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Abstract
Based on two novel 3D cross chiral structures (Structure-1 and Structure-2) with negative Poisson’s ratio, three different geometrical configurations for each structure are fabricated successfully from Nylon powder via selected laser sintering. Compression experimenta are carried out, with the Poisson’s ratio and Young’s modulus obtained. Meanwhile, different failure modes are observed in two structures, which is proved to be dependent on the tilt angle of the strut. The same failure modes are also observed in the finite element analysis. The Poisson’s ratio and Young’s modulus obtained by compressive tests are compared with the results of FEM and theoretical analysis, and a good agreement is achieved. It is verified that the analytical analysis provides a convenient and relatively accurate method for the prediction of the performance for the auxetic cellular structures.
1.
Introduction
Auxetic materials are of interest due to their unusual mechanical responses and a wide range of potential applications, in which the materials undergo lateral extension for a tensile load applied in the longitudinal direction. The concept of negative Passion’s ratio was first introduced by Lakes who was the pioneer to introduce an auxetic foam by converting the standard structure of polyurethane foam into a re-entrant one [1]. After Lakes’ pioneering work, divergent geometric structures and models exhibiting auxetic behavior have been proposed, studied and tested for their mechanical properties over the decades. Recently, the development of manufacturing, especially the development of modern 3D-printers, has allowed the creation of 3D auxetic structures from theoretical models with unit cells in the artificial 3D materials. Several 3D auxetic cellular structures has been developed by adapting simple 2D structure originally, such as 3D re-entrant hexagon cellular structure [2] and 3D double arrowhead structure [3]. Additionally, on the basis of a 2D rotating rigid unit [4], Bückmann et al. proposed a dilational 3D cubic auxetic material with an ultimate Poisson's ratio of 
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and a sample was fabricated with a 3D-printer [5].
Meanwhile, in addition to the study of these classical 3D auxetic structures, the exploration of novel auxetic 3D cellular structures also attracts considerable interest. Two novel auxetic 3D structures based on the 2D cross chiral structure [6, 7] has been proposed: cross chiral auxetic 3D cellular structures (Structure-1) and modified cross chiral auxetic 3D cellular structures (Structure-2) [8], as shown in Fig .1. In our previous work [8], we have studied the elastic properties of these two chiral 3D auxetic structures both by theoretical method and finite element method (FEM). It is found that two structures can both exhibit auxetic behaviors in all three principal directions and exhibit obvious advantages in Young’s modulous compared with other 3D cellular structures in the case of the same relative density. Li at al. [9] fabricated a sample of Structure-2 using 3D printing and confirmed that this 3D structure exhibits tunable negative Poisson’s ratio not only under uniaxial compression but also uniaxial tension in x, y and z directions by FEM analysis. Structure-1 is studied by Warmuth at al. experimentally [10]. Samples are fabricated from Ti6Al4V powder via selective electron beam melting, and the influence of the strut thickness and the amplitude of the strut on the mechanical properties and the deformation behavior of cellular structures are studied. Nevertheless, there is a lack of systematic study on mechanical properties of chiral 3D auxetic structures by theoretical method, FEM and experimental method.
Based on our previous models [8], compressive tests and FEM simualtions are carried out in this paper. Three different geometrical configurations for each structure are designed, respectively. Samples with 
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 unit cells are fabricated successfully from Nylon powder via selected laser sintering (SLS). Various mechanical properties, including Poisson’s ratios and Young’s modulus are obtained by compressive tests, where the Poisson’s ratios are measured by the Digital Image Correlation Method (DICM). Meanwhile, different failure modes are observed in two structures. FEM is also used to simulate the failure modes of structures. Moreover, Poisson’s ratios and Young’s modulus obtained by compressive tests are compared with the results of FEM and theory.
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Figure 1. (a) Unit cell of Structure-1. (b) Unit cell of Structure-2.

2.
Materials and methods
The auxetic 3D cross chiral structures has been reported that they can exhibit anisotropic auxetic behavior and the extra adding star structure can be used to improve the mechanical behaviors, especially the Young’s modulus, of 3D auxetic structures such as Structure-2 compared to Structure-1 in our previous work [8]. And the 2D geometric parameters of the repeating unit cell are illustrated in Fig .2. Due to the development of manufacturing, especially the development of modern 3D-printers, these two complex 3D structures are fabricated successfully from Nylon powder via SLS. Three different geometrical configurations for each structure are designed respectively, as shown in Table 1. Size effect is discussed by FEM and it is found that the modulus values and Poisson’s ratio values are close to constants once the number of repetitions is greater than or equal to 3. Therefore, Samples with 
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 unit cells are chosen to fabricate. The fabricated samples of Structure-1 and Structure-2 are shown in Fig. 3.
The mechanical properties of the samples are obtained by using an electronic universal testing machine (Instron5565). And the measurements are conducted displacement controlled with a speed of 2 mm/min. The environmental temperature is
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. All compression tests of the samples are recorded with a Nikon D750 camera at a resolution of 
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 pixels with one picture every six seconds. Within these pictures, the Poisson’s ratios are measured by the DICM. The Young’s modulus is determined as the slope of the secant of the quasi-elastic straights in loading. The final Poisson’s ratio and Young’s modulus are calculated as the mean value of measurements of at least three samples.
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Figure 2. Schematic of the simplified structure for 3D structures.
Table 1. Design parameters of two chiral 3D auxetic structures.
	Structures
	Design
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 (mm)
	Relative density (%)

	Structure-1
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=10°
	1
	10.15
	5.43
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=20°
	1
	10.64
	5.71
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=30°
	1
	11.55
	6.22

	Structure-2
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=10°
	1
	8.38
	5.48
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=20°
	1
	8.78
	5.74
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=30°
	1
	9.53
	6.18
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Figure 3. Samples of two chiral auxetic 3D cellular structures produced from Nylon powder via selected laser sintering. (a) Structure-1. (b)Structure-2.

3.
Results and discussion
Fig. 4 shows several typical failure modes of Structure-1 and Structure-2. As for Structure-1, there are three typical failure modes, whose occurrence appears to be dependent on the tilt angle of the strut (
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), as shown in Fig. 4(a). When the struts of the sample with a small tilt angle (
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), the typical failure mode is mainly to collapse layer by layer and the first collapsed layer occurs in the top or bottom layer. The struts with a small tilt angle lead to stiff samples with almost no absorption capacity via bending. When the struts of the sample with a medium tilt angle (
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), the typical failure mode is mainly an overall buckling of the whole lattice. The samples are compressed elastically until the whole lattice buckles. And with further increase in compression displacement, the whole overall buckling involves catastrophic collapse of an entire layer within the lattice. However, when the struts of the sample with a big tilt angle (
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 ), another different failure mode is observed in the compression tests. Instead of the sudden collapse or buckling, the bending deformation of the struts is the main deformation form. With samples being continuous compressed, the horizontal struts begin to contact each other and then the layer fails one after the other within the lattice until densification.
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Figure 4. Different failure modes of two structures observed in the experimentation.
Table 2. Mechanical properties of the two structures under compression compared with the results of FEM and theory.
	Structures
	Design
	Young's modulus (MPa)
	Poisson's ratio

	
	
	Experiment
	FEM
	Theory
	Experiment
	FEM
	Theory

	Structure-1
	
[image: image22.wmf]q

　

=10°
	8.72
	11.42
	10.29
	-0.31
	-0.32
	-0.33
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=20°
	2.23
	4.10
	3.40
	-0.58
	-0.51
	-0.49
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=30°
	1.03
	1.79
	1.36
	-0.62
	-0.57
	-0.54

	Structure-2
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=10°
	10.32
	11.84
	11.48
	-0.32
	-0.23
	-0.26
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=20°
	6.32
	6.15
	6.04
	-0.59
	-0.51
	-0.53
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=30°
	4.18
	3.83
	3.74
	-0.62
	-0.57
	-0.62
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Figure 5. One of failure modes of Strucutre-2 in the case of 
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 is observed in the experimentation as well as finite element analysis.
As for Structure-2, there are two typical failure modes, whose occurrence appears to be dependent on the tilt angle of the strut (
[image: image30.wmf]q

) as well, as shown in Fig. 4(a). When the struts of the sample with a small tilt angle (
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), the typical failure mode is mainly sudden and catastrophic collapse of an entire layer within the lattice. Unlike Structure-1, the first collapsed layer could happen in any layer of the lattice. When the struts of the sample with a medium or big tilt angle (
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 or
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), the typical failure mode is mainly an overall buckling of the whole lattice, which is very similarly to Structure-1 (
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). After that, the further increase in compression displacement leads to catastrophic collapse of an entire layer within the lattice. 
Mechanical properties, including Poisson’s ratios and Young’s modulus, are obtained by compressive tests, where the Poisson’s ratios are measured by the DICM, as shown in Table. 2. As can be seen from Table. 1, the larger tilt angle of struts results in slightly higher density of two structures, while the larger tilt angle results in lower Young’s modulus significantly observed in Table. 2. In spite of the fact that Young’s modulus is mainly determined by the initial relative density, the same structural design is the prerequisite for this conclusion. Therefore, the Young’s modulus of two 3D structures is highly affected by the tilt angle of struts. Furthermore, Poisson’s ratios and Young’s modulus obtained by compressive tests are compared with the results of FEM and theory [8], as shown in Table. 2.  A good agreement could be found among the results of experiment, FEM and theory. It is verified that the analytical model provides a convenient and relatively accurate method in the prediction of the performance for the auxetic cellular structures. 
In addition, FEM is also carried out to simulate the failure mode of the 3D auxetic structures under uniaxial compression. The comparisons between the FEM and experiment of Structure-2 (
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) is shown in Fig. 5, and nearly same failure mode reappears in the result of FEM. Therefore, it is enough to prove that FEM is an effective method to study the failure model of auxetic structures, which is more economical and more convenient than experiment.

4.
Conclusions

Three different geometrical configurations for Structure-1 and Structure-2 are designed respectively. Samples with 
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 unit cells are fabricated successfully from Nylon powder via SLS. Mechanical properties, including Poisson’s ratios and Young’s modulus, are obtained by compressive tests, where the Poisson’s ratios are measured by the DICM. Meanwhile, three typical failure modes are observed in Structure-1, while two typical failure modes are observed in Structure-2, which show obvious dependence on the tilt angle of the strut (
[image: image37.wmf]q

). The same failure mode is also observed in the finite element analysis. Poisson’s ratios and Young’s modulus obtained by compressive tests are compared with the results of FEM and theory analysis, and a good agreement is obtained. 
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