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Abstract


The present article is an exploration of metamaterial structures exhibiting auxetic properties. The study shows the effect of three geometric parameters of re-entrant auxetic cells, namely, the internal initial cell angle (θ0), the strut length ratio h/l, and the degree of opening of the unit cells expressed by the change in the Δθ angle, on the value of the Poisson’s ratio. It combines theoretical insights into physical re-entrant auxetic structures with the demonstration of structures that can be subjected to cyclic loading without being damaged. The experimental section features the results of the compression tests of a symmetrical structure made up of four re-entrant cells and tensile tests of a flat mesh structure of size 4 × 4. In the mesh structure, a modification was applied to the re-entrant cells, creating arched strut connections. It was shown that the value of the maximum load for such structures depends on the bending angle and the length of the inclined strut. The mesh structure was created using torsion springs. Its cyclic tension for different amplitudes yielded Poisson’s ratio values in the range of −1.4 to −1.7. These modifications have enabled stable, elastic, and failure-free cyclical changes of the structure’s dimensions under load.
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1. Introduction


We are accustomed to the fact that when stretching a solid material, it elongates in the direction of stretching and contracts in the orthogonal direction. This mainly applies to flexible materials and is not easily observed in many other materials, e.g., in most metals, since it is very small. By applying a relatively higher tensile force, a more visible elongation can be achieved just before the tearing of the metal sample. If one applies such tensile force to a so-called metamaterial auxetic structure, it can be observed that it expands in both orthogonal directions when stretched. This effect of mechanical metamaterials is expressed by a negative value of Poisson’s ratio ν (NPR), which, in contrast, is positive for most materials. Typically, most materials have a positive Poisson’s ratio of about 0.5 for rubber and 0.3 for glass and steel [1].



The concept of a metamaterial was propagated in the late 1990s [2,3,4]. The term itself comes from the Greek words “meta” and “material”, where “meta” refers to something that is beyond usual, rearranged, changed, or innovative. Metamaterials are artificially engineered materials that are designed to have properties that are rarely observed in nature. These are, e.g., negative electrical permittivity and negative magnetic permeability, a negative refractive index, negative density, a negative acoustic modulus, a negative elastic modulus, a zero shear modulus, as well as a negative Poisson’s ratio. Metamaterials are classified into groups such as electromagnetic metamaterials, mechanical metamaterials, and optical metamaterials.



Auxetic structures exhibit an NPR and thus expand orthogonally to the direction of loading instead of contracting. This unique behavior is not caused by the material itself, but by the structure, and thus, it provides entirely new functionality and design possibilities.



In general, metamaterials are marked by the possibility of their material constants taking on negative values. It has been known since a study by Vaselago in 1968 [4] that it is theoretically possible to have a negative refractive index (optical metamaterials). Experimental research on metamaterials covers various fields, including optics, acoustics, and mechanics [5]. Magnetic metamaterials can theoretically exhibit negative values of electric permittivity (ε) and magnetic permeability (μ) [6], whereas thermal metamaterials can exhibit a negative heat transfer coefficient, κ [7]. These examples of artificially designed metamaterials with negative material constants have already borne some experimental fruit, including auxetic structures. In general, these are continuous systems built from repeating structural units [8,9]. From the engineering perspective, mechanical metamaterials constitute a homogenized arrangement of interconnected unit cells.



Nowadays, there are many types of unit cells that are known [10], which form auxetic structures when linked together. Among these, the so-called rotating squares [11], as well as the re-entrant honeycombs [12], are particularly appealing and frequently utilized in research. Structures built from these unit cells have become the most popular types of auxetics. Concave unit cells, as opposed to convex hexagonal honeycomb cells, have a shape resembling a bowtie. Each re-entrant unit cell consists of struts and their joints, with the inclined struts joined at the vertices to form the distinct structural shape of a concave honeycomb structure [12]. At each vertex of the re-entrant cell, the struts (ribs) h and l are joined together to become part of another neighboring cell. Such structures have the form of trusses consisting of struts with movable joints connecting them.



A 2D structure in the form of a multi-element lattice has regularly arranged concave unit cells (Figure 1). A particular property of re-entrant cell structures is that they must be made of elastic material and the arrangement of their unit cells must allow them to shift, i.e., the structure needs to have empty spaces that can be filled as a result of deformation.



Figure 1 compares the initial state of the structure and the deformed state created through compression. This change is especially true for the bending mechanism of the strut joints, although theoretically, a hinged mechanism may be assumed here. Moreover, it should be assumed that the struts do not bend or break during compression. Assuming a rigid connection, the struts can be viewed as bars fixed at both ends. Figure 1 shows the length of the vertical strut (h), the length of the inclined strut (l), the re-entrant angle between the horizontal strut and the inclined strut (θ), and the characteristic linear dimensions of the re-entrant honeycomb structure. The featured diagram of the re-entrant structure (for n = 5, m = 3) shown in Figure 1 considers its initial state with an angle of θ0, which changes under an external compressive force.



The first theoretical work on structures made of re-entrant unit cells and exhibiting auxetic behavior came from Masters and Evans [13] and Gibson and M. Ashby [14]. They developed a model that describes the Poisson’s ratio for small amounts of deformation, also accounting for the linear elastic deformations of the structure. In terms of the nomenclature, the word “auxetic” comes from the Greek word “auxetikos”, which means “that which tends to grow”, and was proposed by Evans in 1991 [9]. In practice, this applies to materials that increase their transverse dimension under axial tensile stress, resulting in the NPR.



A particular advantage of the structures built from these unit cells is that they can theoretically achieve relatively large linear deformations, especially since, as a result of plastic deformation, under dynamic loading, these materials demonstrate high energy-absorption capabilities [15,16,17]. These structures owe their unusual properties to both their geometry and the material from which they are made, with each individual unit cell, as well as the cell connections, able to deform by stretching or bending. If there is only reversible deformation under tensile stress, it is due to the elastic properties of the material of the unit cells and their connections. At higher stresses above the yield point, irreversible deformation occurs, which is particularly important for energy absorption. The synthetic parameter for both of these types of deformation is the Poisson’s ratio, which is defined as the ratio of the relative change in the linear dimensions of the material in the longitudinal direction and in the direction that is orthogonal to it. This engineering approach indicates that the Poisson’s ratio is related to the dimensional change and, therefore, to the shifting of the metamaterial structure. It should be added that the Poisson’s ratio is commonly referred to as a material constant related to the elastic properties of the material and corresponds to the range of validity of Hooke’s law.



The interest in auxetics stems from their multifaceted potential applications, such as lightweight structures in transportation [18,19], medical devices (knee and hip implants and stents [20,21]), shock absorbers and protective devices, or as sound attenuators [22]. The potential applications of metamaterials also include vibration isolators and thermal insulators [23]. There is also great interest in the possibility of implementing designs of auxetic structures as protective devices to absorb energy and reduce the impact load [23,24].



Mechanical metamaterials can be found in important architectural structures [25], though usually not involving auxetics. It is emphasized, however, that most of the potential applications are only theoretical [26,27]. From this point of view, “auxetic models” are mainly mathematical models with the main purpose of helping to predict auxetic behavior [28].



There is now a huge number of publications available on auxetics that address these structures through theoretical simulation, e.g., [29,30,31,32,33,34]. This approach involves unreal objects existing in the virtual domain, which only there acquire their unusual properties. Simulation studies enable the analysis of such structures from many different angles. Thus, for example, one of the earlier works [35] has contributed to the understanding of the behavior mechanism of an auxetic structure subjected to loading at different compression velocities. Such studies are expected to contribute to the eventual implementation of auxetic structures that could be utilized in technology.



There is also a very large number of publications devoted to auxetic structures built from re-entrant unit cells. Limiting the discussion to metallic materials, one can mention structures cut from sheet metal [36,37,38,39,40,41], 3D printed from metal powders and sintered [42,43,44,45,46,47,48] or cast [49,50], produced with thin film techniques [23,51], or manufactured using wire [52]. The processes of manufacturing metallic auxetic structures are discussed in detail in a review paper [53], which testifies to the large extent of the research in the field of auxetic metamaterials. It is also emphasized that despite the advanced state of development of these techniques, they have not been applied in manufacturing commercial products to date.



It can be agreed that metallic auxetic metamaterials have a wide application potential due to their superior mechanical properties compared with auxetic materials based on elastomers [50], especially when it comes to high plastic deformation. However, the disadvantage of most auxetics involves difficulties in their manufacturing due to their complex geometric structure. This, together with the lack of structural stability, is the main cited reason for most functional applications remaining in the theoretical stage [28]. The exception is the manufacture and use of auxetic metal foams, which have been pioneered by Lakes [54]. The art of making these structures has been described in an extensive review paper [26], where it was also pointed out that although auxetic foams provide a greater resistance to cracking than conventional foams, most of the potential applications and research work on the former is theoretical.



The present work adopts an engineering approach to auxetic structures of re-entrant cells. It analyzes a model based on geometric transformations, yielding a familiar formula for the Poisson’s ratio. By changing the unit cell parameters and finding areas for high negative values of the Poisson’s ratio, the design space of these functional materials was expanded.



The physical models of re-entrant auxetic structures assembled from elastic steel provide a complete picture of realistically designed and fabricated auxetic structures. This has demonstrated the possibility of designing and fabricating the required structure through an assembly method that can be readily automated. This can help researchers and designers to develop a variety of applications, including reconfigurable structures that exhibit stable and failure-free operation with cyclic dimensional changes.



Our research aims to describe re-entrant auxetic structures and demonstrate their real-world functioning using fabricated metal model structures as examples. This engineering approach fundamentally differs from the many interesting theoretical works using only simulations. In the belief that only the analysis of real structures can lead to their popularization and real attempts at their application, we present and emphasize the importance of this type of research.




2. Geometric Analysis of an Auxetic Structure of Made of Re-Entrant (Bowtie) Unit Cells


Taking the initial angle θ0 and the angle change Δθ, similar to what has already been performed in the previous work [17], according to the diagram shown in Figure 1, the changes in the linear dimensions are as follows [55]:


     Δ X 1   X 1    =    sin  θ 0  − sin (  θ 0  ± Δ θ )    n  n − 1    h l  − sin  θ 0     ,  



(1)






     Δ X 2   X 2    =    cos (  θ 0  ± Δ θ ) − cos  θ 0    cos  θ 0     ,  



(2)




where n is the number of unit cells in the horizontal direction. For a large number of unit cells, the following is true:


     Δ X 1   X 1    =    sin  θ 0  − sin (  θ 0  ± Δ θ )    h l  − sin  θ 0     .  



(3)







Formula (3) follows on from the fact that the ratio n/(n − 1) tends toward unity, which can be practically applied for n > 7. In compression, the angle change is positive (+Δθ), while in tension, it is negative (−Δθ). This means that stretching leads to a change in the angle according to the following relationship: θ0 + Δθ → 0.



The Poisson’s ratio is given by the following relationships:


    ν  12   = −      Δ X 1   X 1       Δ X 2   X 2        ,        ν  21   = −      Δ X 2   X 2       Δ X 1   X 1       .  



(4)







These are general analytical formulas for describing the Poisson’s ratio for auxetic structures made of unit cells and subjected to deformation. The relationships (4) reach high NPR values if their denominator takes very small values. This means that the change in the size in one direction is very small relative to the change in the size in the orthogonal direction.



After substituting (3) into (4), a useful formula for calculating the Poisson’s ratio is obtained:


   ν  12   = −    sin  θ 0  − sin (  θ 0  ± Δ θ )    h l  − sin  θ 0     ∗    cos  θ 0    cos (  θ 0  ± Δ θ ) − cos  θ 0     .  



(5)







Calculated from Formula (5), the Poisson’s ratio is a quantity independent of the number of unit cells in the structure and depends only on its parameters, namely h/l and θ0, and on the angle change Δθ. The lack of a functional relationship between the Poisson’s ratio and the number of cells in the structure is particularly useful for many practical application designs, which usually feature a limited number of cells.



Analyzed in Formula (5), the change in angle Δθ is indicative of the movement performed by the structure under loading. In practical terms, the Poisson’s ratio requires dynamic dimensional changes. On the other hand, considering the fact that the structure is usually subjected to very small angle changes, within the limit of Δθ → 0, this theoretically means that for Δθ = 0 the structure remains locked. In that case, a limit Poisson’s ratio value can be calculated using L’Hôpital’s rule.


   ν  12   ( limit ) = −      cos  2  (  θ 0  )   [  h l  − sin (  θ 0  ) ] ∗ sin (  θ 0  )    ,  



(6)







This means that the Poisson’s ratio limit ν12(limit) can be approached with very small deformations of the structure. It should be added that Formula (6) is often used, although it gives errors for large deformations.



Formula (6) has the same form as that of a 2D-type structure proposed in an earlier study [14,56] and is often cited by other authors.



Geometric Analysis of a Structure with Dimensions of 5 × 5 (Figure 1)


The study has estimated the effects of the interaction of geometric parameters such as the strut length ratio h/l and angles θ0 and Δθ with the value of the Poisson’s ratio.



Using the formulae given above, it is possible to determine the necessary physical quantities associated with stretching and compressing a given structure. Note that these types of structures can theoretically be stretched to a maximum angle of Δθ = θ0, and be compressed by an angle of Δθ = 90° − θ(limit). Whereby θ(limit) results from the blocking of the inclined struts for the ratio of h/l < 2 and is equal to:


    h  2 l    = sin (  θ  l i m i t   ) ,  



(7)







For h/l > 2 in compression, the maximum value of the angle change can be as follows: Δθ = 90° − θ0. Compressive deformation for h/l < 2 can occur up to the critical point at which the inclined struts come into contact.



Using Formula (5), the effect of the geometric parameters of h/l on the value of the Poisson’s ratio was analyzed. Two values of the initial angle θ0 were chosen, and both the processes of compression (Δθ > 0) and tension (Δθ < 0) were taken into account.



The presented relationships indicate that the Poisson’s ratio of the auxetic re-entrant structure strongly depends on the level of strain expressed by Δθ. These relationships show a monotonic trend with respect to the changes in angle Δθ. It can be seen that at large strains, the value of the Poisson’s ratio is not constant and changes markedly throughout the range of deformation. However, its change is monotonic—without any extremes. The negative value of the Poisson’s ratio decreases significantly with large compressive deformation and increases strongly in tension.



It can also be seen (Figure 2) that the geometric parameter of the concave cell, i.e., h/l, has a very significant effect on the magnitude of the Poisson’s ratio, and for more elongated cells, its negative value increases. From the relationships shown in Figure 2, it can be seen that the analyzed structure achieves a limit value of the Poisson’s ratio νlimit according to Formula (6). The highest NPR values are obtained for tension, while for compression, the NPR decreases from the limit value toward zero. In addition, it becomes clear that the more extended the re-entrant unit cells are, the higher the NPR values that can be obtained. Also, there is a strong effect of the θ0 angle on the NPR. As the angle θ0 increases, the NPR values decrease. It can be thus concluded that when stretching the structure shown in Figure 1, the value of the NPR increases—i.e., the Poisson’s ratio ν12 becomes more negative and, conversely, when compressing the structure, the value of the NPR becomes smaller.



The relative changes in the dimensions ΔX1/X1 of the structure in the horizontal direction, in the considered range of the angle change Δθ are similar for both compression and tension, and for θ0 = 10°, they do not theoretically exceed about 40%. However, for θ0 = 45°, there is a fundamentally big difference between tension and compression. In tension, one can expect a much larger change in the linear dimensions than in compression (Figure 3b).



If one relates the presented theoretical relationships to practical conditions, one should consider small ranges of linear dimensional changes—usually less than 0.1, which are due to the limited elastic properties of the material of the re-entrant unit cells.



Figure 4 compares the relationship between the Poisson’s ratio and the relative elongation (+) or relative contraction (−) for this range and in three structures (h/l = 1.5, 2, and 2.5, respectively). This comparison shows that lower angle values θ0 lead to a higher NPR. On the other hand, flattening the re-entrant unit cells (higher h/l ratio) results in lower NPR values.



The presented relationships indicate a definite trend in the functional relationship between the Poisson’s ratio and the h/l parameter, which is also evident for the theoretical value of Δθ = 0. For instance, for a structure with an initial angle θ0 = 45° and h/l = 1.5 (Figure 4b), one obtains a limit value of the Poisson’s ratio (for Δθ = 0° and ΔX/X = 0) equal to ν12 = −0.605. In this case, due to the limited possibility of changing the angle in compression, a maximum change in the linear dimensions in the horizontal direction of only ΔX1/X1 = 0.063 can be achieved. Additional practical information that can be derived from the diagrams of Figure 4 is that for the mentioned structure in tension, NPR values higher than −0.605 are obtained, with the reverse being true in compression. In general, one can reiterate that the Poisson’s ratio for auxetic re-entrant structures reaches a constant value at very small deformations.



Another interesting issue is the choice of the shape of the re-entrant unit cells, since their width determines the value of the NPR. Analyzing the structures with the parameter h/l > 2 and with the initial angle θ0 = 45° one can obtain full ranges (Δθ = 45°), which are the same for both compression as well as tension. A detailed interpretation of the relationships considered yields the following conclusions.



Firstly, the NPR values decrease with an increasing parameter of h/l—Figure 5a, whereas compressing the structure gives smaller changes in the linear dimensions in the horizontal direction than in the vertical direction—Figure 5b. Regardless of the h/l value, tension leads to a constant value of dimensional change—Figure 5b, and to smaller NPR values than compression—Figure 5a. On the other hand, large changes in the dimensions in the horizontal direction (ΔX1/X1) accompanying tension correspond to higher NPR values than those accompanying compression—Figure 5d.



The diagram of the structure shown in Figure 5c can help one to visualize the stretching process to better attest to the above observations. If the analyzed structures are made of wide re-entrant unit cells (h/l ≥ 2) and with an inclined angle θ0 = 45°, relatively small NPR values can be obtained—Figure 5d. However, for tension, NPR values are higher than those for compression. It can be noted that the presented relationships show a monotonic trend of the Poisson’s ratio, both as a function of the opening angle Δθ and of the parameter h/l—Figure 5a. Also, there is a monotonic curvilinear relationship between the change in the linear dimensions in the horizontal direction (X1) and in the vertical direction (X2)—Figure 5b. It should be noted that for such structures, the dimensional change in the vertical direction can theoretically reach 100%, while the maximum change in the horizontal direction can reach about 41%.



On the other hand, for structures formed from narrow re-entrant unit cells, i.e., for h/l < 2, very high NPR values can be obtained. In this case, however, it is not possible to obtain greater Δθ angle changes than those from Formula (7).



The presented relationships for structures made of narrow re-entrant unit cells (Figure 6a) yield large NPR values—Figure 6b. For example, for a structure made of re-entrant unit cells with the parameters, h/l = 0.5 and θ0 = 5°, theoretically for the angle change Δθ = −5°, a Poisson’s ratio of −42.4 is obtained in tension, whereas in compression to an angle Δθ = +4.5°, the Poisson’s ratio is −10.8. It should be noted that the maximum relative elongation in the horizontal direction is much greater than the relative elongation in the vertical direction and, in this case, it is equal to ΔX1/X1 = 0.16 for tension, and ΔX1/X1 = −0.3 for compression.



In general, as the h/l parameter decreases, higher NPR values are obtained, with a strong decrease in the elongation values. Taking the Poisson’s ratio ν12, it reaches large negative values with very little relative change in the linear dimensions in the vertical direction (Figure 6b)—which stems from θ(limit). While in this case, the NPR values for the parameter h/l > 1 do not undergo large changes, they increase strongly for longer unit cells h/l < 1—Figure 6b.



The presented geometric analysis of the structure made of re-entrant unit cells shows that such structures exhibit monotonic relationships of the Poisson’s ratio, both as a function of the angle change Δθ, and as a function of the dimensional change ΔX/X, and that the Poisson’s ratio takes negative values. Structures made of re-entrant unit cells thus have auxetic properties, i.e., the NPR effect emerges. To verify these findings, numerous physical models have been assembled. The following section presents selected models of auxetic structures made of metallic materials.



Two types of re-entrant auxetic structures are presented below, with the first type in the form of a spatial model, which is more favorable for the realization of the compression process (free of buckling), while the second type is a flat model chosen for the realization of the tension process.





3. Models of Auxetic Structures


First, the behavior of individual re-entrant unit cells was studied (Figure 7a). Re-entrant-type unit cells made of elastic steel sheet were subjected to compression tests.



The spatial structures were prepared from strips of a Rostfreier Federbandstahl 1.4310 steel sheet, 0.45 mm thick (h + s Präzisions-Folien GmbH, Vohenstrauß, Germany). The strips and the holes in them were produced using a laser, with the sheet strips bent and connected with M1.5 screws to obtain the re-entrant cells. The holes for the connecting screws were 1.6 mm in diameter. The manual fabrication of the structures allowed us to obtain models that are only a practical illustration, and for detailed mechanical studies, a more expert approach is needed for the construction of the structures.



The observed dimensional changes are illustrated in the photographs below. It was demonstrated that a single re-entrant unit cell (h/l = 1.5, θ0 = 15°) subjected to compression can exhibit auxetic behavior as well as bulge.



The deformation of the re-entrant steel sheet unit cell shown in Figure 7b consisted of changing its dimensions in the vertical direction by 8 mm (Figure 7c) and by 12 mm (Figure 7d). The observed non-uniform deformation was due to small differences in the unit cell symmetry.



Similar behavior was observed for narrow unit cells (h/l = 2/3, θ0 = 15°) for which the geometric limit is θlimit = 19.3° (Figure 8).



In this case, the deformation occurred in two ways. Changing the height of the unit cell by 8 mm resulted in either auxetic behavior—Figure 8a,b, or non-auxetic behavior—Figure 8c,d. The difference was caused by the deformation of the short horizontal strut. Its contact surface changed from straight to the shape of an outstretched letter “w” (Figure 8d). It was found that the “w”-shape-forming effect of the horizontal strut can also occur in compression in wider cells, especially when pressure is applied at a particular point or when the bottom of the cell contacting the lower plate of the testing machine leads to this effect.



While a single steel sheet cell does not undergo lateral buckling under compression, planar structures of such cells are easily subjected to it. By combining the four re-entrant unit cells (Figure 9a), a volumetric structure was obtained, which was more appropriate for the squeezing process. A structure of this type is very sensitive to possible inaccuracies in the dimensions and requires very careful manufacturing, especially regarding the horizontal struts being in perfect contact with each other. The structures were made of steel sheets (15 mm wide, 0.25 mm thick) joined to form a volumetric structure, with cell parameters of h/l = 1.433, θ0 = 30° (Figure 9b) and h/l = 0.5, as well as θ0 = 5° (Figure 9c).



During the performed measurement, it was found that the compression of the structure from the initial state to state X (locking of the inclined struts, i.e., the ‘contact point’) corresponding to an angle of 41° occurs within the elastic range, which was connected to the cyclic compression and release.



In this case, one can speak of a springback of the structure, which returns to its original shape when the pressure is released. From the force vs. elongation curves shown below, it is clear that springback changes at different angle values and at different lengths of the inclined cell.



A larger angle θ0 results in greater springback (Figure 10a), which is expressed by a wider hysteresis loop. Its width is proportional to the elastic energy stored in the structure when compressed.



The cyclic compression process followed a characteristic pattern for both the tested structures. The presented curves for the changes in force over time for the compression process (Figure 10a,b) reflect the differences in the geometry of the structures. One can see a more curvilinear course for a structure with parameters h/l = 1.433, θ0 = 30° (shorter structure) and smaller values of the force required to squeeze this structure to the X position compared with a longer structure (with parameters h/l = 0.5, θ0 = 5°). For the longer structure, there was a tendency to continuously decrease the maximum value of the force needed to achieve the given amount of compression (Figure 10b).



A comparison of the experimental relationships in Figure 10c,d shows that the angle θ0 and the length of the inclined strut l affect the amount of stress and strain. This was also reflected in the width of the obtained hysteresis loop, which was narrower the greater the length of the inclined strut. In the structure with such elongated unit cells (Figure 10d), there was an observed bending of the inclined strut, which meant that a slightly higher force was required to compress this structure. It can also be taken into account that the width of the hysteresis loop was also affected by the fatigue of the material and slight plastic deformation of the structures because after the tests had been completed, a slight shortening of the structures was observed, from 40 mm to 36 mm (Figure 10a) and from 66 mm to 62 mm (Figure 10b).



In position X, for a structure with parameters h/l = 1.433 and θ0 = 30°, the Poisson’s ratio value was estimated to be about −1, and for a structure with parameters h/l = 0.5 and θ0 = 5°, the Poisson’s ratio value was as high as approximately −12. Nevertheless, the force vs. elongation curves obtained from the compression tests testify to the repeatability of the compression and release process, which is characteristic of the elastic range. It has also been found that, in the elastic range, all four connected unit cells were evenly deformed.



In tensile tests, on the other hand, a flexible 4 × 4 structure made of double torsion springs was used (Figure 11). This idea allows for large flexible deformations of metal structures by bending the strut joints more easily. In the initial state, the dimensions of the structure were X1 = 265 mm, X2 = 208 mm, for h = 40 mm, l = 30, θ0 = 30°.



The components from which the re-entrant cells are made include torsion springs made from 0.8 gauge DH steel wire (Reiner Schmid Produktions GmbH, Solingen, Germany). These concepts arise from the bending mechanism, which is involved in the deformation of the re-entrant structures. Torsion springs exhibit a natural bending mechanism and elastically retain mechanical energy when bent.



Tensile tests were conducted for the given values of maximum elongation in the vertical direction (Figure 12).



The tensile curves of the structures in the elastic range shown in Figure 12 illustrate successive attempts to increase the amplitude of the tension and release cycle from 4 mm to 12 mm. The tension and release cycle was repeated five times. It can be assumed that the tensile force vs. elongation curves for a given structure coincide. Much less force was needed for stretching a structure made of two unit cells than for stretching a 4 × 4 structure. The slight hysteresis observed may be due to the friction occurring in the torsion springs. It was found that for the range of stretching of the structures, the Poisson’s ratio varies slightly from about −1.4 to −1.7.




4. Conclusions


The presented examples of metallic mechanical metamaterials using re-entrant unit cells address a wide range of elastic properties. Through cyclical loading and release, the elastic properties lead to energy accumulation. The occurring changes in the linear dimensions of the structures lead to negative Poisson’s ratio values.



The geometric analysis performed showed the role of the h/l parameter in the obtained Poisson’s ratio. Large NPR values are possible for low values of h/l, although the initial angle of the structure θ0 and the degree of opening of the structure expressed by the change in angle Δθ are also relevant here. At the same time, it should be remembered that the re-entrant structures can undergo non-damaging deformation only for certain changes in angle Δθ, namely, in tension from the initial angle θ0 to 0°, and in compression from the initial angle θ0 to θlimit (for h/l < 2) and up to 90° (for h/l > 2). For structures made of unit cells with h/l < 2, there is a limit angle value θlimit. This angle limit θlimit also cannot be exceeded in the implementation of structures if h/l < 2. The value of this angle is θ(limit) = arcsin(h/2l) [55]. This entails that the initial angle θ0 affects the strut length [57].



Both the parameter h/l and the initial angle θ0 affect the values of the obtained dimensional changes in tension and compression; for example, for θ0 = 10°, large elongation is obtained for h/l = 0.5 and large compression for h/l = 2.5. On the other hand, high NPR values are possible for structures made of longer unit cells, i.e., for h/l < 1. It is also clear that the re-entrant cell structures exhibit auxetic behavior, i.e., the NPR.



In the produced models, thanks to the solutions applied, there was a reduction in the stress concentration at the strut joints. Both curved connections for structures in compression tests and spring connections for structures in tensile tests have performed well in this regard. A method of assembling structures has been successfully tested, which also has the potential for mass and automated production.



The assembled structures subjected to compression tests, especially those of longer unit cells (Figure 9b), showed little bending of the inclined struts, which, at a larger scale of this phenomenon, can diminish the auxetic effect [58].



Both the structures under compression and those under tension exhibited hysteresis loops of elastic strain energy, with the structures showing little change in linear dimensions after cyclic loading. This may indicate the presence of a small proportion of irreversible deformation. It has been confirmed that the cycle of loading and relaxation can be repeated multiple times, which is known as the low-cycle compression test [59].



The presented experimental models of structures, illustrating the phenomenon of auxetic behavior, should be regarded as an easy-to-implement proposal, with the imperfections occurring causing the noted deviations in the experimental curves (Figure 10 and Figure 12). In further studies, we intend to provide a better instrumentation for making elementary cells, as well as for combining them and assembling model structures.



In summary, the auxetic structures studied could potentially be used as “shock absorbers” for dissipating mechanical energy. In particular, the new concept of unit cells in which the struts are connected with springs can be used to develop new and reconfigurable structures with auxetic properties.
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Figure 1. Auxetic structure 5 × 5 made of re-entrant cells (bowties) in the initial state (a), and after compression (b). 
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Figure 2. Changes in the Poisson’s ratio as a function of the angle change Δθ for θ0 = 10° (a) and θ0 = 45° (b) for a 5 × 5 structure with parameters h/l = 0.5, 1, 1.5, 2, and 2.5. 
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Figure 3. Relative change in the linear dimensions in the horizontal direction as a function of the angle change Δθ for θ0 = 10° (a) and for θ0 = 45° (b). 
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Figure 4. Changes in the Poisson’s ratio as a function of change in the relative linear dimensions in the horizontal direction for two structures, with angle θ0 = 30° (a) and angle θ0 = 45° (b). 






Figure 4. Changes in the Poisson’s ratio as a function of change in the relative linear dimensions in the horizontal direction for two structures, with angle θ0 = 30° (a) and angle θ0 = 45° (b).



[image: Metals 14 01272 g004]







[image: Metals 14 01272 g005a][image: Metals 14 01272 g005b] 





Figure 5. The dependence of the Poisson’s ratio on the change in angle Δθ (a) and the corresponding relationship between the relative change in the linear dimensions in the horizontal direction (X1) and in the vertical direction (X2)—(b), for h/l ≥ 2, accompanied by the structure’s diagram (c) and the dependence of the Poisson’s ratio on the change in dimensions in the horizontal direction—(d). 
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Figure 6. Diagram of the structure (a) and the dependence of the Poisson’s ratio on the change of linear dimensions in the vertical direction (X2)—(b), for h/l < 2. 
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Figure 7. Schematic diagram of the unit cells (a) and a re-entrant unit cell of the steel sheet (parameters h/l = 30/20, θ0 = 15°) in a compression test (b–d). 






Figure 7. Schematic diagram of the unit cells (a) and a re-entrant unit cell of the steel sheet (parameters h/l = 30/20, θ0 = 15°) in a compression test (b–d).



[image: Metals 14 01272 g007]







[image: Metals 14 01272 g008] 





Figure 8. Re-entrant cell of the steel sheet (h/l = 20/30, θ0 = 15°) in a compression test (a–d). 
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Figure 9. Structure 4 × 1 of two different types of re-entrant unit cells, where (a) schematic diagram, and of the steel sheet of the unit cells, with cell parameters h/l = 1.433, θ0 = 30° (b), and h/l = 0.5, θ0 = 5° (c). 
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Figure 10. Curves of cyclic compression and release of structures (a,b), and hysteresis showing changes in the heights of the structures depending on the applied force, for structures with parameters h/l = 1.433, θ0 = 30° (c), and with h/l = 0.5, θ0 = 5° (d), with photographs of the structures after compression—position X. 
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[image: Metals 14 01272 g010]







[image: Metals 14 01272 g011] 





Figure 11. Torsion spring and its parameters (a), and the assembled structure 4 × 4 (b). 
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Figure 12. Experimental relationship between tensile force and elongation obtained for cyclic stretching (a) and release of structure 4 × 4 (upper curves) and structure 1 × 2 (lower curves), and corresponding photographs from the testing machine (b,c). 
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