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A B S T R A C T

Mechanical metamaterials can amplify deformation through geometry-driven mechanisms, transforming small 
global strains into localized regions of enhanced strain without altering the constituent material. This capability 
is attractive for applications requiring controlled deformation and mechanical responsiveness, including sensing, 
actuation, energy harvesting, and adaptive structures. Although numerous auxetic lattice architectures have been 
proposed, their reported mechanical performances are difficult to compare because previous studies have 
employed different material models, geometric definitions, loading conditions, and evaluation methodologies. 
Consequently, quantitative design guidelines for selecting the most appropriate architecture remain limited. This 
study addresses this gap through a unified finite element framework that systematically compares four repre
sentative auxetic lattice architectures (re-entrant, star-shaped, arrowheaded, and chiral) under identical material 
properties, geometric scaling, boundary conditions, loading conditions, and performance metrics. A hyperelastic 
poly(butylene adipate-co-terephthalate) constitutive model was used to investigate 36 geometric configurations 
by varying cell angle and structural thickness. Mechanical performance was evaluated in terms of strain 
amplification factor (SAF), effective Poisson's ratio, effective stiffness, stress distribution, and relative density. 
The results reveal pronounced architecture-dependent trade-offs, with lattice topology producing nearly a six- 
fold variation in strain amplification (SAF ≈ 1.4–8). The star-shaped and re-entrant lattices achieved the high
est strain amplification, whereas the arrowheaded lattice consistently exhibited the lowest strain amplification 
but the highest stiffness and most negative effective Poisson's ratio. The resulting Ashby-style performance maps 
are reported to establish a quantitative design framework for balancing strain amplification, auxeticity, stiffness, 
and lightweighting, providing practical guidance for selecting auxetic lattice architectures according to 
application-specific mechanical requirements.

1. Introduction

Mechanical metamaterials are a class of architected materials whose 
effective mechanical response is governed primarily by structural ge
ometry rather than the intrinsic properties of their constituent materials. 
By carefully designing the architecture of repeating unit cells, these 
materials can exhibit extraordinary behaviours that are difficult or 
impossible to achieve in conventional solids, including negative Pois
son’s ratio, programmable stiffness, shape morphing, negative 
compressibility, enhanced energy absorption, and tunable deformation 
pathways [1–3]. Advances in additive manufacturing and computa
tional design have accelerated the development of mechanical 

metamaterials over the past two decades, enabling the realization of 
increasingly complex architectures across multiple length scales and 
application domains [2–5].

Auxetic metamaterials have attracted significant attention due to 
their counterintuitive deformation behaviour, exhibiting a negative 
Poisson’s ratio [6–11]. Previous studies have shown that auxetic struc
tures can exhibit enhanced indentation and impact resistance, increased 
fracture toughness, superior shear resistance, improved energy absorp
tion capacity, synclastic curvature under bending, and enhanced dam
age tolerance compared with conventional cellular materials. These 
characteristics have motivated their application in aerospace structures, 
protective systems, biomedical implants, flexible electronics, robotics, 
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wearable devices, and adaptive structural systems [10,12–14]. Recent 
studies further demonstrate the transition of auxetic metamaterials from 
conceptual designs toward application-oriented systems [15]. For 
example, auxetic structures have recently been incorporated into 
wearable strain sensors to provide conformal, multidirectional defor
mation and stable sensing during human motion [16]. Similarly, Liu et al 
[17] developed an auxetic triboelectric nanogenerator that exploits the 
negative Poisson’s ratio and synclastic deformation of the structure to 
improve mechanical compatibility with human joints and enable motion 
monitoring in wearable devices. In the biomedical field, recent advances 
in additive manufacturing have enabled the fabrication of complex 
auxetic architectures for biomedical devices, where their tunable me
chanical response and geometric conformability offer advantages for 
patient-specific applications [18].

Strain amplification is a key functional characteristic of auxetic 
mechanical metamaterials. It refers to the ability of a metamaterial to 
convert relatively small global deformations into substantially larger 
local strains within targeted regions through geometric design. Unlike 
conventional strategies that enhance performance by modifying mate
rial composition or incorporating highly sensitive sensing elements, 
strain amplification exploits structural geometry to intensify the local 
mechanical response [19–24]. Strain amplification is particularly rele
vant to applications involving sensing, actuation, energy harvesting, and 
adaptive systems. For example, strain sensors often rely on local defor
mation to generate measurable electrical, optical, or mechanical signals. 
By concentrating deformation into specific regions, metamaterial ar
chitectures can enhance sensor sensitivity while maintaining relatively 
small overall structural deformation. Similar advantages have been 
demonstrated in piezoresistive sensors, triboelectric energy harvesters, 
fibre-optic sensors, and mechanochromic materials, where 
geometry-induced strain amplification enhances signal generation, 
sensing sensitivity, and energy conversion efficiency [25–28].

Recent studies have highlighted the potential of auxetic architectures 
as effective strain amplification mechanisms. For example, Lee et al. 
developed auxetic photonic patterns capable of generating ultrasensitive 
mechanochromic responses through architecture-induced strain ampli
fication, achieving 20 times higher sensitivity than bulk photonic films 
[19]. Their study demonstrated that carefully designed auxetic cut 
patterns could amplify local strains by an order of magnitude, enabling 
enhanced colour change under relatively small global deformation. 
Similar concepts have been explored in stretchable photonic materials, 
strain amplification for composite material monitoring, flexible elec
tronics, and adaptive sensing systems, where localized strain concen
tration substantially improves functional performance [22–28].

Although numerous auxetic structures have been proposed for strain 
amplification, selecting an appropriate architecture for a given appli
cation remains challenging because their mechanical performance is 
strongly dependent on structural geometry. Different structures exhibit 
distinct combinations of Poisson's ratio, stiffness, deformation capa
bility, stress distribution, and strain amplification, resulting in 
application-specific performance trade-offs. Understanding how struc
ture influences these competing characteristics is therefore essential for 
the rational design of auxetic metamaterials. Among the many auxetic 
architectures reported in the literature, re-entrant, chiral, arrowheaded, 
and star-shaped lattices are among the most widely studied and repre
sentative structure families [9,10,14]. These architectures employ 
different deformation mechanisms, including rib hinging, ligament 
bending, and rotational kinematics, to achieve negative Poisson's ratio 
behaviour and exhibit distinctly different mechanical characteristics.

Despite extensive research on auxetic metamaterials for strain 
amplification, systematic comparisons of representative auxetic archi
tectures under consistent evaluation conditions remain limited. Most 
existing studies investigate a single lattice topology and employ 
different finite element modelling assumptions, including material 
constitutive models, geometric definitions, boundary conditions, 
loading protocols, and performance evaluation methods, making direct 

comparison between reported results difficult. Consequently, it remains 
unclear whether observed differences in mechanical performance arise 
from the structural architecture itself or from inconsistencies in the 
evaluation methodology. Furthermore, although the effective Poisson's 
ratio is the most frequently reported performance metric, it alone is 
insufficient for evaluating strain-amplifying metamaterials. Mechanical 
performance is inherently multi-objective, with strain amplification, 
stiffness, stress distribution, and auxeticity exhibiting competing trade- 
offs. A systematic parametric comparison of representative auxetic ar
chitectures under a unified modelling framework is therefore essential 
for establishing quantitative design guidelines for application-specific 
design.

To address this need, this study presents a comparative finite element 
investigation of four representative auxetic lattice architectures: re- 
entrant, star-shaped, arrowheaded, and chiral. Fig. 1 illustrates the 
four lattice structures together with their normalized cross-sectional 
areas relative to a fully solid material for the selected geometric con
figurations. All architectures are evaluated using identical material 
properties, geometric scaling, boundary conditions, loading conditions, 
and performance metrics, enabling a direct and unbiased comparison of 
their mechanical response. The study establishes a quantitative basis for 
assessing the trade-offs between strain amplification, effective Poisson's 
ratio, stiffness, and stress distribution, while the resulting multi- 
objective performance maps provide practical design guidelines for 
selecting auxetic architectures according to application-specific 
requirements.

2. Methodology

2.1. Model development and validation

A 3D finite element model was developed using Abaqus/CAE 2025 
(Dassault Systèmes SIMULIA) on the licensed installation at the Uni
versity of Bristol, Bristol, UK. The mechanical behaviour of representa
tive auxetic lattice structures is investigated under uniaxial tensile 
loading. The modelling procedure comprised three stages: (i) validation 
of the finite element model against published numerical results, (ii) a 
systematic parametric investigation of four representative auxetic lattice 
architectures, and (iii) evaluation of strain amplification factor (SAF), 
effective Poisson's ratio, effective stiffness, and stress distribution.

Prior to the parametric investigation, the finite element model was 
validated against the results reported by Schneider et al [29] for a 
re-entrant auxetic structure with a cell angle of 50◦. The same 5 × 5 cell 
arrangement, polybutylene adipate terephthalate (PBAT) Ogden N = 4 
material model, boundary conditions, and out-of-plane extrusion depth 
of 2.5 mm were adopted, consistent with the reference study. The 

Fig. 1. Representative auxetic lattice structures and normalized cross-sectional 
areas considered in this study.
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effective Poisson’s ratio was also calculated using the same approach 
used by Schneider et al [29], whereby five node pairs from each of the 
three middle rows (rows 2, 3, and 4) of the 5 × 5 arrangement, as shown 
in Fig. 8, were tracked to determine the transverse strain, which was 
subsequently combined with the applied longitudinal strain to compute 
the effective Poisson’s ratio. This approach minimises the influence of 
boundary-induced deformation effects on the calculated Poisson’s ratio, 
as the outer rows are disproportionately affected by the applied 
boundary conditions, consistent with the observation of Schneider et al 
[29].

A mesh sensitivity study was conducted to ensure mesh-independent 
results. Peak von Mises stress was selected as the convergence criterion 
because of its sensitivity to the local stress concentrations that develop 
junctions. Schneider et al [29] employed a nominal element edge size of 
approximately 0.2 mm with local variations around the strut junctions. 
As detailed unit-cell geometry and meshing strategies are not fully re
ported in the literature, the mesh employed in the present work was 
selected based on the demonstrated convergence of the numerical so
lution rather than attempting to replicate the reference mesh directly. 
C3D8H hybrid hexahedral elements were evaluated using global mesh 
sizes of 0.5, 0.4, and 0.3 mm. The predicted stresses were compared with 
the reference value of 1.463 MPa at 3.37% global strain reported by 
Schneider et al [29]. The predicted von Mises stress decreased from 
1.490 MPa for the 0.5 mm mesh to 1.434 MPa for the 0.4 mm mesh, with 
only a marginal change to 1.435 MPa for the 0.3 mm mesh. The relative 
difference between the two finest meshes was <0.1%, indicating that 
further mesh refinement produced a negligible change in the predicted 
stress. The predicted stress values differed by <2% from the published 
reference value, providing additional confidence in the accuracy of the 
adopted modelling approach. The mesh convergence results are pre
sented in Fig. 2, and the agreement between the predicted stress dis
tribution and deformation pattern is demonstrated in Fig. 3. As shown in 
Fig. 3, the present model reproduces the increasing trends in both the 
force–displacement response and strain-dependent Poisson’s ratio of the 
re-entrant auxetic structure reported by Schneider et al [29]. For com
parison with the published 10 mm-thick specimen, the FE-predicted 
reaction forces were scaled by a factor of four, resulting in close 
agreement with the reference force magnitude. The predicted Poisson’s 
ratio also agrees well with the reference data, with a mean relative de
viation of approximately 4.2% (2.9–5.3%) over the strain range of 
0.5–5.0%. This small deviation is consistent with the 
thickness-dependent variations observed in the present parametric study 
(Fig. 9). Consequently, a global mesh size of 0.3 mm with C3D8H ele
ments was adopted from verification of the re-entrant structure. In 
addition to peak stress and deformation pattern, the poisson’s ratio 
evolution was compared with the corresponding finite element results 
reported by Schneider et al [29], as presented in Fig. 3b.

The same mesh size and elements type were examined for all the 
other structures. However, for the chiral lattice and arrowheaded 
structures, C3D8H hexahedral elements produce poorly conditioned 
mesh at the circular nodes and sharp convergent tips respectively, as 
shown in Fig. 4, and were therefore replaced with C3D10H quadratic 
tetrahedral elements. A global mesh size of 0.3 was adopted consistently 

across all four structures as the finest mesh balancing numerical reso
lution with computational limitations.

2.2. Simulation setup

Following model validation, four auxetic lattice structures, namely 
re-entrant, chiral, arrowheaded, and star-shaped lattices, were investi
gated. For each structure, a unit cell was developed and repeated in a 
5 × 5 arrangement to maintain consistency with the validated literature. 
The investigated structures and the geometric parameters defining each 
unit cell are shown in Fig. 5. For all four structures, the cell angle (θ) was 
varied systematically from 50◦ to 55◦ and 60◦. Two out-of-plane thick
nesses (t = 1.5 mm, 2.0 mm, and 2.5 mm) were also considered, 
resulting in a total of 36 finite element simulations (4 structures × 3 cell 
angles × 2 thicknesses). As the overall dimensions of each structure vary 
with unit cells geometry and cell angle, the relative density (defined as 
the ratio of the solid area to the overall area, expressed as a percentage) 
was calculated to enable meaningful comparisons of mechanical per
formance. Fig. 5 illustrates the representative unit-cell geometries at a 
cell angle of 50◦, providing a visual reference for the geometric 
configuration and angle definition. Since the influence of thickness is 
normalised in the relative density calculation, only the 12 unique 
structure-angle combinations are summarised in Table 1. The in-plane 
wall width was maintained constant at 0.8 mm throughout the study, 
consistent with the validation study. To ensure a direct comparison 
between structures and geometric configurations, the material proper
ties, element formulation and mesh size (see Fig. 6), boundary condi
tions, and post-processing methods were maintained throughout the 
simulations, with these parameters chosen based on the validation 
section.

The structures were modelled using PBAT. Here, the material 
behaviour was represented using the four-term Ogden hyperelastic 
method. The material parameters were adopted directly from literature 
Schneider et al [29], where the model was calibrated against experi
mental uniaxial tensile test data on PBAT (Ecoflex F Blend C1200) in 
accordance with DIN EN ISO 527–1. The calibrated material constants 
used in the present study are summarised in Table 2.

The boundary conditions applied to all structures is as shown in 
Fig. 7 and is the same for all structures. One edge of each lattice structure 
was fully constrained, while a displacement controlled tensile load was 
applied to the opposite edge along the longitudinal direction.

Previous studies have shown that the deformation behaviour of 
auxetic structures is governed by geometric changes within the unit cell, 
making geometrically non-linear formulations necessary for accurate 
representation of their mechanical response [30,31]. Therefore, all the 
simulations were performed using the Standard Static General solver of 
Abaqus/CAE 2025 (Dassault Systèmes SIMULIA) with geometric 
non-linearity enabled (NLGEOM = ON) to capture the large de
formations, ligament bending, cell rotation, and geometric reconfigu
ration associated with auxetic deformation.

2.3. Performance evaluation

The effects of cell angle and out-of-plane thickness on SAF, effective 
Poisson's ratio, effective stiffness, and stress distribution were studied. 
Stress distributions were evaluated using von Mises stress contours to 
identify stress concentration regions and assess the influence of geo
metric parameters on the deformation behaviour of all four structures. 
In accordance with previous works [29,32], the effective Poisson’s ratio 
was calculated using ν = −

εy
εx

, where εx and εy are the longitudinal and 
transverse engineering strains. The measurements were obtained from 
the three middle rows of the 5 × 5 lattice arrangement (row 2,3, and 4) 
to minimise boundary induced deformation effects [29]. Five nodes 
location were tracked in each row, resulting in a total of 15 measure
ment points as shown in Fig. 8. The average transverse displacement 

Fig. 2. Mesh convergency study for the 50◦ re-entrant auxetic structure, and 
the associated maximum Von Mises stress compared with the work by 
Schneider et al [29].
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obtained from these locations was used to calculate the effective trans
verse strain, which was subsequently combined with the longitudinal 
strain to determine the effective Poisson’s ratio.

SAF was used to quantify the ability of each auxetic structure to 
amplify local deformation relative to the applied global strain was 
calculated using Eq. (1). 

SAF =
εlocal

εglobal
(1) 

Where εlocal is the local strain measured between two selected loca
tions (as shown earlier in Fig. 5) and εglobal is the applied global strain. 
The local strain was calculated as the change in the distance between the 
selected nodes divided by their initial separation. 

εlocal =
Δ(distance between selected nodes)

initial distance between selected nodes
(2) 

Fig. 3. Verification of the FEM, Predicted von Mises stress, deformation pattern, Poisson’s ratio, and force displacement comparison.

Fig. 4. Initial mesh distribution at 0.3 mm mesh size of C3D8H for (a) Chiral 
lattice and (b) Arrowheaded.

Fig. 5. Auxetic structures and parameters (marked locations are used for calculating SAF).
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The selected nodes were located within the central cell, a high strain 
concentration region identified from preliminary deformation analyses, 
thereby providing a representative measure of local strain amplification.

The effective stiffness of each lattice structure was determined using 
Eq. (3). 

K =
F
Δ

(3) 

Where F is the total force obtained from the simulation resulted from 
Δ, i.e. the prescribed displacement applied during tensile loading. The 
reaction force was extracted from a reference point assigned the entire 
central cell.

3. Results and discussion

A preliminary strain sensitivity analysis was conducted on re-entrant 
and star-shaped auxetic lattices to establish an appropriate global strain 
for the parametric study. Global strain levels of 0.1%, 0.5%, 1%, 2%, and 
5% were applied to re-entrant and star-shaped structure, and the cor
responding SAF was evaluated over the investigated strain range. As 
shown in Fig. 9, the SAF increased slightly between 0.1% and 0.5% 
global strain. Beyond 0.5% global strain, only minor variations in the 
SAF were observed despite ten times increase in applied global strain. 
Between 0.5% and 1% global strain, the SAF increased by only 0.55% for 
the re-entrant lattice and 0.16% for the star-shaped lattice. Similarly, 
increasing the global strain from 1% to 2% resulted in SAF increases of 
only 1.07% and 0.06% for the re-entrant and star-shaped lattices, 
respectively. These results indicate that further increase in applied 
global strain have little influence on the stain amplification response. 
Consequently, a global strain of 1% was selected as the representative 
loading conditions for all subsequent simulations.

The effects of cell angle and out-of-plane thickness on the SAF, 
effective Poisson's ratio, and effective stiffness of the four auxetic lattice 
structures are presented below. Based on the strain sensitivity analysis 
described in Section 2.3, all results correspond to an applied global 
strain of 1%. Representative deformation configurations and corre
sponding von Mises stress distributions for each architecture at a cell 

Table 1 
Geometric parameters considered in the parametric investigation.

Type of structure Re-entrant Star-shaped Chiral lattice Arrowheaded

θ0 50◦ 55◦ 60◦ 50◦ 55◦ 60◦ 50◦ 55◦ 60◦ 50◦ 55◦ 60◦

Length (mm) 
x 
Height (mm)

105.81 
x 
76.80

105.76 
x 
76.80

105.8 
x 
76.80

102.22 
x 
96.42

101.17 
x 
96.46

100.97 
x 
96.30

69.14 
x 
53.42

76.83 
x 
50.69

86.89 
x 
48.54

68.68 
x 
80.37

69.22 
x 
95.94

69.35 
x 
115.52

Relative Density (%) 19.75 18.66 17.69 22.34 20.61 19.39 22.6 21.79 20.75 23.26 21.99 21

Fig. 6. Mesh representation of the unit cell for all structures at an angle of 50◦

with 0.3 mm mesh size.

Table 2 
Ogden hyperelastic material parameters for PBAT adopted from Schneider et al 
[29].

Parameter Value Parameter Value Parameter Value

N 4 ν 0.41 - -
α₁ 5.2798 μ₁ − 32.7303 D₁ 0.01,112
α₂ 5.2803 μ₂ 1.7398 D₂ 0
α₃ − 1.0637 μ₃ 3.5032 D₃ 0
α₄ − 10.5607 μ₄ 61.9267 D₄ 0

* µ1, µ2, µ3, and µ4 are in [MPa] and D1, D2, D3, and D4 are in [MPa-1].

Fig. 7. Boundary conditions used in the finite element analysis.

Fig. 8. Measurement locations used for effective Poisson’s ratio calcula
tion [29].
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angle of 50◦ are shown in Fig. 10 using a deformation magnification 
factor of 5.

As the primary performance metric considered in this study, the 
calculated SAF values for all four auxetic architectures are summarised 
in Table 3. The results demonstrate that cell angle has a substantially 
greater influence on strain amplification than out-of-plane thickness. 
Across the investigated thickness range (1.5–2.0 mm), only negligible 
changes were observed for all structures, indicating that strain ampli
fication is governed predominantly by the in-plane unit-cell geometry 
rather than the out-of-plane dimension.

The results in Table 3 demonstrate that the four auxetic architectures 
exhibit markedly different strain amplification responses to changes in 
cell angle. The re-entrant and star-shaped lattices consistently achieved 
the highest SAF values, whereas the chiral and arrowheaded lattices 
exhibited substantially lower amplification. Furthermore, opposite 
trends with increasing cell angle were observed: the SAF decreased for 
the re-entrant and star-shaped lattices but increased for the chiral and 
arrowheaded architectures, indicating that strain amplification is 
strongly dependent on the underlying deformation mechanism.

The re-entrant and star-shaped lattices exhibited the highest strain 
amplification, with both showing a pronounced reduction as the cell 
angle increased. For the re-entrant lattice, the maximum SAF of 7.80 was 
obtained at 50◦, decreasing to 3.35 at 60◦, corresponding to a reduction 
of approximately 57%. Similarly, the star-shaped lattice achieved a 
maximum SAF of 7.95 at 50◦, decreasing to 3.03 at 60◦, representing a 
reduction of approximately 62%. This behaviour reflects the similar 
deformation mechanisms of the two architectures. Smaller cell angles 
promote greater ligament bending and rotation during tensile loading, 
allowing larger geometric reconfiguration of the unit cell, consistent 
with the established deformation mechanism of re-entrant auxetic lat
tices [33,34]. Consequently, the larger relative displacement between 
the selected measurement nodes produces higher local strain and 
therefore greater strain amplification.

In contrast, the chiral lattice exhibited an increasing trend in SAF 
with increasing cell angle, rising from 1.91 at 50◦ to 2.59 at 60◦, cor
responding to an increase of approximately 36%. Unlike the re-entrant 
and star-shaped lattices, deformation in the chiral architecture is gov
erned primarily by ligament rotation. Increasing the cell angle enhances 

Fig. 9. Variation of the SAF, Poisson ration, and stiffness with increasing global strain for (a) re-entrant and (b) star-shaped structures.
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this rotational mechanism, producing larger relative displacements be
tween the selected measurement nodes and consequently higher local 
strain. The asymmetric deformation observed in Fig. 10 is characteristic 
of chiral lattices and results from the coupling between the applied 
tensile strain and internal ligament rotation [35–37]. This interpretation 
is further supported by the von Mises stress contours, which show stress 
concentrations at the ligament-node junctions, indicating that defor
mation is accommodated predominantly through bending and rotational 
kinematics rather than uniform axial stretching.

The arrowheaded lattice exhibited the lowest strain amplification 
among the four architectures. The SAF remained almost unchanged 
between 50◦ and 55◦, varying by <1%, before increasing to 2.05 at 60◦. 
The deformation behaviour of cellular structures is governed by the 
relative contributions of flexure, stretching, and hinging, which are 
dependent on the unit cell geometry [33,34,37]. As observed from the 
deformation configuration, the arrowheaded unit cells undergo liga
ment bending and rotation under tensile loading while largely retaining 
their overall geometry at 1% global strain. Consequently, the change in 
distance between the selected measurement nodes remains relatively 

Fig. 10. A representative deformation progress and stress distribution for each structure at 50◦.

Table 3 
SAF values for all four structures across all cell angles and thickness.

Structure Thickness 1.5 mm 2.0 mm 2.5 mm

Cell angle

Re-entrant 50◦ 7.80 7.79 7.80
55◦ 6.44 6.35 6.44
60◦ 3.35 3.34 3.35

Star-shaped 50◦ 7.95 7.91 7.88
55◦ 4.48 4.36 4.35
60◦ 3.03 3.02 3.01

Chiral lattice 50◦ 1.91 1.90 1.89
55◦ 2.18 2.17 2.16
60◦ 2.59 2.58 2.57

Arrowheaded 50◦ 1.40 1.38 1.38
55◦ 1.41 1.40 1.39
60◦ 2.05 2.02 2.01
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small, which results in low SAF. The increase in SAF at cell angle of 60◦

suggests that the larger cell angle permits greater ligament deformation, 
leads to an increase in SAF.

Overall, the results demonstrate that strain amplification is governed 
primarily by the dominant deformation mechanism and unit-cell ge
ometry of the lattice, with cell angle being the most influential geo
metric parameter and out-of-plane thickness having only a negligible 
effect over the investigated range. Architectures that undergo substan
tial geometric reconfiguration through ligament bending and rotation, 
such as the re-entrant and star-shaped lattices, exhibit considerably 
higher strain amplification than architectures whose deformation is 
dominated by localized rotational or stretching mechanisms. Among the 
four auxetic architectures investigated, the star-shaped lattice consis
tently achieved the highest SAF, whereas the arrowheaded lattice 
exhibited the lowest. These findings highlight the critical role of lattice 
topology and deformation mechanism in governing strain amplification 
and provide valuable guidance for the design and selection of auxetic 
metamaterials for strain-amplifying applications.

To provide a broader comparison of the four auxetic architectures, 
Figs. 11 and 12 present Ashby-style performance maps relating the 
strain amplification factor (SAF) to relative density and effective Pois
son's ratio, respectively. The coloured regions are schematic perfor
mance envelopes hypothesized from the finite element simulation 
results to illustrate the approximate design space occupied by each lat
tice architecture rather than representing precise performance bound
aries. Together, the maps demonstrate that each auxetic topology 
occupies a distinct region of the performance space, reflecting the 
different deformation mechanisms governing its mechanical response.

Fig. 11 shows that the re-entrant and star-shaped lattices consistently 
occupy the high strain amplification region while maintaining relatively 
low relative densities, demonstrating their ability to efficiently 
concentrate deformation without substantially increasing structural 
mass. In contrast, the chiral and arrowheaded lattices remain confined 
to considerably lower strain amplification values despite exhibiting 
comparable relative densities, confirming that the observed differences 
in SAF are governed primarily by lattice topology and deformation 
mechanism rather than relative density alone.

Fig. 12 further illustrates the relationship between strain amplifica
tion and effective Poisson's ratio while simultaneously incorporating 
effective stiffness through the marker size. The arrowheaded lattice 
exhibits the most negative effective Poisson's ratio together with the 
largest markers, indicating the highest stiffness, but consistently oc
cupies the low-SAF region. Conversely, the re-entrant and star-shaped 

lattices combine substantially higher strain amplification with 
comparatively less negative Poisson's ratios and lower stiffness, high
lighting the inherent trade-off between deformation concentration and 
structural rigidity. The chiral lattice occupies an intermediate region of 
the performance space, providing moderate strain amplification, auxetic 
behaviour, and comparatively low stiffness. Unlike the bending- 
dominated deformation of the re-entrant and star-shaped lattices, the 
chiral architecture deforms primarily through rotation of circular nodes 
connected by compliant ligaments, producing a more distributed 
deformation field. Although this mechanism results in lower strain 
amplification, it generates smoother stress distributions that may be 
advantageous for applications involving repeated or cyclic loading.

Collectively, the two performance maps (Figs. 11 and 12) illustrate 
the expanded design space enabled by mechanical metamaterials, where 
geometric architecture can be tailored to achieve different combinations 
of strain amplification, auxeticity, stiffness, and lightweighting that are 
unattainable in conventional materials. Rather than identifying a uni
versally superior lattice topology, the maps demonstrate that each ar
chitecture occupies a distinct region of the design space defined by its 
characteristic deformation mechanism. Consequently, architecture se
lection should be guided by the primary functional requirements of the 
intended application. The re-entrant and star-shaped lattices are 
particularly attractive for sensing, mechanochromic devices, and energy 
harvesting, where maximizing local strain is desirable, whereas the 
arrowheaded lattice is better suited to structural applications requiring 
high stiffness and pronounced auxetic behaviour. The chiral lattice 
provides an intermediate compromise between these competing char
acteristics, making it a promising candidate for adaptive structures and 
components subjected to repeated or cyclic deformation.

4. Future research

Although this study establishes a consistent comparative framework 
for evaluating representative auxetic lattice architectures, several op
portunities remain for future research. First, experimental validation 
using additively manufactured specimens is required to verify the pre
dicted strain amplification, effective Poisson's ratio, stiffness, and stress 
distributions under realistic loading conditions. Full-field measurement 
techniques, such as digital image correlation, would enable direct 
quantification of the localized deformation fields and provide further 
validation of the finite element predictions. The present study focused 
on quasi-static monotonic loading. Future investigations should there
fore examine the fatigue behaviour, cyclic durability, and failure 
mechanisms of strain-amplifying auxetic lattices, particularly for 
sensing, wearable, and structural health monitoring applications where Fig. 11. Ashby-style performance map showing the relationship between SAF 

and relative density for the investigated auxetic lattice architectures.

Fig. 12. Ashby-style performance map of SAF versus effective Poisson's ratio 
for the investigated auxetic lattice architectures. Bubble size represents effec
tive stiffness, while the coloured regions indicate conceptual performance en
velopes derived from the finite element simulation results.
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repeated loading is expected. Since high strain amplification is inher
ently associated with localized deformation and stress concentrations, 
understanding the trade-off between strain amplification, structural 
integrity, and long-term durability will be essential for practical 
implementation.

Another promising direction is the integration of strain-amplifying 
auxetic lattices with functional materials, including piezoresistive, 
piezoelectric, triboelectric, fibre-optic, and mechanochromic systems. 
The large, localized strains generated through geometric amplification 
have the potential to enhance sensing sensitivity, signal generation, and 
energy conversion efficiency without modifying the constituent 
material.

Finally, the comparative framework and Ashby-style performance 
maps developed in this study provide a foundation for the systematic 
design and optimization of auxetic metamaterials. Future work may 
extend the proposed methodology to 3D lattice architectures, topology- 
optimized and hierarchical metamaterials, and multi-material additive 
manufacturing. Incorporating manufacturing-induced imperfections, 
material anisotropy, process-dependent geometric deviations, and 
multi-objective optimization would further improve the predictive 
capability of the framework and support the development of 
application-specific auxetic metamaterials with tailored combinations 
of strain amplification, stiffness, auxeticity, and lightweighting.

5. Conclusions

This study presented a systematic finite element comparison of four 
representative auxetic lattice architectures (re-entrant, star-shaped, 
arrowheaded, and chiral) using a unified modelling framework based 
on a validated hyperelastic PBAT material model. By maintaining 
identical material properties, geometric scaling, boundary conditions, 
loading conditions, and performance evaluation metrics, the proposed 
framework enabled direct comparison of the intrinsic mechanical 
behaviour of the different lattice topologies.

The results demonstrate that lattice topology is the dominant factor 
governing the mechanical response of auxetic metamaterials, producing 
nearly a six-fold variation in strain amplification across the investigated 
architectures and geometric configurations. The re-entrant and star- 
shaped lattices consistently achieved the highest strain amplification, 
making them attractive for applications requiring enhanced localized 
deformation, such as sensing, mechanochromic devices, and energy 
harvesting. In contrast, the arrowheaded lattice exhibited the highest 
effective stiffness together with the most negative effective Poisson's 
ratio, but the lowest strain amplification, highlighting the trade-off be
tween structural rigidity and deformation amplification. The chiral lat
tice provided an intermediate balance of strain amplification and 
auxetic behaviour through its rotation-dominated deformation mecha
nism, while also exhibiting smoother stress distributions that may be 
advantageous under repeated or cyclic loading.

The parametric investigation further demonstrated that the influence 
of geometric parameters is strongly architecture dependent. Cell angle 
significantly affected the mechanical response, with strain amplification 
varying by up to approximately 60% within individual architectures, 
whereas changes in out-of-plane thickness primarily increased structural 
stiffness with only a minor influence on strain amplification. These 
findings demonstrate that geometric tuning can effectively tailor me
chanical performance while preserving the underlying deformation 
mechanisms of each lattice topology.

Finally, the proposed comparative framework and the resulting 
Ashby-style performance maps provide a practical multi-objective 
design methodology for evaluating auxetic metamaterials based on 
strain amplification, auxeticity, stiffness, relative density, and stress 
distribution simultaneously. Rather than identifying a universally 
optimal architecture, this study demonstrates that each lattice topology 
occupies a distinct region of the mechanical design space, enabling 
application-specific selection according to the required balance between 

deformation amplification, structural performance, and material effi
ciency. These findings provide quantitative design guidance for the 
development of next-generation auxetic metamaterials for sensing, 
adaptive structures, energy harvesting, and other multifunctional engi
neering applications.
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