest impact on the structural performance. 

The surrogate models are developed by fitting the results of the training matrix to suitable polynomial 

equations informed by randomised experimental sets. Developing a surrogate model in this regard is 

advantageous as it can be used to predict the performance of a given design for a large range of design 

alternations using limited sets of experiments referred to as sampling points. The study utilises the 

overall methodology summarised in Fig. 6 to develop the surrogate model and validate its accuracy for 

optimisation. The training algorithm is guided by the central composite design (CCD), a higher-order 

sampling method that facilitates the development of accurate response surface models using a reduced 

number of experimental runs. 

 

Fig. 6. Methodology for the generation of surrogate model for the SAS meta-lattice system. 
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In the context of the current investigation, the design parameters of the SAS need to be linked with the 

corresponding responses to obtain a solution for the optimisation problem. The description of the 

optimisation problem is proposed in three different scenarios (Scenario 1-3). The surrogate model is then 

used to investigate the influence of geometrical parameters and their interactions on the relevant desired 

responses. 

Table 2. Design variable selected for the SAS to be optimised for scenario 1-3. 

 

Limits 

Variables 

𝑡𝑠 (mm) 𝑙𝑠 (mm) 

min. 0.20 0.50 

med. 0.30 0.95 

max. 0.40 1.40 

Identifying and controlling the contribution of the design requires extracting their geometrical 

parameters. Here two primary variables are identified as shown in Table 2 namely: the strut thickness 

(𝑡𝑠) and strut length (𝑙𝑠). The variation of these geometric parameters on the elastic, plastic, and overall 

performance of the auxetic architecture is characterised. 

Table 2 summarises how these variables correspond to the auxetic architecture that is acting as the 

foundation for optimisation based on Scenarios 1 to 3. The strut thickness (𝑡𝑠) ranges from 0.2 to 0.4 

mm as it offers a reasonable balance between the quality expected from the selective laser melting process 

and the ability of the structure to deform adequately under loading. The strut length (𝑙𝑠) was varied from 

0.5 to 1.4 mm as this range was found not to induce global buckling informed by the height of the 

structure. The strut length (𝑙𝑠) will also alter the angles between all connecting struts so the maximum 

feasible strut length is 1.4 mm without penetrating the adjacent struts. When it comes to the strut length, 

reducing it lower than 0.5 mm leads to non-auxetic behaviour due to inadequate porosity. Although 

there is a slight variation between the ideal and additively manufactured (AM) samples in terms of  𝑡𝑠 

and 𝑙𝑠 , its influence on the −𝜐 was found to be only 2.8%, as presented in Table 5 for the SAS. At no stage 

did this minor variation in the AM samples result in a positive Poisson’s ratio. Therefore, a 2.8% deviation 

is insufficient to alter the strain direction of the architecture. 

2.5.2. Optimisation 

A multi-objective optimisation Framework is a useful approach for finding solutions that satisfy multiple 

objectives simultaneously [114]. In the context of this study, the optimisation problem is formulated 

using the response surface model developed and presented in the previous section. Multi-objective 

optimisation is a crucial aspect of multiple-criteria decision-making, enabling the identification of 

optimal solutions that meet the desired objectives. This approach involves simultaneously optimising 

multiple conflicting objectives, ensuring that the final solution satisfies the criteria for objective 

desirability [115]. The criteria for desirability can encompass a diverse range of objectives that are closely 

tied to the design variables and parametric responses. Arjunan et al. [116] demonstrated the application 

of multi-objective optimisation using the response surface model for auxetic materials. Their research 

𝑡𝑠 

𝑙𝑠 
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highlighted the significant benefits of employing multi-objective optimisation to identify solutions that 

effectively meet multiple objectives.  

In summary, multi-objective optimisation represents a suitable and effective methodology for addressing 

problems involving multiple objective functions, as demonstrated in this study. Eq. 4 presents the 

standard preparation of the optimisation problem, demonstrating the correlation between the objective 

function and the associated variables. 

{

 
min. 𝑓(𝑠) = [𝑓1(𝑠), 𝑓2(𝑠),…… , 𝑓𝑖(𝑠)],

 
s. t .                    𝑠𝑙 ≤ s ≤ 𝑠𝑢 ,         

 

 (4) 

where 𝑠 =  (𝑠1, 𝑠2, … , 𝑠𝑘) is the vector of 𝑘 design variables, 𝑠𝑙and 𝑠𝑢 are the lower and upper limits of 

the design variables, respectively, and 𝑓(𝑠) is the objective function [117]. The parametric analysis also 

revealed the wide potential of this architecture to offer targeted functionality by controlling the design 

parameters. Consequently, Table 3 demonstrates the multi-objective optimisation of the SAS architecture 

for three scenarios namely S1, S2 and S3.  

Table 3. Summary optimisation scenarios and their objectives to optimise the SAS. 

Optimisation scenario S1 S2 S3 

Elasticity modulus (𝐸) Maximise (↑) None Maximise (↑) 

Poisson’s ratio (−𝜐) None None None 

Yield strength (𝜎𝑦) Maximise (↑) None Maximise (↑) 

specific energy absorption (𝑆𝐸𝐴) None Maximise (↑) Maximise (↑) 

Crush force efficiency (𝐶𝐹𝐸) None Maximise (↑) Maximise (↑) 

Peak crush force (𝑃𝐶𝐹) None Minimise (↓) Minimise (↓) 

While the parametric analysis of the auxetic structures revealed the influence of design variables on key 

responses namely: −𝜐, 𝜎𝑦, E, SEA, PCF, CFE the optimal combination of variables that generate the most 

favourable outcomes has not yet been determined. In order to optimise the SAS, it is necessary to identify 

the specific design parameters that produce the desired response characteristics. These target responses 

represent the performance criteria considered most advantageous for the intended application of the 

design.  

Three optimisation scenarios (S1-S3) were examined to determine the most suitable structural parameters 

for the SAS, as summarised in Table 3. To fulfil the objectives of S1, the optimum architecture must 

incorporate design parameters that promote high 𝐸 and 𝜎𝑦. This scenario can be suitable in optimising 

auxetic architecture for lightweight applications where high stiffness and strength are required. S2 

targets improving the crashworthiness performance signified by high SEA and CFE while maintaining 

the low PCF. This scenario reflects a situation in which auxetic architectures are specifically designed to 

maximise crashworthiness performance. S3 provides a balance of elastic and plastic behaviour, targeting 

applications that demand high stiffness, strength, and energy absorption. It represents a case in which 
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auxetic structures are engineered to deliver both lightweight performance and enhanced 

crashworthiness. 

3. Results and Discussion 

3.1. Specimen morphology and failure mode analysis 

Three SAS specimens (n=3) were fabricated without the need of support structures, due to the sub-

millimetre scale of the unit cell features and the presence of only short overhangs, as illustrated in Fig. 

7(a). The SAS samples were fabricated with the build direction oriented along the z-axis while the stair-

step effect can influence inclined features, the surface roughness observed in this study is more strongly 

attributed to partially fused particles, balling phenomena, and the layer-wise scanning strategy inherent 

to the SLM process. These mechanisms, together with geometric effects, contributed to the irregular 

surface finish and are considered as key factors influencing the discrepancy between experimental and 

numerical results. A comparison between the average porosity of the additively manufactured SAS 

specimens and the corresponding CAD model values is presented in Table 4. The SLM-produced 

samples exhibited porosity values ranging from 80% to 88%, which is lower than the ideal porosity range 

of 88% to 93% observed in the original CAD geometry. 

 

Fig. 7. SEM characterisation of SLM-fabricated SAS showing (a) overall printed lattice, and (b) close-up of struts showing 

partially melted powder and surface roughness due to stair-step effect. 

SEM was utilised to examine both the porosity and structural integrity of the additively manufactured 

SAS architecture in greater detail. As presented in Fig. 8b, SEM imaging of the sample following shot 

blasting reveals that the process effectively removed the majority of loosely bound and partially melted 

powder particles. However, upon closer examination of the joint regions also shown in Fig. 7b residual 

semi-molten particles were still detectable. Although these features exist at the micron scale, their 

cumulative presence at several joints may contribute to the overall reduction in porosity, consistent with 

the findings reported by Arjunan et al [118]. 

Table 4 Comparison of meta-material porosity between fabricated prototypes and CAD. 

Properties 
Lattice prototypes 

CAD SLM % Difference 

238 µm 

260.5 µm 

237.2 µm 

20 µm 

(a) (b) 
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Porosity (%) 90.15 80.87 9.276 

The printed meta-materials exhibited a noticeably rough surface finish, primarily attributed to the stair-

step effect inherent to the SLM process. While the overall geometry and interconnected porosity of the 

fabricated structures closely resembled those of the original CAD models, the average strut thickness 

showed a deviation of approximately 40–60 µm. Such deviations are well-documented in the existing 

literature on SLM-fabricated thin struts with dimensions below 300 µm [119–121]. This variation in strut 

thickness contributed to a cumulative decrease in total porosity of around 9.276% relative to the idealised 

design, as detailed in Table 4. 

When comparing the strut thickness variations observed in this study to those documented in prior work, 

Benedetti et al. [122] mentioned that struts aligned with the build direction are often oversized. This is 

primarily attributed to the laser spot size exceeding the intended strut diameter. Furthermore, the 

accumulation of partially fused particles on strut surfaces can exacerbate these dimensional 

inconsistencies. As illustrated in the SEM image in Fig. 7(b), the findings of this study are consistent with 

those in the literature, revealing deviations from the nominal 300 µm design without causing a significant 

change in overall porosity. Notably, the observed difference in strut thickness was mainly influenced by 

the alignment of the struts, with vertical struts tending to be undersized, whereas horizontal ones 

appeared oversized [123]. 

 

Fig. 8. Deformation of the SAS structure showing 0%, 10%, 20% and 30% deformation under quasi-static compression. 

The deformation sequence of the SAS structure under quasi-static compression is presented in Fig. 8. At 

0% strain, the lattice maintains its as-printed geometry with well-defined sinusoidal ligaments. At 10% 

strain, the architecture exhibits a pronounced inward lateral contraction, confirming the auxetic effect 

during the elastic regime. By 20% strain, localised plastic deformation initiates in the form of crush bands 

at the upper and lower regions, while the central portion retains structural integrity. At 30% strain, the 

uniform folding of the sinusoidal ligaments becomes evident, with progressive rotation and bending of 

the wave-like struts producing a half-wave ligament shape. This collective ligament flexure shortens the 

distance between nodes in both in-plane directions, driving a sustained negative Poisson’s ratio and high 

crush force efficiency. These observations confirm that the auxetic deformation mechanism of the SAS is 

dominated by ligament flexure and rotation, which govern its energy absorption capacity. 

3.2. Numerical evaluation 

3.2.1. Finite element model validation 

Uy 10% 
Uy 0% 

Uy 20% 
Uy 30% 
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The FEA model effectively replicates the elastic and plastic behaviour of SAS metamaterials. Table 5 

presents the precision of the numerical FEA model in predicting key mechanical properties, including 

the 𝐸, 𝜎𝑦, SEA, PCF, and CFE of the SAS structure studied. When compared to experimental test data 

obtained under similar conditions, the numerical findings exhibit similar trends across all cases 

considered. Notably, the elastic modulus predicted by the model deviates from the physical test data by 

only 0.18%, while the yield strength shows a difference of 3.08%. 

 

Fig. 9. Comparison of stress–strain curves from FEA simulation and physical compression tests.  

Regarding Poisson’s ratio, which characterises the relationship between lateral and axial strains in the 

Sinusoidal Ligament Auxetic Structure (SAS), a difference of 2.80% was observed. The difference in SEA 

and PCF was 3.22% and 2.62% respectively. Although the FEA model developed has been validated to 

predict the trend in mechanical performance with sensible accuracy, as shown in Table. 5, differences in 

the predicted of CFE values of up to 3.64% were observed which is considered satisfactory [109]. 

Table 5. Comparison between the FEA and the experimental data. 

Properties FEA EXP % Difference 

E (MPa) 548 547 0.18 

𝜎𝑦 (MPa) 9.75 10.05 3.08 

𝜐 -0.111 -0.114 2.66 

SEA (kJ/kg) 6.22 6.02 3.22 

PCF (N) 5820 5972 2.62 

CFE (%) 54 52 3.77 

The observed differences between the FEA and experimental results are largely attributable to the 

inherent characteristics of the SLM process. Previous studies [124,125] have extensively documented that 

SLM induces geometric deviations arising from the stair-step effect and the presence of partially fused 

powder on component surfaces. These manufacturing artefacts become progressively significant in 

porous and geometrically intricate thin-walled structures, such as those examined in the present study. 

While the experimental data inherently reflect all structural imperfections, the FEA model of the SAS is 

based on an idealised CAD geometry, assuming a homogeneous and defect-free structure. Furthermore, 

the rough surface finish an intrinsic characteristic of SLM-fabricated SAS samples-can substantially affect 
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the mechanical behaviour, especially when beam and wall thicknesses are comparable. Nevertheless, the 

comparison between the FEA and experimental test data reveals a strong correlation, thereby validating 

the model’s accuracy and confirming its suitability for further predictive analyses. 

The largest deviation between numerical and experimental results was observed for the crush force 

efficiency (CFE), with the FEA predicting 54% compared to the SLM experimental value of 52%, 

corresponding to a relative error of 3.77%. This discrepancy arises primarily from the assumptions 

embedded in the finite element model. First, the geometry in FEA is idealised, meaning cell walls are 

perfectly smooth, defect-free and dimensionally uniform. In comparison, the additively manufactured 

specimens inevitably incorporate stair-stepping, partially melted particles, and sub-surface porosity. 

These imperfections locally reduce stiffness and promote earlier buckling or damage initiation, lowering 

the experimental average crush force relative to the model. Second, the constitutive law employed in the 

FEA represents the post-yield plateau as a simplified hardening response without explicit damage 

accumulation or densification behaviour. In practice, the SLM microstructure exhibits localised 

softening, microcracking, and gradual densification, which diminish the sustained load-bearing capacity 

and hence the average force. Together, the geometric idealisation leading to a slight over-prediction of 

peak crush force, and the lack of damage/softening leading to an over-prediction of the plateau translate 

into a modest but systematic overestimation of CFE. However, the relative error remaining below 4% is 

well within the range typically regarded as acceptable for lightweight structure design and optimisation. 

Moreover, this level of fidelity provides confidence that the model is sufficiently robust for parametric 

studies and surrogate design, while also highlighting clear directions for refinement, such as 

incorporating stochastic defect fields from micro-CT data and adopting a crushable-foam model with 

progressive damage to capture the true post-yield response of SLM materials. 

3.2.2. Stress distribution 

Stress concentration within the SAS is largely dictated by the geometry of its unit cells and their 

connectivity. Regions experiencing elevated stress may initiate early plastic deformation, potentially 

compromising the overall strength, stability, and long-term durability of the SAS. The FEA results 

indicate that stress distribution follows a predictable pattern, with the highest concentrations occurring 

at specific joint regions where struts intersect. According to Salimon et al.[126], a relationship between 

the 𝜎𝑦 and the  𝜌𝑟 of auxetic cellular structures was established, although certain inconsistencies were 

observed between experimental results, potentially due to stress concentration. Previous studies [360–

362] have shown that certain design configurations are particularly vulnerable to stress concentrations, 

which can trigger the premature initiation of plastic failure in the SAS. 
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Fig. 10. FEA-derived stress distribution in the SAS lattice under compressive loading. High stress concentration is minimised at 

curved junctions, contributing to improved strength and reduced failure initiation in comparison to re-entrant designs. 

Finite element (FE) modelling generates extensive datasets, and its close agreement with experimental 

results allows for detailed structural analysis. As shown in Fig. 10, the stress distribution across the SAS 

architecture highlights regions of localised stress. The SAS demonstrates superior stiffness and strength, 

attributed to reduced stress concentration. A consistent colour legend supports the visual comparison of 

stress intensity across different configurations, while Fig. 9 also reports the corresponding values of 𝜎𝑚𝑎𝑥 

relative to the material’s yield strength. 

SAS exhibits the lowest stress concentration, characterised by a more uniform stress distribution. The 

observed development in stress concentration correlates alongside the reduction in yield strength, 

suggesting that the decrease in strength is primarily attributed to stress concentration effects. Under 

elastic compression, the macroscopic stress developed within the SAS structure is directly proportional 

to the applied 𝜀. As the structure performance primarily depends on the UC shape rather than the 𝜌𝑟. 

FEA results indicate that stress concentration is influenced by the geometry of the unit cell and its 

connectivity with neighbouring UCs. Thus, designs with the highest stress concentration exhibit lower 

values of  𝜎𝑦. The SAS architecture demonstrates superior stiffness and strength, which can be attributed 

to its reduced stress concentration relative to other commonly used auxetic designs. 

3.3. Surrogate precision 

The impact of design variables was examined across six key response metrics, including −𝜐, 𝜎𝑦, 𝐸, SEA, 

PCF, and CFE. The results of this study demonstrate that the surrogate models developed using RSM 

and CCD are effective in predicting the responses of SAS under different design variable variations. The 

models provide insights into the relationship between the design variables and the desired responses, 

allowing for the identification of optimal design parameters for SAS. The findings of this research have 

practical implications for the design and development of the SAS for various applications, including 

impact protection, energy absorption, and structural reinforcement. 
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The analysis further includes an assessment of the approximation model’s quality, which effectively 

captures the behaviour of −𝜐, 𝜎𝑦, 𝐸, 𝑆𝐸𝐴, 𝑃𝐶𝐹, 𝑎𝑛𝑑 𝐶𝐹𝐸 for the SAS. The Analysis of Variance (ANOVA) 

is used to assess the accuracy of the surrogate model in capturing the desired responses. Additionally, 

the influence of the control variables, namely strut thickness (𝑡𝑠) and strut length (𝑙𝑠), on the mechanical 

performance and energy absorption behaviour of the SAS. The optimisation description is conceived as 

three different scenarios which target the mechanical performance, energy absorption characteristics and 

then a combination. 

Table 6 Central Composite Design (CCD) matrix of design variables and corresponding responses used to train the SAS 

approximation model. 

Factors Responses 

A 

𝑡𝑠 

B 

𝑙𝑠 

1 2 3 4 5 6 

−𝜐 𝜎𝑦  𝐸 SEA PCF CFE 

(mm) (mm) - (MPa) (MPa) (kJ/kg) N % 

0.30 0.50 -0.104 4.200 580 8.867 1070.500 63.993 

0.20 0.95 -0.115 1.900 150 9.185 648.530 75.783 

0.30 0.95 -0.113 3.900 500 12.898 1547.500 66.599 

0.37 0.63 -0.104 5.100 1010 15.608 2553.800 58.254 

0.30 0.95 -0.113 3.900 500 12.898 1547.500 66.599 

0.40 0.95 -0.109 7.800 1169 18.060 3171.800 60.508 

0.30 0.95 -0.113 3.900 500 12.898 1547.500 66.599 

0.30 0.95 -0.113 3.900 500 12.898 1547.500 66.599 

0.23 1.27 -0.120 2.250 215 7.5970 0960.750 71.401 

0.30 1.40 -0.123 4.000 418 14.551 1777.800 66.735 

0.23 0.63 -0.109 2.000 252 10.984 0983.340 67.940 

0.30 0.95 -0.113 3.900 500 12.898 1547.500 66.599 

0.37 1.27 -0.120 6.000 812 18.771 2793.400 70.264 

The central composite design (CCD) approach was employed to develop the training matrix and perform 

a parametric investigation based on the design variables 𝑡𝑠  and 𝑙𝑠  for the SAS structure. Prior to 

performing the parametric analysis, the accuracy of the surrogate models was assessed using the 

ANOVA methodology. Following the successful validation, the surrogate models were employed to 

generate response surface models, evaluating the relationship amongst geometrical parameters 𝑡𝑠 and 𝑙𝑠 

and several performance responses, including −𝜐, 𝜎𝑦, 𝐸, 𝑆𝐸𝐴, 𝑃𝐶𝐹, and 𝐶𝐹𝐸 

A higher-order CCD approach was utilised to construct the surrogate model, identifying the key 

independent variables listed in Table 6. To satisfy the sampling needs for the training dataset, multiple 

SAS design configurations were created, each reflecting the designated factorial parameter combinations. 

Subsequently, the finite element method was used to model and analyse each of the design samples, to 

obtain their respective response for −𝜐, 𝜎𝑦 , E, SEA, PCF and CFE to complete the training model as 

presented in Table 6. Informed by the numerical analysis, the outcomes of the training matrix were 

computed to reveal surrogate models as shown in Eq. (5)-(1)0, targeting all the six responses of interest. 

The effects of 𝑡𝑠 and  𝑙𝑠 on 𝜎𝑦, PCF, and −𝜐 are described by linear expressions, represented by Eq. (5)-
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(7), respectively. Conversely, 𝐸, SEA, and CFE display a nonlinear, quadratic relationship with these 

geometric parameters, as indicated in Eq. (8)-(10). 

𝜎𝑦 = −4.324 + 26.859𝑡𝑠 + 0.340𝑙𝑠, (5) 

𝑃𝐶𝐹 = −2482.476 + 12324.080𝑡𝑠 + 478.194𝑙𝑠, (6) 

𝜐 = −0.1 + 0.023𝑡𝑠 − 0.021𝑙𝑠, (7) 

𝐸 = 0.064 − 2.711𝑡𝑠 + 0.396𝑙𝑠 − 1.788𝑡𝑠𝑙𝑠 + 15.588𝑡𝑠
2 − 0.022𝑙𝑠

2, (8) 

𝑆𝐸𝐴 = 20.771 − 79.702𝑡𝑠 − 10.302𝑙𝑠 + 72.784𝑡𝑠𝑙𝑠 + 101.124𝑡𝑠
2 − 4.454𝑙𝑠

2, (9) 

𝐶𝐹𝐸 = 113.467 − 246.615𝑡𝑠 − 10.291𝑙𝑠 + 94.990𝑡𝑠𝑙𝑠 + 165.092𝑡𝑠
2 − 5.581𝑙𝑠

2. (10) 

Although a surrogate model has been successfully generated, ANOVA needs to be carried out to 

characterise the accuracy of each of the models before they can be employed for parametric analysis. The 

accuracy measures include the probability (p-value), coefficient of determination R2, Adjusted R2, 

Predicted R2, and Adequate precision. ANOVA shows that the mechanical performance of SAS is 

significantly influenced by its geometrical parameters. The adequacy measures of the surrogate model 

demonstrate high accuracy, indicating accurate predictions can be made for all the six response 

parameters considered. This implies that the approximation models outlined in Eq. (5)-(10) are capable 

of exploring the design space and reliably predicting mechanical and energy absorption performance. 

Table 7. Analysis of variance (ANOVA) results for the response surface model applied to the SAS structure. 

Model F-value p-value 
Statistical measurements 

𝑅2  Adj − 𝑅2  Adeq − precision 

𝜎𝑦 065.25 <0.0001 0.928 0.914 23.741 

𝜐 243.64 <0.0001 0.979 0.975 44.588 

𝐸 188.38 <0.0001 0.992 0.997 43.406 

𝑆𝐸𝐴 028.61 <0.0001 0.905 0.873 17.117 

𝑃𝐶𝐹  062.36 <0.0001 0.925 0.910 22.901 

𝐶𝐹𝐸 017.42 <0.0004 0.853 0.804 13.369 

Table 7 demonstrates the each of six models attribute high F-value (>17.42) along with exceptionally low 

p-value (<0.0004), confirming that all six surrogate models are statically substantial featuring very low 

noise levels. Typically, model terms with p-value less than 0.001 are considered significant [127]. 

Additionally, models with sufficient accuracy ratio exceeding four indicate minimal noise within the 

mode [116]. Furthermore, all models achieved high 𝑅2  values (greater than 0.85), indicating strong 

alignment with their respective adjusted 𝑅2 values. The analysis of variance confirms that all six SAS 

models are statistically robust and well-suited for further parametric studies and for analysing variable 

interdependencies. 
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Among the six surrogate models, the CFE model exhibited the lowest statistical strength, with R2=0.853 

and Adeq-precision of 13.369 as shown in Table 7. Although the model is highly significant (p<0.0001), 

its correlation is weaker than those of the other responses. This reduced strength arises from the inherent 

variability of CFE, which is a ratio that combines sensitivities from both the peak load and the post-yield 

plateau, making it inherently more sensitive to small experimental fluctuations, localised imperfections 

in SLM parts, and numerical scatter in the design matrix. In additively manufactured structures, such 

sensitivities are further compounded by local defects, surface roughness, and residual stresses from SLM, 

which cannot be fully captured in simplified surrogate representations. As a result, a greater proportion 

of variance (~15%) remains unexplained compared to the other models. Nonetheless, the Adeq-precision 

remains comfortably above the threshold of 4, indicating that the signal-to-noise ratio is sufficient for 

design navigation. Consistent with ranges reported for reliable predictive models [128,129] this provides 

confidence that the CFE surrogate retains value for optimisation. 
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(e) (f) 

Fig. 11. Validation of surrogate models against FEM results for six mechanical responses showing (a) crush force efficiency, (b) 

Poisson’s ratio, (c) elastic modulus, (d) specific energy absorption, (e) yield strength, and (f) peak crush force; Dotted lines 

represent ideal prediction, demonstrating high correlation (R² > 0.92). 

Following the assessment of the response surface model’s accuracy through ANOVA, its predictions 

were compared with the numerical simulation results, as illustrated in Fig. 11. This comparison was 

carried out for all six response variables: CFE (Fig. 11(a)), Poisson’s ratio −υ (Fig. 11(b)), elastic modulus 

E (Fig. 11(c)), specific energy absorption SEA (Fig. 11(d)), yield strength 𝜎𝑦 (Fig. 11), and PCF (Fig. 11(f)). 

To avoid confusion, the predictions of the surrogate are represented using a diagonal dotted line which 

is used as the reference and the finite element predictions are presented using different markers Overall, 

the numerical predictions exhibit a strong alignment with the surrogate model predictions. The relatively 

small residuals, as shown in Table 7, additionally validate the accuracy of the models. These results 

demonstrate that Eq. (5)-(10) successfully capture the influence of geometric parameters on the associated 

performance measures. This validates the reliability of the approximation models in predicting all six 

responses and modelling parametric interactions within the SAS structure. 

Table 8. Percentage residuals of the surrogate models showing deviation from an ideal. 

𝐶𝐹𝐸 (%) −𝜐 (%) 𝐸 (%) 𝑆𝐸𝐴 (%) 𝜎𝑦 (%) 𝑃𝐶𝐹 (%) 

3.03 0.38 0.50 1.73 7.14 3.81 

2.38 0.26 4.19 3.05 2.89 3.68 

0.00 0.09 0.00 0.00 4.10 7.85 

0.00 0.19 2.98 1.08 1.71 6.48 

0.00 0.09 0.00 0.00 4.10 7.85 

3.32 1.47 3.77 4.76 1.59 8.52 

0.00 0.09 0.00 0.00 4.10 7.85 

0.00 0.09 0.00 0.00 4.10 7.85 

0.29 1.00 1.91 1.13 0.89 1.14 

3.22 0.32 0.76 8.04 5.25 5.99 

3.96 0.64 1.37 8.29 2.50 3.36 

0

1

2

3

4

5

6

7

8

9

0 1 2 3 4 5 6 7 8 9

P
re

d
fi

ct
ed

 𝜎
y

(M
P

a)

Actual 𝜎y (MPa)

Actual

Precited

0

500

1000

1500

2000

2500

3000

3500

0 700 1400 2100 2800 3500

P
re

d
ic

te
d

 P
C

F
(N

)

Actual PCF (N)

Actual

Predicted

                  



24 

0.00 0.09 0.00 0.00 4.10 7.85 

4.13 1.34 4.26 1.81 1.17 3.61 

3.4. Parametric influence on macroscopic responses 

3.4.1. Crush force efficiency 

The results shown in Fig. 12 highlights CFE was significantly impacted by both 𝑡𝑠  and 𝑙𝑠 . A slightly 

quadratic correlation can be seen in Fig 12(a), with CFE decreasing consistently with 𝑡𝑠. This is due to an 

increase in peak crush force facilitated by the increasing 𝑡𝑠 of the SAS. As the 𝑡𝑠 increases, the cross-

section of the load-bearing beams increases, leading to higher stiffness and higher 𝜎𝑦. As a result, the 

onset of plastic failure informed by the PCF increases drastically, this in turn decreases the CFE, as shown 

in Fig. 12(a). Although not as significant impact in comparison to𝑡𝑠  , the 𝑙𝑠  was similarly found to 

substantially affect CFE, as shown in Fig. 12(b). This occurs because of the influence of strut length on 

the curvature at the joints of the unit cell. Larger loads cannot be transferred to the lateral connections at 

higher 𝑙𝑠 due to the increased rotation lowering the PCF.  

When crashworthiness is prioritised, the CFE model should therefore be interpreted with caution. Its 

lower R2 means predictions are less deterministic than for SEA or PCF, but the model still captures 

meaningful trends and can guide the identification of promising regions in the design space. In practice, 

optimisation outcomes involving CFE should be corroborated by targeted validation runs. Thus, in 

Scenario S2, CFE is best considered in combination with SEA and PCF both of which are described by 

stronger surrogate fits so that crashworthiness optimisation balances robustness with predictive 

reliability. 

 

         
Fig. 12. Effect of strut parameters (a) strut thickness shows inverse quadratic relationship due to increased PCF, (b) strut length 

shows nonlinear influence via joint flexibility, and (c) combined interaction of t and θ on CFE performance. 

The reduced angle at the joints also increases stress concentration which also informs the early onset of 

plastic failure. This means that the PCF decrease as the 𝑙𝑠 increases leading to an increase in CFE. As 

observed, both design variables independently influence the exhibiting opposite trends, as illustrated in 

Fig.12(c). As a result, CFE was found to be increased by decreasing the 𝑡𝑠 and decreasing 𝑙𝑠. As a result, 

the highest value of CFE was observed at the maximum 𝑙𝑠  and lowest 𝑡𝑠 . It was found that 𝑡𝑠  is 
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predominantly affected on CFE, closely followed by 𝑙𝑠. Overall, the first-order effect of 𝑡𝑠 is the most 

significant, followed by 𝑙𝑠 and finally, the interaction effect of 𝑡𝑠𝑙𝑠. 

3.4.2. Negative Poisson’s ratio 

The −𝜐 is influenced by both 𝑡𝑠 and 𝑙𝑠 as shown in Fig. 13. However, 𝑡𝑠 seems to have a relatively smaller 

influence in comparison to 𝑙𝑠 as shown in Fig. 13a. nevertheless, a linear relationship can be seen for both 

cases with a value of −𝜐 decreasing consistently at 𝑡𝑠 increases. This can be attributed to the fact that the 

𝜌𝑟 of the material significantly affects its deformation behaviour. An increase in 𝑡𝑠 leads to a higher 𝜌𝑟, 

which enhances the structural strength by providing more material to resist plastic deformation 

effectively. Overall, while both the 𝑙𝑠 and 𝑡𝑠 influences the resulting −𝜐 they oppose each other in trend 

as shown in Fig. 13(a) and 13(b). 

While both 𝑡𝑠 and 𝑙𝑠 influence the −𝜐  of the sinusoidal ligament auxetic structure (SAS), the effect of 𝑙𝑠 is 

notably more significant. This is primarily due to its role in load transmission within the unit cell. At 

greater values of 𝑙𝑠, a larger portion of the load is transferred to the lateral connections, which increases 

lateral deformation and enhances the −𝜐. Consequently, reducing 𝑙𝑠   beyond a certain threshold can 

cause a transition in Poisson’s ratio from negative to positive. The analysis indicates that −𝜐 increases 

with higher 𝑙𝑠 and lower 𝑡𝑠, with the maximum −𝜐 observed at the combination of the largest 𝑙𝑠 and the 

smallest 𝑡𝑠. Among the parameters studied, 𝑙𝑠 has the greatest impact on −𝜐, followed by 𝑡𝑠. The linear 

influence of 𝑙𝑠  proves to be the most dominant, followed by the individual effect of 𝑡𝑠, and finally, the 

interaction effect of 𝑙𝑠𝑡𝑠, in the order 𝑙𝑠 > 𝑡𝑠 > 𝑙𝑠𝑡𝑠. 

 
Fig. 13. Variation of Poisson’s ratio (a) strut thickness, (b) strut length, and (c) interaction with auxetic angle. 

3.4.3. Elastic modulus 

A parametric analysis of the elastic modulus of the Sinusoidal ligament auxetic structure (SAS) was 

carried out and the results revealed that the modulus was largely influenced by the strut thickness (𝑡𝑠) 

with a small contribution from strut length (𝑙𝑠) as shown in Fig 14(a) and 14(b), respectively. This can be 

attributed to the fact that the porosity of the material significantly affects its deformation behaviour. An 

increase in thickness leads to a higher relative density, which strengthens the structure by offering 

greater material resistance to plastic deformation.  
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Fig. 14. Dependence of elastic modulus on design parameters: (a) Thickness shows linear increase in stiffness; (b) Length has 

minimal influence; (c) Interaction effects indicating local reinforcement through increased strut overlap. 

While a quadratic relationship was witnessed to represent that relationship between 𝑡𝑠 and E, 𝑙𝑠 showed 

a linear trend that is opposite to 𝑡𝑠 . This means that increasing  𝑡𝑠  consistently increase the elastic 

modulus. On the contrary, increasing 𝑙𝑠reduces the elastic modulus at a comparatively smaller rate. This 

cumulative opposing trend on the overall performance of E is signified by Fig. 14(c) revealing a trend in 

performance that indicates a low-level interaction between the design parameters and the elastic 

modulus. The highest elastic modulus was observed when both 𝑡𝑠 and 𝑙𝑠 were at their highest values. 

Overall, the order of influence of the design variables on the elastic modulus of SAS was found to be 𝑡𝑠 >

𝑙𝑠 > 𝑡𝑠𝑙𝑠 > 𝑡𝑠
2 > 𝑙𝑠

2. Previous literature has shown that auxetic architecture acquires several advantages 

over conventional counterparts [130] including stiffness control which is confirmed by the observations 

here. 

3.4.4. Specific energy absorption 

In comparison to previous responses, SEA was found to be largely influenced by the strut thickness with 

a minor effect from strut length as shown in Fig. 15. A slightly quadratic relationship can be observed in 

both cases explaining the relationship between 𝑡𝑠 (Fig. 15(a)) and 𝑙𝑠 (Fig.15(b)) with the resulting specific 

energy absorption (SEA). 
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Fig. 15. Impact of design parameters on SEA: (a) Strut thickness strongly improves energy absorption; (b) Strut length 

provides moderate tuning; (c) Combined increase of both yields maximum SEA of 17.23 kJ/kg. 

As shown in Fig. 15(a), SEA can be seen to increase consistently with an increase in 𝑡𝑠 in a quadratic 

fashion. This is due to the influence of the total energy absorbed architecture on influencing the SEA 

calculation: since SEA is calculated as the ratio of the total energy absorbed and mass, a lower thickness 

offers lower energy absorbed and vice versa. Correlating this with the trend observed in Fig. 15(a), it is 

clear that the increase in strut thickness increases SEA. 

Although not as significant in comparison to strut thickness, the strut length was also found to influence 

SEA due to the influence of strut length on the curvature at the joints of the unit cell, as shown in Fig. 

15(b). At higher 𝑙𝑠 the relative density decreases reducing the mass of the architecture which results in 

increased SEA. Overall, the interaction effects indicate that highest value of SEA occurs when both  𝑙𝑠 

and 𝑡𝑠 are at the maximum values. Consequently, 𝑡𝑠 has the most significant impact on SEA, followed by 

𝑙𝑠 . Overall, the order of influence can be expressed as 𝑡𝑠
2 > 𝑡𝑠 > 𝑡𝑠𝑙𝑠 > 𝑙𝑠  with the most significant 

parameter being thickness and the interaction effects of strut thickness and length. 

3.4.5. Yield strength 

Fig. 16(a) reveals that the strut thickness has a major influence on the strength of the SAS structure with 

a linear relationship. Conversely, Fig. 16(b) shows that the effect of strut length (𝑙𝑠) on the yield strength 

is negligible, as indicated by an almost straight line across the tested range.  

Therefore, 𝑡𝑠 is identified as the most significant parameter for modulating the yield strength of the SAS 

auxetic architecture. Furthermore, the independence of the design parameters on 𝜎𝑦 was analysed, as 

presented in Fig. 16(c). The results demonstrate that the effect of the design variables on 𝜎𝑦 is minimum 

and has no significant impact on the performance pattern, resulting in a steady performance slope 

regardless of 𝑙𝑠  variants. Consequently, increasing 𝑡𝑠  is the only viable option to enhance the yield 

strength of the SAS auxetic architecture. 
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Fig. 16.  Effects on yield strength revealing (a) linear increase with strut thickness, (b) negligible effect of length, and (c) joint 

angle showing minimal interaction effects confirming thickness as primary control parameter. 

3.4.6. Peak crush force 

When it comes to the influence of the variables strut thickness and length on PCF as shown in Fig. 17, it 

can be seen that the predominant factor influencing the peak crush forces of the auxetic structure is 𝑡𝑠. 

The linear increase in PCF is consistent with the increase in 𝑡𝑠, meaning that achieving low PCF requires 

using the lowest possible 𝑡𝑠. Although lower, the 𝑙𝑠 can also be seen to influence PCF linearly following 

the same trend as that of 𝑡𝑠  as shown in Fig. 17(b).  

 
Fig. 17. Influence on peak crush force revealing (a) PCF increases linearly with strut thickness, (b) mild linear increase with 

length, and (c) combined effect showing peak PCF at highest t and L values. 

However, the rate of increase in  PCF with increasing 𝑙𝑠 is significantly lower in comparison to 𝑡𝑠. Both 

effects are because of increased material which is increasing the threshed of stress required to initiate 

plastic failure as explained in the case of the yield strength. The interdependence of 𝑡𝑠 and 𝑙𝑠 on the PCF 

of the auxetic structure is shown in Fig. 17(c). Although PCF is susceptible to both 𝑡𝑠 and 𝑙𝑠, the increase 

in PCF is predominantly driven by 𝑡𝑠  in a linear fashion, with a very minimal influence from 𝑙𝑠 . 

Nevertheless, the interaction effects indicate that the highest PCF is obtained when both 𝑡𝑠 and 𝑙𝑠 are at 

their highest values. Consequently, strut thickness has the most significant influence on PCF, followed 

by strut length, in the order of  𝑡𝑠 > 𝑙𝑠. 
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3.5. Scenario tuning 

3.5.1 Desirability mapping 

The problem statement is formulated by integrating the objective function, design variables, and 

constraints. The primary objective is to meet the objective function by modifying the design variables 𝑡𝑠 

and 𝑙𝑠 subject to the relevant constraints [131,132]. To achieve the best quantifiable performance within 

specific constraints [133], the optimisation problem necessitates the identification of appropriate design 

variables. Consequently, developing an optimal design necessitates defining a problem description that 

concentrates on the ideal responses. A single objective approach is insufficient when dealing with 

numerous responses, requiring the use of a multi-objective formulation to find the best solution. 

Consequently, to fulfil the scenario-based multi-objective criteria Eq. (11)-(14) are conceived for Scenario 

S1, S2 and S3 respectively with features as summarised in Table 3. 

S1

{
 
 

 
 

 
Max. 𝐸 = 𝑓1(𝑡𝑠, 𝑙𝑠),

Max.  𝜎𝑦 = 𝑓2(𝑡𝑠, 𝑙𝑠),
 

s. t.   0.20 ≤ 𝑡𝑠 ≤ 0.40,
s. t.   0.50 ≤ 𝑙𝑠 ≤ 1.40, 

 (11) 

S2

{
  
 

  
 

 
Max. 𝑆𝐸𝐴 = 𝑓3(𝑡𝑠, 𝑙𝑠),

Max. 𝐶𝐹𝐸 =  𝑓4(𝑡𝑠, 𝑙𝑠),

Min. 𝑃𝐶𝐹 =  𝑓5(𝑡𝑠, 𝑙𝑠),
 

s. t.   0.20 ≤ 𝑡𝑠 ≤ 0.40,
s. t.   0.50 ≤ 𝑙𝑠 ≤ 1.40, 

 (12) 

S3

{
 
 
 
 

 
 
 
 

 
Max. 𝐸 = 𝑓1(𝑡𝑠, 𝑙𝑠),

Max.  𝜎𝑦 = 𝑓2(𝑡𝑠, 𝑙𝑠),

Max. 𝑆𝐸𝐴 = 𝑓3(𝑡𝑠, 𝑙𝑠),

Max. 𝐶𝐹𝐸 =  𝑓4(𝑡𝑠, 𝑙𝑠),

Min. 𝑃𝐶𝐹 =  𝑓5(𝑡𝑠, 𝑙𝑠),
 

s. t.   0.20 ≤ 𝑡𝑠 ≤ 0.40,
s. t.   0.50 ≤ 𝑙𝑠 ≤ 1.40. 

 (13) 

The optimisation solution is transformed into a desirability function utilising the desirability function 

approach. This technique employs a desirability function, denoted by 𝐷(𝑋), as an objective function. It 

outlines the acceptable response ranges for each response (𝑑𝑖), with desirability ranging from 0 to 1, 

identifying the least and most optimal solutions, respectively. When a response variable attains the target 

value, the desirability function value becomes 1, and when the response variable falls below the target 

value, the desirability function value decreases [395]. The geometric mean is employed to integrate the 

various desirability values, resulting in an overall desirability D, as indicated in Eq. (14): 
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𝐷 = (𝑑1 ⋅ 𝑑2 ⋅ … ⋅ 𝑑𝑛)
1

𝑛 = (∏ 𝑑𝑖
𝑛
𝑖=1 )

1

𝑛. (14) 

3.5.2. Optimum design and validation 

For simultaneous optimisation, each response was allotted a low and high value, as illustrated in Eq. 

(11)-(14) and solved utilising the desirability approach. The desirability scale is usually plotted from 0 to 

1 where zero indicates the least optimum solution and 1 indicates the optimum ideal. The optimisation 

output as a function of the desirability objective for the three scenarios are presented in Figs.18 (a-c). For 

the target outcomes defined in scenarios S1, S2 and S3, the surrogate model offered solutions with a 

desirability of 0.79, 0.81 and 0.92 as summarised in Table 9. The resulting predictions in terms of the 

optimum strut thickness (𝑡𝑠 ) length (𝑙𝑠 ) that the auxetic architecture should feature to achieve the 

optimum solutions are also presented in Table 9. 

Fig. 18(a) observed that the highest desirability score for S1 of 0.79 lies close to the lowest strut length 

(𝑙𝑠), and higher strut thickness (𝑡𝑠) which is 0.371 mm for 𝑡𝑠 and 0.632 mm for 𝑙𝑠. For S2 as shown in Fig. 

18(b), the highest desirability score of 0.81 lies close to the lowest strut thickness and strut length with 

the respective parametric being 0.304 mm and 1.268 mm respectively. Overall, S3 offered the highest 

desirability score of 0.92 at a higher strut length (1.268 mm) and lower strut thickness (0.229 mm). 

 
Fig. 18. Desirability plots for multi-objective optimisation scenarios revealing: (a) S1 prioritising stiffness and strength 

(desirability = 0.79); (b) S2 favouring crashworthiness (desirability = 0.81); (c) S3 achieving hybrid performance (desirability = 

0.92). 

Table 9. Optimal solution for SAS based for all the three scenarios considered. 

Scenario 𝑡𝑠(mm) 𝑙𝑠(mm) Porosity Unit cell layers Desirability 

S1 0.371 0.632 67.2 5 0.79 

S2 0.304 1.268 70.5 5 0.81 

S3 0.229 1.268 73.4 5 0.92 

Auxetic architecture satisfying the predicted optimum parameters Table 9 for all three scenarios were 

digitally conceived and numerically characterised using the finite element method, as shown in Fig. 19. 

with the resulting performance summarised in compared in Table 9. It can be seen from Fig.19(a) that 

comparatively stiffer and stronger auxetic architecture is revealed by the surrogate model to satisfy 

scenario 1 signified by the comparatively lower stress distribution under identical loading. The 
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architecture satisfying scenario 2 shown in Fig. 19(b) showed the highest stress profile making it suitable 

for energy absorption as opposed to mechanical performance. The architecture in Fig. 19(c) can be seen 

to exhibit a balanced performance between scenarios 1 and 3. Table 10 presents a comparison of the 

surrogate model and finite element prediction for the optimal architecture. 

When it comes to scenario 1, the surrogate model predicts a negative Poisson’s ratio with a value of -1.04, 

while FEA reports -1.07, resulting in a percentage difference of 2.8%. However, when it comes to E, the 

surrogate model was found to slightly overestimate the values compared to FEA. The surrogate model 

predicts 1023 MPa, resulting in a 3.23% difference from FEA value of 991 MPa. Similarly, the surrogate 

model slightly overestimated the yield strength, with a predicted value of 5.95 MPa compared to offering 

a difference of 4.75% in comparison to FEA. For scenario 2, the surrogate model and FEA are compared 

for their performance parameters for CFE resulting in a percentage difference of 3.51%. Furthermore, the 

surrogate model shows good agreement with FEA and SEA. The Surrogate Model predicts 14.48 kJ/kg, 

while FEA reports 14.14 kJ/kg, resulting in a percentage difference of 2.4%. This indicates a close 

approximation by the surrogate model for this parameter. The surrogate model also predicts a PCF of 

1762 kN, while FEM reports 1850 kN, resulting 4.76% difference.  

 
Fig. 19. Stress contour plots from FEA of optimised SAS designs for scenarios S1–S3: Scenario 1 yields the stiffest response, 

while S3 offers balanced stiffness and energy absorption under equivalent boundary conditions. 

Table 10. Comparison between predicted and FEM values of optimum SAS architecture. 

Item 
Scenario 1 Scenario 2 Scenario 3 

Pred. FEA %Δ Pred. FEA %Δ Pred. FEA %Δ 

−𝜐 -1.04 -1.07 2.80 - - - -0.121 -0.125 3.20 

𝐸 (MPa) 1023 991 3.23 - - - 761 771 1.29 

𝜎𝑦 (MPa) 5.95 5.68 4.75 - - - 5.53 5.69 2.96 

CFE (%) - - - 69.10 71.62 3.51 73.23 69.98 4.64 

SEA (kJ/kg) - - - 14.48 14.14 2.40 17.23 16.89 2.05 

PCF (kN) - - - 1762 1850 4.76 983 960 2.39 

When it comes to scenario 3, the surrogate model provides predictions that closely align with FEA for−𝜐. 

The surrogate model predicts -0.121, while FEM reports -0.125, resulting in a 3.2% difference. 
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Furthermore, the model prediction for E in this scenario demonstrates closer agreement with FEM. The 

surrogate model predicts 0761 GPa, resulting in a 1.29% difference in comparison to FEA, suggesting a 

relatively smaller deviation. Additionally, the surrogate model’s prediction for 𝜎𝑦 is 5.53 MPa, resulting 

in a 2.96 2.96% all of which shows a close agreement between the two methods. The optimised SAS design 

(Scenario S3) achieved a maximum SEA of 17.23 kJ/kg and a CFE of 73.23%. To contextualise these results, 

values reported for other metallic auxetic structures fabricated via SLM, such as re-entrant and chiral 

geometries, typically fall within the ranges of 8–15 kJ/kg for SEA and 55% to 70% for CFE [134,135]. By 

contrast, conventional energy absorbers of comparable relative density, including honeycombs and 

metallic foams, generally achieve SEA values of 5–12 kJ/kg and CFE values of 50%–60% [136,137]. The 

comparison demonstrates that the optimised SAS structure not only outperforms conventional absorbers 

but also provides superior crashworthiness efficiency compared with established auxetic designs, 

underscoring both its novelty and competitiveness for energy-absorbing applications. 

Overall, the predictions of the surrogate model are consistent with the desirability values with scenario 

3 offering the closest agreement. Overall, the analysis of the three scenarios highlights that the surrogate 

model offers an accuracy of 95.24% which is consistent with the literature [116,129]. 

4. Conclusions 

This study introduces a novel class of metallic auxetic metamaterials based on sinusoidal ligament 

architectures, fabricated using SLM processed AlSi10Mg. The auxetic behaviour, indicated by a negative 

Poisson’s ratio of −0.113, was preserved despite geometric deviations and porosity (~9.3% reduction in 

relative density between CAD and printed prototypes) introduced during the SLM additive 

manufacturing process, demonstrating the robustness of the SAS design. Finite element simulations, 

validated to within 3.7% of experimental values, enabled predictive modelling of mechanical 

performance, and facilitated the development of statistically significant surrogate models (R² > 0.92) 

linking key geometrical parameters to performance responses. The surrogate models developed in this 

work are particularly significant in enabling rapid, computationally efficient design space exploration. 

By capturing nonlinear interactions between geometry and mechanical performance, these models 

eliminate the need for exhaustive experimental campaigns, offering predictive capability across a broad 

parametric range. The models identified strut thickness as the primary driver of elastic modulus (E up 

to 1023 MPa), yield strength (𝜎𝑦 up to 7.8 MPa), and peak crush force (PCF up to 3171.8 N), while strut 

length exerted stronger control over auxeticity (𝜐 down to −0.123) and crush force efficiency (CFE up to 

75.8%). Optimisation across three use-case scenarios namely, stiffness-driven, energy absorption-driven, 

and hybrid demonstrated design flexibility, with scenario S3 yielding the most balanced solution (SEA = 

17.23 kJ/kg; CFE = 73.23%) at a desirability score of 0.92. These findings confirm that SAS architectures 

represent a promising pathway for high-performance, additively manufactured auxetic systems. The 

integration of predictive surrogate models with validated FEM offers a scalable methodology for future 

work on graded, hierarchical, or topology-optimised auxetic lattices in functional applications where 

impact mitigation and lightweight compliance are critical. 
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