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Literature on the mechanical performance of additively manufactured (AM) negative Poisson’s ratio (�υ) struc-
tures has been primarily focused on beam‐based re‐entrant structures with chevron crosslinks. The walled vari-
ants of this architecture have been shown to exhibit lateral instability. This is where a layered framework can
be advantageous as they provide increased lateral stability. Much less is known regarding the behaviour of such
architecture, let alone their thin/thick‐walled variants. This study explores the influence of design parameters
namely wall thickness (t) and angle (θ) on the mechanical performance of thin and thick‐walled inherently
stable �υ lattices. The design is achieved through conceiving linearly arranged AlSi10Mg re‐entrant unit‐
cells while discarding the traditional chevron crosslinks. The printed prototypes were experimentally tested
and response surface (RS) models were generated to study the parametric influence on the elastic modulus
(E), compressive strength (σc), failure strain (ɛf ), �υ and relative density (ρr). The results demonstrate that both
thin‐ and thick‐walled structures exhibit υ of−0.108 to−0.257 despite the interaction effects between t and θ.
The elastic modulus can be increased by either increasing t or θ without considering the interaction effects at
0:3≤ t ≤1 mm and 45° ≤ θ ≤ 85°. This study presents a new understanding regarding the fabrication and per-
formance of re‐entrant structures by AM.
1. Introduction

When a traditional material is compressed, expansion takes place
along the lateral direction to the load applied. Quantifying this phe-
nomenon is the Poisson’s ratio (υ), which is defined as the negative
ratio of transverse to longitudinal strain. However, when a material
deviates from the norm and gives rise to a negative Poisson’s ratio
(�υ), such material can be classified auxetic [1–5]. Auxetic behaviour
is receiving increasing attention due to its desirable effects such as
enhanced shear modulus [6–9], resistance to impact [10–14], indenta-
tion [15–18], fracture toughness [19–22], and damping properties
[23–25]. These performances then translates to applications such as
novel fasteners [26,27], foams [28–34], biomedical implants
[35–38] and actuators [39–41].

Though there are exceptions, widely studied 2D and 3D �υ struc-
tures [42–50] fall under one of the three categories namely re‐
entrant [51–56], chiral [57–62], and rotating rigid [63–65].
Although Additive Manufacturing (AM) allows conceiving structures
that fall under any of these categories, the most studied is the re‐
entrant category. Other significant architectures include the anti‐
chiral structures studied by Alderson et al. [66] along with Pozniak
and Wojciechowski [67] in addition to shape‐preserving structures
[68,69], and various composites [70,71]. Despite this, Zadpoor
[72] found that studies in metals have been limited to beam‐based
architecture [73–76] with much less information on plate/sheet/
walled/surface �υ architecture.

Walled variants of the re‐entrant architecture exhibit average �υ
despite allowing both lateral expansion and compression. While these
structures exhibit some areas of lateral expansion, the overall beha-
viour is still dominated by the re‐entrant architecture resulting in
�υ. As the walled variants of the traditional re‐entrant architecture
show significant lateral instability, the behaviour of such structures
in literature are rare. Other than numerically modelled deformation
of rotating rigid units [77] and kirigami paper cut structures [78],
no other architecture with �υ has been reported. In any case, no
experimental studies using metallic materials let alone additive
9NT, UK.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.compstruct.2020.112469&domain=pdf
https://doi.org/10.1016/j.compstruct.2020.112469
mailto:a.arjunan@wlv.ac.uk
https://doi.org/10.1016/j.compstruct.2020.112469
http://www.sciencedirect.com/science/journal/02638223
http://www.elsevier.com/locate/compstruct


A. Arjunan et al. Composite Structures 247 (2020) 112469
manufactured versions have been reported. Therefore, this study pro-
vides a new impetus in the design and evaluation of AM �υ AlSi10Mg
structure using re‐entrant mechanisms combining the superior lateral
stability of layered architecture.

Although some surface‐based architecture can be found in litera-
ture, these are limited to non‐auxetic minimal surface designs
[79–82]. Moreover, recent reviews [72,83,84] make it clear that aux-
etic walled variants should be explored to clarify the design paradigms
as they may outperform their beam counterparts. Even though beam‐
based re‐entrant architecture allow for lateral deformation, the overall
performance is driven by the global structure rather than the unit‐cell
[85]. Accordingly, a linearly repeating unit‐cell representative of the
traditional re‐entrant architecture without crosslink was chosen; a
methodology adopted by Li etal: [86] for 2D double arrowhead struc-
ture, which acts as the rationale for this study.

Numerous studies [87–96] have been dedicated to the develop-
ment of �υ structures, out of which a large category are on mechanism
modelling [97]. Studying deformation and predicting the mechanical
behaviour using finite element analysis (FEA) was the approach
selected in a lot of cases [45,98–106]. While this proliferates the
design routes to which �υ can be achieved, the influence of the funda-
mental design parameters (t and θ) on performance is yet to be under-
stood [107–109]. Furthermore, as observed by Yang et al. [76], there
is a lack of agreement between numerical and experimental observa-
tions, which questions the validity of the structural behaviour where
the influence of manufacturing process cannot be omitted. Considering
these aspects, this study employs an experimental based design of
experiments (DoE) approach to identify the influence of the design
parameters and manufacturing process on �υ. Polynomial equations
are then derived to represent the respective mechanical responses that
not only characterises the auxetic behaviour but also acts as design
guidelines.

According to Li et al. [110], the most significant advantage of
developing �υ materials are their potential to be tunable [111–113].
This allows for targeted failure strain, elastic modulus, and strength
while featuring scalable unit‐cells for a wide range of applications
[114]. For this, the structure must be inherently stable and should fea-
ture a repeating unit‐cell, while featuring fewer geometrical parame-
ters. The thin and thick‐walled �υ structure studied in this work
satisfies these two criteria. Uzan et al. [115] reports that the use of
AM [116–118] in conceiving cellular structures requires systematic
investigation of the part quality. Simply assuming a homogenous part
and characterising the mechanical response can lead to inaccurate con-
clusions; a case simply not considered in numerous �υ structures
[119–121]. One of the most common AM techniques for metals is
selective laser melting (SLM) [122], which is increasingly being used
in the automotive [123] and space industries [124]. Accordingly, this
study exploits the use of SLM to manufacture AlSi10Mg thin/thick‐
walled structures, where part quality is considered as part of the
mechanical characterisation.

Overall, much of the research on metallic �υ structures have
focused on beam‐based designs with a few experimental studies on
thin/thick‐walled structures. In any case, the influence of the geomet-
ric parameters and their interaction on the mechanical performance of
these structures has received no attention. This study introduces
AlSi10Mg thin and thick‐walled �υ structures allowing for an inher-
ently stable compressive performance. Extensive physical tests advised
by the DoE response surface method (RSM) were carried out to study
the interaction effects of the geometrical parameters; namely wall
thickness (t) and auxetic angle (θ). The elastic modulus (E), compres-
sive strength (σc), failure strain (ɛf ), Poisson’s ratio (υ) and relative
density (ρr) of the structure were modelled as functions of geometrical
parameters. Lastly, a parametric analysis was performed to investigate
the order of significance of the geometric parameters while paying
critical attention to the SLM manufacturing process. The study
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therefore presents a new understanding regarding the fabrication
and performance of re‐entrant structures by AM.

2. Material and methods

2.1. An inherently stable �υ architecture

The re‐entrant structure is one of the most common architecture for
both 2D and 3D �υ materials. These units tend to expand along the
transverse direction when stretched and shrink when compressed
[125]. For the re‐entrant structure, the most common unit‐cell shape
is the bowtie as shown in Fig. 1a. As can be seen, this shape invariably
dictates a directional auxeticity along the chevron beams when
θ < 90°. However, when the θ value reaches 90° or above, the struc-
ture is no longer auxetic as shown in Fig. 1b.

Beam based models of the traditional bowtie architecture have
been extensively studied over the past years [127–130]. On the con-
trary performance of surface/sheet/plate‐based variant of this archi-
tecture are yet to be studied. Dong et al. [126] conducted a brief
study mimicking the traditional architecture as shown in Fig. 1c using
thin (0.3 mm) and thick (1 mm) walls. However, the resulting defor-
mation of the wall variant of the traditional auxetic architecture shows
an inherently unstable behaviour (Fig. 1d). The reason for this is the
prevalence of dominated localised buckling due to limited lateral sup-
port. With a view to identifying alternatives, this study conceives a
new arrangement inspired from the traditional re‐entrant unit‐cells
without the use of crosslinks as shown in Fig. 1e. The design approach
leads to a layered architecture that is inherently stable. The term lay-
ered is used to characterise the continuous lateral wall formed as a
result of the unit‐cell arrangement represented by straight horizontal
lines in Fig. 1e. This can ultimately lead to the development of func-
tional and stable thin‐thick walled negative Poisson’s ratio structures
that can be additively manufactured.

Based on the layer‐based design philosophy, the structure is con-
ceived as shown in Fig. 1f. Thin and thick‐walled variants are then cre-
ated by simply modulating the thickness t between 0.3 and 1 mm. The
other design parameter is the angle (θ); when θ is 90° the behaviour of
the unit‐cell yields a positive Poisson’s ratio, consequently θ ranged
between 45° and 85

�
to preserve �υ. To ensure a parametric compar-

ison the global length in x and z are kept constant at 5 mm, the y dis-
tance (hereafter referred to as height h) is dictated by θ as the length (l)
of chevron beams are kept constant in all design variants. Conse-
quently, h was not intentionally designed but determined after the
other parameters had been fixed. In this aspect, the relative density
of the unit cell (ρr uc) is the ratio of volume of unit‐cell to the apparent
volume of the unit cell which is a cuboid of 5� 5� h (mm).

The global architecture was then conceived by linear patterning the
unit cell in x, y and z direction. The resulting design has a global
dimension of 20 × 20 mm across the width (x) and breadth (z) as
shown in Fig. 1f. However, the height (hl) varied according to the
angle resulting in a maximum height of 20 mm when the angle (θ)
was 90

�
at a 1 mm thickness (t). A minimum height of 13.32 mm

resulted at a 45° angle and 0.3 mm thickness. A total of nine different
designs were conceived dictated by the DoE algorithm which repre-
sented a combination of t and θ. The parametric model was advised
by the central composite design (CCD) DoE model which is discussed
in subsequent sections.

2.2. Design of experiments

2.2.1. Response surface model
Response surface (RS) models were generated to fully understand

the influence of geometrical parameters and their interaction on the
mechanical performance of the structures. RS models consist of a
group of mathematical and statistical techniques that are based on



Fig. 1. Design evolution of the laterally stable �υ structure showing (a) traditional re-entrant unit-cell, (b) the non-auxetic variant when the angle is at or above
90°, (c) traditional assembly of the auxetic unit cell featuring crosslinks (d) unstable response of the traditional architecture observed by Dong et al. [126] when
replacing beams with thin and thick walls (0.3–1 mm), (e) Re-entrant assembly without crosslink allowing for lateral stability through continuous layer formation
and (f) the geometric configuration of the 3D �υ structure considered in this study where t and θ are the design variables.
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the fit of empirical models to the experimental data. This is done by
employing polynomial functions to describe the behaviour of the struc-
ture and to explore their parametric influence. Consequently, this
study employs the response surface methodology for the design of
experiments (DoE) in parallel with physical experimental testing.

Numerous variables can affect the behaviour of the structure being
studied; however, it is unfeasible to identify and control contributions
from each one. Therefore, it was necessary to select those variables
that allow for major effects on the auxetic behaviour, which in this
case is the wall thickness (t) and angle (θ). Accordingly, the model con-
sidered in this study is represented using five responses namely the
elastic modulus (E), compressive strength (σc), failure strain (ɛf ), Pois-
son’s ratio (υ) and relative density (ρr). By fitting the experimental data
to suitable polynomial equations, the RS model can provide a predic-
tion that can be used to indicate which design parameter has the most
influence on the mechanical performance of the structure. Further-
more, the RS models can be also extended to study the interaction
effects between the geometrical parameters for each of the responses
considered. The key steps used in the construction of the RS model
is summarised in Fig. 2.

2.2.2. Sampling design points
The RS model was developed using a Central Composite Design

(CCD) where the independent design variables and the parametric
range is summarised in Table 1. The thickness (t) ranged between
3

minima and maxima of 0.3 and 1 mm. The selected thickness range
provides a good balance between the quality of the generated structure
and its capability to deform sufficiently under loading. Angle (θ) ran-
ged between minima and maxima of 45° and 85°. Any further reduc-
tion in θ (< 45°) will cause the chevron beams interacting with the
sides of the unit cell resulting in incomparable behaviour. The upper
limit of 85° was the smallest angle that resulted in traditional lattice
behaviour as shown in Fig. 1b. Accordingly, the upper limit was cho-
sen to preserve the re‐entrant behaviour of the cellular structure
studied.

The selection of the geometrical variables and experimental design
were based on the CCD RS model to cover the typical range to enable
the re‐entrant behaviour. While Poisson’s ratio (υ) is the parameter
representing the re‐entrant behaviour, the elastic modulus (E), com-
pressive strength (σc) and failure strain (ɛf ) quantify the mechanical
performance at the elastic and plastic behaviour of the structures.
Lastly the relative density (ρr) allows to quantify the amount of mate-
rial being used by the model. Based on the design matrix, prototypes
were manufactured using SLM and physical experimental tests carried
out for all the sampling design points.

2.3. Material and manufacture

A total of 27 sample prototypes satisfying design sampling points
were additively manufactured using AlSi10Mg alloy having a material



Table 1
Variables and experimental design levels used for the CCD RS model.

Variable Code −1 0 1

tðmmÞ A 0.3 0.65 1.0
θðdegÞ B 45 65 85

Fig. 2. DoE process used to obtain the Response Surface (RS) model used for the parametric analysis.
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composition listed in Table 2. A Powder Bed Fusion (PBF) machine
featuring a 400 W fibre laser was used. The laser sintering of the mate-
rial was conducted through an overhead laser system that modulates
based on the process parameters such as laser exposure of 370 W, scan
speed of 1300 mm/s, layer thickness of 30 µm and a 190 µm hatch dis-
tance. These parameters were selected as they were found to be opti-
mum for the size of the smallest wall thickness (0.3 mm) being
manufactured and resulted in a 99.8% dense part. After the first layer
of powder has been processed, the build platform was lowered by one
increment and another layer of powder is deposited on to the bed
using a re‐coater at a dosing factor of 140%. The laser then melts
the new layer of material fusing it with the previous layer and the pro-
cess repeats.

The AlSi10Mg powder used for the production run was gas ato-
mised to obtain a nearly spherical shape sieved for a particle size
of > 90 μm. The laser melting was carried out using the contour‐
hatch strategy, where the 2D layer data from the CAD geometry was
used to offset the melt‐pool width for high geometrical accuracy.
The contours were then traced by the laser followed by the hatch scans
to fill the enclosed area. The contour scan diameter was set to match
with the laser spot size to ensure further interpolative calculations
were not necessary. This technique was found to deliver the most
Table 2
Material composition (wt. %).

Al Si Fe Cu Mn Mg

Bal. 9.0 0.55 0.05 0.2–0.45 0.25–0
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repeatable AlSi10Mg parts irrespective of the struct thickness variation
dictated by the DoE matrix (0.3≤ t≤1 mm).

SLM was conducted in an environment initially vacuumed and then
backfilled with 99.995% pure Argon with an Oxygen content of
~0.1%. The build platform was heated to 80 °C before the melting
began and the whole process took approximately 9 h to build. Internal
support structures were not possible with the lattices due to the chal-
lenges associated with removing them. To overcome this, a self‐
supporting diagonal build technique with external supports was
adopted. The printed prototypes were heat‐treated at 300 °C for
2 hrs. Following heat treatment, the specimens were removed from
the build plate support using submerged wire Electro‐Discharge
Machining (EDM). The bulk material properties of AlSi10Mg addi-
tively manufactured using SLM under identical conditions are listed
in Table 3, where ρ, ρr , E, σy , σt ɛf and υ are the density, relative den-
sity, Young’s modulus, yield strength, tensile strength, failure strain
and Poisson’s ratio respectively.

2.4. Experimental testing

Compression tests were performed using a Zwick Roell Z1474 uni-
versal materials test rig (Fig. 2a) having a maximum load capacity of
100 kN. The tests were carried out to obtain the stress–strain (σ � ɛ)
responses for all the design sample points. Before commencing the
tests the rig was calibrated and verified following BSENISO 7500‐1
[131]. All test samples were loaded to a maximum deformation of
30% of the original height through crosshead displacement at a rate
of 0.01 mm/s.

A deformation‐controlled load was applied to prevent the test from
stalling at the elastic limit. Nevertheless, a maximum load of 80 kN
Ni Zn Pb Sn Ti

.45 0.05 0.10 0.05 0.05 0.15



Table 3
Bulk properties of SLM AlSi10Mg.

Mat. ρ (kg/m3) ρr (%) E (GPa) σy (MPa) σt (MPa) ɛf υ

AlSi10Mg 2670 99.85 70 230 345 0.03 0.3
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with a force shutdown threshold of 50% was used to prevent the pla-
tens from colliding in the event of a catastrophic failure. Deformation
beyond the elastic limit was essential to study the failure modes and
the overall behaviour of the auxetic structures. Real‐time force–dis-
placement (f � δ) and σ � ɛ curves were obtained using an effective
contact area of 400 mm2. Based on the σ � ɛ curve, the properties of
the test samples were characterised for E, σc, ɛf as defined in
Fig. 3b. While E represented the linear slope in the elastic region,
the compressive strength (σc) and failure strain (ɛf ) is measured as
the peak stress and corresponding strain at the plateau region just
before the onset of the densification regime.

Precise measurement of Poisson’s ratio (υ) is still a challenging
problem for geometrically porous materials. The accuracy of υ to a
large extend depends on the methodology used for measuring the lat-
eral strain. In this study, the axial (ɛy) and lateral strain (ɛx) to calcu-
late υ was measured using the crosshead movement and fine strain
extensometer (Zwick) respectively. The transverse elastic strain was
measured by monitoring the displacement of eight boundary points
as shown in Fig. 3a and the average strain was used to compute υ, a
method similar to Xue et al. [132]. Based on the experimentally mea-
sure average strain data, Eqn. (1) was used to calculate the Poisson’s
ratio.

υyx ¼ �hɛxi
hɛyi ð1Þ
3. Results and discussion

3.1. Geometrical variation of SLM prototypes

The as build SLM AlSi10Mg prototypes based on the geometrical
parameters dictated by the DoE matrix are shown in Fig. 4. Upon com-
pletion of the build, the parts were removed from the build plate using
Electrical discharge machining (EDM). As expected with DMLS, a
rough surface finish was created due to the layer‐by‐layer process
SLM process. Even though Bai et al. [133] demonstrated a 99.9% den-
sity for SLM AlSi10Mg parts under the optimum process, a few studies
[134–136] demonstrated density variation depending upon the mate-
Fig. 3. Experimental test of the porous structure showing (a) the test ri
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rial thickness of the part. Since density variation can directly affect the
mechanical performance and the strain to failure, the relative density
(ρr) of the AlSi10Mg were analysed and compared to quantify any
variation.

One of the most economical ways to get information about the
quality of laser melted part is the measurement of ρr [137]. Accord-
ingly, Fig. 5 compares the relative density of the SLM prototypes with
ideal values calculated from the respective CAD geometry. Analysing
the influence of the angle on ρr (Fig. 5a), a highest difference of
4.86% was observed at 67.5°. When the angle increased to 85°, the dif-
ference reduced to 0.88%. The trend was similar when the angle was
lowered (<67.5°) and exhibited a difference of 1.70% at 45°. This
shows that the SLM process resulted in a 1.88–4.86% geometrical vari-
ation with the worst case at 67.5°. However, in comparison to the
observations reported by Weißmann et al. [138] at 9–14% on Ti6Al4V
depending on the strut angle, the performance here is significantly
smaller and well within acceptable limits.

Studying the effect of wall thickness on the measured relative den-
sity as shown in Fig. 5b, the highest difference of 9.85% was observed
between the ideal geometry and the SLM prototype at the lowest thick-
ness of 0.3 mm. However, as the thickness of the part increased to
0.65 mm and 1 mm, the difference in ρr decreased to 4.86% and
1.12% respectively. Even though the overall discrepancy is below
9.85%, it can be seen that t has a higher influence in comparison to
θ on the quality of the AlSi10Mg SLM parts.

Studying the thin‐walled structure (0.3 mm) under the scanning
electron microscope (SEM) as shown in Fig. 6 reveals the influence
of surface roughness on the overall thickness of the wall. It can be seen
that the thickness of both inclined (Fig. 8a) and horizontal walls
(Fig. 8b) have been significantly affected by the infringement of the
surface roughness and partially fused particles; a salient feature of
the SLM process.

The observation can be related to Maamoun et al. [139] where a
dimensional tolerance of 0.15 and 0.195 mm was observed for laser
melted AlSi10Mg parts featuring thicknesses at or below 0.3 mm. This
explains the reason for the higher significance of t on the variation in
relative density in comparison to θ. While the effect of angle is limited
to the inclined walls alone, the thickness has an effect on all walls and
g and (b) a representative example of the corresponding responses.
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hence the higher significance. The double the number of overall walls,
as opposed to inclined walls, explains why the discrepancy in ρr is
almost twice for t (9.85%) in comparison to θ (4.86%).

3.2. Design parameters and mechanical performance

To better understand the mechanical behaviour of the layer‐based
re‐entrant architecture, the influence of the individual geometrical
parameters are studied. This was found to be critical in understanding
the interaction effects of the thickness and angle on the compressive
behaviour using the response surface model. Therefore, a systematic
understanding of the individual parameters are sought. Fig. 7 shows
that the structures exhibit a similar initial compressive behaviour com-
parable to a typical porous solid. However, the transition from elastic
to plastic region is gradual and progressive resulting in a smoother
curve in comparison to cellular solids. This means that the failure is
initiated as a buckling event similar to traditional auxetic materials
which then progresses on to take continuous load before ultimate fail-
ure. Similar to porous materials, the σ � ɛ progression is followed by
an apparent yield point (σy) and a compaction region with a constant
stress plateau followed by a region of localised densification.
Fig. 4. SLM AlSi10Mg prototypes for experimental testing were (a)
t = 0.30 mm, θ=67.50° and ρr = 0.20, (b) t = 0.40 mm, θ=85° and
ρr = 0.27, (c) t = 0.40 mm, θ=51.59° and ρr = 0.29, (d) t = 0.65 mm,
θ=67.50° and ρr = 0.40, (e) t = 0.65 mm, θ=45.00° and ρr = 0.47, (f)
t = 0.90 mm, θ=85° and ρr = 0.50, (g) t = 0.90 mm, θ=51.59° and
ρr = 0.52 and (h) t = 1.00 mm, θ=67.50° and ρr = 0.56.

Fig. 5. The influence of SLM process on the relative density of AlSi10Mg prototypes
angle and (b) the thickness.
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The densification region is due to the compaction of the plastically
failed material and starts earlier in auxetic structures in comparison to
general porous structures. This is due to the inward compaction of the
material owing to the negative Poisson’s ratio. Furthermore, the σ � ɛ
behaviour of the structures exhibited a relatively short but high pla-
teau region resulting in compressive strength at higher strains in com-
parison to porous or traditional cellular materials of comparable
relative density. This enhanced effect can be attributed to the geome-
try of structure that not only results in a negative Poisson’s ratio but
also higher failure strain (ɛf ) as a result of the complex stress distribu-
tion and deformation of the walls supported by the stable layers.

Looking at the effect of the angle (Fig. 7a) and wall thickness
(Fig. 7b) on the σ � ɛ behaviour, a significant effect on the mechanical
performance under both cases were observed. Even though the overall
σ � ɛ profile was representative of buckling induced failure, the char-
acteristic performance was highly dependent on the design parameters
t and θ. It is clear that increasing θ increases both the quasi‐static stiff-
ness represented by the elastic modulus € and compressive strength
(σc). The trend was found to be similar when t increased at a constant
angle.

Extracting the characteristic mechanical responses as shown in
Fig. 8, it is clear that both the design variables θ and t have a signifi-
cant influence on the elastic modulus €, compressive strength (σc), fail-
ure strain (ɛf ) and Poisson’s ratio (υ). Keeping a constant thickness of
0.65 mm and varying θ from 45° to 85°, the elastic modulus of the
structure increased almost linearly from 0.115 to 1.795 Gpa
(Fig. 8a); a 175% improvement in the elastic modulus. Even though
a similar overall trend can be observed in Fig. 8b, increasing the thick-
ness from 0.3 to 1 mm increased E from 0.063 to 1.644 Gpa, which is
an increase of 185%.

The relationship between θ and E of the lattice structure observed
can be related to works of Whitty et al. [140], who also found that
increasing the angle while keeping constant thickness leads to an
improvement in elastic modulus for auxetic beam models. This shows
that when it comes to stiffness the wall‐based �υ structure despite fea-
turing a modified re‐entrant architecture perform similar to beam‐
based architecture of comparable thickness. This influence of θ on E
of the structure can be potentially used to optimise the stiffness of
structures to achieve target values at any given porosity. This can have
a significant effect on the development of stiffness matched implants
and bone scaffold with targeted performance to reduce stress shielding
and maladapted stress concentration [141–146].

The increase in E with respect to t can be validated by relating the
thickness to the relative density of the overall structure. It can be seen
from Fig. 5b that increasing t affects ρr thus reducing the porosity and
increasing the stiffness. Nevertheless, the two distinct slopes in the rise
in comparison to the ideal CAD geometry where (a) shows the effect of auxetic



Fig. 6. SEM analysis of the AlSi10Mg structures at a wall thickness of 0.3 mm showing (a) the influence of surface roughness on the overall thickness of inclined
thin walls and (b) the quality of junction along with horizontal walls.

Fig. 7. Stress–strain performance of the SLM prototypes showing (a) the influence of angle at a thickness of 0.65 mm and (b) the influence of wall thickness at
67.5°.
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up to the maximum E while increasing t is partly due to the influence
of surface roughness on the performance at a lower thickness (0.3 to
0.6 mm) as shown in Fig. 6. This means that when t increases from
0.3 to 0.6 the rate of increase in E is higher in comparison to the later
part (0.6 to 1 mm). Furthermore, the rate of increase in E towards the
later part of the slope (0.6 to 1 mm) can be seen to be gradually
decreasing. Overall increasing either θ or t increases the stiffness of
the structure with the influence of t reducing as the relative density
tends to unity.

An increasing trend was also observed for σc as shown in Fig. 8a
and 8b where the thickness seems to have a higher influence in com-
parison θ. When θ increased from 45° to 85°, σc increased from 13 to
55 MPa (~124%). However, within this range, the increase from angle
45° to 65° was gradual at 13 to 22 Mpa (~51%) in comparison to the
later part (65°–85°) where the rise was almost two folds. On the other
hand, when t increased from 0.3 to 1 mm, the rise in σc was almost lin-
ear from 1.95 to 65 Mpa (~188%). While it is clear that t take prece-
dence when it comes to achieving the highest compressive strength.
This can be primarily attributed to the buckling induced failure phe-
nomenon of the auxetic structured considered.

It is apparent that increasing either thickness or angle will inevitably
lead to higher stiffness I and strength (σc) of the layer‐based re‐entrant
architecture under investigation. The observation is comparable to that
of Al traditional re‐entrant beam‐based auxetic structures manufactured
7

using investment casting by Xue et al. [132]. This goes to show that
removing the crosslinks and having continuous layers not only adds lat-
eral stability but returns comparable behaviour to traditional re‐entrant
arrangement. However, it is important to remember that a higher t lead-
ing to increased E and σc is not reserved for auxetic structures, increas-
ing thickness in any lattice structure will lead to an increase in relative
density while decreasing porosity hence leading to higher stiffness and
strength characteristics. Therefore, the difference when it comes to aux-
etic structures is that of θ dictating improvements in E and σc. For exam-
ple, a 20% increase in angle resulted in 36% and 60% increase in elastic
modulus and compressive strength respectively.

In an attempt to quantify the influence of strain in improvement σc
as a result of the design parameters, the failure strain (ɛf ) is analysed
with respect to θ and t as shown in Fig. 8c‐d. Significant improvement
in σc with respect to increasing angle was found to be the result of
increasing elastic strain as shown in Fig. 8c. As θ increasing, the struc-
ture seems to be accommodating a larger elastic strain before the start
of plastic failure. Overall, an almost linear increase in ɛf was observed
as the angle increased from 45° to 85° reaching the highest strain of
approximately 12%. This means that at larger angles the structure is
effective at distributing the load within all layers of the structure allow-
ing strain rates far superior to regular lattice or cellular structures.

Looking at the influence of t as shown in Fig. 8d, ɛf was found to
decrease gradually from 8% to 6% as the thickness increased from



Fig. 8. Influence of design parameters on the mechanical performance of the structure showing (a) influence of angle on the elastic modulus and compressive
strength at a thickness of 0.65 mm, (b) influence of thickness on the elastic modulus and compressive strength at an angle of 65°, (c) influence of angle on the
failure strain and Poisson’s ratio at a thickness of 0.65 mm and (d) influence of thickness on the failure strain and Poisson’s ratio at an angle of 65°.
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0.3 to 0.6 mm. On the subsequent rise in t, the strain rate remained
more or less constant within a ± 1% variation. Therefore, the initial
decrease in ɛf for thin‐walled specimens (0.3–0.6 mm) can be attribu-
ted to the influence of SLM process leading to geometrical irregulari-
ties demonstrated in Fig. 6. With the increase in thickness the
influence of the process parameter on ɛf decreased eventually leading
to a constant strain of 6%. Accordingly, the failure strain at higher
thicknesses (>0.6 mm) can be attributed to the intrinsic property of
the material rather than the geometrical architecture.

It is well known that conventional materials experiencing a com-
pressive load expand along the lateral direction, the resulting negative
ratio of transverse to longitudinal strain defines the Poisson’s ratio (υ).
Due to its association with the overall rate of deformation of the cross‐
section of a structure, υ is considered a substantial mechanical
response, as it can dictate to a certain extent the structural stability
at the macroscopic level [147–150]. As opposed to conventional mate-
rials a particular feature of the re‐entrant architecture is the negative
Poisson’s ratio [151–153]. Fig. 8c and 8d show that all the variation
of the thin and thick‐walled structures despite the absence of the tra-
ditional crosslink exhibits negative Poisson’s ratio (�υ). An overall
variation between −0.11 and −0.26 was observed between the limits
of the geometric variables introduced. A range comparable to Al aux-
etic structures that feature a conventional beam based re‐entrant archi-
tecture [126,132,154]. However, it is important to recognise that the
structures exhibit average �υ despite allowing both lateral expansion
and compression. Even though the layer‐based architectures allow
for a small lateral expansion along the straight plates connecting each
8

row, the overall behaviour is still dominated by the lateral compres-
sion of the chevron layers resulting in �υ.

Evaluating the influence of θ on υ as shown in Fig. 8c, the space
within the layers increases with the rise in θ while reducing ρr
(Fig. 5a). Increasing θ results in increased porosity of the structure
which, in turn, accommodate a higher lateral strain increasing the
absolute value of υ as θ increases. On the contrary, increasing t
decreases the absolute value of Poisson’s ratio as shown in Fig. 8d.
When t increased from 0.3 to 0.7 mm the decrease in the absolute
value of υ was almost linear from −0.26 to −0.18 (~30%). Though
the trajectory of υ continues to decrease as t rises from 0.7 to 1 mm,
the rate of decrease was lower at −0.18 to −0.15 (~20%). This is
due to the increased interaction between chevron beams due to the
thicker walls. It is also important to take into consideration that thick
walls not only decrease porosity but also reduces the length of the
chevron beams. This suggests that increasing t has a similar effect on
decreasing l on υ. Furthermore, higher t enhances the structural rigid-
ity and resistance to deformation also contributing to a reduction in
the absolute value of the Poisson’s ratio.

3.3. Failure mode analysis

In order to study the effect of the design parameters on the failure
of the layered structure, the samples post‐compression were examined.
Despite featuring a range of design parameters, the resulting deforma-
tion mode and associated failure can be categorised into either of the
two cases shown in Fig. 9. The behaviour of both thin
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(0.3≤ t<0.65 mm) and thick (0.65< t≤1 mm) walled samples
showed stable and progressive deformation and failure as shown in
Fig. 9a and 9b respectively; a significant improvement in comparison
to the thin and thick‐walled traditional auxetic architecture reported
by Dong et al. [126]. The reason for the stable deformation can be
attributed to the enhanced lateral support offered by the sandwich
walls limiting unstable buckling global. Although numerous studies
[44,155–157] exist on the mechanical behaviour of AM metallic �υ
structures, these are to a large extent limited to beam‐based models.
On the contrary, systematic studies of the failure mechanisms of �υ
walled/surface/plate/sheet‐based AM structures are rare; an observa-
tion also reported in a comprehensive review by Zadpoor [72] on
biomedical application. However, additively manufactured honey-
comb structures exhibiting þυ under the influence of in‐plane com-
pression have been extensively studied [158–163].

To further study the failure behaviour at both the micro and macro‐
scales, the failed samples were investigated under an SEM as shown in
Fig. 10. For non‐auxetic cellular structures of similar thickness and
overall dimension, the weak spots created by the SLM process is often
cited to drive the failure process [117,164,165]. The reason for this is
the localised stress concentrations that appears at the weak spots facil-
itated by SLM as shown in Fig. 6 long before the material yields; an
observation similar to Yu et al. [166] while studying beam based
AlSi10Mg micro‐lattices. The process‐induced weak spots allow strain
intensification on continued loading ultimately leading to fracture and
overall failure.

In comparison, Fig. 10 shows that the failure of the layered re‐
entrant structure presented is primarily prescribed by the geometry
and the associated wall thickness as opposed to SLM induced discrep-
ancies. This is because the failure is associated with buckling of the
chevron walls which is dictated by the geometry. The deformation at
lower angles (≤67.7°) presented in Fig. 10a is a result of the progres-
sive folding of the chevron walls where the horizontal walls can be
seen to bend to accommodate the shrinkage driven by the folding
chevron walls. From the resulting deformed unit‐cell shown in
Fig. 10b, it is clear that the fractured surface resembles a buckling
induced bending failure. Extension and thinning of the chevron walls
are also visible from Fig. 10a and b evidencing a combination of semi‐
ductile and brittle behaviour, which is often observed for SLM
AlSi10Mg [117,167,168]. Furthermore, the failure is dependent on
the collapse of individual unit‐cells subsequently leading to layers; a
distinction in comparison to traditional cellular structures where a
shear planes through the entire structure is often observed [169–171].

At higher wall thicknesses the wall deformation was short‐lived in
comparison to their thinner counterparts without any macroscopically
localised phenomenon as shown in Fig. 10c and 10d. On the progres-
sion of the compressive strain, the thick chevron walls deformed and
interfered with the lateral walls subsequently leading to overall failure
as shown in Fig. 10c. Extracting the behaviour of a single unit‐cell,
cracks can be observed at both ends of the chevron walls as opposed
to a single section observed in thin‐walled samples. A further distinc-
tion was observed regarding the deformation of the horizontal walls.
Rather than bending as observed for thin walls wrinkling of the hori-
zontal beams can be seen to accommodate the global negative strain
visible through the dimpled horizontal walls as shown in Fig. 10d.
In this regard, the failure resembles the macroscopic case of auxetic
Fig. 9. Uniformly compressed SLM samples showing (a) thin-walled structure
showing progressive folding at θ= 45° and (b) thick walled structure showing
stable folding at θ = 65°.
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cellular tubes studied by Karnessis and Burriesci [172]. Accordingly,
it can be summarised that the failure of the layered re‐entrant struc-
tures is due to the deformation of chevron walls dominated by the
unit‐cell shape, which can be classified as buckling induced bending
failure.

3.4. Parametric interaction analysis

3.4.1. Response surface model
After having established the influence of the individual parameters

on the mechanical response through classical analysis; the important
question to ask is ‘what favourable combinations of the design param-
eters offer the desired response?’ Since the study is not targeting a par-
ticular response, the question has to be answered in more generic
terms. In order to answer this question, the RS model is used to study
both the interaction effects and order of influence of the design vari-
ables on the mechanical performance. The analysis so far on the inde-
pendent effects of the design parameters aided in understanding their
contribution to the overall mechanical performance. However, the
interaction effects between the geometrical parameters of the struc-
ture, i.e. t and θ, along with how such interaction may influence the
mechanical performance and relative density of layered re‐entrant
structure is still not clear. This is also an area of deficiency when it
comes to the available literature on auxetic structures in general. An
aspect tackled in this study through the generation of response surface
(RS) models.

The approach used the stepwise regression methodology that repre-
sents the experimental data through relevant polynomial equations.
The equations were then extrapolated to identify relevant model terms
based on how well the equation fits the experimental data. The step-
wise regression was chosen as it eliminates the insignificant model
terms automatically from the polynomial equation [173,174]. The sta-
tistical significance of the models and each term in the regression
equation were evaluated using statistical measures that achieve the
best fit [175].

SLM prototypes were generated to satisfy the design variables asso-
ciated with sampling design points. Experimental measurements were
carried out on the samples and the responses of interest (E, σc, ɛf , υ and
ρr) were determined as listed in Table 4. The best‐fit indicators on the
experimentally measured responses show that E, σc and ρr can be char-
acterised by linear models listed in Eqs. (2), (3) and (6) respectively.
On the other hand, the υ and ɛf requires quadratic models in Eqs.
(4) and (5) to adequately navigate the design space.

E ¼ �2:40994þ 1:90273t þ 0:031661θ ð2Þ
ffiffiffiffiffi

σc
p ¼ �6:08103þ 9:31808t þ 0:068466θ ð3Þ
ffiffiffiffi

ɛf
p ¼ 1:04522� 2:449t � 0:000522θ þ 0:032137tθ

þ 0:123865t2 � 0:000139θ2 ð4Þ

υ ¼ 0:339190� 0:199667t � 0:012616θ þ 0:004528tθ

þ 0:004143t2 þ 0:000056θ2 ð5Þ

ρr ¼ 0:177124þ 0:486869t � 0:001408θ ð6Þ
The analysis of variance (ANOVA) was used to model the signifi-

cance of each of the geometrical parameters on the resulting mechan-
ical performance. Accordingly, Table 5 summarises the significant
model terms and the adequacy measures as a result of ANOVA. The
adequacy measures of the model are the probability (p‐value), coeffi-
cient of determination R2, Adjusted R2, Predicted R2, and Adequate
precision.

From Table 5, it is clear that all models feature high F‐values and
very low p‐values, which validates that all the four models are statis-
tically significant [176]. P‐values <0.05 indicate that model terms



Table 4
The DoE matrix based on Central Composite response surface model.

Factor 1 A = t(mm) Factor 2 B = θ(deg.) Responses

E (GPa) σc(MPa) ɛf υ ρr

0.65 65 1.14 22.10 0.061 −0.178 0.40
0.65 65 1.14 22.10 0.061 −0.178 0.40
0.65 65 1.14 22.10 0.061 −0.178 0.40
0.40 85 0.90 13.13 0.019 −0.257 0.27
0.30 65 0.06 01.95 0.081 −0.220 0.20
0.65 45 0.12 13.13 0.015 −0.108 0.47
0.65 65 1.14 22.10 0.061 −0.178 0.40
0.89 52 0.70 30.21 0.002 −0.128 0.52
0.40 52 0.04 00.25 0.140 −0.154 0.29
1.00 65 1.64 65.10 0.049 −0.150 0.56
0.89 85 1.79 60.11 0.120 −0.156 0.50
0.65 65 1.14 22.10 0.061 −0.220 0.40

Fig. 10. Fracture surface of the failed samples observed under SEM showing (a) progressive folding of thin-walled samples (<0.65 mm), (b) crack propagation
and folding pattern for a thin-walled unit-cell, (c) collapse behaviour of thick-walled (1 mm) sample and (d) failed thick-walled unit-cell.
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are significant [177]. Additionally, a higher than 4 adequate precision
ratios of the models demonstrate that the noise in models is insignifi-
cant [178]. All models exhibit high R2 (>0.9) and show excellent
agreement between the predicted and adjusted R2 (i:e: the difference
Table 5
Analysis of variance for the response surface models generated.

Model F-value p-value Statistica

R2

E 43.81 <0.001 0.9069
σc 198.39 <0.0001 0.9778
ɛf 80.77 <0.0001 0.9854
υ 14.32 0.0028 0.9227
ρr 159.52 <0.0001 0.9726
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is <0.2, which is the commonly used criteria). The resulting relation-
ships between the experimental data relevant to the design points in
comparison to RS model predictions are shown in Fig. 11. It can be
seen that for all the models (E, σc, ɛf , υ and ρr), the values closely
l measurements

Adj-R2 Pre-R2 Adeq-precision

0.8862 0.8182 20.4288
0.9729 0.9467 38.9586
0.9732 0.8150 29.5262
0.8583 0.8027 12.9798
0.9665 0.9336 35.0741
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follow the best‐fit line (diagonal dotted line). This shows that the
response surface models represented by the respective equations
(2–6) have excellent accuracy in predicting both the mechanical per-
formance and interaction of the design parameters. Accordingly, it
can be confirmed that the RS model developed in this study is accurate
and valid allowing it to navigate the whole design space (limits of the
design variables).

3.4.2. Interaction effects of design variables on E
From Fig. 12a, it can be seen that the elastic modulus depends on

both the thickness and angle of the structure in a linear fashion. E
increases linearly with an increase in t and θ reaching the highest mod-
ulus when both t and θ are at their peak. This shows that the interde-
pendence of the design parameters on E is minimal and does not affect
the performance trend. Therefore, for the presented structure, one can
Fig. 11. Comparison between experimental and predicted results using the respons
failure strain, (d) Poisson’s ratio and € relative density.
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increase t irrespective of θ and expect E to increase and vice versa. This
means that the behaviour is linked to the influence of the design
parameters on the relative density. Increasing t increases relative den-
sity resulting in more material resisting deformation thus increasing
the overall stiffness of the structure. On the other hand, increasing θ
pushes the chevron beams further apart reducing the effect of the arti-
ficially induced buckling and thus having a higher resistance to defor-
mation resulting in increased stiffness.

The limited interaction between the design parameters can be val-
idated by Fig. 11b, where the trend in performance with respect to t is
analysed for different θ values. It can appear that the interaction effect
between the design parameters is minimal, confirmed through a con-
stant performance slope despite the difference in θ. Overall, the most
significant terms on E are the first‐order effects of t and θ in the
ordert > θwhere the thickness has a higher influence in comparison
e surface model generated for (a) elastic modulus, (b) compressive strength, (c)



Fig. 12. Influence of the design parameters on the mechanical performance showing (a) the interdependence and (b) the interaction effects of t and θ on E.

Fig. 13. Influence of the design parameters on the mechanical performance showing (a) the interdependence and (b) the interaction effects of t and θ on σc.

Fig. 14. Influence of the design parameters on the mechanical performance showing (a) the interdependence and (b) the interaction effects of t and θ on ɛf .
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Fig. 15. Influence of the design parameters on the mechanical performance showing (a) the interdependence and (b) the interaction effects of t and θ on υ.
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to θ. This means that if the goal is to increase the stiffness, increasing t
will yield a higher E in comparison increasing the same amount θ.

3.4.3. Interaction effects of design variables on σc
Fig. 13a shows the interdependence of the angle and thickness on

the compressive strength of the layer‐based re‐entrant arrangement.
It can be seen that σc is highly sensitive to both t and θ, where the
strength rises when both of these parameters are increased. The larger
the θ and t values, the higher the compressive strength became. An
observation also reported by Filho et al. [179] while studying tradi-
tional beam based auxetic structure with crosslinks in a different mate-
rial. However, different to what was observed in the case of E
(Section 3.4.2), the interaction between the parameters on the result-
ing σc is significant as shown in Fig. 13b.

It is clear that the influence of t on the compressive strength varies
with θ. This can be observed from the difference in the slope of the
polynomial curve with respect to t at different θ. Overall, thickness
has a higher influence when θ is higher, which means that the interac-
tion effect between the design parameters is significant and needs to
be taken into consideration while designing thin and thick‐walled aux-
etic structure. Nevertheless, similar to E, the most significant terms on
σc are the first‐order effects of t and θ in the order t > θ where the
thickness has a significantly higher influence in comparison to θ.
Fig. 16. Influence of the design parameters on the relative density of the structure s
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3.4.4. Interaction effects of design variables on ɛf
Fig. 14a shows that the strain at collapse (ɛf ) decreased as the thick-

ness increased at angles lower than 78° for the cellular architecture
being considered. However, at higher angles (>78°), the failure strain
increased drastically with respect to increase in thickness. This shows
that when it comes to the effect of the geometrical parameters on the
ɛf , the interaction effect is highly significant. While at lower thickness,
increasing θ results in reducing ɛf , the opposite was true at higher
angles. This trend is clearly visible in Fig. 14b, where a higher angle
of 83° almost shows an opposite trend to lower angle (51°).

The reason for this is that at lower angles increasing the thickness
reduces the porosity making the structure more dense and stiff result-
ing in a lower failure strain similar to traditional non‐auxetic struc-
tures. However, at higher angles increasing the thickness allows
preserving a certain porosity due to the larger size of the unit cell itself
allowing increased deformation of the walls. Furthermore, thick walls
were also free from structural inhomogeneity; a distinctive feature of
the SLM process shown in Fig. 6. Overall, the most significant terms
on ɛf are the interaction effect followed by the first and second‐
order effects of t and θ respectively. Consequently, the order of influ-
ence of the geometrical parameters when it comes to the failure strain
is highly influenced by interaction effects between the geometrical
parameters.
howing (a) the interdependence and (b) the interaction effects of t and θ on ρr.
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3.4.5. Interaction effects of design variables on υ
All the structures derived from varying both t and θ exhibited neg-

ative Poisson’s ratio despite the absence of the lateral crosslinks con-
necting the chevron walls as shown in Fig. 15. This allows for the
evolution of the auxetic structure from a single unit‐cell to a layer‐
based phenomenon. The response surface data (Fig. 15a) shows that
both the design parameters have a distinctive role to play in modulat-
ing the Poisson’s ratio. The absolute value of υ was found to decrease
when the thickness increased; a trend opposite to the case when θ
increased. Accordingly, the highest value of �υ was observed at the
highest angle and lowest thickness. This is primarily because the struc-
tures exhibit negative Poisson’s ratio due to the buckling of the chev-
ron walls.

From a mechanical point of view, Poisson’s ratio is defined as the
negative ratio of the transverse strain to the axial strain. Therefore,
in order to exhibit negative υ the material must be allowed to laterally
shrink under axial compression in this case. Further to the shape of the
unit cell, the amount of porosity or the void space dictates how much a
structure can shrink. In this view, increasing the angle is beneficial as
this allows more space for the structure to shrink and therefore reach
higher negative Poisson’s ratio.

On the other hand, increasing the thickness decreases the porosity,
which is less conducive to the absolute value of the Poisson’s ratio in
the negative direction. For the structure under consideration, the angle
has a higher significance over θ in dictating the absolute value of the
Poisson’s ratio (Fig. 15b). Overall, the most significant terms on �υ are
the first‐order effect of θ followed by t and then the interaction effect
of tθ. Consequently, the order of influence of the geometrical parame-
ters when it comes to the Poisson’s ratio is θ > t > tθ > θ2. The effect
of t2 was found to be negligible for the geometrical range considered in
this study.
3.4.6. Interaction effects of design variables on ρr
From Fig. 16a, it can be seen that the relative density depends pri-

marily on the thickness and marginally on the angle of the structure in
a linear fashion. ρr increases linearly with an increase in t and decrease
in θ, reaching peak density when t and θ are its highest and lowest
respectively. This shows that the interdependence of the design param-
eters on ρr is minimal and does not affect the performance trend as
shown in Fig. 16b resulting in a constant performance slope despite
the difference in θ. Therefore, for the presented structure, one can
increase t irrespective of θ and expect ρr to increase. Overall, the most
significant terms on ρr are the first‐order effects of t and θ in the
ordert > θwhere the thickness has a significantly higher influence in
comparison to θ. This means that if the goal is to increase the relative
density, increasing t will yield a higher ρr in comparison to decreasing
the same amount of θ.

Overall, it clear that thin and thick‐walled layered re‐entrant struc-
tures offer new possibilities for targeted multifunctional behaviour and
properties at the same time allowing customisability, and scalability.
Therefore, it is of vital importance to continue to understand and
quantify the typical properties of negative Poisson’s ratio materials
in order to accurately alter its properties and deformation behaviours
for specific applications. It is demonstrated that AlSi10Mg walled re‐
entrant structure in the absence of a traditional crosslink allows for
stable deformation while retaining negative Poisson’s ratio in the
range of −0.108 to −0.257.
4. Conclusion

Manufacturing techniques capable of exploiting the benefits of
complex shapes and sizes are increasingly being used to develop aux-
etic structures. However, the scalability of the walled variants of tradi-
tional beam‐based �υ models is challenged due to their unstable
behaviour. In this regard, this study demonstrates thin and thick‐
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walled AlSi10Mg layer‐based re‐entrant architecture featuring stable
global deformation at the same time yielding a negative Poisson’s ratio
of −0.108 to −0.257. The structures were manufactured using SLM,
and the results show that the absence of the traditional crosslink
allows for the formation of a continuous lateral layer creating an inher-
ently stable structure under quasi‐static loading. Nevertheless, the
enhanced surface area coupled with the effects of SLM resulted in a
certain variation between the relative density between the ideal geom-
etry and SLM prototype for thin‐walled samples (0.3 mm) and over-
hang angles (45°–85°). The experimentally informed parametric
analysis showed that the elastic modulus of the structures increased
linearly with increasing t and θ with the former having a higher influ-
ence on the rate of increase. Though the same was true for compressive
strength, a significant effect of interaction between the geometrical
parameters were observed. This meant that the rate of increase in σc
with respect to increasing t was dependent on the compounding effect
of θ. On the other hand, the failure strain was led by the interaction of
tθ (AB) where the performance trajectory (increase vs decrease) with
respect to t reversed depending upon θ. This allows the creation of tun-
able ɛf by simply modulating θ irrespective of the wall thickness. The
relative density of the structure primarily depends on t and marginally
on θ in a linear fashion. ρr increases linearly with an increase in t and
decrease in θ, with the most significant terms being the first‐order
effects of t and θ in the ordert > θ. Lastly, the most significant terms
on Poisson’s ratio was found to be the first‐order effect of θ followed by
t and then the interaction effect of tθ leading to an order of influence of
θ > t>tθ > θ2. However, the second‐order influence of t2 on the Pois-
son’s ratio was found to be negligible for the geometrical range con-
ceived at 0.3 ≤ t ≤1 mm and 45°≤θ ≤ 85°. Overall, the study
suggests that stable mechanical performance of thin and thick‐walled
�υ structures can be enhanced by layer‐based arrangement and the
careful selection of the design parameters t and θ. The design and anal-
ysis philosophy conceived in this study allows altering the properties
of thin and thick‐walled re‐entrant structures conventionally known
to exhibit unexpected mechanical properties and unstable lateral
deformation, enhancing its potential for multifunctional applications.
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