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a b s t r a c t

Novel three-dimensional (3D) axisymmetric chiral structures with negative and zero

Poisson's ratios are presented based on the existing 3D conventional chiral unit cell. The

conventional tetra-chiral unit cell is mapped to the axisymmetric space to form the new 3D

axisymmetric chiral structure. Two different structure designs are characterised depend-

ing on the period delay of the sine curve representing the horizontal struts of the structure.

The structures are fabricated using additive manufacturing technology and experimentally

tested under compression loading conditions. The digital image correlation methodology is

used to determine the Poisson's ratio dependence on the axial strain. The computational

model of axisymmetric chiral structures is developed and validated using the experimental

data. The computational model is then used to evaluate the new virtual axisymmetric

chiral structures with graded cell structures. The newly developed axisymmetric structures

show enhanced mechanical properties when compared to the existing 3D chiral structures.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The auxetic cellular structures are novel cellular meta-

materials with a negative Poisson's ratio, which are very

useful in various fields of engineering, medicine, sport and

fashion due to their unique deformation behaviour [1,2]. Such

structures shrink in transversal direction while being com-

pressed and vice versa in the case of tensile loading. Their

development started more than 30 years ago, and many,
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primarily 2D and orthogonal 3D geometries have been devel-

oped and analysed since then. The auxetic deformation

behaviour can be achieved on nano, micro or macro level

since the underlying kinematic deformation system is scal-

able. The currently known auxetic structures have predomi-

nantly orthotropic properties, e.g. 2D honeycombs [3,4], 3D

structures [5,6], composites [7], while the truly three-

dimensional isotropic structures have yet to be developed.

The tubular or/and axisymmetric structures and structures

with similar circular hollowcross-sectionswithmainly radially
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graded density can be found in nature [8,9]. These building

approaches of nature were also adopted in many engineering

applications and are among the most used structures in engi-

neering. Such mimicking structures are, for example, crash

tubes [10,11], crash boxes [12], alsowith axially graded porosity

which results in multi-stage behaviour [13] and tubular joints

[14,15]. These studies report on the excellent mechanical

properties of hollow circular tubes compared to their solid

counterparts, especially of energy absorption capacity during

an axial impact. The drawbacks of these structures represent

progressive buckling and unstable deformation pattern in en-

gineering applications, while in the case of medical stents, the

crushing and removal still present some significant challenges.

These drawbacks can be minimised or limited with individu-

alised tailoring (programming) of the Poisson's ratio of cylin-

drical structures as it was demonstrated in [16,17], or using

different cellular structures for the tube body [18].

The auxetic tubular structures are mostly limited to

different two-dimensional auxetic geometry mapped on the

surface of the tube [19]. The re-entrant unit cells weremapped

on the tube's surface and studied using the finite element

simulations in [20]. The rotating rigid units were also consid-

ered for the auxetic tubular structure [21], as well as auxetic

chiral unit cells [22e24], perforated sheets [25,26], and W ge-

ometry [27]. At that point, it should be noted that by extending

the auxetic 2D geometry in the radial direction, the extension

should be relatively limited to retain the auxetic effect and

prevent progressive and non-controlled buckling. Therefore,

the three-dimensional unit cells were also used for the tubular

structures, like 3D re-entrant cells [28], where the authors

showed that the auxetic cellular tubes have a better response

under compressive loading compared to equivalent solid

tubes. One way to overcome the problem with buckling is to

form the 3D structure by mapping the 2D auxetic geometry to

the circumferential direction and not to radial as it was done

inmost previously presented cases. Thiswas donewith chiral,

re-entrant and star-shaped geometries in [29].

The tubular structures with fillers achieve superior prop-

erties under different loading conditions, as shown in [30].

Most of the voids of the presented auxetic structures are not

filled, while with foam-filled auxetic structures, the energy

absorption capacity can be superior to hollow ones. This was

shown in the case of W geometry [31]. The same effect as in

the foam-filled tube can also be achieved with the density

graded cellular structure, in the same way as observed in

nature (e.g. varying bone density in a radial direction).

In this work, the newly developed fully 3D axisymmetric

chiral auxetic structure is presented, fabricated and then

experimentally and computationally evaluated. The structure

is based on the regular 3D chiral unit cells mapped to the 3D

axisymmetric space to form the 3D chiral axisymmetric

structure.
2. Specimen geometry

The axisymmetric chiral cellular structure (ACS) with a cy-

lindrical shape presented in this work is built from the unit

chiral cells with their shape corresponding to the 10th eigen-

mode of the regular cubic unit cell, which was presented in
[32], and studied in detail in [33e35]. The geometry of the

presented axisymmetric chiral cellular structure is pending

the patent at the European patent office [36]. The regular, non-

axisymmetric geometry of the chiral structure was already

studied in our previous work [37e39]. The three-dimensional

chiral unit cell represents a lattice structure composed of

curved struts joined at cube vertices (nodes), thus forming an

open-cellular structure with very low structural weight. The

struts take the shape of sines, whose turning points meet in

the nodes and can have concave or convex curvature

depending on their spatial orientation. The structure exhibits

auxetic deformation behavior upon mechanical loading with

negative Poisson's ratio in polar (axisymmetric structure) or

spherical (spherical structure) directions.

Several possible embodiments of the axisymmetric chiral

auxetic structure are possible, with regards to the i) base

material, which is metal or non-metal, ii) struts of unit cells,

which can differ in cross-section shape, i.e., circular, trian-

gular, quadrilateral; thickness; length; curvature, e.g., poly-

nomial, trigonometric; the connection of adjoining or opposite

nodes, iii) unit cells, which can differ in size and closure of the

cell windows (i.e., closed or open cells), iv) distribution of unit

cells in space.

The above-listed parameters may be uniform throughout

the cellular structure or vary in the axial, radial, or circum-

ferential direction. The latter leads to graded axisymmetric

chiral auxetic structures with spatially variable properties.

The graded structures offer the detailed adoption of the ge-

ometry and its mechanical and deformation behavior to the

estimated loading scenarios.

The unit cell geometry is shown in Fig. 1f, where the

geometrical parameters l,handAaredetermined.Theheight of

the unit cell h and amplitude A in horizontal struts are kept

constant in the sample,while amplitudeA in vertical struts and

length of unit cell l are changing in the radial direction. The

original axisymmetric chiral structure (ACS_v1) presented in

this work (Fig. 1a) was built from the unit chiral cell that was

first scaled and copied in the radial direction starting from the

outermost layer towards the structure axis (direction r) to form

a single radial slice layer. The slice layer was then repeatedly

copied along the axis (directionh) to forma radial slice as a part

of the axisymmetric arrangement. This slice was then copied

repeatedly in the circumferential direction around the struc-

ture axis (direction 4) to form the final axisymmetric structure.

The corresponding axisymmetric chiral structure generator

was developed for that purpose in Ansys Spaceclaim software

using the Python script (Ansys® Academic Research Mechani-

cal, Release 2021 R2). The generator allows for different scale

factors for radial and vertical transformation to build the ACS

with spatially graded cellular structure with varying strut

thickness, unit cell size, and the unit cells' amplitude.

The secondACS structure (ACS_v2) was also developed and

analysed in this study, where the horizontal struts have the

same sine shapes as in the case of ACS_v1, but without half

period delay in every second horizontal layer of the structure,

i.e., the maximum and minimum of the sine curve are at the

same circumferential position in each layer.

One ACS_v1 and two ACS_v2 structures with different

relative densities and dimensions ∅20 mm � 20 mm were

generated for this study. The geometrical parameters of the

https://doi.org/10.1016/j.jmrt.2022.02.025
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Fig. 1 e The generation of the axisymmetric chiral structure (a), architected virtual (b,d), fabricated geometry (c,e) of the

ACS_v1 and ACS_v2 structure, and geometry of the unit cell, respectively.

Table 1 e Physical properties of fabricated specimens.

Geometry Dimensions
[mm]

Weight
(st. dev.) [g]

Relative
density [%]

ACS_v1 ∅20 � 20 4.37 (0.0.4) 8.5

ACS_v2_relative

density6

3.17 (0.11) 5.6

ACS_v2_relative

density9

5.21 (0.08) 9.1
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unit cell are the same for ACS_v1 and ACS_v2 structures and

are l¼ h¼ 2mmandA¼ 0.5mm in themost outer layer of unit

cells. Different relative densities in ACS_v2 structures are

achieved using different strut thicknesses.

Six samples of each generated structure were fabricated

using the additive manufacturing machine EOS M280 based

on a powder bed fusion system. The machine uses a 400W

Ytterbium fiber laser with a beam diameter between 100 mm

and 500 mm, and scan speeds up to 7 m/s. Gas atomised

stainless steel 316L powder was used to fabricate the plate

samples with consistent and repeatable geometry [40]. The

fabrication imperfection, surface quality and their influence

on the mechanical behaviour were already presented in our

previous work for the strut based auxetic structures [41] and

TPMS structures [42].
The fabricated sample plates were blasted with high-

pressure air to remove the surrounding residual powder.

The average mass and corresponding relative density of

fabricated samples are given in Table 1.

https://doi.org/10.1016/j.jmrt.2022.02.025
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Fig. 2 e The vertical (a) and horizontal (b) positioning of DIC correlation points.
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3. Mechanical testing

3.1. Methods

Uniaxial compression tests following ISO 13314:2011 standard

[43] were performed using a servo-hydraulic INSTRON 8801

testing machine with the position-controlled cross-head rate

of 0.1 mm/s (quasi-static testing - QS) and 284 mm/s (dynamic

testing - DYN) at room temperature of 22 �C. The testing

conditions were the same for all analysed specimens. The

recorded load-displacement data were converted to engi-

neering stress-strain values, using the initial specimen's di-

mensions. Macroscopic engineering strain rate was calculated

by dividing the loading velocity with the specimen's length in

the direction of the loading. The initial engineering strain

rates during quasi-static and dynamic testing were 0.005 s�1

and 14.2 s�1, respectively. The plateau stresswas calculated as

average stress in the range of 20e40% compressive strain [43],

while the values of specific energy absorption (SEA) were and

Crash Force Efficiency (CFE) values were calculated as follows:

SEA¼

Z
εd

0

sdε

r
(1)

CFE¼
aver
ε< εd

s

max
ε< εd

s
� 100% (2)

where εd is the densification strain (calculated as strain where

the stress reaches 1.3� plateau stress [44]) and r is the density

of cellular structure.

The deformation behavior was additionally evaluated

using infrared (IR) thermography. IR thermography was
applied using high-speed cooled middle-wave IR thermal

camera Flir SC 5000 (frame rate 608 Hz with 0.02 K sensitive

cooled middle-wave InSb detector) to observe the evolution of

plastic deformation of specimens during the dynamic

compression testing. This method has already been demon-

strated as suitable for deformation pattern recognition and

crushing process in various cellular materials subjected to

dynamic loading conditions [45,46] and also offers a reliable

tool for additional validation of computational models [6].

Digital image correlation (DIC) is a well-known method

used for tracking specimen deformation using sequential

high-resolution digital imaging. A grid of correlation points

needs to be defined at specified image pixels to track the

deformation through the sequence of images. In this study,

the correlation points were positioned vertically and hori-

zontally on the outer part of the specimen to evaluate lon-

gitudinal and transversal strains, respectively. Thirty

correlation points were used in the vertical direction and

twelve in the horizontal direction. Each point was sur-

rounded by a subset of pixels defining a specific area (Fig. 2).

First, the DIC method was used to observe the longitudinal

and transversal strains, then used to evaluate the Poisson's
ratio. The complete deformation process was captured by an

average set of 28 digital images. The image resolution was

1060 px � 1025 px.

3.2. Results

The mechanical testing results of axisymmetric chiral sam-

ples are given in Figs. 3e5, where the single test results are

presented with dotted lines, while a solid line represents the

average. Figure 3a shows the mechanical response of ACS_v1

samples, where a typical response of cellular materials can be

https://doi.org/10.1016/j.jmrt.2022.02.025
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Fig. 3 e Themechanical response (a) and deformation behaviour under quasi-static (b) and dynamic (c) loading conditions of

ACS_v1 samples.
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observed. The linear elastic region is followed by the plateau

region of constant stress, ending in structure densification.

The limited strain rate hardening can be observed when

comparing the quasi-static and dynamic responses. Figure 3b

and c shows the deformation behavior of the samples under

the quasi-static loading conditions and dynamic loading

conditions using the IR thermography, respectively. The

auxetic behavior can be observed in Fig. 3b, further analysed

in the section below.

Figure 4a shows the mechanical response of ACS_v2_rela-

tive density6 samples. A more pronounced stress drop after

the first stress peak can be observed if compared to ACS_v1

samples. The limited strain rate hardening can be again

noticed. Figure 4b and c shows the deformation behaviour of

the samples under the quasi-static loading conditions and

dynamic loading conditions using the IR thermography,

respectively. Figure 4b and c shows no apparent auxetic

behaviour in ACS_v2_relative density6 samples.

Figure 5a shows the mechanical response of ACS_v2_rela-

tive density9 samples. A less pronounced stress drop after the
first stress peak if compared to ACS_v2_relative density6

samples is observed, especially in the case of quasi-static

loading. The strain rate hardening is minimal also in this

structure. Figure 5b and c shows the deformation behaviour of

the samples under the quasi-static loading conditions and

dynamic loading conditions using the IR thermography,

respectively. Figure 5b and c shows no apparent auxetic

behaviour also in ACS_v2_relative density9 samples.

A comparison of the static and dynamic responses of three

ACS samples is shown in Fig. 6. The strain rate hardening is

observed in all analysed samples and is more pronounced in

the samples with higher relative densities.

The deformation behavior was additionally analysed

using the DIC, primarily to calculate the Poisson's ratio depen-

dence on the axial strain of specimens, which is illustrated in

Fig. 7 for all three tested sample structures. It can be observed

that the auxetic effect is less pronounced at higher strains, as it

was already observed in previous work [47,48]. However, the

Poisson's ratio changes are more gradual in axisymmetric

auxetic structures and not abrupt as in regular 3D structures.

https://doi.org/10.1016/j.jmrt.2022.02.025
https://doi.org/10.1016/j.jmrt.2022.02.025


Fig. 4 e Themechanical response (a) and deformation behaviour under quasi-static (b) and dynamic (c) loading conditions of

ACS_v2_relative density6 samples.
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4. Computational modelling

The finite element software system LS-DYNA [49] was used for

all reported computer simulations.

4.1. Material model

The elastoplastic material model (MAT_024) was used to

describe the base material's constitutive behaviour of the

analysed axisymmetric structures [49]. The model is a rate-

dependent, three-piecewise-linear elasto-plastic model with

following parameters: density r, Young's modulus E, Poisson's
ratio n, initial yield stress syield, the definition of linear hard-

ening with the second point in the stress-strain diagram (s2,

εpl,2) [50]. Ideal plasticity after the εpl,2 was assumed to avoid

non-physical removal of FE in the case of considered failure.

The plastic material parameters were determined by inverse

parametric computational simulations of loaded samples to

retrieve the same macroscopic simulation results as those
measured in experimental testing for analysed structures and

an entire range of strains up to densification. The resulting

material parameters of thematerial model MAT_024 are given

in Table 2. The values of yield stresses for AISI 361L are similar

to those reported in [51], where the material parameters were

determined using different standard tensile and shear

specimens.

The top and bottom compression plates were modelled as

linear-elastic (material model MAT_ELASTIC) with the

following material parameters: density r ¼ 7850 kg/m3,

Young's modulus E ¼ 210,000 MPa and the Poisson's ratio

n ¼ 0.3.

4.2. Boundary conditions and finite element mesh

The generated CAD geometry of samples was transformed to

beam finite element mesh, allowing for faster and accurate

cellular structure response calculations up to very large de-

formations. Themicro defects in the structure's geometry due

to the fabrication procedure were not taken into account

https://doi.org/10.1016/j.jmrt.2022.02.025
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Fig. 5 e Themechanical response (a) and deformation behaviour under quasi-static (b) and dynamic (c) loading conditions of

ACS_v2_relative density9 samples.
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directly in this type of analysis. Their effect is indirectly

considered in the material's constitutive parameters deter-

mined by the inverse parametric study. The Hughes-Liu beam

finite elements (FE) were used to model the struts of cellular

structures, where their circular cross-section was assumed.

The average diameter of beam FE in computational models

was determined using weight comparison between the CAD

model, fabricated specimens (micro-computed tomography),

and discretised computational models. The mesh sensitivity

analysis was performed with three different FE mesh

densities.

The following boundary conditions were used: the bottom

compression plate with all degrees of freedom fixed, the top

compression plate with prescribed constant velocity (2 m/s)
Table 2 e The MAT_024 material model parameters.

r [kg/m3] E [MPa] n [-] syield [MPa] s2 [MPa] εpl,2 [-]

7850 210,000 0.3 450 650 0.3
towards the bottom plate to speed up the computation time

(Fig. 8). The scaling of the quasi-static testing velocity (from

0.1 mm/s to 2 m/s) to speed up computations was confirmed

as acceptable by parametric computational analysis, where

the reaction forces on the bottom and upper plate were

compared at different loading velocities.

The node to surface contact formulation with friction was

defined between plates and the cellular structure, while the

general contact with friction was defined between the beam

finite elements of the cellular structure. The coefficient of

friction was set to 0.36 and 0.34 for static and dynamic cases

[52], respectively. The latter was slightly lower to account for

the sliding conditions.

4.3. Results

The deformation behavior of ACS_v1 samples is shown in Fig. 9,

where it can be observed that the computed deformation

pattern is very similar to the one observed in the experiments

(Fig. 3a). As observed in the experiments, the cells on the outer

https://doi.org/10.1016/j.jmrt.2022.02.025
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Fig. 6 e The average mechanical responses of ACS structures under quasi-static (solid lines) and dynamic (dashed lines)

loading conditions.
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structure part are not extensively deformed compared to the

cells on the inner part of the structure. The computational

modeling offers a possibility to easily track the deformation

process on the inside of the samples. This is very relevant in the

studied caseswhere localisation results from the cell geometry,

which is narrower in the structure's inner part.

The comparison of the mechanical responses between the

experimental and computational results is shown in Fig. 10.

Excellent agreement between the results can be observed for

the ACS_v1 and ACS_v2_relative density9 samples. The

computational model overestimated the response in the
Fig. 7 e The Poisson's ratio's strain dependence in the experim

and (c) ACS_v2_relative density9.
ACS_v2_relative density6 structure due to increased fabrica-

tion imperfection influence at the low relative density sam-

ples, as already observed in our previous work [6]. The

developed computationalmodel verywell captures the overall

mechanical response of all analysed geometries.

The Poisson's ratio in the FE model was determined with

the same methodology used in the experiments (DIC correla-

tion) by measuring nodal displacements at the same correla-

tion points. Figure 7 shows a good correlation between the

experimental and FE results in the entire analysed strain

range. The Poisson's ratio strain dependency observed in
ent and FE model (a) ACS_v1, (b) ACS_v2_relative density6

https://doi.org/10.1016/j.jmrt.2022.02.025
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Fig. 8 e Computational model of the axisymmetric auxetic structure.

Fig. 9 e The deformation analysis of ACS_v1 FE model (a), and deformation localisation analysis (b) (strain increment: 15%).

Table 3 e Graded axisymmetric chiral structure data.

Geometry Dimensions [mm] t1 [mm] t2 [mm] t3 [mm] Weight [g] Relative density [%]

Uniform (ACS_v1) ∅20 � 20 0.34 0.34 0.34 4.37 8.5

Graded v1 0.24 0.29 0.34 3.55 6.9

Graded v2 0.20 0.25 0.34 3.20 6.2

Graded v3 0.20 0.30 0.40 4.38 8.5

Graded v4 0.30 0.40 0.50 7.29 14.2
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computational simulations is less pronounced, with Poisson's
ratio almost constant up to 40% strain in all analysed cases.

This is a consequence of an ideal geometry used in the

computational models resulting in a uniform and homoge-

neous deformation in contrast to observed localised defor-

mation in actual samples due to local fabrication defects.

The parametric computational study of axisymmetric

chiral structure with simply graded porosity was performed

next. The base geometry of the uniform v1 structure was

divided into three concentric rings (Fig. 12) with varying strut

thicknesses (t1, t2 and t3) per ring assigned, as given in Table 3.
The deformation behavior of the graded axisymmetric chi-

ral structure v3 is shown in Fig. 11. This structurewas chosen as

an example since it has the same relative density as the uni-

form structure v1 (original design in Table 1). By comparing the

deformation behavior in Fig. 11 (graded structure) and Fig. 9

(uniform structure), one can observe less localised deforma-

tion in the central ring in the former structure. This contributes

to graded structures' more predictable mechanical response

(Fig. 12), with a smaller stress drop after the initial peak. The

peak stress, stress plateau and densification strain again clearly

show a dependence of the relative density.

https://doi.org/10.1016/j.jmrt.2022.02.025
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Fig. 10 e Comparison of experimental and computational results for ACS_v1 (a), ACS_v2_relative density6 (b) and

ACS_v2_relative density9 (c) samples.
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5. Results analysis

The peak force and calculated SEA results are given in Table 4

and compared to the previous work. As expected, the plateau

and peak stresses are higher in structures with higher relative

densities. The SEA increases with relative density increase
Fig. 11 e Deformation behavio
since the fabrication defects caused by additive

manufacturing have a minor effect in structures with higher

relative densities.

Compared to the previously published data on the behav-

iour of chiral structures, the SEA is comparable to structures

made of titanium [31] and much higher than in structures

made of copper [38].
ur of v3 graded structure.

https://doi.org/10.1016/j.jmrt.2022.02.025
https://doi.org/10.1016/j.jmrt.2022.02.025


Fig. 12 e Mechanical responses of graded axisymmetric chiral structures.

Table 4 e Peak force and SEA analysis of different auxetic structures.

Sample
relative density [%] Plateau stress [MPa] Peak stress [MPa] SEA to 40% [J/g]

QS DYN QS DYN QS DYN

ACS_v1 8.5 3.21 3.54 3.00 3.42 1.73 1.89

ACS_v1 e computational 3.43 3.64 1.91

ACS_v2_relative density6 5.6 1.24 1.45 1.40 1.52 1.05 1.13

ACS_v2_relative density6 e comptutational 1.82 2.08 1.55

ACS_v2_relative density9 9.1 4.04 4.60 4.23 4.76 2.00 2.20

ACS_v2_relative density9 e comptutational 3.85 4.41 2.03

Chiral Ti [37] 4.1 0.67 0.70 1.03 1.08 1.78 1.79

Chiral Copper [38] 7.2 0.32 0.33 0.40 0.41 0.21 0.22

Table 5eDensification strain andCFE of analysed cellular
structures.

Sample
Densification strain [%] CFE [%]

QS DYN QS DYN

ACS_v1 41 42 70.83 67.99

ACS_v2_relative density6 49 54 80.00 65.80

ACS_v2_relative density9 48 44 66.92 72.79
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The results showed no influence of the negative Poisson's
ratio in structure v1 compared to v2 structure. For that reason,

the subsequent computational studywas conducted for the v1

structure with the relative density of 9.1%, which returned the

plateau stress of 4.9 MPa, peak stress 4.88 MPa and SEA 2.60 J/

g, making this structure superior when compared to the v2

structure.

In order to evaluate the energy absorption efficiency of the

newly developed cellular structures, the densification strain

and Crash Force Efficiency (CFE) values were also calculated
(Table 5). As can be seen from Table 5, the structure with

lowest relative density offers highest CFE among the analyses

cellular structures, while the ACS_v1 sample provides the

most constant CFE value when the loading velocity is

changed.
6. Conclusions

Novel axisymmetric chiral structures (CAS) were developed to

obtain new tubular structures with a negative Poisson's ratio.

The structures were developed using the computed aided

design and manufactured using additive manufacturing

technologies. Two different geometries with different relative

densities were analysed. The energy absorption analysis re-

veals bettermechanical properties of axisymmetric structures

compared to conventional (orthogonal) counterparts.

The experimental results validate the newly developed

computational model, which returns comparable deformation

https://doi.org/10.1016/j.jmrt.2022.02.025
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behavior and Poisson's ratio. The validated computational

models help develop new geometries and study their behavior

under different loading conditions virtually. The validated

computational model was used to evaluate the performance of

a simple axisymmetric chiral structure with graded porosity.

The new structure shows a more uniform stress distribution

and therefore results in higher energy absorption capabilities.

The optimisation algorithms used to design graded CAS

with tailored mechanical properties and uniform stress dis-

tribution are envisaged in the following studies, leading to

improved applicability of these structures in engineering,

medicine, and sports.
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