
Vol.:(0123456789)1 3

Journal of the Brazilian Society of Mechanical Sciences and Engineering (2023) 45:275 
https://doi.org/10.1007/s40430-023-04178-x

TECHNICAL PAPER

Energy absorption of the additively manufactured novel re‑entrant 
auxetic structure in comparison with honeycomb structure: 
experimental and numerical analysis

Mohsen Safikhani Nasim1   · Amin Yaghootian1   · Reza Mosalmani1 

Received: 18 November 2022 / Accepted: 27 March 2023 / Published online: 28 April 2023 
© The Author(s), under exclusive licence to The Brazilian Society of Mechanical Sciences and Engineering 2023

Abstract
The energy absorption and negative Poisson's ratio (NPR) of a novel re-entrant auxetic structure were examined under quasi-
static compression loading in this study, along with their comparison to a non-auxetic honeycomb utilizing experimental 
study and numerical analysis. The specimens were made using additive manufacturing (3D printing). The results show that 
auxetic structures' energy absorbed at least 57.75% better than non-auxetic honeycombs. In addition, NPR behavior and 
energy absorption are affected by the geometrical characteristics of the unit cell as well as the material of the re-entrant 
auxetic structure. According to the results, the Poisson's ratio got more negative, and the auxetic property increased when 
the oblique length and initial characteristic angle were raised. In contrast with these two characteristics, Poisson's ratio rises 
as structure thickness increases while the auxetic property decreases.
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1  Introduction

The Poisson's ratio of auxetic materials is negative (NPR). 
As a result, these materials expand in the transverse direc-
tion when stretched in one direction while shrinking in 
width when compressed [1]. Auxetic materials also absorb 
a lot of impact energy [2]. These materials also have high 
shear strength [3], surface descending resistance [4], frac-
ture toughness [5], and a high acoustic energy absorption 

rate [6]. A variety of industries have used these materi-
als, including the automobile industry [7], aerospace and 
military [8–10], sensors [11], tissue science [12], and 
sports engineering [13, 14] due to their unique mechani-
cal properties.

Lili et al. studied the behavior of composites constructed 
from polyurethane foam, ABS plastic tubes, and polyes-
ter fibers under quasi-static loading [15] and low-velocity 
impact[16].
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Safikhani and Etemadi [17] studied the mechanical 
behavior of this sort of auxetic composite under quasi-
static loading and methods for achieving a higher negative 
Poisson's ratio using the FEM. It was deduced from their 
stress–strain curves that this kind of composite material has 
a damping property. A decrease in the distance between ABS 
plastic tubes and an increase in foam density will result in 
a decrease in Poisson's ratio. Additionally, they have pro-
posed a new auxetic structure in another paper [18] in which 
the unit cells are joined in a warp-and-woof pattern. Hou 
et al. [19] presented a composite structure with a negative 
Poisson's ratio. These composite structures were composed 
of re-entrant [20], chiral [21], star-shaped [22], and dual 
arrowhead [23] units. Various researches have been con-
ducted on the static mechanical properties of auxetics. In 
two orthogonal directions, Wang et al. [24] evaluated the 
elastic characteristics of re-entrants by strain-based expan-
sion homogenization.

A theoretical, numerical, and experimental study by 
Gao et al. [25] investigated double arrowhead structures 
intersected by honeycombs with negative Poisson's ratio. 
In the study, it was demonstrated that honeycomb crushing 
behaviors during large deformation differ from those under 
small deformation, including the mode of deformation, the 
mechanism of deformation, and the crushing strength [26]. 
Auxetic metallic honeycombs are used as cores in protective 
sandwich structures that are subject to large deformation 
[27]. Anti-trichiral honeycombs with large deformations 
were examined by Hu et al. [28]. Qi et al. [29] used the 
FEM to investigate sandwich structures with an auxetic core 
in a high-speed impact test and discovered that the structural 
efficiency increased from 150 to 350 m/s. Using molecu-
lar dynamics, Grujicic et al. [30] investigated the ballistic 
impact behavior of the Zeolite auxetic structure and found 
that maximum pressure and acceleration were decreased in 
this structure. Xin-tao et al. [31] created 3D cell designs 
that can absorb more energy. Simon et al. [32] developed 
energy-absorbing flexible cellular structures. Yaun [33] cre-
ated several three-dimensional structures utilizing selective 
laser sintering with auxetic properties. Evans [34] designed a 
sandwich panel with a reticular core and a re-entrant auxetic 
geometrical shape. Yang et al. [35] investigated the effect of 
variations in cell thickness of auxetic structures on energy 
absorption under dynamic and static loading to incorporate 
them into body protection blocks. Hamzei et al. [36] devel-
oped a novel octagonal model with auxetic properties dur-
ing compressive deformations. Zhang et al. [37] investigated 
the dynamic destructive impacts of various auxetic internal 
plate structure degrees. Ingrol et al. [38] demonstrated that 
there is a significant relationship between the geometrical 
specification of structures, the structure of their cells, and 
the macromechanical and micromechanical properties of the 
auxetic mesh structure by modifying the re-entrant structure 

and comparing it to the initial structure in energy absorption. 
Due to the difficulties and complexities associated with fab-
ricating auxetic structures with a variety of shapes, additive 
manufacturing (3D printing) is an appropriate solution [39].

Wanli Xu et al. [40] studied the energy absorption rate 
of auxetic warp-knitted spacer fabric composite under low-
velocity impact. Chang Qi et al. [41] designed a novel type 
of auxetic cells and then experimentally and statistically 
assessed the behavior of NPR under quasi-static loading. 
Meena and Singamneni[42] presented the S-shape struc-
ture as an auxetic structure and compared the mechanical 
behavior of the new structure with that of the re-entrant 
structure. In this auxetic structure, the maximum Pois-
son's ratio is greater than in a re-entrant structure. Min 
Hur et al. [43] developed tubular structures using auxetic 
patterns and discovered that their mechanical properties 
were improved when compared to similar structures. Mizzi 
et al. [44] developed and studied auxetic plates subjected 
to tensile forces. Linforth et al. [45] built several auxetic 
oval structures and evaluated their energy absorption rate 
under quasi-static and dynamic loading conditions.

Ajdari et  al. [46] studied hierarchical honeycombs' 
mechanical properties and behavior. By converting the 
foam cell structure into re-entrant, Choi and Lakes[47] 
concluded that Young's modulus of the foam decreased 
with a permanent volumetric compression ratio.

An analysis of the elastic properties of honeycomb 
structures with negative Poisson's ratios by Zhang et al.
[48] revealed that geometric parameters greatly affected 
elastic modulus. By designing the geometric parameters of 
the honeycomb, its mechanical performance can be opti-
mized for specific applications. Imbalzano et al.[49], blast 
resistance of structures, examined the auxetic and honey-
comb sandwich panels. It concluded that the re-entrant 
structure was more resistant to the impact of the blast due 
to its negative Poisson ratio.

The findings of the past studies indicated that the com-
putation of mechanical properties of auxetic structures has 
always been considered. A parametric auxetic structure is 
first designed and produced using additive manufacturing 
(3D printing) in this research. The purpose of this study 
is to investigate both experimentally and numerically the 
behavior of re-entrant auxetic structures under quasi-static 
compression loading. Furthermore, the re-entrant auxe-
tic structures are compared with honeycomb structures, 
which are commonly used as energy absorbers. Addition-
ally, experimental testing and finite element simulation are 
used to analyze the mechanical behaviors of the structure, 
as well as the parameters affecting energy absorption and 
NPR behavior, such as initial angle, wall thickness, length 
of horizontal and oblique members, and structure material; 
also, Sect. 2 describes how experiments were conducted 
on the built auxetic structure. Section 3 describes the finite 
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element simulation method, and Sect. 4 reviews and dis-
cusses the results.

2 � Experiments

In this study, two structures are examined, one which is a 
re-entrant auxetic structure and the other which is a non-
auxetic honeycomb structure. Figure 1-a presents the 2D 
view of the constitutive cellular auxetic structure, in which 
l = 12.375 mm, h  = 25.51 mm, θ  = 75°, and t  = 2.25 mm. 
Figure 1b presents a 2D view of the honeycomb struc-
ture, in which h =  l = 13.01  mm, α =  β = 120°, and t  
= 2.25 mm. The cell numbers and general dimensions of 
models, such as length, width, height, and weight, were 
chosen to be the same to compare these structures. Two 
different models were prepared in 168.61 × 183.63 × 40 
mm3. Figure 2 illustrates the design of the auxetic struc-
tures and honeycomb structures used in this study. These 
designs were used to be made through the 3D printing 
process.

Poisson's ratio, which is related to their cell units, dif-
ferentiates re-entrant structures from honeycomb struc-
tures. As honeycomb cells have a positive Poisson's ratio 
when stretched in one direction, they contract in the 
transverse direction, and when loaded in compression, 

they expand. On the other hand, the re-entrant cells have 
a negative Poisson's ratio, and when they are stretched 
in one direction, they expand in the transverse direction 
to the loading direction. Thus, the cells contract in the 
transverse direction if the load is reversed from tension 
to compression.

Three samples of each structure were made by additive 
manufacturing. The printer used was the Author M Pro, and 
the material was polylactic acid (PLA) from the Yousu Com-
pany. There exist several methods and techniques that can 
be employed to assess the internal and external condition of 
these components, including non-destructive testing (NDT). 
NDT of 3D-printed parts is among the recent research areas 
presently under development. In this study, the manufac-
turing process of 3D printing was meticulously carried out 
to ensure the production of defect-free and high-quality 
printed parts. Then, the manufactured samples were then 
checked for their thickness and geometric dimensions. The 
samples were consistent with the designed parts, had smooth 
surfaces, and were free of geometric defects. Furthermore, 
the manufacturing conditions were maintained identically 
for all the samples. Further to the lattice structures, speci-
mens made according to ASTM D638 were tested under 
tensile loading to determine the mechanical properties of 
the material. Tensile specimens have been made using the 
same 3D printing process and specifications. Figure 3 shows 
the geometry and a 3D-printed sample. Material properties 
of PLA are listed in Table 1, and Fig. 4 shows the PLA 
stress–strain diagram.

Using a universal testing machine (STM-150) from San-
tam, compression tests were conducted on auxetic and hon-
eycomb structures according to ASTM D1621 standards. 
Figure 5 shows a schematic diagram of the quasi-static com-
pression test setup. Figure 6 shows the 3D re-entrant auxetics 
structure under quasi-static loading. In this experiment, the 
loading speed was set at 2 mm/min, and the temperature 
was 25˚ ± 3˚C.

Fig. 1   Designs for single cell: a re-entrant auxetic and  b honeycomb

Fig. 2   Structures created by 
cells: a re-entrant auxetic and  b 
honeycomb
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While doing the compression test, the vertical displacement 
of the sample was recorded directly by the testing machine, 
and a camera was set up at 50 cm in front of the model to 
record the width variations of the sample. For each second, 
three shots were taken to measure the transverse displacement 
and study the angles of structures. The displacements of each 
point and angle change of structures were manually analyzed 
by the Digimizer Image Analysis Software [55] and the DIC 
method in MATLAB. Calculating the changes in angles α, β, 
and θ during compression involves measuring the angle at each 
compression stage using Digimizer software and comparing 
it with the angle of the cell before compression. The Pois-
son's ratio of the tested model is obtained using measured axial 
strain ( �axial ) and transverse strain ( �trans ) as follows:

(1)� = −
�
trans

�axial

3 � Finite element simulation

3.1 � FE simulation of the auxetic structure

The finite element analysis with ABAQUS software was 
used to study the auxetic structure. In order to mesh the sam-
ple, HyperMesh software was used due to the complexity of 
the structure and the limitations of ABAQUS. The material 
type is considered an elastic–plastic material. In addition, 
the effects of temperature and strain rate on mechanical 
properties are neglected. Figure 7a shows the meshing of 
the auxetic structure. The meshing of the models was per-
formed using linear 8-node C3D8R elements, and the mesh 
was sweep with hexahedral elements. Boundary conditions 
and loading are the same as in Sect. 2. The boundary condi-
tion in the software is also the same as in Fig. 7b, which is 
applied to all models. The models are located between two 
rigid plates. With a friction coefficient of 0.20, interaction 
features are defined by a contact constraint. The rigid bottom 
plate is fixed completely, and the rigid top plate's movement 
is only allowed to perform on Y-axis.

In order to achieve an optimal mesh, it is necessary to 
take into consideration the effects of mesh sensitivity on 
the results. Consequently, it is necessary to investigate the 
mesh's type, shape, and size. As shown in Fig. 8, the dis-
placement of the structure is obtained by changing the ele-
ment size. Results show that displacement does not change 
significantly for elements smaller than 4 mm. Therefore, 
a 4-mm element is selected, and the total number of ele-
ments is 76,960.

3.2 � FE Simulation of quasi‑static compression test

In quasi-static problems, the loading rate is very low. In 
quasi-static tests, the jaw movement speed of the device is 
considered to be 2 mm/min. The analysis time would be 
9000 s for a change of shape equivalent to 300 mm if this 
speed was applied to the structure. This is both very large 
and practically impossible. For this reason, both mass effects 
and analysis time should be reduced in order to perform a 
low cost, accurate, and correct analysis. Different methods 
can be used separately or simultaneously to perform a quasi-
static analysis. One of the test methods is applying load 
smoothly. In order to perform a quasi-static analysis, the 
applied force should be applied slowly to the structure. An 
example of a slowly applying load is shown in Fig. 9 [56].

As illustrated in Fig. 9, the initial speed and slope of 
the diagram (initial acceleration) are zero. This loading 
method eliminates undesired effects during quasi-static 
simulation. Following a quasi-static analysis, the simula-
tion's correctness can be verified using two simple tests:

Fig. 3   Test of uniaxial tensile strength of PLA: a specimen geometry 
and b specimens 3D printed

Table 1   PLA, steel 4340, aluminum 1100, and OFHC copper 
mechanical properties[50–54]

Sample Young's modu-
lus (E) GPA

Poisson's ration Density 
(�)g/cm3

PLA 1.57 0.36 1.24
Steel 4340 200 0.29 7.83
Aluminum 1100 69 0.27 2.71
OFHC copper 129.8 0.34 8.96
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1.	 A pseudo-static analysis will result in low ingredient 
velocity, which, in turn, will result in negligible mass 
forces. Thus, the internal force equals the outlet work 
performed, and kinematic energy is negligible in com-
parison with internal energy [57].

2.	 There is no variation in the force vs. displacement dia-
gram at different speeds [57–59].

3.	 The method of slowly applying load is used in this arti-
cle in order to simulate quasi-static pressure. Further-

more, internal and kinetic energy are evaluated to ensure 
quasi-static simulation performance. Figure 10 shows 
the relevant diagram. Considering that kinematic energy 
is negligible compared to internal energy, the analysis 
can be regarded as quasi-static.

Fig. 4   Tensile stress–strain of 
PLA

Fig. 5   Schematic diagram of the quasi-static compression test setup
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4 � Results and discussion

4.1 � Comparison of honeycomb and re‑entrant 
structures and validation of results

In order to compare the numerical and experimental results, 
tests were conducted according to each numerical model. 
The re-entrant auxetic and non-auxetic honeycomb sam-
ples were loaded up to 65.98% and 57.09% of their initial 
length, respectively. In these percentages of compression, 
the structure has collapsed, and the structure is condensed, 
resulting in an increase in stress levels. The surface under 
the stress–strain diagrams has been considered for calcu-
lating energy absorption and specific energy absorption up 
to the height reduction of 50% to equalize the comparison 
conditions between structures. In this article, the quasi-static 
compression was simulated by slowly applying compressive 
load. A comparison of the kinetic energy and internal energy 
of the specimen is presented in Fig. 10. Since the contribu-
tion of kinetic energy is negligible, it can be concluded that 
the velocity of the compression process was suitable; there-
fore, the process can be considered quasi-static.

In Fig. 11, non-auxetic honeycomb and re-entrant auxetic 
structure deformation are shown for strains 2.54%, 5.65%, 
10.67%, 14.45%, 20.47%, and 30.79%.

Figures 12 and 13 show the comparison between the 
stress–strain diagrams of the numerical modeling and 

experiment of non-auxetic honeycomb and auxetic re-
entrant structures, respectively. The cell walls bend when 
the honeycomb structure is compressed on its plane (x–y). 
This deformation is initially a linear elastic deformation. 
The cells, however, fall when the strain reaches a critical 
level due to elastic or plastic buckling. These collapses are 
related to constitutive material specification, as shown in 
Ref. [38]. If the walls of the unit cell collide because of the 
applied compression, the collapse will be completed, and the 
absorption of energy be highly reduced. Furthermore, if all 
the cells collapse due to more compression, material stiff-
ness will increase, and the structure will be denser. Similar 
results have been shown by Gibson and Ashby [60] for an 
aluminum lattice structure.

When the walls of collapsed cells press against each other, 
the amount of load will rise significantly. The load amount is 
continuously increased and decreased until all structure cells 
are destroyed. From this point on, if the structure continues 
to be compressed, the load will rise significantly, showing 
that the structure is getting denser. According to Figs. 12 and 
13, this process is the same for honeycomb and re-entrant 
structures.

There are three stages to this stress–strain curve, as illus-
trated in Figs. 12 and 13. Stress–strain curves are linear dur-
ing the first stage. Then, by collapsing each cell, the force 
will decrease, and this decrease can be seen up to a 30% 
change in height. The second stage is related to when verti-
cal walls are bent, and the structure shows auxetic properties. 
However, the vertical walls of the cells have not yet come 
together. As the walls come together and the middle rows are 
compressed, the amount of force increases slightly, which 
results in small peaks, as shown in the second stage. After 
the relative compaction of the middle rows of the structure, 
the structure's stiffness increases slightly. The stress level 
rises continuously until the whole structure collapses, mov-
ing toward condensation. The third stage of the diagram 
represents this part of the deformation.

The stability of force amounts after the first maximum 
point indicates that the structure has deformed uniformly 
and forces are distributed equally. In re-entrant and honey-
comb structures, the concentration of the force happens in 
only one of the rows, which will cause significant diagram 
ascent and descent in the force diagram.

One of the main reasons for using lattice structures is 
their high-energy absorption capacity. By calculating the 
area under stress–strain curves using Eq. 4, one can obtain 
the amount of energy absorbed by a structure (W):

For all samples, the amount of absorbed energy was 
calculated. However, it is pertinent to note that the total 

(4)W = ∫
�

0

�(�) d�

Fig. 6   The re-entrant auxetics structure under quasi-static loading
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energy absorbed by structures cannot be used alone as a 
criterion. In order to account for the structure's weight 
effects, a variable called "specific energy absorption" is 
defined. Specific energy absorption is calculated by divid-
ing the structure's total energy absorption by its weight, 
using Eq. 5 [38].

(5)W
s
=

∫ �

0
�(�)d�

�Δ�

where Δ� is the relative density, and according to auxetic 
re-entrant and non-auxetic honeycomb cells, Fig. 1-a and b 
is calculated, respectively, as [61]:

(6)Δ� =
�∗

�
=

1

2

t

l

(

h

l
+ 2

)

sin �

(

h

l
+ cos �

)

(7)Δ� =
�∗

�
=

1

2

t

l

(

h

l
+ 2

)

sin �

(

h

l
− cos �

)

Fig. 7   FE simulation: a re-
entrant auxetic structure includ-
ing sweep mesh with hexahe-
dral elements and  b appling 
boundary conditions and load in 
Abaqus software
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Fig. 8   Investigating the effect of 
the mesh size

Fig. 9   Load history diagram 
used in quasi-static simula-
tions[56]
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The parameters h and l and angles �and� are defined in 
Fig. 1-a and b.

In order to equalize the comparison conditions between 
the structures, an area under each diagram up to a reduction 
in the height of approximately 50% was considered when 
calculating the energy absorption. Figures 14 and 15 show 
energy absorption and specific absorption energy, respec-
tively. As can be seen, the absorption of the re-entrant auxe-
tic structure is 7015.353 J/m3. In comparison, the absorption 
of the non-auxetic honeycomb structure is 4446.890 J/m3. 
Besides, the specific energy absorption rate of the re-entrant 
auxetic structure is 23.621 J/kg, and the specific energy 
absorption rate of the non-auxetic honeycomb structure is 
18.718 J/kg. Therefore, the amount of energy absorption and 
specific energy of the auxetic re-entrant structure is 57.75% 
and 26.19%, respectively, more than the non-auxetic honey-
comb structure. This result shows the excellent efficiency 
of auxetic structures in energy absorption. The behavior of 
the structures and the ability of high-energy absorption in 
a large deformation make the structures suitable for a wide 
range of applications, including crash absorbers, aerospace 
and defense applications, as well as protective equipment for 
sports. Furthermore, as shown in Figs. 12, 13, 14, and 15, 
experimental and numerical results are in excellent agree-
ment. The difference is less than 6%.

The negative Poisson's ratio is calculated by Eq. 1. In 
Fig. 16, the experimental and numerical results are shown 
for the negative Poisson's ratio of re-entrant auxetic in differ-
ent compression levels. The maximum values of the negative 

Poisson's ratio obtained from the experiment and FEM are 
presented in Table 2. In Table 2, the maximum relative error 
between experimental and numerical values for the negative 
Poisson's ratio is 3.78%.

The compressive strain in Fig. 16 can be divided into 
three regions based on the change in Poisson's ratio. With an 
increase in the strain from 0% to 2.54% in region I, the nega-
tive Poisson's ratio (in terms of absolute value) increases sig-
nificantly from 0 to − 1.835 and reaches its maximum value 
of − 1.835. The situation occurs due to quasi-static loading 
and uniform deformation of auxetic cells in the elastic region 
(see Fig. 11 for re-entrant auxetic structures in strain 2.54%).

There is a linear decrease in NPR for strains from 2.54 to 
10.67% in region II (from − 1.835 to − 0.988). The cause 
of this situation is plastic deformation in auxetic cells (see 
Fig. 11 for re-entrant auxetic structures in strains 5.65% and 
10.67%).

In region III, initially due to the simultaneous collapse of 
several cells, NPR is temporarily prevented by increasing 
the strain upper than 10.67%. At strains higher than 14.45%, 
the structure reaches its maximum compaction. The walls of 
auxetic cells interfere with each other and reduce the effect 
of NPR. Therefore, the structure loses its auxetic behavior 
(see Fig. 11 for re-entrant auxetic structures in strains higher 
than 14.45%).

Figure 17 shows the NPR of the re-entrant structure 
with decreasing angle θ for a strain of 0–36.11%. As can be 
seen, with decreasing θ, the NPR of the structure increases 
until it reaches its maximum value of -1.835 at an angle of 

Fig. 10   History of kinetic 
energy and internal energy 
under quasi-static loading
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� = 65.95
◦ , and then, the NPR decreases due to the entangle-

ment of the structure.
Figure 18 illustrates the comparison of Poisson's ratio of 

the honeycomb structure versus compressive strain based on 
experimental and numerical results. According to Fig. 18, 
the honeycomb structure exhibits a positive Poisson's ratio 
when subjected to quasi-static loading. Table 3 presents 
the maximum relative error of the positive Poisson's ratio 

between experiments and FEM. The relative error is 3.19%, 
which indicates good agreement.

Figures 19 and 20 show Poisson's ratio of honeycomb 
structure versus variation of angle α and angle β related 
to strain ranging from 0 to 10.18%, respectively. As it can 
be observed, with a decrease in angle α and an increase 
in the angle β, Poisson's ratio of the honeycomb structure 
increases, and at � = 90

◦ and � = 135
◦ reach its maximum 

amount, which is 0.734. Afterward, Poisson's ratio of the 
structure decreases in strains higher than 10.18% according 
to the plastic deformation of the structure.

4.2 � Investigation of the effect of the structure's 
material

Figure 21 presents the NPR variations determined by the 
finite element method for auxetic re-entrant structures of 
steel 4340, OFHC copper, or aluminum 1100. In Table 1, 
these materials' mechanical properties are listed. Table 4 
presents the maximum negative Poisson's ratio related to 
these materials. According to Fig. 21 and Table 4, the maxi-
mum negative Poisson's ratio of Al is greater than Cu, and 
Cu is greater than PLA.

Additionally, the maximum negative Poisson's ratio of 
PLA is higher than steel. The results show that the maximum 
negative Poisson's ratio varies by 10% for various materi-
als. As a result, the structure's geometry is more important 
than the material in the maximum negative Poisson's ratio. 
Figure 22 illustrates the stress–strain diagrams for all four 
models. In Table 4, the amount of energy absorbed and the 
amount of energy absorbed per unit volume for each model. 
As a result, steel has the highest amount of energy absorbed 
and specific energy absorbed, and PLA has the lowest.

4.3 � Investigating the effect of geometry

The constitutive cellular structure of an auxetic structure 
is shown in Fig. 1a. A variety of geometry size re-entrant 
auxetic structures is designed to better understand the effects 
of geometry size on the NPR behavior of auxetic structures. 
These structures are listed in Table 5. Simulating and ana-
lyzing them has been done using the finite element method.

In order to investigate the effect of wall thickness, 
stress–strain diagrams, and Poisson's ratio in terms of the 
compressive strain of structures, A0,t1 and t2 are given in 
Figs. 23 and 24, respectively. In Fig. 24, the maximum value 
of the negative Poisson's ratio is for the structure A0 with a 
value of − 1.835. The stress that is placed on the re-entrant 
auxetic structure increases as the thickness of the cell wall 
increases, as indicated in Fig. 23. This phenomenon could 
have been explained by the fact that as the thickness of 
the wall increases, the cell walls become more resistant to 
the bending and collapse of the cell. In order to produce 

Fig. 11   The deformation of non-auxetic honeycomb and re-entrant 
auxetic for strains 2.54%, 5.65%, 10.67%, 14.45%, 20.47%, and 
30.79%
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displacement, more force is required because the cell walls 
collide sooner.

The amount of energy absorbed and specific energy 
absorbed for structures A1, t1 and t2 , is shown in Table 5. The 
amount of energy absorbed and specific energy absorbed 
increases with increasing wall thickness.

Figures 25 and 26 show the stress–strain diagram and 
the Poisson's ratio in terms of strain concerning increments 
of L-parameter for structures A0 , l1 , andl2 , respectively. 
According to Fig. 27, with increasing value ( L ) increases, 
the density of the structure will decrease, so the amount 
of energy absorbed per unit volume will decrease; also, 
in Fig. 28, the maximum value of the negative Poisson's 

Fig. 12   Honeycomb structure 
stress–strain diagrams

Fig. 13   Re-entrant auxetic 
structure stress–strain diagrams
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ratio is for the structure l2 with a value of − 1.962. Table 5 
shows the energy absorbed values.

Figures 27 and 28 show the stress–strain diagram and 
the Poisson's ratio diagram in terms of strain for three 

different values of the h-parameter (structures h1 , h2 , and 
A0 ), respectively. Figure 29 demonstrates that by increas-
ing the parameter h, the cross-sectional area to which 
the load is also applied increases; the amount of stress 

Fig. 14   Comparison diagram of 
the amount of energy absorption 
of structures

Fig. 15   Structures' specific 
energy absorption values
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is thereby reduced; the amount of energy absorption 
decreases, as shown in Table 5. According to Fig. 30, as 
the parameter h increases, the NPR of the re-entrant aux-
etic structures decreases.

Fig. 16   NPR of the re-entrant 
auxetic structure

Table 2   Maximum NPR of the re-entrant auxetic structure

Compressive strain (%) Poisson's ratio

Experiment FEM Error (%)

2.54 − 1.835 − 1.905 3.78

Fig. 17   Experimental and FEM 
of NPR for different re-entrant 
angles �



Journal of the Brazilian Society of Mechanical Sciences and Engineering (2023) 45:275	

1 3

Page 15 of 24  275

Figure 29 shows the stress diagram in terms of strain 
for three different values of the initial angles of struc-
tures A0, �1 and �2 . According to Fig. 29, by reducing the 
initial angle from 75◦ to 65◦ , the energy absorption of the 
structure also increases, as shown in Table 5. As a result 
of reducing the inlet angle, due to the faster collision of 
the walls and the premature compaction of the structure, 
more force has to be applied to apply more strain. Also, 
by decreasing the initial angle, the maximum negative 
Poisson's ratio of the structure decreases, as shown in 
Fig. 30.

5 � Conclusion

This study investigates and analyzes the compressive 
properties of re-entrant auxetic structures and non-auxetic 
honeycomb structures. To fabricate all models, additive 
manufacturing (3D printing) was used, and experimental 
results were compared with the results of finite element 
simulations. In uniaxial in-plane compressive loading, 

auxetic re-entrant structures demonstrated excellent per-
formance in absorbing energy. The energy absorption and 
specific energy absorption rate of re-entrant auxetic struc-
tures were 57.75% and 26.19% more than non-auxetic 
honeycomb structures. This behavior of auxetic materials 
is similar to energy-absorbing materials; this expresses 
the extraordinary performance of auxetic structures in 
absorbing energy. Therefore, auxetic structures are an 
excellent alternative to energy absorbers and anti-impact 
protector structures. Also, in this study, the effective 
parameters of the structure geometry in the NPR of aux-
etic structures were investigated. It was observed that this 
behavior is highly dependent on the structure's geometry. 
In addition, considering the simulations performed on dif-
ferent materials, it was observed that the NPR behavior 
and the maximum negative Poisson's ratio of the structure 
are low sensitivity to structural materials. The results also 
show that the energy absorption of the structure with steel 
is 222.76% higher than PLA, and by choosing the material 
of the structure with more stiffness, the amount of energy 
absorption of the structure also increases.

Moreover, in this study, the effective geometrical 
parameters (θ, L, and h and  t) on the Poisson's ratio 
were investigated, and it was observed that the Poisson's 
ratio decreases further as the two parameters (L and θ) 
increased in value. In other words, by increasing the 
above two parameters, Poisson's ratio became more nega-
tive, and the auxetic property increased. In contrast with 
these two parameters, Poisson's ratio rises with increasing 

Fig. 18   Positive Poisson's ratio 
of the honeycomb structure

Table 3   Maximum Poisson's ratio of the honeycomb structure

Compressive strain (%) Poisson's ratio

Experiment FEM Error%

10.18 0.734 0.757 3.19
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Fig. 19   FE simulation and 
experimental of the positive 
Poisson's ratio based on the 
angle s(�) of the honeycomb

Fig. 20   FE simulation and 
experimental of the positive 
Poisson's ratio based on the 
angle s(�) of the honeycomb
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h and t (thickness), and the auxetic property decreased. In 
NPR behavior, the structure's geometry is more important 
than the material of the structure.

Also, in this research, the effect of geometric param-
eters on the amount of energy absorption, such as initial 
angle, wall thickness, and length of horizontal and oblique 
members through finite element simulation, was discussed.

The results related to the effect of geometric parameters 
show that by doubling the thickness of the structural walls, 
the energy absorption rate has increased by 818.80%, and 
by decreasing the initial angle from 75◦ to 65◦ , the energy 
absorption rate has increased by 43%; in addition, by 

increasing the length of the horizontal member (h) from 
25.51 to 28 mm, the amount of energy absorbed decreased 
by 24.54%. As the mile (l) length increased from 12.375 to 
14.864 mm, 19.78% of the energy absorbed decreased. The 
results show that increasing the thickness of the structure 
and decreasing the initial angle and length of the horizon-
tal and oblique members increase the amount of energy 
absorption and specific energy absorbed. Due to the NPR 
behavior and energy absorption performance, these types 
of cellular structures can be used in various applications, 
such as crash absorbers and panels for impact and blast 
protection.

Fig. 21   NPR diagrams for dif-
ferent materials

Table 4   Maximum negative Poisson's ratio and energy adsorbed and specific energy absorbed for different materials used in the re-entrant aux-
etic structure

Material νmax Energy Absorbed
(

J

m2

)

Specific Energy Absorbed
(

J

kg

)

Al -1.980 10,462.953 35.229
Cu -1.906 11,481.581 38.658
PLA -1.835 7015.353 23.621
Steel -1.795 22,642.938 76.240
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Fig. 22   Stress–strain diagrams 
for different materials

Table 5   Dimensions of each unit cell and comparison of energy absorption, specific energy absorbed, and the maximum negative Poisson's ratio 
of re-entrant auxetic structures with different geometric parameters

Structure �0(Degree) t(mm) L(mm) h(mm) νmax Energy Absorbed
(

J

m2

)

Specific Energy Absorbed
(

J

kg

)

A
0

75 2.25 12.375 25.51 -1.835 7015.353 23.621
t
1

75 3.375 12.375 25.51 -1.702 25,698.719 86.529
t
2

75 4.5 12.375 25.51 -1.433 64,457.463 217.031
l
1

73.22 2.25 13.375 25.51 -1.887 6556.267 22.075
l
2

70.64 2.25 14.864 25.51 -1.962 5627.5845 18.949
h
1

75 2.25 12.375 26.51 -1.818 6436.375 21.671
h
2

75 2.25 12.375 28 -1.741 5293.738 17.824
�
1

70 2.25 12.375 25.51 -1.793 7668.820 25.823
�
2

65 2.25 12.375 25.51 -1.687 10,031.955 33.778
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Fig. 23   Comparison of stress–
strain diagram with the change 
of t-parameter

Fig. 24   Comparison of Pois-
son's ratio diagrams in terms 
of strain by changing the 
t-parameter
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Fig. 25   Comparison of stress–
strain diagram with the change 
of l-parameter

Fig. 26   Comparison of Pois-
son's ratio diagrams in terms 
of strain by changing the 
l-parameter
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Fig. 27   Comparison of stress–
strain diagram with the change 
of h-parameter

Fig. 28   Comparison of Pois-
son's ratio diagrams in terms 
of strain by changing the 
h-parameter
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Fig. 29   Comparison of stress–
strain diagram with the change 
of �-parameter

Fig. 30   Comparison of Pois-
son's ratio diagrams in terms of 
strain by changing the  
�-parameter
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