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Design and finite element analysis of a novel auxetic structure
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ABSTRACT ARTICLE INFO

In this study, a novel auxetic structure, namely RDN, is presented in two- and three-
dimensions. The unit cells are created by modifying the conventional re-entrant
structure and the 2D and 3D structures are formed by multiplying these unit cells.
Finite element analyses are conducted to study the deformation mechanism of these
structures under uniaxial tension, and the mechanical properties of the structures
are obtained. Also, a 3D unit cell is modelled with different strut thickness values to
examine the effect of the strut thickness on mechanical properties. Numerical models
are developed using ANSYS/Static Structural software and linear elastic analyses are
performed by applying small displacements to the structures. It is found that the 2D
and 3D RDN structures possess a high negative Poisson’s ratio but relatively small
stiffness compared to the other auxetics. The analyses of the 3D unit cells showed
that increasing the strut thickness led to higher stiffness values but reduced auxetic
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behaviour of the structure.

1. Introduction

Auxetic structures or materials are characterised by
negative Poisson’s ratio and contrary to traditional ma-
terials, expand due to tensile forces and contract with
compressive effects (Fu et al. 2016; Wang et al. 2016).
When compared to common materials, auxetic struc-
tures have many enhanced and unique mechanical prop-
erties such as fracture toughness, energy absorption and
synclastic curvature due to their unusual deformation
behaviour (Wang et al. 2018; Quan et al. 2020). These
features make auxetics attractive for many practical ap-
plications such as biomaterials (Kuribayashi et al. 2006;
Ali et al. 2014; Kolken et al. 2018; Yao et al. 2021), pro-
tective devices (Foster et al. 2018; Krishnan et al. 2021),
civil engineering (Assidi and Ganghoffer 2012; Dhana-
sekar et al. 2016; Zahra and Dhanasekar 2017), sensors
(Xuetal. 1999; Ko et al. 2015), aerospace (Liu 2006; Ajaj
etal. 2016), and so on.

Although auxetic materials can be found in nature, re-
search into these materials has typically concentrated on
manmade structures and started from the pioneering
work carried out by Lakes (1987) (Wang et al. 2016;
Shepherd et al. 2020). Following Lakes’ seminal work,

two-dimensional (2D) artificial auxetic structures have
experienced remarkable development and the achieve-
ments in these 2D structures have provided a great un-
derstanding of the nature of the unusual materials. How-
ever, with the development of fabrication techniques,
three-dimensional (3D) auxetics attracted considerable
interest and researchers have triggered a trend to de-
velop more complex 3D models in recent years (Fu et al.
2016; Wang et al. 2018; Gao et al. 2021). Some papers in
the literature have examined the mechanical properties
of the various existing auxetic structures, while other
studies have been carried out to expand the family of
auxetic structures and explore potential applications of
these structures. Among these studies, Fu et al. (2016)
developed a novel 3D re-entrant structure that can
achieve a negative Poisson’s ratio in two principal or-
thogonal directions. Lu et al. (2017) proposed two novel
auxetic 3D chiral structures based on the 2D cross chiral
structure and confirmed that the combined structures
have a higher Young’s modulus. A new structure named
re-entrant chiral auxetic (RCA) was proposed by
Alomarah etal. (2019) based on the re-entrant and chiral
structures. They compared mechanical properties of this
structure with three different auxetic honeycombs and
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stated that the RCA structure offered better energy ab-
sorption capacity than the other three auxetics. Qi et al.
(2020) replaced the sloped cell wall of a re-entrant hex-
agonal honeycomb with a double circular arch cell wall
and proposed a novel re-entrant circular (REC) struc-
ture. The specific energy absorption of the REC structure
was found to be much higher than that of the regular re-
entrant honeycomb. Su et al. (2020) proposed a unique
re-entrant honeycomb structure with reinforcement
arches to achieve better structural stiffness while retain-
ing the auxetic behaviour of the structure. Wei et al.
(2020) developed a new 3D anti-tetrachiral auxetic and
investigated the deformation characteristic of the struc-
ture. They found that one of the Poisson’s ratios is inde-
pendent of the geometric parameters. Gao et al. (2021)
proposed a class of novel 3D auxetic structures based on
the rigid rotating mechanism. They stated that these
structures are capable of offering a Poisson’s ratio from
positive to negative in a wide range along the three prin-
cipal axes and are suitable for many engineering applica-
tions.

As can be seen from the above literature, various re-
searches have been conducted to create new auxetics by
modifying the geometries of existing ones. In this paper,
a new auxetic lattice structure, namely RDN, was pro-
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posed in two- and three-dimensions based on the corre-
sponding re-entrant auxetic topology. The behaviour of
these structures under tensile effects was investigated
with FEM-based (finite element method) analyses using
ANSYS software. From the numerical analyses, stiffness
and Poisson’s ratio values of these structures were cal-
culated and compared with other auxetic structures.
Moreover, the 3D unit cell of the structure was modelled
by varying the thickness of the struts between 0.5 and
1.5 mm to investigate the influence of strut thickness on
auxetic behaviour. Finally, von Mises stress distributions
on the structures were examined.

2. Design and Analysis

The RDN structure was designed based on the 2D re-
entrant structure geometry. By modifying the 2D re-en-
trant auxetic, first a 2D unit cell consisting of diagonal
and horizontal ligaments was designed, and then a three-
dimensional unit cell was modelled (Fig. 1).

The 2D and 3D unit cells were constructed by CAD
software SolidWorks 2016 (Dassault Systems, Massa-
chusetts, USA) and by combining the unit cells, two- and
three-dimensional structures were obtained as seen in
Fig. 2.
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Fig. 2. Two- and three-dimensional RDN structures (all dimensions in mm).
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In modelling these structures, the dimensions of our
previously examined auxetic structures (Orhan and
Erden 2022) were taken into account. Thus, the mechan-
ical properties were intended to be comparable. Finite
element analyses were conducted to examine the behav-
iour of these structures under displacements as uniaxial
tension and the stiffness and Poisson’s ratio of the struc-
tures were determined. Besides, the 3D unit cells were
modelled with four different strut thickness values (0.5,
1, 1.2 and 1.5 mm) to explore the effect of strut thickness
on the auxeticity of the RDN structure.

The numerical simulations of the structures were per-
formed using the Static Structural analysis module of the
ANSYS Workbench (v20.R1) (ANSYS Inc., PA, USA) soft-
ware. To determine the mesh element size and the
boundary conditions, the results of the validation and
mesh convergence study we had previously performed
and presented were taken into account. In our previous
study (Orhan and Erden 2022), we modelled and ana-
lysed the re-entrant structures that were investigated
numerically and experimentally by Wang et al. (2016)
and compared the results to validate our models. De-
tailed information about these analyses was given in our
previous paper. In line with the results obtained from the

validation study, the boundary conditions applied in the
analyses are shown in Fig. 3. All structures were fixed
from one side and a constant displacement was applied
to the other side. Two platens of thickness 5 mm, were
placed to the top and bottom sides of the 3D structure
and platens were fixed on the structure employing
“bonded” contact. In the 3D unit cells, fixation and load-
ing were made directly on the surface of the struts, and
no platens were used. Displacement values were taken
as 1/1000 of the structures’ heights (ey < 0.001) to con-
duct analyses in the linear elastic region. In the analyses,
all structures were meshed with hexahedron (hex20) el-
ements and the selected mesh size was of 0.67 mm fol-
lowing our previous mesh convergence study. The
"structural steel" from the ANSYS material library was
defined as material for all RDN structures in the analysis
(Table 1).

Considering the points seen in Fig. 3 and using Egs.
(1) and (2) given below, the Poisson’s ratio (v,, ) of each
RDN auxetic was determined. Also, the force values cor-
responding to the applied displacements were obtained
for each structure and force-displacement curves were
created. The stiffness of the auxetics was derived from
the slope of these curves.

Table 1. Material properties used in numerical analysis.

. . Young's Poisson’s Tensile yield Tensile ultimate
bl Density modulus ratio strength strength
Structural steel 7.85 gr/cm3 200 GPa 0.3 0.25 GPa 0.46 GPa
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Fig. 3. Boundary conditions used in FEM analysis.
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where, & is the strain calculated in the longitudinal di-
rection, &, is the strain calculated in the lateral direction,
L, and L,, are the original distances between points C-D
and A-B, respectively, and AL, and AL,, are the change in

distances between these points after deformation.



162

Orhan and Erden / Challenge Journal of Structural Mechanics 8 (4) (2022) 159-165

3. Results and Discussion

The force-displacement curves generated from the
analyses of the two- and three-dimensional RDN struc-
tures are illustrated in Fig. 4 and the stiffness and Pois-
son’s ratio values of the structures are given in Table 2.

From these results, it is seen that the 2D and 3D RDN
structures showed auxetic behaviour as desired and had
a high negative Poisson’s ratio. When these results were

compared with the previously examined re-entrant, loz-
enge grid, arrowhead and elliptic hole structures (Orhan
and Erden 2022), the stiffness and Poisson’s ratio values
of the 2D RDN were found to be larger than the values
obtained from the re-entrant and lozenge grid structures.
In three dimensions, it is determined that the Poisson’s
ratio of the RDN structure was larger than those of the re-
entrant and lozenge grid structures, and the stiffness
value was smaller than that of the other four auxetics.
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Fig. 4. Force-displacement curves of the RDN structures.

Table 2. Mechanical properties of the RDN structures
obtained from the analyses.

Stiffness (N/mm) Poisson’s Ratio
Auxetic
2D 3D 2D 3D
RDN 3601 11916 -0.704 -0.806
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When the von Mises stresses at the 2D and 3D RDN
auxetics were examined, it was seen that the maximum
von Mises stresses occurred at the corner points where
the longitudinal struts are connected to the horizontal
elements (Fig. 5). The highest von Mises stresses of
259.1 MPa and 212.8 MPa were found at the 2D and 3D
structures, respectively. In order to reduce the stress
concentration, the edges can be substituted by curves.

C: RDN3D

Equivalent Stress
Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 1 -‘\'\‘.'
4
. 212,8 Max R i'
129 } e
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o 80,64 bl
64,51 D 3
B 4839 A
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I 16,13
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Fig. 5. Maximum von Mises stresses at the RDN structures.

The force-displacement curves obtained from the
analyses of the 3D unit cells modelled with different
strut thickness values are shown in Fig. 6. The Poisson’s
ratio, relative density and stiffness values of these unit
cells are also given in Table 3. It is found that the Pois-
son’s ratio decreases from -0.793 to -0.663 and stiffness
increases from 22876 N/mm to 60874 N/mm with an in-
crease of thickness from 0.5 mm to 1.5 mm. Although in

a study conducted by Meena et al. (2019), it was stated
that the thickness had no discernible effect on the auxe-
tic behaviour of the structure, our results were con-
sistent with other studies where it was indicated that the
Poisson's ratio of the auxetic structure decreases with in-
crease of strut thickness (Lee et al. 1996; Schwerdtfeger
etal. 2012; Ren etal. 2015). The Poisson’s ratio and stiff-
ness values versus strut thickness are plotted in Fig. 7.
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Fig. 6. Force-displacement curves of the 3D RDN unit cells.

Table 3. The effect of strut thickness on the mechanical properties of the unit cell.

Strut thickness (mm) Poisson’s ratio Stiffness (N/mm) Relative density (%)
0.5 -0.793 22876 0.0321
1.0 -0.721 42475 0.0508
1.2 -0.688 50694 0.0616
1.5 -0.663 60874 0.0716
75000 -0.63
60000 -0.66
B -0.69 -3
IS
E 45000 i
& -0.72 £
[72) ]
é 30000 075 2
‘_"v..é —— Stiffness -y
“? 15000

Poisson's Ratio -0.78

0
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-0.81
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Fig. 7. Poisson’s ratio and stiffness change with strut thickness.

Fig. 8 shows the stress distribution along the 3D unit
cells with different strut thicknesses. The maximum von
Mises stress was obtained as 347 MPa at the unit cell
with 0.5 mm strut thickness. As the strut thickness and
the relative density of the unit cell increased, the stress

values gradually decreased. Hence, the largest stress was
determined as 305.5 MPa for the unit cell with 1.5 mm
strut thickness. The percentage change of the maximum
von Mises stress with respect to the change of strut
thickness is shown in the Table 4.

Table 4. Change of the maximum von Mises stress with increasing strut thickness.

Strut thickness (mm)

0.5 1 1.2 1.5
Percentage increase of the strut thickness (%) 100 140 200
Maximum von Mises stress (MPa) 347 333.3 321.6 305.5
Percentage decrease of the maximum von 3.95 732 11.96

Mises stress (%)
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Fig. 8. Maximum von Mises stress distributions at the 3D unit cells.

4. Conclusions

In this present work, a new auxetic lattice structure
was proposed in two- and three-dimensions. The design
of this structure was carried out by modifying the con-
ventional re-entrant auxetic. Finite element analyses
were conducted under axial extension to determine the
mechanical properties and the deformation characteris-
tics of these structures. The analyses showed that the
structures are capable of offering auxetic behaviour and
a high negative Poisson’s ratio. It was found that the
Poisson’s ratio of the 3D RDN auxetic was greater than
the lozenge grid and re-entrant structures but the stiff-
ness of the structure was lower when compared with the
re-entrant, lozenge grid, arrowhead and elliptic hole
structures. However, this design is the first step for the
RDN structure. Considering the stress distribution in the
structure, the unit cell modifications and shape optimi-
sation can be performed, and the mechanical perfor-
mance of the structures can be enhanced. In addition,
analyses can be carried out under both quasi-static and
dynamic compression loads to determine other mechan-
ical properties of the structure, like compressive and
buckling strength. Furthermore, experimental investiga-
tion of the presented structures could be performed and
the possible application of the structure in different
fields such as biomedicine or civil engineering could be
determined in future works.
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