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KEYWORDS ABSTRACT

Metamaterial, Metamaterials are materials that exhibit unusual properties. Auxetic materials, as a class of
Auxetic material, metamaterials, are structures with a negative Poisson ratio. These materials become thicker when
Poisson ratio, applied under tensile stress, unlike conventional materials, in the perpendicular direction to the
Reentrant structure. applied force, and become thinner when applied under compressive stress. Auxetic behavior is an

independent property that can be obtained from microscopic or macroscopic levels and even
molecular or cellular levels. Many structures and materials are known of this feature. This unique
feature has created potential applications in the military, aerospace, medical and intelligent
sensors, and many other industries. However, there are still many problems with the widespread
use of these structures. This paper provides a comprehensive review of these structures that have
unique properties and applications of auxetic materials. In addition, some of the latest
developments in these materials are described. Materials with a negative Poisson ratio have great
potential in various applications such as lightweight structures or biomaterial applications.

Extended Abstract

1. Introduction

he Poisson's ratio is the ratio of transverse strain to axial strain in the direction of loading. Materials with
T a positive Poisson's ratio become thinner under tension and thicker under compression, known as common

materials. Materials with negative Poisson's ratio, called auxetic materials, become thicker under tension
and narrower under compression, unlike common materials. In homogeneous materials, properties such as
elasticity modulus and Poisson's ratio are independent of direction, but in heterogeneous materials, these properties
differ in different directions. Most materials have a Poisson's ratio between 0 and 0.5. This range is much larger
for non-homogeneous materials compared to homogeneous materials. Many materials such as cat skin, cow skin,
bone, and cadmium have the inherent auxetic property. The term auxetic derives from the Greek word "auxetikos™"
meaning growing or increasing, and Professor Evans coined this term to express the negative Poisson's ratio
property [11]. In 1944 the negative Poisson's ratio expressed, but scientists believed that materials with this
property were not obtainable because it was considered a defect in iron sulfide crystal [12]. In 1987, Lakes
discovered the negative Poisson's ratio in polyurethane foams [13]. These materials exhibit very special properties
compared to common materials, such as increased resistance to shear or impact [14]. Figure 1 shows the behavior
of common and auxetic materials under tension.
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Figure 1. Performance of auxetic and conventional materials under tension [10]

2. Geometric structures and models

Auxetic materials have received significant attention in the past decades due to their unique properties. Various
geometric models and structures, such as 2D and 3D honeycomb structures, rotating semi-rigid units, hard
molecules, liquid crystal polymer models, auxetic fibers, microporous polymers, surface molecular polymers, and
auxetic crystals, have been studied for a better understanding of the auxetic effects and improving their properties.
In addition to the aforementioned structures, the use of random structures and multiple materials with tools such
as deep learning has been a recent focus for researchers [25]. The inner-reentrant structures, such as honeycomb
structures and star structures, have also been studied due to their auxetic properties caused by the bending of
inclined facets or their contraction under vertical loading [26]. These structures have been modeled to calculate
the Poisson's ratio and Young's modulus along the loading direction. Lattice structures, such as the rhombic
dodecahedron, have also been studied for their auxetic effects.

Chiral structures are among the developed structures of auxetic materials that have inward rotational units. The
cellular units in this structure are connected to each other directly through central nodes with circular, rectangular,
or other geometries. The auxetic effect of this structure is achieved by opening or twisting these links around the
nodes under external loading [34]. A new type of structure called meta-chiral has been developed, in which the
meta- chiral units are connected symmetrically and tangentially to each other through links that are circular,
rectangular, or other geometries [36].

The rotational unit structure is created by connecting rigid and semi-rigid triangles, squares, or rectangles to
each other. These heads are connected to each other by special links. The negative Poisson’s ratio effect of this
structure is due to the rotation of these heads around these links. The arrangement of this structure can produce
two-dimensional and three-dimensional auxetic structures. The proposed molecular model is based on solid and
free molecules that are produced by the interaction between molecules through thermodynamic stability. The
cyclic hexamer model (Figure 2) is a type of this state that is composed of six atoms, and the atoms are located on
the vertices of a hexagon. The negative Poisson’s ratio effects of hexamer systems are obtained from their
intermolecular potential. Microstructure polymers are produced by arranging microscale particles in a specific
structure. These structures can have negative Poisson’s ratios due to their deformation mechanisms, which include
the bending of bonds and the rotation of particles. The microstructure of these polymers can produce two-
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Figure 2. The structure of the rigid molecules of the hexamer cycle [41

3. Auxetic material properties

Auxetic materials exhibit remarkable properties due to their special deformation mechanism in comparison to
conventional materials. In this section, we will discuss some of the properties of these materials, including their
shear resistance and resistance to compression failure.
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Auxetic materials demonstrate higher shear resistance than conventional materials due to their unique three-
dimensional elasticity theory. The behavior of these materials can be expressed by four constants, including
Young's modulus (E), bulk modulus (k), Poisson's ratio (v), and shear modulus (G), which are interdependent and
can be calculated by equations (1) [46].

i E
T 21+ v)

L (1)
T 3(1-2v)

It can be observed that by decreasing Poisson's ratio, the resistance of the materials under shear force increases. Poisson's
ratio of isotropic materials is within the range of 0.5 to -1. If the Poisson's ratio is -1, the shear modulus tends to infinity based
on equation (1). Furthermore, auxetic materials have a smaller bulk modulus than conventional materials.

When a conventional material is subjected to vertical pressure, as shown in figure 3a, expansion occurs in the direction
perpendicular to the applied pressure to compensate. In contrast, when an auxetic material is subjected to vertical pressure,
localized contraction occurs in the direction perpendicular to the applied pressure, as shown in figure 3b. In other words, an
area of the material that is free from pressure moves towards the areas under pressure, which increases the resistance to
compression failure [47]. According to the elasticity theory, resistance to compression failure is related to the material's
hardness, as expressed in equation (2) [48]. In this equation, E, v, and H represent Young's modulus, Poisson's ratio, and
structure hardness, respectively, and y is a constant assumed to be between 1 and 2.3. It can be inferred from equation (2) that
when the Poisson's ratio is -1, the resistance to compression failure and the hardness of the material tend to infinity.
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Figure 3. (a) Reaction of common materials against indentation. (b). The reaction of auxetic materials against indentation [49

We also examine their variable permeability and energy absorption properties. Auxetic materials are commonly associated
with macro-scale porous structures that open and close as the material is stretched or compressed. This property makes them
suitable for use in a wide range of filtration applications. Alderson et al. have demonstrated how auxetic materials can be used
to improve filter performance at the nanoscale by opening up their pores [60]. The energy absorption properties of auxetic
materials have also been studied extensively. Yang et al. conducted extensive numerical simulations of sandwich panels made
of auxetic materials and found that they exhibit better energy absorption properties than panels with honeycomb cores [62].
Jiang et al. also investigated the effect of auxetic cell angles on the energy absorption of dynamic loads [63]. Their findings
show that the energy absorption properties of auxetic materials can be improved by increasing the cell angle. The development
of auxetic sandwich composites has also been explored. Overall, auxetic materials have shown great promise in a wide range
of applications, including filtration, energy absorption, and sandwich composites.

4. Applications

Auxetic materials are known for their unique mechanical properties such as negative Poisson's ratio, which is
characterized by their ability to expand when stretched and contract when compressed. Auxetic materials have
found various applications due to their unusual deformation properties [20-51-64-65-66]. Auxetic materials have
extensive applications in the medical industry. One of the most important applications of these materials is the
fabrication of stents for esophageal cancer [67]. Esophageal cancer is one of the most common and vital cancers
in the world. Patients with this cancer may develop a tumor in their esophagus that blocks the food passage. If the
stent is placed in their esophagus as shown in Figure 4, it allows the food to pass through. The presence of macro
porous structures in scaffolds not only increases the absorption rate but also provides a structure for the growth of
bone cells and the creation of new bone with a complete and uniform structure [68]. The use of auxetic cellular
structures can have advantages such as eliminating bone friction at the junctions [69-70].
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Figure 4. Stent in the esophagus [71]

Auxetic materials have a high potential for use in protective devices such as pads, helmets, and gloves. The
use of protective clothing and equipment for dangerous sports such as cycling, motorcycling, speed racing, and
skating is essential. In these sports, parts of the body such as elbows and knees are more exposed to injury.
Therefore, protective pads are usually used in these areas. The protective pads available today are made of sponges
that have low permeability. Three-dimensional auxetic fabrics are a suitable replacement for these materials due
to their greater comfort compared to common sponges.

Auxetic textiles have been of great interest due to their properties such as high energy absorption and
deformation, wear resistance, flexibility, and dome-shaped moldability. An example of this application can be seen
in shoes, the soles of which are made of auxetic materials. The use of these materials in the soles of shoes provides
a better shock absorption and a more comfortable feeling for the user. In addition, auxetic fabrics can be used in
medical compression garments, sportswear, and military clothing to provide better comfort, support, and
protection.

Auxetic materials are suitable for producing bulletproof vests, armored vehicles, blast-resistant walls, and other
applications due to their high resistance against impact. When hit by a bullet or explosion wave, these materials
compress from the sides as shown in Figure 5 and prevent the bullet or explosion wave from advancing.

Figure 5. Military use of auxetic materials

Another application of auxetic materials is in safety belts. In a car accident, passengers are usually thrown
forward. In such situations, if the deceleration is very high, the force exerted will also be very high. The safety
belt, trying to counteract this movement, tightens like a strap and becomes narrower. This is exactly the opposite
of what is needed in such a critical situation. With the belt becoming narrower, the force exerted is concentrated
on a smaller area, which can cause serious injuries in middle-aged people, pregnant women, and children. This is
while auxetic belts widen in such situations, distributing the force over a larger area and ultimately reducing the
injuries.

Auxetic materials also have applications in packaging straps. The amount of looseness and stiffness of these
materials is a critical factor that must be considered. If the strap is too loose, it may release or drop the load, and
if it is too tight, it may damage the load. Therefore, auxetic straps with color-changing ability have been developed
to avoid these problems. These straps indicate the looseness and stiffness of the packaging strap by changing color
when stretched.

5. Conclusion

This paper provides a comprehensive review of auxetic materials and structures. These materials are typically
developed due to their unique structure and have a negative Poisson's ratio property. Due to their unique
deformation behavior, materials with a negative Poisson's ratio possess distinctive properties compared to
conventional materials, and thus have found various applications. This review attempts to cover all aspects of
auxetic materials, including types, properties, and applications. Significant progress has been made in
understanding the various structures and properties of these materials, but there are still many issues that require
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further investigation. Furthermore, with the development of cost-effective manufacturing technologies and the
introduction of some fabrication techniques, auxetic materials and structures have the potential to become
lightweight structural materials and play a critical role in the future.
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