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The human being has always been looking for optimal use of his surrounding materials and over the years, has managed to
invent various structures with special properties. Lattice structures are widely used in various applications due to their lower
weight and desirable compressive strength. An example of these structures is the honeycomb that is very popular and many
studies have been done about it. A new type of lattice structures is auxetic structure that has negative Poisson’s ratio due to its
geometry. This characteristic has caused auxetic structures to have unique properties such as high shear strength, indentation
resistance and energy absorption. Investigation of energy absorption of auxetic structures is a subject that has not been studied in
researches. In this study, the ability of some auxetic structure for absorbing energy is investigated at quasi-static and low velocity
impact transverse loading. Specimens with three types of geometries (re-entrant, arrowhead and anti-tetra chiral) are fabricated
using additive manufacturing method (3D printing). Discussion about energy absorption and failure mechanisms of all three
structures were carried out and compared in both types of loading.
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1. Introduction

Materials and structures that are used as energy absorbers, should have low weight and high compressive stiffness
in addition to high energy absorption [1] and the latticed structures are among the suitable choices that can be used
for this purpose [2]. Inspired by the latticed structures that have been found in nature, humans have succeeded in
designing and constructing latticed structures with various geometries as energy absorbers [3]. One of the most well-
known and most used structures is the honeycomb structure, with a lot of research and studies done about it. Most of
the materials that exist in nature have a positive Poisson’s ratio. There are new types of structures and materials that
have a negative Poisson’s ratio. These materials and structures are called auxetic metamaterials [4]. The term
“metamaterials” was initially used within the context of optics and electromagnetism, but today refers to all
materials engineered to exhibit novel properties not usually found in nature. The important feature of auxetic
metamaterials, which is negative Poisson's ratio, has given these metamaterials unique properties. In fact, these
materials and structures behave unlike conventional materials under uniaxial loading. As shown in fig.1, unlike
conventional materials and structures that undergo contraction and collapse under uniaxial loading, the auxetic
materials and structures undergo expansion under uniaxial tensile loading. As well as in uniaxial compressive
loading, auxetic materials and structures contract and shrink, while conventional materials expand under the same
conditions [5]. This characteristic, gives unique properties such as variable permeability, shear strength, high tensile
strength, high stiffness, high compressive strength and high energy absorption to these materials and structures [5].
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Fig. 1. Deformation modes in tensile and compressive loading (dashed line figures indicate the material before deformation): a) non-auxetic
material b) auxetic material.

In 1982 Gibson et al. [6] presented the first two-dimensional cellular structure with a negative Poisson’s ratio in
the form of re-entrant. The introduction of the first auxetic material dated back to 1987, when Lakes [7] reported the
behavior of the first foam structures with negative Poisson’s ratio. Four years later, materials that have negative
Poisson’s ratio were named by Evans et al. [8] as auxetic materials. Rafsanjani and Pasini [9], inspired by the ancient
geometric motifs in the ancient Kharraghan twin tomb towers in Iran, presented a new kind of auxetic structures.
Auxetic structures, due to their construction geometry, have a negative Poisson’s ratio and are used to build them
from conventional materials with positive Poisson’s ratio. The most well-known auxetic structure is re-entrant
structure and many studies have been done about it. Yang et al. [10] investigated the energy absorption of the re-
entrant auxetic structure and compared it with the honeycomb structure, which is a non-auxetic structure and found
that the re-entrant structure shows a better performance in the energy absorption with the aim of using them in body
protective pads. By performing a structural modification in the geometry of re-entrant structure, Ingrole et al. [11]
compared the mechanical properties of non-auxetic honeycomb structure and re-entrant auxetic structure under
quasi-static compression and found that despite the higher energy absorption of the re-entrant structure than the
honeycomb structure, the specific energy absorption of the honeycomb structure is higher. Moreover, by performing
a structural modification in the geometry of re-entrant structure, the energy absorption and specific energy
absorption of this structure increased by 30% and 13%, respectively. Imbalzano et al. [12] by numerical and
experimental comparison of the resistance of the honeycomb structure and the re-entrant auxetic structure to the
explosion, found that the re-entrant structure, due to its auxetic behavior, exhibits a localized stiffness and has better
resistance against the explosion. Chang et al. [13] also with experimentally and numerically investigating the re-
entrant structure and the honeycomb, found that the performance of the re-entrant auxetic structure in absorbing the
energy of impact and close in blast loading is better than the honeycomb structure. Safikhani and Etemadi [14]
presented a new model of re-entrant auxetic structure in the form of warp and woof. Hamzehei et al. [15] presented a
new octagonal model that exhibited auxetic behavior in large compressive deformations. Because of the challenges
and difficulties that many auxetic structures have with different geometries, an additive manufacturing method (3D
printing) is appropriate method for producing these structures [4]. In this study, we investigate the energy absorption
and performance of three auxetic structures with re-entrant, arrowhead and anti-tetra chiral geometries in quasi-static
and low velocity impact loading.

2. Fabrication
2.1. Geometry of structures

In the present work, three different geometric auxetic structures have been investigated. Figures 2(a) to 2(c),
represent the unit cells of re-entrant, arrowhead and square node anti-tetra chiral (which is called as ‘anti-tetra
chiral’ for simplicity in this paper) structures, respectively. Design parameters for each unit cell are shown in table 1
and figure 2. The re-entrant auxetic has been studied and investigated by many researchers in recent years, and so it
is the most well-known auxetic structure, and has been used as benchmark for comparing two other structures. The
number of unit cells and total dimensions of structures in length, width, and height were approximately identical to
make a fair comparison.

Fig. 2. Unit cell profile of each model: (a) re-entrant, (b) arrowhead, (c) anti-tetra chiral.

Table 1. Design parameters of each model.

Structure h(mm) 1(mm) a(mm) t(mm) a(®)
Re-entrant 10 5 - 1 -30
Arrowhead 13.50 8.40 - 1 30
Anti-tetra chiral 9.80 9.80 2 1 -




2.2. The process of fabricating

Three different models were fabricated using the dimensions mentioned in Table 1. Figure 3 shows the models
made by the additive manufacturing process (3D printing), one of the most advanced and relatively new methods for
constructing specimens. The 3Dprinter was Quantom-2025 and the base material was ABS (acrylonitrile butadiene
styrene), one of the most commonly used polymeric materials in the 3D printing process. In order to find the
properties of the material, tensile test specimens were made and tested according to ASTM D638 standard, and its
properties are mentioned in table2.

Table 2. Material properties.

Base material Young’s Yield stress(MPa)  Poisson’s ratio Density(g/c’m®)
modulus(MPa)
ABS 1500 36 0.35 1.00

To ensure that loads are applied uniformly to structures, for all structures at the top and bottom, two face sheets
were designed with 1 mm thickness, so that loads are applied uniformly and structural deformation is done correctly.
Fig.3 shows the complete shapes of structures.

Fig. 3. Fabricated models: (a) re-entrant, (b) arrowhead, (c) anti-tetra chiral.

3. Experimental tests
3.1. Quasi-static compression test

Uniaxial compression tests of the specimens was performed using the WDW-300E Universal testing Machine at
the crosshead speed of 2mm/min. The specimens were compressed to about 50% of their initial height. Deformed
shapes of specimens are shown in fig.4. The output of testing machine is a force-displacement diagram that is
presented for analysis in the following sections.

Fig. 4. Deformed shapes of structures after quasi-static test: (a) re-entrant structure, (b) arrowhead structure, (c) anti-tetra chiral structure.

Fig. 5. Drop weight impact tester.
3.2. Low velocity impact test

The apparatus used to perform the low velocity impact tests is shown in figure 5. As shown in figure 5, drop
hammer used a cylindrical platen with a 200 mm diameter and the total weight of striker was 9.1 kg. The drop
hammer was equipped with an accelerometer to measure the acceleration. Thus the output of tests is acceleration-
time diagrams. The force values was obtained from multiplying acceleration values by the mass of striker. In these
tests, the height of the striker was set at 130 cm which led to a theoretical 115.9 J amount of energy, without
including the amounts of energy loss due to friction. Deformed shapes of specimens after drop weight impact test
are shown in figure 6.

Fig. 6. Deformed shapes of structures after drop weight impact test: (a) re-entrant structure, (b) arrowhead structure,
(c) anti-tetra chiral structure.



4. Results and discussion
4.1. Quasi-static test results

The load-displacement diagrams for all structures are presented in figures 7 to 9. There is difference between the
mode of collapse and the destruction of unit cells in different structures, and these differences affect the energy
absorption of the structures. As shown in figures 7 to 9, for all of the structures, there is initially a region that is a
linear relationship between force and displacement. After that, in the re-entrant structure, there is a layer-wise
collapse behaviour and we see a frequent rise and fall of force amounts and this trend is up to about 30% reduction
in the height of the structure. Afterwards, due to the fact that a large part of the structure has been collapsed, the
stiffness of the structure increases and the amount of force takes up an ascending trend. But this pattern of ascent
and descent of force is not true for two other structures. In the anti-tetra chiral structure, after an initial linear region,
we have an almost constant force region, and then the amount of force increases sharply that shows the densification
of structure. In the case of the arrowhead structure, the first area of the graph indicates a state in which the structure
resists the load and does not have much deformation. With the initiation of change in the shape of the structure, the
rate of increase in the force decreases; actually, the unit cells are concentrated and collapsed in the middle of the
structure, indicating the auxetic property. As the cell wall collapses and reaches together, the stiffness of the
structure increases, and the amount of force becomes quite upward. The region of nearly constant force, after the
peak force, indicates that the structure is uniformly deformed and the force is distributed approximately the same.
The total energy absorbed by each structure under uniaxial compressive testing was calculated for all specimens.

Fig. 7. Force displacement diagram for re-entrant structure under quasi-static loading.

Fig. 8. Force displacement diagram for arrowhead structure under quasi-static loading.

In order to consider the weight of the structure, a parameter called specific energy absorption is defined, whose
values are obtained by dividing the total energy absorption of the structure by its weight. The energy absorption and
specific energy absorption values of the structures are shown in figures 10 & 11 respectively. It should be noted that
to make a fair comparison condition between structures, the area under the force-displacement curve up to the 25
mm displacement (approximately equal to 50% strain) is considered for energy absorption calculation. The
arrowhead structure has the highest energy absorption and its energy absorption is 66% and 10% more than the re-
entrant and anti-tetra-chiral structures, respectively.

Fig. 9. Force displacement diagram for anti-tetra chiral structure under quasi-static loading.

Fig. 10. Energy absorption of tested structures.

Fig. 11. Specific energy absorption of tested structures.
4.2. Low velocity impact test results

The force-time diagrams of the models are shown in figures 12 to 14. As shown in the figures 12 to 14, the peak
force of re-entrant structure is more than arrowhead and anti-tetra chiral structure, and the approximate time for the
destruction of structures during the impact is the same. The trend of ascending and descending of the force amounts
for the anti-tetra chiral and arrowhead structures is roughly the same, however in the re-entrant structure, as
expressed in the analysis of the results of quasi-static loading, due to the layer-wise pattern of collapse, the number



of ascent and descent in the force diagram are more than two other structures. It should be noted that the mechanical
behaviour of the re-entrant structure in impact loading has been improved and its force amounts is in the order of
two other structure.

Fig. 12 Force-time diagram of re-entrant structure derived from drop weight impact test.

Fig. 13 Force-time diagram of arrowhead structure derived from drop weight impact test.

Fig. 14 Force-time diagram of anti-tetra chiral structure derived from drop weight impact test.

5. Conclusion

In this study, in-plane compressive properties of three auxetic structures were studied in quasi-static and low
velocity impact loading conditions experimentally. All the three models were fabricated using an advanced
manufacturing technology (3D printing). Arrowhead and anti-tetra chiral structures displayed better compressive
properties under quasi static loading than the re-entrant structure. But in low velocity impact loading, the
performance of the re-entrant structure improved greatly and was comparable to the performance of the two other
structures. Overall, it can be concluded that the anti-tetra chiral structure showed the best performance in both type

of loading.
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