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Abstract Materials with a negative Poisson’s ratio (PR)
are called auxetics; they are characterized by expansion/
contraction when tensioned/compressed. Given this counter-
intuitive behavior, they present very particular characteristics
and mechanical behavior. Geometrical models have been
developed to justify and artificially reproduce suchmaterials’
auxetic behavior. The focus of this study is the exploration
of a reentrant model by analyzing the variation in the PR
of reentrant structures as a function of geometrical and base
material parameters. It is shown that, even in the presence of
protruding ribs, there may not be auxetic behavior, and this
depends on the geometry of each reentrant structure. Values
determined for these parameters can be helpful as approxi-
mate reference data in the design and fabrication of auxetic
lattices using reentrant geometries.

Keywords Auxetic · Poisson’s ratio · Reentrant · Finite
element analysis · Elasticity

1 Introduction

Poisson’s ratio (PR) is a dimensionless constant that describes
the negative ratio of lateral strain to the longitudinal strain
on a tensioned body. As common sense dictates, the cross
section of a body becomes larger/thinner in compres-
sion/tension, so the value of this constant is assumed to
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be positive [1]. However, considering the classical theory
of elasticity, it is possible to observe that this constant may
assume values from −1 to 0.5 in three-dimensional isotropic
bodies [2] and between −1 and 1 in two-dimensional
isotropic materials [3]. For anisotropic materials, this con-
stant depends on the stretch and transverse direction andmay
assume values other than the previously established ones [4].

Materials that present a generalized negative PR are called
auxetics [5]. Anisotropic materials that reveal only negative
values of PR along certain directions are called partial aux-
etics [6].

Owing to the negative value of this constant, these
materials are endowed with very particular characteristics
and peculiar mechanical behavior [7]. Some examples are
their superior resistance to indentation, shear and fracture,
enhanced acoustic absorption, synclastic behavior, variable
permeability, and shape memory characteristics [1].

Some geometric models have been developed to justify
this unusual behavior; among them, the most common are
the reentrant, chiral, and semirigid rotating models (e.g.,
Ref. [7]). It is commonly accepted that these models always
demonstrate auxetic behavior; however, this may not always
be true [8]. This study analyzes whether the presence of pro-
truding ribs in a reentrant structure is enough to produce
auxetic behavior in reentrant structures.

The experimental study of such models, by considering
how they are made and conducting experiments on them,
is an elaborate and complex task. It is convenient to resort
to finite-element (FE) analysis to analyze them (e.g., Refs.
[3,9]). The use of such techniques is a very efficient and
a quick way to manipulate and determine the behavior of
different reentrant models [10]. Consequently, these routines
make it possible to determine the parameters that influence
the auxetic behavior of these structures.
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Fig. 1 a Individual cell in reentrant lattice. b Base analyzed reentrant structure

The objective of the present article is the study of the
parameters that influence the auxetic behavior of reentrant
structures using FE analysis, considering the variation in the
geometrical and basematerial characteristics. This studymay
lead to the tailoring of these structures and permit the applica-
tion of lattices (periodic structures composed by struts [11])
with a projected PR in practical applications. Additionally,
the relative densities of the simulated reentrant structures
will be determined considering different geometries so as to
generate values of critical relative density in the transition
between auxetic and nonauxetic behavior.

2 Methodology

The fundamental objective of this study is the definition of the
variables that determine the presence of auxetic behavior in
a reentrant two-dimensional structure (Fig. 1a). To this end,
numerical simulations (using FE analysis) were conducted
to model a base reentrant structure (Fig. 1b), varying some
structural characteristics and applying a quasistatic tensile
load (F1) on the XX-axis (the value of the load assured that
the structures never experienced plastic deformation). This
methodwas adopted so the inertial termswould be negligible.
The resultant deformations made it possible to determine the
PR of the structure and, consequently, the presence/absence
of auxetic behavior.

2.1 Structural characteristics: geometry and base
material properties

The modified characteristics were divided into two main cat-
egories: the geometrical and the base material parameters.
In the first category, the variation consisted in changing the
length (a), width (c), and initial angle (β) of the ribs of the
initial reentrant structures (Fig. 1, Table 1).

The base material of the structure was defined as linear
elastic and isotropic. This implies that its elastic behavior
can be defined by only two of the four basic isotropic elastic

Table 1 Initial structural and modified structural characteristics

Parameter Initial Modified Units

E (Young’s modulus: base material) 200 1–1000 GPa

ν (Poisson’s ratio: base material) 0.3 0.0–0.5 –

a (Length) 40 30–70 mm

c (Width) 6 0.25–12 mm

β (Angle) 45 25–90 (◦)
F (Load) 20 N

constants [12]. In this approach, the selected elastic constants
were the Young’s modulus and the PR. These constants com-
pletely characterize the elastic behavior of the structures.

Given that the reentrant structures are represented in two
dimensions, they were simplified in the simulations using
plane stress conditions. The other elastic constants, the bulk
(K ) and shear (G) moduli, can be determined considering
the adopted simplification by Eqs. (1) and (2) [13]:

K = E

2(1 − ν)
, (1)

G = E

2(1 + ν)
. (2)

2.2 Structure simulation: finite-element analysis
characteristics

To determine the PR of the structures, whose parameters
were varied, a simulation was conducted using FE analy-
sis. The type of simulation used was a linear elastic plane
stress model, considering that the base material is isotropic.
Thus, the deformation behavior of the body was regulated by
Hooke’s law (Eq. (3)):

{
σi j

} = D × {
εi j

}
. (3)

The stress (σ ) in the structure is generated by the quasi-
static unitary force (F1: Fig. 1a), applied on the XX-axis to
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Table 2 Mesh characteristics

Mesh settings Value

Maximum element size 2.870

Minimum element size 0.123

Maximum element growth rate 1.350

Resolution of curvature 0.300

Resolution of narrow regions 0.850

the structure (initially in a free body). In isotropic materials,
the two-dimensional stiffness matrix D is defined by Eq. (4):

D = E

(1 − ν2)

⎡

⎣
1 ν 0
ν 1 0
0 0 1 + ν

⎤

⎦ . (4)

This relation implies that there are deformations imposed
on the structure. The observed deformation may also be gen-
erally expressed on a given axis, in the form of strain, by
Eq. (5):

ε = 1

2

(
∇u + ∇uT

)
. (5)

Using FE analysis, the previously defined equations may
be used to determine the strain of the nodes that compose
the mesh in which the analyzed body is subdivided. The
numerical computationwas performedusingCOMSOLMul-
tiphysics. The mesh created by that software was built using
the preset parameter values in the “Extra fine mesh” function
(see Table 2 for settings). To generate the desired results,
the software used the MUltifrontal Massively Parallel sparse
direct Solver (MUMPS solver).

2.3 Determination of Poisson’s ratio of reentrant
structures

To determine the PR of each analyzed structure and the
presence/absence of auxetic behavior, the strain values were
monitored in two nodes (Fig. 1).

Node 1 is placed on the axis of the imposed tensile load
and will only deform in that direction (XX-axis). Node 2 was
placed such that it deforms only along the YY -axis, following
the expansion/contraction of the protruding ribs. Thus, by the
definition and monitoring of these two nodes, it is possible
to determine the longitudinal (XX-axis) and transverse (YY -
axis) strains of each analyzed structure using Eqs. (6) and
(7):

ε(xx,Structure) = 2

(
∂u

∂x
, node 1

)
, (6)

ε(yy,Structure) = 2

(
∂v

∂y
, node 2

)
. (7)

Finally, the PR of the analyzed structures can be simply
determined using Eq. (8):

νStructure = −ε(xx,Structure)

ε(yy,Structure)
. (8)

3 Results and discussion

The role of the rib width was verified (Fig. 2) in the defor-
mation mechanism of a reentrant structure. Its value was
varied and numerical simulations were conducted, with the
parameters mentioned previously, to calculate the PR of the
individual reentrant structure.

It can be observed in Fig. 2 that the rib width has a direct
influence on the value of the PR of a reentrant structure. As
the rib width increases, so does the general value of the PR
in a reentrant structure.

The increase in the PR with the rib width can be inter-
preted in the following way. When there is a small rib width,
there are significant deformations even for small loads. The
structure itself is not very rigid and behaves like a spring,
forcing a significant vertical expansion. On the other hand,
increasing the rib width will generate a stiffer structure.
This change will eventually culminate in the loss of aux-
etic behavior, as the internal space and, consequently, the
protruding ribs tend to be eliminated by the increase in the
rib width.

The role of the rib length (Fig. 3) was analyzed. Its value
was varied and numerical simulations were conducted to
determine the resulting structure’s PR.

Analyzing Fig. 3, it can be observed that the rib length
is a key parameter in the determination of the PR of a reen-
trant structure. It is shown that when the rib length increases,
the actual PR of the reentrant structure decreases. This can
be justified by the spring behavior of the reentrant struc-

Fig. 2 Variation of structure’s PR by changing the rib width (a =
40mm, β = 45◦, E = 200GPa, ν = 0.3)
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Fig. 3 Variation of structure’s PR by changing the rib length
(c = 6mm, β = 45◦, E = 200GPa, ν = 0.3)

Fig. 4 Variation of structure’s PR by keeping the rib’s AR at 5
(β = 45◦, E = 200GPa, ν = 0.3)

ture. When the rib length is increased, the general structure
stiffness decreases. This fact leads to significant deforma-
tions and to the vertical expansion that characterizes auxetic
behavior.

Observing the previous results in Fig. 3, it can be con-
cluded that the auxetic behavior of a reentrant structure
depends on the rib length and width. These values are mainly
related to the length and width of the ribs, which will deter-
mine the stiffness of the structure. Therefore, simulations
were conducted to determine the dependence of the PR of
the structure on the aspect ratio (AR) between the length and
the width of a structure’s ribs (Fig. 4). The value of the rib
length was varied, but the proportion of the AR was kept
constant at a value of 5.

According to Fig. 4, it can be observed that when the AR
is kept constant, the PR of the structure remains constant as
well.

Another analyzed parameter was the initial angle between
ribs, as shown in Fig. 5. Numerical simulations were con-
ducted with different values of the initial angles, and the
importance of a reentrant structure in the deformation mech-
anism was verified.

Fig. 5 Variation of structure’s PR by changing the rib angle
(a = 40mm, c = 6mm, E = 200GPa, ν = 0.3)

Fig. 6 Variation of structure’s PR by changing the base material PR
and Young’s modulus (a = 40mm, c = 6mm, β = 45◦)

Observing Fig. 5, it can be concluded that the PR of a
reentrant structure is influenced by the initial angle between
ribs. When the angle decreases, there is a similar decrease in
the value of the structure’s PR. However, for extremely low
values of rib angles, the PR increases. A decrease in the rib
angle generates a decrease in the free interior structural space.
In extreme cases, this space ceases to exist, eliminating the
reentrant structure.

Proceeding to the base material parameters, the PR and
Young’s modulus of the base material were analyzed to
determine their influence on the deformation behavior of a
reentrant structure. Geometrical equivalent base structures
were simulated based on Fig. 1b, varying the PR and the
Young’s modulus of the base material. The results are pre-
sented in Fig. 6.

It is shown the PR of the reentrant structure remains stable
when the PR of the base material is changed. Note that the
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Table 3 PR of reentrant structure for different ARs and rib angles
(E = 200GPa, ν = 0.3)

two do not predominate when describing the deformation
mechanism of a reentrant structure.

As may be observed, the value of the PR of the reen-
trant structure remained constant when the Young’s mod-
ulus of the base material was changed. In this way, it is
shown that the PR of a reentrant structure is independent
of the value of the Young’s modulus of the base mater-
ial.

Having isolated all the fundamental parameters that
describe the deformation mechanism of a reentrant struc-
ture, we can establish that the auxetic behavior will mainly
depend on the interaction of the length, width, and angle
of the ribs. Because the PR of a reentrant structure remains
constant for the same rib AR, these two parameters can be
analyzed using only one ratio. With the facts presented, and
carrying out numerical simulations, the obtained information
was used to create Table 3.

Looking at Table 3, it can be observed that there is a depen-
dence between the auxetic behavior, low values of rib angles,
and high values of AR.

According to the executed simulations and the result-
ing data, it was possible to elaborate Fig. 7. Boundaries
relating the structure’s AR and initial rib angle were estab-
lished that might predict whether a reentrant structure will
demonstrate auxetic behavior and show the specific values of
the PR.

In terms of relative density, it can be observed in Fig. 8
that the values of AR and initial rib angle generate a parabola
shape function. When the values of the initial rib angle
are extreme (either high or low), the values of the relative
density tend to decrease. However, only low values of AR

Fig. 7 Variation of structure’s PR using the rib angle for different ARs

Fig. 8 Relative density of reentrant structures as a function of rib angle
and AR

tend to increase this effect. It can also be observed that
each AR that demonstrates auxetic behavior has a specific
value of the critical relative density where the transition
between auxetic/nonauxetic behavior takes place. Consid-
ering the aforementioned plots, it is suggested that the value
of the critical density is lower in the presence of a low
AR. In contrast, for low initial rib angles the value of the
critical relative density tends to increase. Given that a low
AR implies thinner and longer ribs, the overall relative den-
sity tends to decrease. However, in the case of the initial
rib angle, the structure tends to fold on itself, closing the
opening in its interior and generating higher relative density
values.

4 Conclusions

Considering the results of the executed numerical simu-
lations, it was shown that a reentrant structure, even in
the presence of protruding ribs, may not always demon-
strate auxetic behavior. This study isolated the length, width
(mainly the AR), and initial angle of the structure’s ribs
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as the predominant factors that determine auxetic behav-
ior. It was also observed that the characteristics of the
base material that composes the structures, such as the
constants that describe elastic deformation, may have less
influence on the auxetic behavior of a reentrant struc-
ture.

Limits to the values of length, width, and angles of the
ribs were defined to obtain and tailor a predetermined value
of the PR of these structures. This allows for the develop-
ment of structures with a defined PR, even in the project
phase, using the same base geometry. According to this for-
mulation, the obtained value of PR is directly related to
the unitary reentrant structure. In the case of their appli-
cation in a lattice, the obtained value of the macroscopic
PR may vary slightly, given that the ribs that connect the
individual reentrant structures are also elastic. However, as
the present study suggests, the main deformation mechanism
used to induce auxetic behavior is the bending of the pro-
truding ribs, and this implies a low AR of the ribs. The
elastic deformation of the ribs that connect each individ-
ual reentrant structure (the ones that do not protrude) is
mainly the result of tensile and compressive forces. This
last forces, in connection with macroscopic deformation, are
negligible compared to the overall reentrant structure expan-
sion.

Additionally, the value of the critical relative density at
which the transition between auxetic and nonauxetic behav-
ior occurs was determined. It was shown that this value tends
to increase for lower initial rib angles. However, in the pres-
ence of a low AR, the value of the critical relative densities
tends also to decrease. The generated values of the relative
density may also be used in a project phase as an input on
weight and overall structural performance when projecting
an auxetic lattice.
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6. Brańka, A.C., Heyes, D.M.:Maćkowiak, Sz, et al.: Cubic materials
in different auxetic regions–linking microscopic to macroscopic
formulations. Phys. Status Solidi B 249, 1373–1378 (2012)

7. Critchley, R., Corni, I., Wharton, J.A., et al.: A review of the manu-
facture, mechanical properties and potential applications of auxetic
foams. Phys. Status Solidi B 250, 1963–1982 (2013)

8. Liu, Y., Hu, H.: A review in auxetic structures and polymeric mate-
rials. Sci. Res. Essays 5, 1052–1063 (2010)

9. Bückmann, T., Schittny, R., Thiel, M., et al.: On three-dimensional
dilational elastic metamaterials. N. J. Phys. 16, 033032 (2014)

10. Pozniak, A.A., Smardzewski, J., Wojciechowski, K.W.: Computer
simulations of auxetic foams in two-dimensions. Smart Mater.
Struct. 22, 084009 (2013)

11. Fan, H.-L., Zeng, T., Fang, D.-N., et al.: Mechanics of advanced
fiber reinforced lattice composites. Acta Mech. Sin. 26, 825–835
(2010)

12. Du, D.X., Zheng, Q.S., Gao, Y.X.: Consistency between inde-
pendence theorems and generalized self-consistent method. Acta
Mech. Sin. 13, 355–365 (1997)

13. Jasiuk, I., Chen, J., Thorpe,M.F.: Elasticmoduli of twodimensional
materials with polygonal and elliptical holes. Appl. Mech. Rev. 47,
18–28 (1994)

123


	Analysis of the geometrical dependence of auxetic behavior  in reentrant structures by finite elements
	Abstract
	1 Introduction
	2 Methodology
	2.1 Structural characteristics: geometry and base material properties
	2.2 Structure simulation: finite-element analysis characteristics
	2.3 Determination of Poisson's ratio of reentrant structures

	3 Results and discussion
	4 Conclusions
	References




