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Abstract 

This chapter focuses on presenting some concepts about auxetic structures. These 

models are known to have a negative Poisson’s ratio, making them have some 

improved properties over conventional structures. The auxetics can be constructed 

with auxetic materials or conventional ones if they adopted the appropriate 

configuration to generate this behavior. Some configurations (reentrant, double 

arrowhead, chiral and rotated squares) will be presented in this work and will also 

be shown the manufacture via 3D printing of auxetic models. The additive 

manufacturing is a process widely used in the manufacture of auxetics. The 

application and the optimization of some of these structures will be related. It is 

expected that at the end of the chapter, the reader will be familiar with auxetic 

structures. 

Keywords: Auxetic Structures; Poisson’s ratio; Optimization; Additive Manufacturing; 

Surrogate Modeling; Design of Experiments. 

 1 An Overview of Auxetic Structures 

 The relationship between transversal and longitudinal strain is given by 

Poisson’s ratio. This property is influenced by the atomic density of the materials, that 

is, the denser the atomic density, the higher its Poisson’s ratio tends to be. For example, 

the Poisson’s ratio of gold is higher than that of steel.  Furthermore, analyzing  some   

crystalline  structures such  as  centered cubic face (CCF), hexagonal closed packed 

(HCP), body centered cubic (BCC) and diamond cubic (DC) it is  possible to notice that 
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the structures with  higher  atomic density also have higher Poisson’s ratio, i.e. vfcc > 

vhcp > vbcc > vdc.  

 The materials or structures that presents negative Poisson’s ratio (NPR) are 

known as auxetics, that is, they expand in the transverse direction when are pulled in the 

vertical direction. This behavior is different from  conventional  materials (steel, carbon, 

rubber, wood) that have to  compress in the transverse direction during a longitudinal 

tensile load to compensate the loss of density.  The discovery of  auxetic behavior in  

some materials caused several research  to be done seeking to understand its properties, 

and many things were discovered.  However, much research still needs to be done 

today. 

 Most of the auxetic materials shown in literature are polymeric, which makes 

these materials less  resistant to mechanical stresses.  One way around this problem is to 

construct structures  with conventional  materials so that it  has auxetic behavior. This is 

possible because of the configuration in which the  structure is constructed, using some 

unit cells that provide the negative Poisson’s ratio, such as: reentrant, double-V, 

perforated models.  Each of these models has its advantages and disadvantages and the 

choice by one of them is depending on the application of the structure, the tools 

available for manufacture, the material to be used and so on. 

 It is also possible to construct composite auxetics using the joining of  auxetics 

and  non-auxetics materials for the development of the structure. The great advantage of 

this technique is to be able to join the properties of two (or more)  different materials to 

arrive at  better properties of the model.  The research found in literature using  these 

multi-material auxetics can be divided into 4 groups: modification of the lamination 

angle; produce auxetic structures using auxetic matrix; explore and evaluating the 

properties of these structures and design and build auxetics composites.  

 The auxetic models has better performance than conventional ones in several 

applications, such as more efficient and resistant filters [Quisse et al., 2016], special 

prosthetic materials [Vinay et al., 2019], improved protective equipment [Duncan et al., 

2018] and medical implants of expandable stents [Gat et al., 2015]. The high energy 

absorption and fracture resistance of the auxetics makes them suitable for defense 

applications, for example, body armour [Linforth et al., 2020], shock-absorbing 

equipment [Duncan et al., 2016] and packaging materials [Tomazinziz et al., 2019]. 

Other's properties of auxetic are the increased shear modulus and indentation resistance 

[Evans et al., 2000], higher energy absorption capabilities [Scarpa et al., 2003], and 

better fracture toughness [Lakes and Elms., 1993]. The applications of this type of 

structure are diverse and many studies have been carried out in recent years covering 

several areas such as aerospace [Lira et al., 2011] and medical: smart bandages [White, 

2009], dilators [Evan et al., 2000], antenna [Gupta and Gupta, 2005], and protective 

pads [Yang et al., 2016].  

 Figure 1a shows the application of auxetics in ballistic/fragment impacts 

[imbalzano et al., 2017]. Military cars are subject to passing through uneven terrain and 

with fragments of war products. In this way, these cars are subject to various impacts on 

the bottom and the use of auxetics to absorb energy from these impacts can protect the 

car and the people who are driving.  Figure 1b shows the use of auxetics within a wing 

profile [Wu et al., 2019]. This can be used to absorb energy and control the level of 

vibration, for example. Finally, Figure 1c shows a medical application of auxetics [Mir 

et al., 2014]. It is known that the vascular system of the body shows anisotropic 

behavior, whereas the conventional coronary stents have isotropic properties. This 
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results in a mismatch between anisotropic-isotropic properties of the stent and arterial 

wall, and this in turn is not favorable for mechanical adhesion of the conventional 

coronary stents with the arterial wall. It is believed that an auxetic coronary stent with 

inherent anisotropic mechanical properties and negative Poisson's ratio will have good 

mechanical adhesion with the arterial wall. 

 

 

 
(a) 

 

 

 
 

(b) 

 
(c) 

Figure 1: Auxetic application in (a) fragment impact protection [Imbalzano et al., 2017], (b) energy 

absorption in a wing [Wu et al., 2019] and (c) medical stent [Mir et al., 2014]. 
 

1.1 Poisson's ratio in the Mechanic of Materials 

 The relationship between longitudinal and transverse strain is given by Poisson’s 

ratio (Equation 1).  In  conventional  structures, the deformations have contrary signs, 

obtaining the positive Poisson’s ratio. In auxetics, the strain has the same signal 

generating  NPR. 

𝜈 = −
𝜀𝑥

𝜀𝑧
= −

𝜀𝑦

𝜀𝑧
 (1) 

where ν is the Poisson's ratio, ԑx, ԑy and ԑz are the strains in the x, y, and z direction, 

respectively. This property influence on the behavior of the structures and several  

studies were done to understand the points of improvement and the points of worsening 

in the model.  For example, Guo et al. [2020] studied the deformation behaviors and 

energy absorption of auxetic lattice cylindrical structures under axial crushing load. The 

author compared  auxetic cylindrical structures with conventional cylindrical structures 
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to analyze  which one had  the best performance, concluding that  the structures  with  

negative Poisson’s ratio had better performance. 

 The Poisson’s ratio of isotropic materials depends of the modulus of elasticity 

(E), the shear modulation  (G)  and the bulk modulus (K), as shown in Equation 2 and 3. 

Combining the Equation 2 and 3, it is possible to find the Equation 4 that represent the 

relation between G and K.  Notice how the  Poisson’s ratio influences these properties 

and, consequently, the mechanical performance of these structures. Thus, the study of 

auxetics is of great importance to the scientific community. It is important to note that 

for anisotropic materials it is necessary to specify several elastic constants depending on 

the structural characteristics of the crystal. 

G = 
𝐸

2(1+ 𝜈)
                                                                    (2) 

  K = 
𝐸

3(1−2𝜈)
                                                                   (3) 

2𝐺

3𝐾
 = 

1−2𝜈

1+𝜈
 (4) 

 

 In most known  materials, bulk modulus (K) is larger than shear modulus (G). 

Thus, one can make  the implication presented in  Equation 5.  Moreover, a necessary 

condition to obtain the NPR is that the shear modulus is larger than the buckling 

modulus, both of which must be positive. For the G in Equation 2 to  be positive, we  

have that  the Poisson’s ratio  must  be greater than -1 and for K to be positive in 

Equation 3,  the Poisson’s ratio must be less than 0.5. Thus, the Poisson’s ratio varies 

within this  interval and the graph in Figure 2 can be constructed to show the restriction 

impost in Equation 5. 

 

2 

3
 ≤

1−2𝜈

1+𝜈
                                                                    (5) 

 

 

Figure 2: graphical relationship between v and 
𝟏−𝟐𝝂

𝟏+𝝂
. [Francisco et al., 2021] 
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 The Figure 2 shows that the Poisson’s ratio gets smaller and smaller when the 
2𝐺

3𝐾
 

ratio increases. This ratio tends to infinity when the  Poisson’s ratio is trending to -1,   

on the other hand,  the Poisson’s ratio restriction being less than 0.5 prevents the values  

G and K to be negative.  It is important to remember that this relationship applies to  

auxetic materials. For auxetic structures, calculations depend on the configuration 

adopted and the material used. Going further, it is worth remembering that to  construct 

auxetic structures, it can be used auxetic or conventional  materials,  provided that the  

correct configuration for  the construction of the model is adopted. The focus of this 

chapter is not to demonstrate the formulas for calculating the Poisson’s ratio, but it is 

important to make it clear that the isotropic or anisotropic behavior of the material has a 

great influence on this parameter. 

1.2 Natural and non-natural auxetic materials and structures 

 Materials with  negative Poisson’s ratio can be metallic [Ren et al., 2016], 

Ceramic [Hu et al., 2020], polymeric [Sahra and Dhanasekar, 2017], composite [Li et 

al., 2020].  Some examples of natural auxetic material are like α-cristoblaite [Evans et 

al., 1991], pyrolytic graphite [Voigt et al., 1966], some biological tissues [Lees et al., 

1991] and crystalline cellulose [Yao et al., 2016], in a defined form, and α-quartz. While 

some materials have natural auxetic characteristics, others need to be modified to 

achieve these characteristics. Foam's materials, for example, exhibit conventional 

behavior, however, it is possible to obtain auxetic behavior by processing the material in 

the correct way [Najarian et al., 2018]. 

  Auxetics foams  are constructed from  the compression of a  piece of foam in  all 

three directions and are subjected to  temperature above the softening point of the 

material.  After this process,  they are removed and cooled to ambient temperature until 

they are removed from the mold. For polyester foams, Lakes and Roderic [1987] 

reported that a compression factor between 1.4 and 4 is sufficient to generate auxetic 

behavior in the structure. On the other hand, for reticulated metal foams, it is not 

necessary to use high temperatures. 

 

2 Types of Cellular Auxetic Structures 

 Structures with negative Poisson’s ratio can be constructed with conventional 

materials since the adopted configuration is suitable to generate an  auxetic behavior.  

Some of these settings,  which are recognized in literature and have already been used in  

several articles published around the world,  will be shown in this section.  However, it 

is important to note that there are several other  existing models. 

 Additive manufacturing is a great ally in the manufacture of auxetics structures, 

as these often have complex configurations to be manufactured by conventional 

processes.  Meena and Singamneni [2021] used the 3D printing technique to develop a 

novel hybrid auxetic structures for improved in-plane mechanical properties. The 

authors reported that the manufacture of this new part by a process other than 3D  

printing would  make  the cost of manufacturing the company unfeasible its production. 

  Several models have been created over the years through diverse different 

methodologies, for example: rotational structures [Grima et al., 2016]. , topology 

optimization [Gao et al., 2019], and taking inspiration from nature [Ren et al., 2018]. 

Some of the most famous auxetics configurations are re-entrant hexagonal honeycombs 
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[Liu et al., 2016], double arrowhead honeycomb [Wang et al., 2018], chiral [Zhang et 

al., 2018]. When additive manufacturing is used to manufacture  structures, the print 

parameters influence the  properties of the models.  In addition, the material used  also 

has great influence, Johnston and Kazanci [2021] carried out an analysis to know how 

three different material configurations effect the responses of three different cellular 

geometries and proved  that  the material really has great impact  structural responses. 

 

2.1 Re-entrant models 

 Gibson et al. [1982]  were the pioneers to  study reentrant models,  they studied 

analytically the mechanic properties of a reentrant structure and performed  

experimental tests to validate the result. The authors developed models representing  the 

mechanical properties of the structure  in terms of bending, elastic buckling, and plastic 

collapse.  The  reentrant hexagonal model  studied is shown in Figure 3. The value of  

the 𝜃 angle  that makes the structure to  be considered conventional or auxetic, i.e., if  𝜃 

value is positive, the structure is conventional if  the value is negative, there is an 

auxetic structure.  

 

Figure 3: Design parameters of the reentrant auxetic unit cell. 

 Auxetic structures, in general, are periodic structures, that is, they have a  unit 

cell that repeats itself throughout  the model. Thus, you can analyze only one cell and 

extrapolate the results to the  entire  structure. Gibson et al. [1982]  developed analytical 

models for the  cell shown in Figure 3, the  authors considered that each part of the  cell 

can be considered  a  bar and that an external force caused a deformation in the 

structure. They found Equations 1 to 4 that describe, respectively, modulus of elasticity 

in the direction of force, modulus of elasticity in the direction transverse to force, 

Poisson's ratio and the shear modulus of the structure. 

𝐸1 =  
𝐾𝑓(

𝑏
𝑙 + 𝑠𝑒𝑛𝛳)

ℎ𝑐𝑜𝑠³𝛳
 

 

(1) 

𝐸2 =  
𝐾𝑓𝑐𝑜𝑠𝛳

ℎ (
𝑏
𝑙 + 𝑠𝑒𝑛𝛳) 𝑠𝑒𝑛²𝛳

 
 

(2) 
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𝜈12 =  
𝑠𝑒𝑛𝛳(

𝑏
𝑙 + 𝑠𝑒𝑛𝛳)

𝑐𝑜𝑠²𝛳
 

 

(3) 

𝐺12 =  
𝐾𝑓(

𝑏
𝑙 + 𝑠𝑒𝑛𝛳)

ℎ (
𝑏
𝑙

)
2

(1 +  
2𝑏
𝑙

) 𝑐𝑜𝑠𝛳

 

 

(4) 

 The v21 can be found by the E1ν21 = E2ν12 which is valid when one has the 

symmetric stiffness matrix.  Two considerations  were made by Gibson et al. [1982]  

during   the development of the analytic  models: bars deform only along their axis with 

no change in angle and the structure is under stretching efforts in vertical directions.  the 

force exerted due to the applied stress σ2 is given by Equation 5 and the P component of 

w that acts along the diagonal bar is given by Equation 6. 

 

                                               w = h∙(lsin∙θ + b) cosθ        (5) 

                                           P = h∙σ2∙(l∙sinθ + b)cosθ        (6) 

 Knowing that the deformation of the structure is directly proportional to the 

applied force, we have that P = Ksδ, where Ks is a tension constant. The deformation   

can be  calculated by dividing equation 6 by tension constant, as shown in Equation 7, 

which, divided by length l, gives the strain given by Equation 8. Moreover, the 

relationship between the deformation, given by Equation 8,  and the stress σ2 is known     

as Hooke's law and is given by Equation 9. 

 

𝛿 =  
ℎ𝜎2(𝑙𝑠𝑒𝑛𝛳 + 𝑏)𝑐𝑜𝑠𝛳

𝐾𝑠
 

(7) 

𝜀2 =  
ℎ𝜎2(𝑙𝑠𝑒𝑛𝛳 + 𝑏/𝑙)𝑐𝑜𝑠𝛳

𝐾𝑠
 

(8) 

𝐸2 =  
𝐾𝑠

ℎ(𝑙𝑠𝑒𝑛𝛳 + 𝑏/𝑙)𝑐𝑜𝑠𝛳
 

(9) 

 Gibson et al. [1982] also made the calculations to find the deformation  in 

direction 1, obtaining Equation 10.  Thus, it is possible to find the Poisson’s ratio by 

dividing the equation 8 by Equation 10.  The Equation 11 shows the model for Poisson's 

ratio. 

 

𝜀1 =  
ℎ𝜎2𝑠𝑒𝑛𝛳𝑐𝑜𝑠𝛳

𝐾𝑠
 

 

(10) 
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𝜈12 =  −
𝑠𝑒𝑛𝛳

𝑠𝑒𝑛𝛳 +
𝑏
𝑙

 
 

(11) 

 It is important to note that the Poisson’s ratio of this model depends on the 

parameters 𝜃, b and l.  These three parameters are  fundamental to define the auxetic 

behavior of the  structure and, consequently,  its mechanical properties. 

2.2 Double-V models 

 Larsen et al. [1996] was one of the pioneers studying  double arrowhead 

structures.   Auxetic structures are periodic (repeat the same unit cell) and so  the   study 

of only one cell is sufficient to understand the behavior of the whole model. The 

parameters of a  double-V cell is shown in  Figure 4, It takes 3 cell parameters to build 

the model: two angles (𝜃1 and 𝜃2) and the length l. 

 

Figure 4: design parameter of the double arrowhead auxetic unit cell. 

                 Qiao and Chen [2014] studied the double-V model analytically. The structure 

was subjected to a  uniform stress σ∞ which corrects a  vertical force equal to Pa = 

2∙σ∞∙lb∙, where b is the dimension out of the plane of the structure.  Some boundary 

conditions  were  adopted  for the development of  the analysis: the point C is 

constrained in all degrees of freedom and the point A is constrained to rotation and 

horizontal displacement (this implies in a reaction force Fa and reaction moment Ma 

when σ∞  is applied).  The Equation 12 and 13 shows the normal strains in x and y 

directions, when 𝑢𝑦
𝐴 is the vertical displacement of point A and 𝑢𝑥

𝐵 is the horizontal 

displacement of point B. 

𝜀𝑦 =  
𝑢𝑦

𝐴 ∙ 𝑠𝑖𝑛𝜃1 ∙ 𝑠𝑖𝑛𝜃2

𝑙 ∙ sin (𝜃1 − 𝜃2)
 

(12) 
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𝜀𝑥 =  
𝑢𝑥

𝐵

𝑙
 

(13) 

  The relationship between equations 12 and 13 gives us the Poisson’s ratio that is 

shown in Equation 14. It is also possible to calculate the modulation  of elasticity,  as  

shown in Equation 15 and 16, where 𝐸𝑠 is the Young's modulus of the solid material 

and I is the second moment of inertia. 

𝜈𝑥𝑦 = − 
𝜀𝑥

𝜀𝑦
=  

1

𝑡𝑎𝑛𝜃1 ∙ 𝑡𝑎𝑛𝜃2
  

(14) 

𝐸𝑦 =
𝜎∞

𝜀𝑦
=  

3𝐸𝑠𝐼

𝑏𝑙3
𝛼(𝜃1, 𝜃2) 

(15) 

𝛼 =  - 
4(𝑐𝑜𝑠𝜃1−𝑐𝑜𝑠𝜃2)

𝑠𝑖𝑛𝜃1𝑠𝑖𝑛𝜃2
−

(𝑐𝑜𝑠𝜃1𝑐𝑜𝑠𝜃2−1)²(𝑐𝑜𝑠𝜃1𝑐𝑜𝑠𝜃2−3)

𝑠𝑖𝑛𝜃1𝑠𝑖𝑛𝜃2(𝑐𝑜𝑠𝜃1−𝑐𝑜𝑠𝜃2)
+

(𝑐𝑜𝑠𝜃1𝑐𝑜𝑠𝜃2+3)(𝑐𝑜𝑠𝜃1𝑐𝑜𝑠𝜃2−1)

𝑐𝑜𝑠𝜃1−𝑐𝑜𝑠𝜃2
 (16) 

             It is noticed that 𝜃1 and 𝜃2 angles have influence on the  Poisson’s ratio value, 

the higher the angles, the lower the Poisson’s ratio. This is because the angle interferes 

with the deformation capacity of the structure, that is,  depending on  the values of 𝜃1 

and 𝜃2 , the structure will be able to deform more or less. Similarly, the angles also 

affect the modulation of elasticity, in addition, the length l also has influence.  

2.3 Rotating squares and Rectangle models 

 Grima and Evans [2000] were the pioneers studying  the rotating squares and 

rectangle models.  The authors verified that this type of structure would have the 

Poisson’s ratio equal to -1.  In addition, they developed an analytic study to show the 

equations that govern the structure.  The relationship between the deformation and the 

stress found by them is shown in Equation 17, being S the compliance matrix of the 

structure. 

|

𝜀1

𝜀2

𝛾12

| = |
𝑆11 𝑆12 𝑆13

𝑆21 𝑆22 𝑆23

𝑆31 𝑆32 𝑆33

| •  |

𝜎1

𝜎2

𝜏12

| 

 

 

 

(17) 

S = |

1

𝐸1

−𝑣21

𝐸2
0

−𝑣12

𝐸1

1

𝐸2
0

0 0 0

| 

 

 The authors also found the equation representing the young modulus of the 

structure and it is shown in Equation 18, where θ is the angle shown in Figure 5, l is the 

length of the squares and kh is the rotational stiffness constant. 
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𝐸1  =  𝐸2  =  
8𝑘ℎ

𝑡²(1 −  𝑠𝑖𝑛𝜃)
 

(18) 

 

 

Figure 5: Auxetic model proposed by Grima and Evans: overview and details. [Grima and Evans, 

2000] 

 Grima et al. [2007] continued studies in rotating squares to assess whether semi-

rigid structures would also have an auxetic behavior. The authors developed an  analytic 

study based on the model shown in Figure 6.  Equations  19-39 shows the  behavior of 

the model. 

 

Figure 6: Variables used in the model proposed by Grima et al. [2007] 

 

𝜈12  =  𝜈21  =   −𝑐𝑜𝑡𝑔(
Ψ1

2
)𝑡𝑎𝑛(

Ψ2

2
)[ 1 +  4(

𝐾Ψ

𝐾∅
)]−1 (19) 

 𝐸1  =  𝐸2  =  
8𝐾Ψ(𝐾∅ + 2𝐾Ψ)

𝑙𝑑
2 𝑧(𝐾∅ + 4𝐾Ψ)

 · 
𝑠𝑖𝑛(

Ψ2
2

)

𝑠𝑖𝑛(
Ψ1

2
)𝑐𝑜𝑠²(

Ψ2
2

)
 (20) 
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𝐺12  = 𝐾∅  
1

𝑧
[𝑙𝑑 𝑠𝑖𝑛 (

Ψ

2
)]−2 (21) 

 

where ld is the length of AC or BD (diagonal of the square) in figure 6, the rotational 

stiffnesis given by Kφ and K∅ that restrain changes to the angles φ and ∅, respectively, 

and z is the thickness in the third direction of the squares. Thus, it is  possible to 

calculate the Poisson’s ratio, the modulus of elasticity and the shear modulation by the 

following equations: 

 

𝜈12  =  𝜈21  =   −[ 1 +  4(
𝐾Ψ

𝐾∅
)]−1 (22) 

𝐸1  =  𝐸2  =  
8𝐾Ψ(𝐾∅ + 2𝐾Ψ)

𝑙𝑑
2 𝑧(𝐾∅ + 4𝐾Ψ)

 · sec² (
Ψ

2
) (23) 

𝐺12  =  
𝐾∅

𝑧𝑙𝑑
2 [𝑠𝑖𝑛² (

Ψ

2
)]−1 (24) 

 

The off axis elastic moduli at an angle ζ around the third direction are given by Grima et 

al. [2007] by Equation 25, 26 and 27. where m = cos(ζ) and n = sin(ζ). 

 

1

𝐸1
𝜁 = 

𝑚4

𝐸1
 + 

𝑛4

𝐸2
 – m²n² (2·

𝜈12

𝐸1
 - 

1

𝐺12
) (25) 

𝜈12
𝜁

 = 𝐸1
𝜁
 [(𝑚4 +  𝑛4)

𝜈12

𝐸1
 – m²n²( 

1

𝐸1
 +  

1

𝐸2 
 - 

1

𝐺12
) (26) 

1

𝐺12
𝜁  = 

𝑚4 + 𝑛4

𝐺12
 + 2m²n² ( 

2

𝐸1
 +  

2

𝐸2 
 + 

1

𝐺12
 +  

4𝜈12

𝐸1
) (27) 

 

2.4 Chiral Models 

 It is said that an object is chiral when there is no possibility of it to be 

superimposed on its mirrors image. The chiral models rotate when  they receive 

compressive force,  causing auxetic  behavior to be evidenced.  The movement of this 

type of  structure while  receiving a load is like what happens with transmissions and 

crankshaft [Necemer et al., 2020]. Prall and Lakes [1997] studied this type of structure 

through analytical  and experimental analyses for strain in plane.  The equations found 

by then that represent the deformations of the structure are shown in equations 28-30.  

Furthermore, the parameters used by the authors  are shown in Figure 7. 

 

e = r · sinφ (28) 
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𝑒1 =  𝑟 · 𝜑 · 𝑐𝑜𝑠𝜃 (29) 

𝑒2 =  𝑟 · 𝜑 · 𝑠𝑖𝑛𝜃 (30) 

 

 

 

Figure 7: Geometry of a hexagonal chiral lattice. [Prall and Lakes, 1997] 

where φ is the angle of applied deformation in the structure. The r·sinφ ~ r·φ can be 

made because the structure is subjected to small  deformations.  The Equation 31 shows 

the calculus of φ by the elementary beam theory, where t is the thickness of the 

structure, d is the width of the structure, E is the material Young's modulus and T is the 

applied load in the system. 

φ  = 
2𝐿𝑇

𝐸𝑡³𝑑
                                                                    (31) 

 

 The authors concluded that the deformations ε1 and 𝜀2 can be given by Equations 

32 and 33, respectively.  Furthermore, the  Poisson’s ratio is given by the relationship  

between  the longitudinal  and transversal deformed, as shown in Equations 34 and 35. 

 

𝜀1= φ ·
𝑟

𝑅
                                                                    (32) 

𝜀2= φ ·
𝑟

𝑅
 (33) 

𝜈12 = - 
𝜀2

𝜀1
                                                                    (34) 

𝜈21  = - 
𝜀1

𝜀2
                                                                    (35) 

 

 3 Auxetic Structures in Engineering 

 This section will  be responsible for  showing how  auxetics structures  are used 

within engineering. For this, it will be shown a way of manufacturing some models and 

then  will be reported on  some utilizations of  this type of structure.  It is important to 
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note that there are several auxetic models and various applications  of these models, it is 

not possible to exemplify all the possibilities here and only a few will be shown next. 

3.1 Fabrication of auxetic models 

 Auxetic structures usually have a complex shape, which makes it difficult to  

manufacture. However, the advancement of additive manufacturing has  greatly 

facilitated the development of these structures and has been  widely used  by many  

authors around  the world.  The author of this  chapter manufactured three auxetic  

structures,  using 3D  printing, to exemplify the construction of these models. The 

structures that will be shown here were manufactured via  3D printing on the 

Ultimaker® 2+ printer using Polylactic acid (PLA) filament with a diameter of 1.75mm. 

The printing temperature and the build plate temperature is equal to 200°C and 60C°, 

respectively. The print speed, the layer height and the infill density are equal to 55mm/s, 

0.4mm and 20%, respectively. Several materials can be used for manufacturing, 

however, in this section, polylactic acid (PLA) was used which is  a polymer widely 

used for the manufacture of these models . 

For  the example  of this section, it was used the  auxetic model shown in figure 

3 and 4, respectively. In addition, three auxetics structures were constructed:  reentrant 

tube, reentrant beam, and double-V beam.  The initial values of the design parameter for 

the reentrant beam are equal to 16mm, 8mm and 60° for the base length, oblique length 

and angle of the unit cell, respectively. Thus, the author adopted seven cells in the 

horizontal, three in the vertical direction and 30mm of death.  The same parameters of 

the  unit cell   were used to construct the reentrant tube,  the other parameters of the tube 

are shown in table 1. 

 
              Table 1: Design parameter adopted for the tube manufacturing. 

Variable Symbol Unit Value 

Angle 𝛼 degrees 60 

    Oblique length l mm 8 

Horizontal length b mm 16 

Height of Tube H mm 83.2 

Diameter of Tube D mm 91.68 

Height of Cell Unit h mm 13.85 

N° of horizontal cell Nc - 24 

N° of vertical cell Nh - 6 

For the double-V model, the design parameters are shown in Figure 4 (angle 𝜃1 , 

angle 𝜃2 , and oblique length l).  The values adopted to build the structure are 𝜃1 equal 

to 60°, 𝜃2 equal to 30° and oblique length l equal to 30mm. Thus, it will be adopted 

three cells in horizontal and four in vertical direction. All the models were designed in a 
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software CAD and transferred to the Ultimaker Cura to set the print paramenters. Figure 

8 shows the manufacturing process of the three models constructed and the final 

structure. 

  

 

 

 

  

Figure 8: Manufacturing process and the final structures studied in this chapter. 

3.1.1 Experimental Results of Auxetic Structures 

 The three structures proposed in this chapter were subjected to a compression 

test. Figure 9 shows the compression test carried out on the auxetic tube from the initial 
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experiment (t=0s) until the end time (t = 140s).  The maximum load reached was 3254 

N and the mass of the structure is equal to 84.3g. Figure  10 shows the deformation of 

the part during the experimental test for the reentrant beam, the maximum load obtained 

by the structure  was 12467N and has a  mass of 70g.  Finally, Figure  11 shows   the 

deformation of the double-V structure during the compression test, the maximum load 

reached was 2100N and the mass  of the structure was 116g.  The table 2 compiles these 

results. 

Table 2: Experimental results of the auxetic structures studied in this chapter. 

Structure Maximum load (N)       Mass (g) Load-mass ratio (N/g) 

Reentrant tube 3254 84.3 38.6 

Reentrant beam 12467 70 178.1 

Double-V beam 2100 116 18.1 

 Table 2 shows that the reentrant beam is the structure that  gets the major 

maximum load and is the lightest  structure of the  three studied.  However, the choice 

for one of them depends on  the application and  manufacturing process available. 

Furthermore, further tests should be performed to evaluate other  responses together 

with the maximum compression load supported. It is important to note that all  these 

parts were  manufactured using the same printing parameters and the same material. 

 

 

 

 

 

(INTENTTIONALY LEFT BLANK) 
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t = 100s 
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t = 140s 

Figure 9: Performance of auxetic reentrant tube in compression tests. 
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(a) t = 0s 

 
(b) t = 20s 

 
(c) t = 40s 

 
(d) t = 60s 

 
(e) t = 80s 

 
(f) t = 100s 

 
(g) t = 120s 

 
(h) t = 140s 

Figure 10: Performance of auxetic reentrant beam in compression tests. 
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Figure 11: Performance of auxetic double-V beam in compression test. 
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3.2 Auxetic Structures Applied in Engineering 

 The idea of applying auxetics structures in engineering is not something recent, 

as it had its beginning around the 1970s. However, the difficulty of manufacturing these 

structures caused the studies not to prosper at that time. Today, additive manufacturing 

has been a great ally of the manufacture of auxetics structures, as it facilitated the 

manufacture of these models. Thus, several auxetics configurations began to appear and 

several applications for these models were studied, some of these applications will be 

shown in this section. 

 Foser et al. [2018] evaluated whether the use of auxetic foam in sport helmet 

was feasible. The author's objective was to study whether the use of this foam would 

improve its linear impact acceleration attenuation. Figure 12 shows the helmet used by 

the author. Furthermore, the author compared the results of the auxetics model with 

conventional ones, showing that auxetics have superior performance, i.e., Gadd severity 

index reduced by 11% for frontal impacts (39.9J) and 44% (24.3J) for side impacts. 

Thus, it was possible to verify that auxetics structures could be used for protection both 

in the sports industry and in other areas.  

 Shah et al. [2022] carried out a finite element analysis of the ballistic impact on 

auxetic sandwich composite human body armour. The authors analyzed with several 

different types of projections, comparing the responses of the auxetic structure with 

conventional structures. The author concluded that the indentation resistance improved 

with the auxetic armour and deformation in auxetic armor was observed greater for each 

of the cases when compared to the conventional armor, due to higher energy absorption. 

Thus, it is perceived that the investment in auxetics structures for protective equipment 

is valid and very important to improve the safety of current protective equipment. 
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Figure 12: Foam inserts: (a) foreheads, (b) right side and (c) left side [Shepherd et al., 2020]. 

 The automotive industry is increasingly seeking to build light, comfortable and 

safe cars. The need for economical cars makes the reduction of their weight one of the 

main objectives in the design of automobiles. In addition, safety is also a very important 

item and the construction of a crash box (integral component for ensuring the safety of a 

car which serves as an energy absorbing member) should cause the car to absorb some 

of the energy in case of frontal collision during car accidents. Wang et al. [2018] 

analyze the application of auxetic structures to design jounce bumpers, this study was 

able to improve the noise, vibration, and harshness performance of the automobile. 

Zhou et al. [2016] carried out a multi objective optimization of an auxetic structure 

focused on building a crash box with auxetic structures and improving the collision 

performance of the car. 

 Other studies have also been done seeking to optimize the energy absorption of 

some components to increase car safety. Gao et al. [2018] studied a cylindrical auxetic 

structure in a novel crash box, compared with conventional models, the auxetic structure 

has lower peak crushing force and higher energy absorption. Lee et al. [2019] compared 

auxetic and conventional structures in development of a crash tube, and the performance 

of auxetic structures was superior to conventional structures. Thus, it can be noted that 

the use of auxetic structures in protective equipment is of great interest to the world 

scientific community. 

 Another much explored feature of auxetic structures is the damping mechanism. 

Chen et al. [2020] studied the damping mechanism of CFRP three-dimensional double-
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arrow-head auxetic structures. The author manufactured the structure in carbon fiber 

reinforced polymer (CFRP) and submitted it to compressive loading-unloading tests and 

sine sweep frequency experiments. The author compared the performance of the 

construction structure with a conventional structure, and the auxetics obtained better 

results, i.e., excellent comprehensive characteristics of light weight, high specific 

strength and high damping performance. The structure tested by the author is shown in 

Figure 13. This better damping capability makes these structures can be applied in 

conditions that need to reduce the vibration level or reduce vibration transmissibility. 

 

 

Figure 13: Deformed photograph of the 3D DAH structure during compression. [Chen et al., 2020] 

 

 Budarupu et al. [2016] studied the design concepts of an aircraft wing using 

morphing airfoil with auxetic structures. The authors evaluated the aerodynamic forces 

that appear on the flight during the flight to use as a contour condition. The advantages 

of the morphing airfoil with auxetic structure are (i) larger displacement with limited 

straining of the components and (ii) unique deformation characteristics, which produce 

a theoretical in-plane Poisson's ratio of – 1. The structure used by the author is shown in 

Figure 14. It is possible to notice that auxetics structures can be applied in various 

situations and that their use can generate several advantages over conventional 

structures. 
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Figure 14: Airfoil with auxetic structure of (a) elliptical cells and (b) circular cells used by 

Budarupu et al. [2016]. 

 Several other authors have published studies focused on the application of 

auxetic structures in real problems. Günaydin et al. [2019] used the anti-tetrachiral and 

reentrant models to study the deformation mechanism of these structures. The authors 

concluded that the auxetic models have higher performance in crush absorption than 

conventional ones thanks to its high shear strength, i.e., auxetics have better 

performance to be applied in automotive bumpers, for example. Figure 15a shows the 

application studied by Lee et al. [2019] He evaluated the performance of auxetic 

structures manufactured via additive manufacturing with SUS316L under low impact 

condition, concluding that these structures have better performance than conventional 

structures to absorb impact energy. 

 Figure 15b shows the model of the study conducted by Chang et al. [2017] 

which aimed to use auxetics structures to protect concrete structures against impact and 

blast loadings. The authors carried out two experimental tests: drop weight impact and 

filed blast test. The results showed that the plate made with auxetic structure absorbed 

19.1% more energy than the plate built with conventional structures. This work showed 

the importance of the study of auxetic structures applied to protection systems. Figure 

15c shows a new shock absorbing uniaxial graded auxetic damper developed by Al-

Rifaie and Sumelka [2019]. The authors conducted several tests and found that this 

structure is applicable in various situations, such as: blast resistant doors; blast resistant 

for retrofitting sensitive buildings; elevator (absorbing unexpected crash of elevators or 

cable failure in multi-story buildings); crash energy absorbing system in motor vehicles 

front bumpers; and many other possible applications. 

 Finally, Figure 15d shows the fuselage sections with negative Poisson's ratio 

structure insert below the cargo floor studied by Wang et al. [2021]. The author studied 

the use of these structures in the aircraft fuselage to assess the energy absorption 

capacity during a crash landing.  They concluded that these structures have better 

energy absorption performance than conventional structures and that they have potential 

in improving the crashworthiness behavior of aircraft. 
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(a) 

 

(b)  

 

(c) 

 

(d) 

Figure 15: Examples of auxetic applications: (a) automotive bumpers [Lee et al., 2019] (b) 

protective systems against impact [Chang et al., 2017] (c) shock absorbing [Al-Rifaie and Sumelka, 

2019] and (d) aircraft’s fuselage [Wang et al., 2021].  
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4 Optimization of Auxetic Structures 

 Auxetic structures can be applied in various situations and the optimization of 

these models for each of the applications is very important. Optimization can be mono 

objective, when there is only one objective, or multi-objective when you want to 

optimize multiple responses simultaneously. This second methodology is more real, 

because the structures are subjected to several loads simultaneously during their 

operation. In this section, a methodology called parametric optimization will be shown. 

4.1 Parametric optimization in Auxetic Structures 

 Parametric optimization is a methodology used to find the best design variables 

of a given structure. In this section, we will demonstrate a parametric optimization study 

of a reentrant beam. For this, we first need to figure out which variables are important to 

the problem, so that we will use them to get our goal. Thinking of a reentrant cell, 

equations 1-11 can be used to describe the structure analytically. Moreover, it is 

perceived by equation 11 that the Poisson’s ratio of the structure depends on b (length 

of the horizontal bar), l (length of the oblique bar) and 𝜃 (angle between these bars). 

 From the moment we find which design variables are important for the analysis, 

it is necessary to find out in which range is the optimal point. This is a very difficult 

task and can be done in two ways: using the experience of the designer or doing an 

exploratory analysis. Generally, when the designer knows very well the behavior of the 

structure, he can deduce within what range the design parameters can stay to achieve 

good results. If you do not have this knowledge, exploratory analysis is the best option. 

Exploratory analysis consists of performing some experiments to find the intervals of 

the design parameters that best generate results.  

 In the present study, a reentrant beam was constructed as shown in the 

compression tests in Figure 10. A numerical model representing the structure was 

constructed and validated with experimental data. From this, some simulation was 

performed with different configurations to understand at which intervals we could find 

the optimal point, so the length of the oblique bar will vary between 6mm to 10mm , the 

length of the horizontal bar will vary between 14mm to 18mm,  and the angle α ( α = 90 

- 𝜃) will vary between 50° to 70°. From this interval, you can use a statistical technique 

called response surface methodology to create a series of experiments. The design of 

experiments and the experimental results are shown in Table 3. The answers of interest 

are Poisson's ratio (v), Failure load (Qu), Buckling load (λ), Natural frequency (ωn) and 

Mass (M). 
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Table 3 –  Design of experiment considering three manufacturing (design) factors. 

 Variables  Responses 

Exp. α(°) b(mm) l (mm)  ν QU (N) λ (N) ωn (Hz) M(g) 

1 50 14 6  -1,24 19350 101100 342,4 57,42 

2 70 14 6  -1,98 18330 110900 332,0 57,42 

3 50 18 6  -1,25 17990 133200 320,2 66,42 

4 70 18 6  -2,00 16200 129700 294,9 66,42 

5 50 14 10  -1,38 7643 32390 125,2 74,70 

6 70 14 10  -2,59 7989 44350 146,1 74,70 

7 50 18 10  -1,39 9422 37650 132,1 83,70 

8 70 18 10  -2,61 8366 45240 137,8 83,70 

9 50 16 8  -1,33 13800 58830 202,5 70,56 

10 70 16 8  -2,35 9191 67770 204,2 70,56 

11 60 14 8  -1,77 12260 60390 204,1 66,06 

12 60 18 8  -1,78 12290 62650 193,9 75,06 

13 60 16 6  -1,61 17640 104100 356,2 61,92 

14 60 16 10  -1,89 8564 39200 134,1 79,20 

15 60 16 8  -1,78 12570 62040 199,8 70,56 

16 60 16 8  -1,79 12280 60660 195,4 71,22 

17 60 16 8  -1,78 12350 60510 195,9 70,77 

18 60 16 8  -1,77 12790 63620 203,9 70,35 

19 60 16 8  -1,77 12630 62050 199,6 70,78 

20 60 16 8  -1,78 12410 60540 195,7 70,99 

 

 From the results shown in Table 3 it is possible to find regression models that 

represent each of the answers of interest. The models are shown in Table 4 and, to 

verify that these models are reliable, the adjusted R² parameter is analyzed, as shown in 

table 5. 

Table 4:  Regression coefficients for fit regression model. 

Response X1      X2 X3 X1
2 X2

2 X3
2 X1X2 X1X3 X2X3 C 

M  2,25 4,32       0,066 

ν 0,0681  0,1385 0,0006  0,0078  0,0059  -2,537 

λ -5297 14153 -48851 47  3264   -1398 343939 

ωn -3,19 -18,02 -231,2   8,15  0,389 1,809 1589 

Qu -81,3 -1477 -8769   223,1   176,4 74049 
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Table 5: Model Summary for fit regression model. 

Response S R2 (adj) 

M 0,198716 99,92% 

ν 0,019170 99,76% 

λ 4334,500 97,87% 

ωn 9,363410 98,37% 

Qu 785,6230 95,30% 

 

 The Table 5 shows that the adjustment of the data to the models was high, all 

above 95%, so it can be concluded that the models are representing the data well. Other 

statistical analyses can be done to verify which factors are important to the model, for 

example, however this will not be done here, because the focus is to show the process of 

optimizing an auxetic structure. Thus, the models shown in Table 4 will be used as the 

objective function of the optimization process and the range of variation of the variables 

will be the constraints. Equation 36 shows the compression performance optimization 

design and Figure 16 the Pareto’s front for this problem. 

 

      min F(X)={- 𝑄𝑢 , - λ, v } 

                                      subject to:   

                           14 ≤ b ≤ 18 [mm] 

                           6 ≤ l ≤ 10 [mm] 

                          50 ≤ α ≤ 70  [°] 

                           

(36) 

 

Figure 16: Pareto’s front for Poisson’s ratio, failure load and critical buckling load of reentrant 

auxetic beam. 
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It is perceived by Figure 16 that it is not possible to improve all responses 

simultaneously, that is, to decrease the Poisson’s ratio, both the failure load and the 

critical buckling load will also decrease. All red dots on the chart are great points and 

can be chosen. In this work, we used the TOPSIS criterion to decide which point of the 

chart will be chosen, this criterium choose the point farthest from the worst result and 

the closest to the best result. The chosen point is shown in Table 6 and Figure 17 shows 

the optimized structure and the initial structure. The results obtained with this 

configuration compared to the initial configuration are shown in Table 7.  

 
Table 6 - Optimum configuration for compression performance of reentrant auxetic beam. 

Configuration 

θ (°) 70 

b (mm) 16 

l (mm) 6 

 

 

(a) 

 

(b) 

Figure 17: The (a) Initial and (b) optimized reentrant beam structure. 

 

Table 7: Comparison between the initial and the optimized reentrant beam structure results 

(compression performance). 

Response 
Initial structure 

results 

Optimized structure 

results 
Improvement 

Qu (N) 12570 17160 26.75% 

λ (N) 62040 108500 42.82% 

ν -1.78 -1.99 10.55% 

𝜔n (Hz) 199.80 312.88 36.14% 

M (g) 70.56 61.92 12.24% 

 

 Similarly, the model can be optimized to improve the modal performance of the 

structure. The goal may be to maximize natural frequency and minimize Poisson’s ratio 

and mass. The minimization in this case is to decrease the mass value and to leave the 

structure with a more pronounced auxetic behavior. The maximization of the natural 

frequency aims to remove the frequency of the vibration frequency structure of most 
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mechanical equipment. Thus, optimization can be represented in Equation 37. It is 

noticed that the restrictions are the intervals defined for each of the variables and Figure 

18 shows the Pareto chart for the three responses simultaneously and Table 8 shows the 

optimal point chosen by the TOPSIS criterion. 

 

      min F(X)={- 𝜔𝑛 , v, M } 

                                      subject to:   

                           14 ≤ b ≤ 18 [mm] 

                           6 ≤ l ≤ 10 [mm] 

                          50 ≤  α ≤ 70  [°] 

                                

(37) 

 

Figure 18: Pareto’s front for Poisson ratio, natural frequency, and mass of the reentrant auxetic 

beam. 

 

Table 8: Optimum configuration for modal performance of reentrant auxetic beam. 

Configuration 

θ (°) 70 

b (mm) 14 

l (mm) 6 

 

 It is perceived by figure 18 that it is possible to increase the natural frequency 

and reduce the mass, as they are inversely proportional parameters. However, this 

condition implies increasing the Poisson’s ratio, as they are conflicting objectives. Thus, 

by the TOPSIS criterion, the point marked a yellow star was chosen on the chart that 

corresponds to the point shown in Table 8 and the Table 9 shows the comparison 

between the initial and the optimized configuration. Figure 19 shows the initial and 

Francisco, Matheus B., et al. (2022)Auxetic Structures: Optimization,Additive Manufacturing pp. 120-153

In Jorge, Ariosto B., et al. (Eds.) Fundamental Concepts and Models for the Direct Problem, Vol. 2, UnB 148



optimized structure, while the table shows the comparison of the results between the 

structures. 

 

 

(a) 

 

(b) 
Figure 19: The model of (a) initial and (b) optimized auxetic beam structure for modal 

performance. 

Table 9: Comparison between the initial and the optimized auxetic beam structure results (Modal 

performance). 

Response 
Initial structure 

results 

Optimized structure 

results 
Improvement 

Qu (N) 12570 18330 31.42% 

λ (N) 62040 110900 44.06% 

ν -1.78 -1.98 10.10% 

𝜔n (Hz) 199.80 332.10 39.83% 

M (g) 70.56 57.42 18.62% 

 

5 Concluding Remarks 

 The chapter focused on showing the reader what auxetic structures are. It has 

been reported that these structures have negative Poisson coefficient and that there are 

several improved properties because of this characteristic. These structures can be 

constructed with auxetic or conventional materials, and the configuration adopted is 

fundamental for this behavior. Some unit cells have been shown and the choice to adopt 

any of them depends on the application of the structure and manufacturing processes 

available. 

 This chapter also showed the manufacture of a reentrant girder through additive 

manufacturing. This process facilitated the development of new structures with negative 

Poisson coefficient, because it removed the manufacturing difficulty that exists through 

conventional processes, such as machining, for example. This structure was submitted 

to a compression test and the results were shown so that the reader has knowledge of the 

performance of this structure. 

 Finally, it proved to be a way to optimize an auxetic model, reaching the optimal 

parameters of structure construction. The results obtained from the optimal model were 

compared with the initial model to verify the improvement of the structure. This 

methodology proved very propitious to perform the parametric optimization of 
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structures with negative Poisson coefficient and the techniques used here can be applied 

in other structures as well. 
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