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A B S T R A C T   

The auxetic cellular structures with two different chiral geometries (tetrachiral and hexachiral) were fabricated 
using laser powder bed fusion (LPBF) technology from two different materials (aluminium alloy AlSi10Mg and 
stainless steel AISI 316L). The specimen’s microstructure, porosity and surface texture were observed by X-ray 
diffraction, optical and electron microscopy and micro-computed tomography. The mechanical properties of all 
specimens were determined experimentally with a simple tensile test. The results show that hexachiral and 
tetrachiral auxetic structures have similar initial stiffness, whereas the former provides a more ductile response 
with more than four times larger failure strain. The AISI316L steel provides for a much more ductile response 
than AlSi10Mg at comparable normalised load-carrying capability. The samples’ deformation behaviour was 
analysed with the digital image correlation and tracking method, where it was shown that hexachiral samples 
exhibit a lower Poisson’s ratio. The experimental results were used to validate the corresponding computational 
models, providing a more detailed analysis of deformation behaviour. They allow for cost-effective parametric 
studies and the development of new optimised chiral geometries.   

1. Introduction 

One of the most promising multifunctional materials with advanced 
properties for future engineering applications is cellular materials, i.e. 
materials with internal cellular structure either on nano-, micro-, meso- 
or macro-scale [1]. Combining various base materials with the specif-
ically built internal cellular structure of various morphologies contrib-
utes to the unusual and desirable combination of their mechanical and 
thermal properties, which can be adapted to individual requirements by 
carefully designing the cellular structure’s geometry and introducing 
graded porosity [2]. 

The cellular structure can also be designed to exhibit a negative 
Poisson’s ratio under external loading, i.e. the structure tends to expand 
in the lateral direction when subjected to longitudinal tensile loading 
and vice versa in the compressive loading [3]. The carefully designed 2D 
or 3D hinge-like cellular skeleton with predefined geometry makes such 
behaviour possible. [4,5]. In specific examples, the negative Poisson 

ratio significantly increases mechanical properties and is beneficial for 
many engineering, medical, fashion and sports applications [6]. The 
increased shear efficiency of the auxetic materials (increased shear 
modulus) was also reported [7] and show efficient mechanical damping, 
sound [8] (also with band gaps control [9]) and energy absorption 
[10–12] capabilities. They also have a consistent and predictable fatigue 
behaviour [13,14], which allow the crack propagation path to be pre-
defined [15]. As lightweight multifunctional components, they are 
increasingly studied as sandwich panel cores for ballistic protection for 
body and vehicle armour applications [16,17]. Also, they can be used as 
lightweight, flexible pads in sports to provide extra protection and 
reduce the severity of the effects of different aspects of the human body 
[18,19]. 

Chiral auxetic cellular structures are formed by connecting straight 
ligaments (ribs or struts) to central nodes, usually circles or other 
geometrical forms. The nomenclature of the chiral auxetic cellular 
structures is associated with the number of ligaments connected to one 
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node, i.e. four ligaments connected to one node – tetrachiral structure, 
six ligaments connected to one node – hexachiral structure. The term 
chirality suggests that the entity, which is not the case with all auxetic 
chiral structures, is distinguishable from its mirror image. The term 
chirality reflects the deformation pathway, where the deformable liga-
ments are attached to quasi-rigid nodes, and around them, the ligaments 
rotate. In some instances, these structures are also chiral, following the 
chirality definition given before (for example, hexa- and tetrachiral 
structures) [20]. In response to the applied force, the auxetic effects of 
all types of chiral auxetic structures are achieved by wrapping or 
unwrapping the ligaments around the nodes (Fig. 1). The theoretical and 
experimental investigations show that the Poisson’s ratio of chiral 
structures can reach values close to − 1 in the elastic region [21]. 

Chiral structures are usually two-dimensional with a distinct ortho-
tropic response. However, several recent attempts have been made to 
build 3D structures [22]. Other geometric structures that have aniso-
tropic and subsequently auxetic reaction have been investigated by 
Lakes [21,23]. Some particular geometries, studied by Evans and Cad-
dock [23–25], are known as hemitropic. However, they are not yet 
identified as chiral structures. Some antichiral structures were proposed 
in the past [26,27]. 

The experimental testing of various chiral auxetic structures under 
tensile and bending loading was reported in [28,29]. The elastic prop-
erties of chiral honeycombs in transverse direction were analytically 

determined in [30], while the dynamic and impact loading of sandwich 
panel with chiral core was studied and experimentally tested [26]. The 
experimental testing and computational simulations of chiral auxetic 
structures were also used for the evaluation of possible applications in 
morphing wings [31,32] and localised impact [33]. Spadoni et al. 
compared analytical calculations with results of finite element simula-
tions in [34], where good agreement was achieved in the case of 
compression testing of chiral structures. The results were compared to 
the conventional and re-entrant honeycombs, where it was concluded 
that the chiral structures offer more considerable specific buckling 
stiffness. Similar was also proven in the study by Miller et al., where 
tetra- and hexachiral structures were analysed using analytical, experi-
mental and computational methods [35]. 

Most of the 2D chiral auxetic structures analysed till now were 
fabricated with cutting or extrusion process. By employing additive 
manufacturing (AM) techniques, auxetic 3D cellular structures [36] 
were fabricated and subjected to quasi-static compression [37,38], 
quasi-static and dynamic tension [39] and impact [40,41]. In contrast, 
the additively manufactured 2D chiral structures have not been thor-
oughly tested yet. AM offers the possibility for precise fabrication of 
complex and slender specimen’s geometry, which is in some cases not 
achievable with traditional techniques used for producing 2D geome-
tries, such as water jet or laser cutting. The fabrication of very thin 
ligaments is impossible with traditional techniques. This work compares 
two different base materials (AlSi10Mg and AISI 316 L stainless steel) 
and two different 2D auxetic chiral structure geometries, additively 
manufactured by laser powder bed fusion (LPBF), are evaluated using 
experimental and computational approaches for the first time. The 
fabricated samples are subjected to tensile mechanical testing combined 
with Digital Image Correlation (DIC) and computational modelling, 
which provides an in-depth analysis of their mechanical and deforma-
tion behaviour. The geometries’ morphological investigation also sup-
ports the analysis before and after the tensile test and assessing internal 
porosity and surface texture. This reported work provides research re-
sults that will enable further investigations of additively manufactured 
3D chiral auxetic structures and other components with a complex 
cellular structure. 

Fig. 1. Deformation mechanism of chiral structures subjected to tensile 
loading: undeformed (a) and deformed (b). 

Fig. 2. Unit cell and nominal geometries of tetra- (a,c) and hexachiral (b,d) specimens with in-plane thicknesses of 1.06 mm; dimensions are given in mm.  
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2. Experimental methods 

2.1. Geometry and fabrication of specimens 

The nominal geometry of the specimens is shown in Fig. 2. Their 
outer dimensions are different to provide for the same relative density of 
the specimens with equal ligament thickness (Table 1). 

The detailed specimens’ dimensions and mass properties are shown 
in Table 1, where the weight denotes the weight of the auxetic structure 
(without clamping area), as shown in Fig. 2. Twenty specimens were 
fabricated in total number, i.e., five per each combination of geometry 
(tetra- and hexachiral) and material (AlSi10Mg and AISI 316 L). 

The samples from AlSi10Mg alloy were fabricated by laser powder 
bed fusion (LPBF) using the EOSint M280 direct metal laser sintering 
(DMLS) system from Electro-Optical Systems GmbH (EOS GmbH, 
Krailling, Germany). The M280 machine is equipped with a 400 W Yb: 
YAG laser with a wavelength of 1064 nm and a 100 µm Gaussian spot 
diameter. The stainless steel AISI 316 L samples were fabricated using 
the EOS M100 DMLS system from EOS GmbH. The M100 machine is 
equipped with a 200 W Yb:YAG laser with a wavelength of 1064 nm and 
a 40 µm Gaussian spot diameter. 

The Al alloy raw material utilised for this study was a plasma 
atomised spherical powder TEKMAT™ AlSi10Mg-63/20, manufactured 
by Tekna Advanced Materials Inc. (Sherbrooke, Canada), having a 
particle size distribution of D10 = 20 µm and D90 = 63 µm. The stainless 
steel raw material was EOS stainless steel 316 L powder, commercialised 
by EOS Gmbh and certificated by Electro-Optical Systems Finland Oy 
(Turku, Finland), with a particle size distribution of D10 = 15 µm and 
D90 = 45 µm. The melting of both materials was performed under Ar 
atmosphere, with below 0.1% oxygen content in the building chamber. 
Both materials’ chemical composition is given in [42]. The M100 plat-
form was pre-heated to 80 ◦C for the fabrication of stainless steel spec-
imens, while the M280 platform was not pre-heated for the fabrication 
of Al alloy specimens. 

The EOS M280 machine was used to produce both geometries (tet-
rachiral and hexachiral) from Al alloys in a single print. The AISI 316 L 
samples were produced in two consequent prints due to the EOS M100 
machine printing area’s limited size. The samples were produced in the 
centre of the platform. Each sample was extruded for ten millimetres 
along the z-direction to avoid supporting the ligaments. This choice 
allowed obtaining a structure as homogeneous as possible both in terms 
of internal and surface defects. The building direction was perpendicular 
to the load direction, Fig. 3. The long side of the specimens was parallel 

to the recoater metal blade. 
Optimised parameters, recommended by EOS, were considered to 

obtain fully dense components. In particular, sample parts were built 
using an optimised volumetric energy density (VED) of about 49 J/mm3 

for AlSi10Mg and 93 J/mm3 for AISI 316 L. 
The volumetric energy density is defined as: 

VED =
P

v⋅t⋅dh  

where P is the laser power, v is the laser scanning speed, t is the layer 
thickness and dh is the distance between the centres of two consecutive 
scan tracks, called a hatching distance. The chosen scanning strategy 
involves the rotation of 67◦ at each layer to reduce the residual stress on 
specimens [43,44]. Al alloy samples were processed with a double 
contour to improve surface quality. For stainless steel, no contour 
strategy was applied. The particle size distribution of 316 L allows 
obtaining a good surface finish even without contour, thus reducing the 
possibility of porosity being generated under the skin. 

When the LPBF process was concluded, the samples’ platform was 
inserted into an oven for the stress relief treatment. For AlSi10Mg, the 
heat treatment was performed in air at 300 ◦C for three hours; for 
stainless steel 316 L, the treatment was performed in air at 400 ◦C for 
two hours [45]. Both heat treatments were performed on the samples 
still fixed on the support. The components were sliced along the XY 
plane after stress relief treatment (considering z as the building direc-
tion) to obtain chiral 2D tensile specimens with the desired thickness of 
1 ± 0.1 mm. The cutting and slicing were done with a wire electrical 
discharge machine (EDM – SODICK AQ 750 LH). 

The samples’ surface was hardened by shot-peening before the me-
chanical tests, using SiO2 microspheres in the range of 100÷200 µm 
(produced at Norblast, Bologna, Italy, with procedures following ISO 
9001:2000 and ISO 14001:2004 standards) for few seconds at each side 
of the samples. 

2.2. Non-destructive characterisation methods 

The samples were analysed visually by optical stereo-microscopy 
(CarlZeiss Stemi 2000-C) and field emission gun-scanning electron mi-
croscopy (FEG-SEM; Quanta 250 Fei, Eindhoven, The Netherlands) 
using 20 kV voltage, 5 µm spot size and 10 mm working distance. 

Powders and fabricated annealed specimens were analysed by X-ray 
diffractometry (XRD, Bruker D8 Advance, Milano, Italy) using Cu-Kα 
radiation at 40 mV and 40 mA, with a resolution of 0.05◦ for 2 s 

Table 1 
Specimens designed properties.       

Mass [g] 

Specimen’s geometry Thickness [mm] Ligament thickness t [mm] Node diameter d [mm] RD [%] AlSi10Mg AISI 316 L 

Tetrachiral  1.06  0.5  1.50  34  1.39  4.04 
Hexachiral  1.06  0.5  1.87  35  1.99  5.77  

Fig. 3. Example of the Al alloy specimen during printing (both hexa- and tetrachiral geometry, EOS M280 machine) (a) and stainless steel specimens (hexachiral 
geometry) after printing performed using EOS M100 machine (b). 
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The internal and external dimension of the fabricated specimens 
were measured by X-ray computed tomography (CT). CT is an advanced 
3D measuring technique increasingly used for the post-process quality 
assessment of additively manufactured parts [46], as it enables 
non-destructive and non-contact measurements of both external and 
internal geometries, as well as defects and surface textures [47,48]. A 
metrological CT system MCT225 (Nikon Metrology, Tring, UK) with a 
micro-focus X-ray source of minimum focal spot size of 3 µm, a 16-bit 
detector with 2000 px× 2000 px, and a temperature-controlled cabi-
net at 20 ± 0.5 ◦C was used. Each specimen was scanned by acquiring 
1500 bi-dimensional projections during the 360◦ rotation of the spec-
imen while scanning. The scanning details were the following: 215 kV 
X-ray source voltage, 36 µA source current intensity (which was mini-
mised to maximise the metrological structural resolution [49]), 2 s 
exposure time and 0.25 mm thickness of copper filter interposed be-
tween the X-ray source and the object. The obtained projections were 
used to reconstruct a 3D model of the scanned specimens, with a voxel 
size of 8 µm. The obtained 3D models were then used to measure the 
actual ligament thickness and internal porosity using the visualisation 
and analysis software VGStudio MAX 3.2 (Volume Graphics Gmbh, 
Germany) [50], and the surface texture applying the methodology and 
generalised surface texture parameters optimised for additively manu-
factured parts proposed in [50]. 

2.3. Quasi-static uniaxial tensile testing 

Uniaxial experiments were carried out using a servo-hydraulic INS-
TRON 8801 testing machine under quasi-static loading conditions with a 
position-controlled cross-head rate of 0.05 mm/s. The specimens were 
gripped with hydraulic wedge grips. GOM Correlate [38] software was 
used for DIC and tracking to analyse the deformation behaviour and 
Poisson’s ratio of tested structures during the loading process. The axial 
and lateral deformations of specimens were monitored throughout the 
entire loading sequence (up to the specimens’ final failure) to evaluate 
the Poisson’s ratio values at different displacement. 

2.4. Computational modelling 

Tensile tests were simulated using the Abaqus 6.14 software, with 
applied implicit (Abaqus/Standard) integration scheme. Shell finite el-
ements with four nodes and reduced integration were used for the dis-
cretisation of the computational model using nominal geometry. The 
finite elements’ size was determined based on the convergence study 
with three different finite element mesh sizes. The sensitivity study re-
sults show that the average element size of 0.2 mm is appropriate for 
both analysed structures. 

The elastoplastic material model with piecewise linear plasticity was 
used. The material parameters were reverse-engineered because of a 
large discrepancy of bulk data in the literature [51–53] and the influ-
ence of the manufacturing procedure. The materials parameters were 

Fig. 4. Low magnification SEM images of tetrachiral (a, c) and hexachiral (b, d) structures, for AlSi10Mg (a, b) and AISI 316 L SS (c, d), before the tensile test.  
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determined by applying the optimisation software OptiMax [39] with 
the Nelder-Mead simplex method (maximum number of increments 100 
and relative convergence tolerance of 0.0001) and are provided in 
Section 4. The optimisation’s objective function was the averaged 
experimental results of tetra- and hexachiral structures compared with 
each geometry and material’s computational results. 

3. Experimental results 

3.1. Materials characterisation 

SEM images of the as-received powders are shown in Fig. A.1 (Ap-
pendix), confirming the spherical shape of grains and their size distri-
bution, as reported in the producers’ datasheet. SEM low magnification 
images of samples before tensile tests are shown in Fig. 4. AlSi10Mg 
samples (Fig. 4a and b) show a rough surface, where pockets 

Fig. 5. Backscattered high magnification SEM images of the surface of AlSi10Mg (a) and AISI 316 L SS (b).  

Fig. 6. CT reconstructed geometries of four scanned specimens: (a) AlSi10Mg tetrachiral, (b) AISI 316 L tetrachiral, (c) AlSi10Mg hexachiral and (d) AISI 
316 L hexachiral. 
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(highlighted by arrows) are present as the effect of unmelted particles 
and high deformation due to the sandblasting treatment. Unmelted 
particles are present at the edges of nodes and ligaments, mainly in the 
hexachiral structure (Fig. 4b). 

Fig. 4c and d show a more homogeneous surface, where the effect of 
sandblasting treatment is less evident. However, some open pores are 
visible (highlighted by arrows) on the surface of both tetrachiral and 
hexachiral structure. At higher magnification (Fig. 5), the surface 
modification of AlSi10Mg structures show the fingerprint of sand-
blasting treatment (highlighted by closed line in Fig. 5a and black spots 
of irregular shape, associated with residual porosity (highlighted by 
arrows). The surface of AISI 316 L sample (Fig. 5b) is less affected by the 
sandblasting treatment, but residual porosity is present on the surfaces 
(highlighted by arrows). The different surface finish between the two 
materials can also be attributed to the particle size distribution of the gas 
atomised powders used to produce the specimens (with average particle 
size being larger for AlSi10Mg powder than for AISI 316 L powder, as 
reported in Section 2.2). 

Fig. A.2 shows XRD analysis of as-received powders and printed and 
annealed specimens for the two compositions AlSi10Mg (a) and AISI 
316 L (b). The AlSi10Mg powders and printed specimens show only Al 
and Si peaks, with a much lower intensity of Si peaks than the Al, which 
corresponds to a low amount of Si in the alloy. XRD did not detect the 
presence of Mg due to the even lower amount in the alloy. However, 
some changes occurred upon printing and annealing the powders, both 
in peaks relative intensities and peaks position. The relative intensities 
of the α-Al peaks (200) and (100) so as of the two peaks corresponding to 
(220) and (311) changed from a.r. powders to printed samples showing 
a preferential crystallite growth as previously reported in [54]. Also, the 
slight shift of the α-Al peaks of printed and annealed parts toward the 
smaller 2θ angles is in accordance with the increase of crystal spacing 
and consequent lattice distortion. 

In Fig. A.2b, XRD patterns of a.r AISI 316 L powders and of printed 
and annealed specimens show the presence of FCC austenitic γ-phase 
and a polycrystalline microstructure. When AISI 316 L is heated in air at 
400 ◦C, the formation of Cr2O3 oxides becomes detectable by XRD after 
100 h of dwelling time, as recently confirmed by Xi Huang et al. [55]. 

Fig. 6 shows the CT reconstructions of four scanned specimens: 

AlSi10Mg tetrachiral (Fig. 6a), AISI 316 L tetrachiral (Fig. 6b), 
AlSi10Mg hexachiral (Fig. 6c) and AISI 316 L hexachiral (Fig. 6d). The 
mean ligament thickness of the four samples was determined to be 
0.364 ± 0.023 mm, 0.456 ± 0.013 mm, 0.363 ± 0.019 mm and 
0.446 ± 0.013 mm, respectively. The divergency between the designed 
values of 0.5 mm and the one measured on the real structures can be 
attributed to the sand blasting operations and to the laser beam offset 
parameter used during printing (not optimised for the AlSi10Mg pow-
ders). The surface texture characterisation based on the CT re-
constructions confirms that the surface finish of AlSI10Mg specimens is 
worse than that of AISI 316 L specimens. Several surface profiles were 
extracted from the CT reconstruction of each analysed specimen and 
used to compute the following surface texture parameters according to 
the method described in [56]: Pa (arithmetical average mean deviation 
of the assessed profile), Pp (maximum profile peak height), Pv (deepest 
profile valley height), Pt (maximum peak-to-valley height) and Prf 
(percentage content of re-entrant surface features, which is a parameter 
related to the complexity of the surface profile). The average parameter 
values obtained for specimens of different materials are reported in  
Table 2. Fig. 7 illustrates two profiles taken as examples: a profile of an 
AlSi10Mg specimen (Fig. 7a) showing the presence of complex 
re-entrant surface features (which are typical of LPBF surfaces with 
unmelted particles and are revealed by larger values of the Prf parameter 
[56] and a profile of an AISI 316 L specimen (Fig. 7b) showing a much 
smoother morphology. 

Internal porosity was also measured from CT data, determining the 
pores volume and position inside the analysed specimens. Porosity 
measurements reveal that the AlSi10Mg tetrachiral specimen has a 
0.07% percentage content of voids and a maximum void volume of 
1.28⋅10− 3 mm3. Such voids can be seen as dark spots in Fig. 8a, which is 
a cross-section extracted from the CT reconstruction, and as 3D entities 
in Fig. 8b, where colours are assigned based on the volume of every 
single pore (see the colour scale at the bottom of the figure). The AISI 
361 L specimen (Fig. 8c and d) has a lower percentage content of voids 
(0.03%) and a maximum void volume of 0.1⋅10− 3 mm3. 

The comparison of the two materials with hexachiral structure led to 
similar conclusions. In particular, the percentage contents of voids are 
equal to 0.08% and 0.05%, with maximum voids of 0.90⋅10− 3 mm3 and 
0.14⋅10− 3 mm3, respectively for the AlSi10Mg (Fig. 9a, and b) and AISI 
361 L (Fig. 9c and d) specimens. The presence of such low residual 
porosity ≤ 0.08% in all samples confirms that the used manufacturing 
parameters in terms of laser power and scanning strategy were 
appropriate. 

3.2. Tetrachiral structures: mechanical characterisation 

The deformation response of tetrachiral structures under tensile 
loading is shown in Fig. 10. There is no difference observed in the 
deformation mechanism between the aluminium and stainless steel 
structures. Deformation starts with the rotation of nodes and wrapping 
of ligaments and, in both cases, leads to failure of individual ligaments in 
one layer closest to the stiff specimen clamping area. The nodes can not 
freely rotate in this area, which leads to deformation localisation and 
significant stress concentrations. The failure is initiated at the structure’s 
outer ligament and then propagates through its width towards the other 
side. This effect could be improved in future testing by gradual changing 
the ligament’s thickness in the clamping area to alleviate stress 
concentrations. 

The stereomicroscopic images of undeformed and deformed tetra-
chiral structures are shown in Fig. 11. It can be observed that the nodes 
of both analysed structures are not deformed. That cellular structure 
deformation is based solely on the rotation of nodes and limited bending 
of ligaments. 

The mechanical response of tetrachiral structures is shown in Fig. 12, 
where the grey lines represent five specimens’ response, while the black 
line represents the average response. The linear elastic region, 

Table 2 
Average values of surface texture parameters measured on different specimens.  

Material Surface texture parameters 

Pa [µm] Pp [µm] Pv [µm] Pt [µm] Prf [%] 

AlSi10Mg  17  77 - 46  123  3.1 
AISI 316 L  7  31 - 28  59  0.1  

Fig. 7. Surface profiles extracted from the CT reconstructions of an AlSi10Mg 
specimen (a) and AISI 316 L specimen (b). 

N. Novak et al.                                                                                                                                                                                                                                  



Additive Manufacturing 45 (2021) 102022

7

plastification and stepwise failure can be observed. The discrepancy of 
the results is minimal, proving good repeatability in the fabrication 
procedure and ensuring a predictable mechanical response. The step-
wise failure is a direct consequence of failing ligaments, which break 
consecutively one after another in one layer, as shown in Fig. 10. The 
tetrachiral structures made from AISI 316 L provides a much stiffer 
(more than 4-times stiffer) response, and the structure fails at larger 
displacements (approx. 4-times larger) compared to the structure made 
from AlSi10Mg. This is further analysed in Fig. 19, where the specific 
responses are compared. 

Fig. 13a shows the fracture surface of AlSi10Mg and AISI 316 L tet-
rachiral samples. They both show the presence of voids and dimples. 
These features are in accordance with ductile behaviour as predicted by 
the literature on heat-treated AlSi10Mg [57] and AISI 316 L [58]. 

Voids are associated with the presence of unmelted particles and 
represent stress concentration points where cracks may start. These 
particles are present at the layers interface, and it was observed that 
cracks initiate at the interlayer position as reported in [58] for AISI316L 
specimens printed in the x-direction. 

3.3. Hexachiral structures: mechanical characterisation 

The deformation behaviour of hexachiral structures under tensile 

loading is shown in Fig. 14. A completely different deformation me-
chanics can be observed compared to tetrachiral structures, which is 
even more pronounced at larger strains. In the case of hexachiral 
structures, a shear band is formed. The ligaments fail at the angle of 45◦

concerning the loading direction, while the ligaments of tetrachiral 
structures consecutively fail perpendicular to the loading direction 
(Fig. 10). 

The stereomicroscopic images of undeformed and deformed hex-
achiral structures are shown in Fig. 15. It can be observed that the 
deformation of ligaments is much larger than in the case of tetrachiral 
structures (Fig. 11), which is a consequence of much larger displacement 
at failure (Fig. 18). The deformation of chiral nodes at larger displace-
ment can also be observed for specimens made of AISI 316 L. 

The mechanical response of hexachiral structures is shown in Fig. 16, 
where the grey lines represent five specimens’ response, while the black 
line represents the average response. The stepwise failure is also 
observed in the case of hexachiral structures, which is a consequence of 
consecutively failing ligaments. A more considerable discrepancy in the 
failure strain values can be seen in AlSi10Mg structures, which is a 
consequence of substantial local deformation in the area of chiral nodes. 
Significantly more fabrication defects on the surface of specimens and 
residual porosity can also be observed in the case of structures made of 
AlSi10Mg (Figs. 4–6 and 8). This also influences the discrepancy in 

Fig. 8. Examples of CT porosity analysis for tetrachiral specimens: cross-sections extracted from the CT reconstructions for AlSi10Mg (a) and AISI 361 L (b) 
specimens (pores are visible as dark spots) and volume analysis of internal pores for AlSi10Mg (b) and AISI 361 L (d) specimens (colours are assigned based on the 
volume of every single pore). 
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Fig. 9. Examples of CT porosity analysis for hexachiral specimens: cross-sections extracted from the CT reconstructions for AlSi10Mg (a) and AISI 361 L (b) 
specimens (pores are visible as dark spots) and volume analysis of internal pores for AlSi10Mg (b) and AISI 361 L (d) specimens (colours are assigned based on the 
volume of every single pore). 

Fig. 10. Deformation behaviour and failure of AlSi10Mg (a) and AISI 316 L (b) tetrachiral structure (displacement (effective strain) increment: approx. 0.1 mm 
(0.2%) - aluminium and 0.3 mm (0.6%) - steel). 
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failure strain since any minor defect caused by the fabrication procedure 
can lead to stress concentrations and subsequent crack formation. The 
AISI 316 L hexachiral structures show a stepwise failure mode, where 
steps shrink in a narrow range of displacement, following the chiral 
nodes’ larger displacement. The fracture surfaces of the hexachiral 
structures in Fig. 17 confirm the occurrence of ductile fracture. Large 
voids and dimples can be observed for the AlSi10Mg samples, while 

smoother surfaces are characteristic for AISI 316 L hexachiral samples, 
where more minor dimples in the range between 1 µm and 5 µm are still 
visible (see insert in Fig. 17d). The larger deformation of hexachiral 
structures before the fracture is attributed to the macroscopic scale’s 
node rotation mechanism. 

The hexachiral structures made from AISI 316 L provides a much 
stiffer (more than 4-times stiffer) response, and the structure fails at 

Fig. 11. Stereomicroscopic images of AlSi10Mg (top) and AISI 316 L (bottom) tetrachiral structures before a) and c) and after b) and d) tensile test.  
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Fig. 12. Mechanical response of AlSi10Mg (a) and AISI 316 L (b) tetrachiral structure.  
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larger displacements (approx. 4-times larger) compared to the structure 
made from AlSi10Mg, which is in correspondence with tetrachiral 
structures (Fig. 12). This is further analysed in Fig. 19, where the specific 

responses are compared. 

Fig. 13. Fracture surface of AlSi10Mg (a, b) and AISI 316 L (c, d) tetrachiral structures.  

Fig. 14. Deformation behaviour and failure of AlSi10Mg (a) and AISI 316 L (b) hexachiral structure (displacement (effective strain) increment: approx. 0.4 mm 
(0.7%) - aluminium and 1.5 mm (2.6%) - steel). 
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3.4. Comparison of the experimental results 

The influence of the geometry and base material of the chiral auxetic 
structures on the mechanical response is evaluated in this section. First, 
the two different auxetic geometries fabricated from the same material 
(AlSi10Mg and AISI 361 L) were compared. The specific forces were 
normalised by dividing the response force with the specimen’s width. 
The hexachiral structures have a stiffer and more ductile response, 

regardless of the base material, as can be observed from Fig. 18. This is a 
consequence of the more extensive local deformation capability around 
the nodes, further evaluated in Section 4. The large local deformation 
around the nodes in the case of hexachiral structures also results in a 
more distinct difference in failure strain between tetra- and hexachiral 
specimens (Figs. 12 and 16), especially in the case of AlSi10Mg material, 
which is less ductile compared to AISI316L. The initial stiffness of 
hexachiral structures fabricated from aluminium is lower than that of 

Fig. 15. Steromicroscopy images of AlSi10Mg (a, b) and AISI 316 L (c, d) hexachiral structures before (a, c) and after (b, d) the tensile test.  
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Fig. 16. Mechanical response of AlSi10Mg (a) and AISI 316 L (b) hexachiral structure.  
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tetrachiral structures. However, the load-carrying capability of hex-
achiral structures is higher due to more ductile behaviour and delayed 
failure. 

Specific forces (response divided by total weight of specimens) are 
shown in Fig. 19 to compare two analysed geometries’ base materials. As 

can be seen from Fig. 19, the stainless steel specimens have a slightly 
stiffer elastic part of the response and much higher ductility and specific 
load-carrying capability than aluminium samples. The increase of stiff-
ness and ductility is also a consequence of fewer voids and better surface 
finish in the specimens made of AISI 361 L (Figs. 6–8), apart from 

Fig. 17. Fracture surfaces of AlSi10Mg (a, b) and AISI 316 L (c, d) hexachiral structures.  
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Fig. 18. Comparison of the mechanical response of different auxetic structures made of AlSi10Mg – Al (a) and AISI 361 L – SS (b).  
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noticeable material differences in mechanical properties. The relation 
between the stiffness of the structures made from AlSi10Mg and 
AISI316L is less evident than it is when comparing the bulk material’s 
stiffness. This is because the bulk material’s stiffness affects the node 
rotation and ligament deformation, which is indirectly reflected in 
Young’s modulus of the chiral structure. 

4. Computational simulations 

4.1. Computational modelling 

The material properties obtained by inverse engineering and opti-
misation (Section 2.4) for the used constitutive model are given in  
Table 3. The values of yield stresses for AISI 361 L are slightly higher 
than those reported in [51], while Young’s modulus determined by the 
optimisation is about 20% lower. The difference might be a consequence 
of material parameters in [51] being determined on different standard 
tensile and especially shear specimens, where the local defects can 
decrease the material properties. 

The Young’s modulus of AlSi10Mg is about 40% lower, and yield 
stress is 35% lower as reported in [59], where the same fabrication 
procedure was used and the material properties were determined by 
tensile testing. The lower values of mechanical properties determined by 
this optimisation study are significantly influenced by the discrepancy 
between the fabricated and nominal ligament thickness. The local 
fabrication defects (Fig. 4) and voids in material significantly influence 
global mechanical behaviour. As discussed in Paragraph 3.1, the fabri-
cation defects are larger in the case of AlSi10Mg. The difference to the 
literature data is therefore larger for AlSi10Mg than for AISI 361 L. 
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Fig. 19. Comparison of the mechanical response of different materials (AlSi10Mg – Al and AISI 361 L – SS) of tetra- (a) and hexachiral (b) auxetic structures.  

Table 3 
Material properties.  

Material parameter Material 

AlSi10Mg AISI 361 L 

Young’s modulus [GPa]  30.8 140.3 
Poisson’s ratio [-]  0.28 0.3 
Plastic strain [-] |Yield stress [MPa]  0  157.7 0 550.3  

0.1  247.2 0.1 609.9  
0.2  346.9 0.2 730.2  
0.3  448.0 0.3 849.8  
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4.2. Computational results 

The correlation between the experimental and computational results 
is shown in Fig. 20. An excellent agreement can be observed for all 
analysed geometries and materials up to failure. The failure was not 
modelled in that study but could be implemented using the ductile 
damage model within the future’s explicit time integration scheme. The 
deformation behaviour of computational models is also in good agree-
ment with experimental results, as shown in Fig. 21. The stress con-
centration is evident in the first layer of the tetrachiral structures 
(Fig. 21a), leading to the shear band’s formation through the whole 
specimen’s length between the two stress concentrations. The stress 
distribution is more homogenous in the case of hexachiral structures 
(21b), where the computational results predict a similar failure pattern 
as observed in the experiment (Fig. 14). 

5. Evaluation of the structural Poisson’s ratio and parametric 
computational study 

5.1. Poisson’s ratio 

The structural Poisson’s ratio was determined from the deformation 
behaviour of specimens using the DIC technique. The image sequence of 
each specimen deformation was analysed with GOM Correlate software, 
where the Poisson’s ratio change was calculated from observed axial and 
lateral displacements. These were also compared with the computa-
tionally obtained Poisson’s ratio results recorded throughout the loading 
process. 

The results of the analysis shown that the structural Poisson’s ratio is 

not constant through the loading process (Fig. 22), which was already 
observed in previous work [60,61]. Reasonable agreement between the 
experimental and computational results can also be observed. 

The lowest values of average Poisson’s ratio are given in Table 4, 
which is the case in most of the literature in the field of auxetic cellular 
structures [62]. Structures made of AlSi10Mg provide an absolute lower 
Poisson’s ratio than structures made of AISI 361 L, except for tetrachiral 
experimental results. This can be explained by deformation localisation 
and local material hardening already at smaller displacements, where 
the lowest Poisson’s ratio is observed. The values of Poisson’s ratios for 
AlSi10Mg structures are in good correlation (especially for hexachiral 
structures) with literature data [27], where the authors measured the 
Poisson’s ratio of − 0.26 for tetrachiral structures and − 0.81 for hex-
achiral structures, respectively. The Poisson’s ratio results should be 
material independent, but this is true only before the initialisation of 
plastic strain. The discrepancy of tetrachiral structures’ values can also 
be observed in the literature [63], where the Poisson’s ratio values vary 
from − 0.83 to +0.2. 

Fig. 21. Comparison of experimental and computational deformation behaviour of tetra- (a) and hexachiral (b) AISI 361 L structures (displacement increment: 
0.5 mm (a) and 2.5 mm (b)). 
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Fig. 22. Comparison of experimental and computational structural Poisson’s ratio of AlSi10Mg (a) and AISI 361 L (b) auxetic structures.  

Table 4 
Minimum values of Poisson’s ratio.   

Poisson’s ratio [-] 

Specimen Experimental (st. dev.) Computational 

Tetrachiral AlSi10Mg -0.08 (0.046) -0.06 
Tetrachiral AISI 361 L -0.17 (0.014) -0.14 
Hexachiral AlSi10Mg -0.74 (0.065) -0.59 
Hexachiral AISI 361 L -0.48 (0.019) -0.55  
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5.2. Parametric computational study 

After successfully validating the computational models, the para-
metric computational study was performed, where the influence of lig-
ament thickness, node thickness and aspect ratio was analysed for 
hexachiral and tetrachiral geometries. The AISI316L material was cho-
sen for the parametric study. The used computational models of hex-
achiral structures (the same methodology was used for tetrachiral 
structures) are shown in Fig. 23. Three different ligament thicknesses 
were used (Fig. 23a), three different node thicknesses (Fig. 23b) and 
three different aspect ratios (Fig. 23c). Only two geometries are shown 

in Fig. 23b and c, while they were compared to the initial geometry with 
t = 0.5 mm shown in Fig. 23a. While performing the parametric study, 
the position of the centres of all the nodes remains the same. 

The Poisson’s ratio and normalised maximum force were evaluated 
for each structure in the parametric study (Tables 5 and 6). The increase 
in ligament and node thickness results in less pronounced auxetic 
behaviour for both analysed geometries. The normalised forces increase 
when the ligament thickness increases in the case of tetrachiral struc-
tures, while this is not the case for hexachiral structures. The results of 
hexachiral structures with t = 0.3 mm are not representative in the case 
of maximum forces at this point due to the computational modelling 
approach where the maximum force was determined at the same 
displacement as for the structure with t = 0.5–10 mm (Fig. 20). Liga-
ments with t = 0.3 mm will already break at achieved that displacement 
if the failure would be considered. In that case, the parametric study 
should be performed only up to the failure, which would be at a different 
displacement for all analysed cases and the results would not be com-
parable. When the ligament and node thicknesses are increased, a higher 
Poisson’s ratio is a consequence of the limited ability to rotate the lig-
aments around the nodes. These results agree with the data given in [27, 
64], where an increase of parameter ß=t/r results in a decrease of 
Poisson’s ratio. 

The node thickness changes while keeping the ligament thickness 
consistent result in comparable maximal force and a significant in-
crease/decrease of auxetic behaviour when increasing/decreasing node 
thicknesses. The change of node thickness results in a changed stiffness 
ratio between the ligaments and nodes. When the node’s thickness is too 
small, it does not behave as a quasi-rigid node anymore. Therefore, the 
ligaments’ rotation around the node is minimal since the node itself is 
deforming. 

The aspect ratio analysis in the case of hexachiral structures is in 
good agreement with the data provided in [27]. The change in aspect 
ratio does not influence the deformation behaviour of hexachiral auxetic 
structure. In contrast, the change in aspect ratio significantly changes 
the tetrachiral structure’s behaviour. 

6. Conclusions 

Tetra- and hexachiral auxetic structures were fabricated from 
AlSi10Mg and AISI 316 L gas atomised powders, using LPBF technology. 

Fig. 23. Geometries for the parametric computational study of hexachiral structures (the same methodology was used for tetrachiral structures) with changing the 
ligament thickness (a), node thickness (b) and aspect ratio (c). 

Table 5 
Results of parametric computational study.  

Tetrachiral specimens 

Specimen’s properties  

t [mm] tnode 

[mm] 
L/R 
[-] 

RD 
[%] 

Poisson’s ratio 
[-] 

Fmax,norm [kN/ 
g]  

0.3  0.3  4.7  20  -0.36  0.25  
0.5  0.5  4.7  34  -0.14  0.42  
0.7  0.7  4.7  47  0.04  0.48  
0.5  0.3  4.7  27  0.26  0.33  
0.5  0.7  4.7  39  -0.24  0.36  
0.5  0.5  7.4  31  -0.26  0.53  
0.5  0.5  3.2  37  0.21  0.34  

Table 6 
Results of parametric computational study.  

Hexachiral specimens 

Specimen’s properties  

t [mm] tnode 

[mm] 
L/R 
[-] 

RD 
[%] 

Poisson’s ratio 
[-] 

Fmax,norm [kN/ 
g]  

0.3  0.3  5.3  12 -0.78  0.68  
0.5  0.5  5.3  35 -0.55  0.47  
0.7  0.7  5.3  55 -0.19  0.45  
0.5  0.3  5.3  26 -0.05  0.52  
0.5  0.7  5.3  30 -0.64  0.53  
0.5  0.5  7.5  31 -0.45  0.53  
0.5  0.5  4.0  38 -0.51  0.41  
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The microstructure analysis of AlSi10Mg and AISI 316 L samples proved 
that the production parameters used during the LPBF process and the 
heat treatments performed after the fabrication were appropriate. The 
Al with a small fraction of Si phase present in the AlSi10Mg specimens 
after annealing implies partial precipitation of Si. Only the FCC austenite 
phase was detected in AISI 316 L samples. The residual porosity was 
≤0.08% for all structures and compositions, with a slightly higher 
porosity observed in the AlSi10Mg specimens. The surface finish of the 
AISI 316 L specimens was found to be superior in terms of height surface 
texture parameters (Pa, Pp, Pv and Pt, which were almost double for the 
AlSi10Mg specimens) and presence of re-entrant surface features (the 
percentage content of re-entrant surface features, Prf, was >3% for 
AlSi10Mg and 0.1% for AISI 316 L). The tensile mechanical properties 
were evaluated using standard tensile testing, where excellent repeat-
ability of the mechanical responses was observed. This proves, once 
more, the reliability of the fabrication procedure. The results show that 
the hexachiral auxetic structures provide more ductile response and 
delayed failure at larger deformation than tetrachiral structures (the 
failure strain is more than four times larger in the case of hexachiral 
structures). This is attributed to increased elastoplastic deformation in 
the node’s area of hexachiral structures. In contrast, the deformation of 
tetrachiral structures is more localised due to node and ligaments’ 
alignment. 

The comparison between different materials reveals that AISI 316 L 

provides for much more ductile response than AlSi10Mg at comparable 
normalised load-carrying capability (the failure strain is more than three 
times larger in the case of AISI 316 L). 

The deformation behaviour was further evaluated using DIC, where 
the transverse vs axial strain relationship was studied through the 
structural Poisson’s ratio. It was shown that the structural Poisson’s 
ratio varies through the loading process. The lowest obtained values 
were − 0.17 and − 0.74 for tetra- and hexachiral structure, respectively. 

The computational models were validated based on the experimental 
results. The material parameters of the used constitutive model were 
reverse-engineered. Excellent agreement has been reached between the 
experimental and computational results. The computational models 
enable detailed deformation analysis, i.e. observation of shear band in 
tetrachiral structures, not so clearly observed in the experiment. The 
computational parametric study reveals the influence of the ligament 
thickness, node thickness and aspect ratio on the deformation and me-
chanical behaviour of analysed chiral structures. The auxetic behaviour 
(Poisson’s ratio) can be tailored with the changing ligaments and node 
thickness, where the increase in the thickness results in less evident 
auxetic behaviour. On the other hand, the increase of the ligaments and 
nodes thickness increase the normalised maximum force. The change in 
the node thickness, while keeping the ligament thickness constant, re-
sults in comparable maximal force and significant increase/decrease of 
auxetic behaviour when increasing/decreasing node thicknesses. 

Fig. A.1. SEM images of the as-received powders: AlSi10Mg (a) and AISI 316 L (b).  

Fig. A.2. XRD diffractograms of as-received powders and printed and annealed specimens: AlSi10Mg (a) and AISI 316 L (b).  
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Finally, the aspect ratio analysis shows that the mechanical and defor-
mation response of hexachiral structures is not dependent on the aspect 
ratio. In contrast, the tetrachiral structure’s mechanical and deformation 
behaviour significantly depends on the aspect ratio. The material pa-
rameters of additively manufactured AlSi10Mg and AISI 316 L and 
developed parametric computational models will be further used for the 
optimisation studies to develop novel chiral auxetic geometries, which 
will drive further development in this field and increase their 
applicability. 
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[13] D. Tomažinčič, M. Vesenjak, J. Klemenc, Prediction of static and low-cycle 
durability of porous cellular structures with positive and negative Poisson’s ratios, 
Theor. Appl. Fract. Mech. vol. 106 (2020). 
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