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Introduction

Shape morphing [1,2,3,4,5,6,7,8], utilising the topological or space time properties [9,10,11] and the ability to control mechanical properties [START_REF] Miltion | The Theory of Composites[END_REF] of functional materials [START_REF] Milton | [END_REF]14,15,16,17,18,19,20,21,22,23] remain some of the main challenges in materials science. At the same time, the possibility of constructing materials possessing such properties is in high demand as it may lead to the design of structures superior to currently known biomedical and other devices used in various industries. In addition, the task of designing and manufacturing such materials becomes even more difficult at small scales such as the microscale that are crucial from the point of view of many new types of applications, e.g. flexible electronics [24,25] and specialized medical equipment [26,27]. However, despite the level of difficulty, over the years, it has been possible to note an emergence of promising directions of studies that address the possibility of observing these effects. In fact, one of the most interesting directions of studies related to this topic are mechanical metamaterials [28,29,30,3,31,32], i.e. structures that can exhibit counterintuitive mechanical behavior based primarily on their design. Mechanical metamaterials are known for their ability to exhibit counterintuitive mechanical properties such as auxetic behavior [33,34,35,36,37,38,39,40], negative stiffness [2,41] and negative compressibility [42,43] that are essential in many industries. However, in a vast majority of cases, standard mechanical metamaterial proved insufficient while searching for structures capable of exhibiting versatile deformation patterns. This in turn led to intensive studies devoted to hierarchical mechanical metamaterials [44,45,[START_REF] Cho | Proc. Natl. Acad. Sci[END_REF], i.e. structures composed of elements having their own geometry that normally can deform irrespective of the rest of the system. Despite the large popularity of hierarchical mechanical metamaterials, it is a relatively new thread in the field of mechanical metamaterials. It seems that some of the first studies devoted to this topic were published by Gatt et al. [45] and Cho et al. [START_REF] Cho | Proc. Natl. Acad. Sci[END_REF] where the famous hierarchical rotating square system was proposed. In the following years, it was demonstrated [45,[START_REF] Cho | Proc. Natl. Acad. Sci[END_REF][START_REF] Tang | [END_REF]48,49] that this structure can exhibit tunable auxetic behavior where the extent of auxeticity depends on the relative rate of the deformation of hierarchical levels constituting the system. Recently, it was also reported that the design of the hierarchical square system can be modified in order to change its characteristic [50,51,4,52,53]. Similar studies based primarily on the extent of the observed auxeticity were also conducted for structures based on rotating rectangles [54] as well as re-entrant and other honeycombs [54,55,56,57,58].

Even though the concept of hierarchical mechanical metamaterials proved to be very popular and resulted in numerous publications, it is possible to note that the hierarchical structures proposed up to date normally share several limitations. First, most of the known hierarchical mechanical metamaterials are designed in a way where their different hierarchical levels correspond either to the same deformation mechanism or to structures having very similar Poisson's ratio. Hence, the possible range of the resultant auxetic behavior is relatively small and may prove to be insufficient in the case of applications where functional materials must significantly change their mechanical response. Another limitation of the already reported hierarchical metamaterials is the fact that in a vast majority of cases, their ability to exhibit the tunable mechanical behavior was only demonstrated for macroscopic prototypes. On the other hand, there are numerous types of applications (e.g. biomedical devices and flexible electronics) where similar materials with the ability to exhibit programmable auxetic behavior would be of great importance at a much lower scale with the emphasis on the mico-scale. Finally, almost all of the reported hierarchical metamaterials are two-dimensional systems which lowers their applicability. Thus, the possibility of designing three-dimensional hierarchical metamaterials [59,60,61] capable of exhibiting programmable control over mechanical properties in multiple directions would be of great significance.

We propose novel 2D and 3D micro-scale hierarchical mechanical metamaterials. In addition, by means of experiments supported by Finite Element Method (FEM) simulations, it is demonstrated that the considered structure is capable of exhibiting controllable auxetic behavior upon changing the thickness of hinges connecting its structural elements. In this regard, thanks to the very novel design resulting in the mutually-competing substructures being present within the system, it is showcased that the analyzed model may exhibit a very broad range of the auxetic behavior which in turn increases its applicability and the appeal for researchers in the field of materials science. Finally, it is shown that the analyzed mechanical metamaterial may exhibit a predefined shape morphing. In other words, it is shown that thanks to its hierarchical design, the considered mechanical metamaterial can change its shape in order to match the shape of another object upon being subjected to an external stimulus.

Results and discussion

In this work, novel 2D and 3D hierarchical mechanical metamaterials are designed in order to assess their ability to exhibit a wide range of auxetic behavior as well as shape morphing. As shown in Fig. 1(a), the 2D version of the considered system is a two-level hierarchical structure. However, unlike in the case of a vast majority of the already known hierarchical mechanical metamaterials, the deformation mechanisms corresponding to each of the hierarchical levels of the system are very different. More specifically, as shown in Fig. 1(b), the structure selected to form level 0 of the system corresponds to the nonauxetic rotating triangles structure with its unit-cell having a shape of a rectangle. This geometry was first proposed by Milton et al. [START_REF] Milton | [END_REF] where it was used in order to construct mechanical expanders capable of significantly changing their dimensions during the deformation process. A few years later, Dudek et al. [62] demonstrated that this specific mechanical metamaterial never exhibits auxetic behavior in the axial directions, and instead it can be characterized by the negative linear compressibility irrespective of the geometric parameters used to define it. On the other hand, the deformation mechanism associated with level 1 of the structure corresponds to the rotating square [63] / rectangle [64] system proposed initially by Grima et al. with the rotating square-like geometries being famous for their ability to exhibit auxetic behavior. In view of this, the deformation of the hierarchical system considered in this work corresponds to the interplay between the two hierarchical levels associated with a positive (level 0) and negative (level 1) Poisson's ratio respectively (this interplay is referred to as mutually-competing substructures). Thus, depending on the extent of the mechanical deformation of the two hierarchical levels, it is expected that the Poisson's ratio of the entire structure can be significantly modified. At this point, it should be mentioned that even though in this work a specific configuration of rotating triangles is considered, in the literature, there are also other types of triangle-based geometries [65,66,67,68] that in general may exhibit other forms of the unusual mechanical behavior.

In terms of the geometry, the two-dimensional analog of the analyzed structure corresponds to the two- level hierarchical structure where level 0 is composed of structural elements closely resembling isosceles triangles (see Fig. 1(a)). On the other hand, level 1 structural elements correspond to rectangle-like motifs that for the specific case of θ 0 = 90 • assume a shape of a square. In the case of the provided example (see Fig. 1(a)), level 1 structural elements are composed of 2 × 2 level 0 units. However, in general, within the frame of the considered model, level 1 blocks can be constructed by means of a different number of 2N x × 2N y level 0 elements (e.g. 4 × 4) assuming that they form a rectangle-like lattice and are connected to each other as shown in Fig. 1. Furthermore, one should note that even though the structure portrayed in Fig. 1(d) is being referred to as being two-dimensional, in reality, it has a non-zero out-of-plane thickness that corresponds to the variable l s . In addition, it should be emphasized that the unit-cell of the 3D version of the considered hierarchical mechanical metamaterial is very similar to its 2D equivalent. As shown in Fig. 1(c), walls of the unit-cell of the 3D system are almost identical to the 2D unit-cell with the addition of solid blocks having dimensions l × l × h that help to connect adjacent walls.

In this work, to analyze the mechanical behavior of the considered hierarchical structure, the entire system is being compressed along the z-axis (see Fig. 1) with its bottommost elements being fixed in space. Furthermore, to assess its ability to exhibit a versatile mechanical behavior with a broad range of the exhibited Poisson's ratio, several different structures are investigated with each of them corresponding to a different thickness of hinges connecting structural elements.

2D hierarchical metamaterials -control over mechanical properties

In order to assess the ability of the considered model to exhibit a tunable Poisson's ratio, three different quasi-2D hierarchical structures (see Fig. 2) are considered with the main difference between them being the thickness of hinges connecting level 0 and level 1 elements. As shown in Fig. 2(a), the first of the analyzed structures (case 1) corresponds to the hierarchical system where level 1 building blocks assume a shape of a square since θ 0 = 90 • . Based on the pictures taken during the experiment, one can note that during the deformation process corresponding to the compression along the z-axis (see Supplementary Video 1), the considered part of the structure, i.e. the central topmost unit-cell, acts as a typical rotating square system. In other words, level 1 structural blocks retain their shape throughout the deformation and rotate with respect to each other which leads to a change in the angle θ 1 . As presented in Fig. 2(d), this deformation mechanism results in the highly negative and almost isotropic Poisson's ratio close to -1, i.e. the extent of auxeticity characteristic for the rotating square system. The specific behavior of the structure referred to in this work as case 1 stems from the fact that hinges connecting level 0 elements are thicker than hinges connecting level 1 blocks (d 1 ≈ 9.3 µm, d 2 ≈ 6.1 µm). At the same time, all hinges are thin enough so that all of the unit-cells deform primarily through hinging between their structural elements. As a result, it is much easier for the level 1 blocks to rotate with respect to each other than is the case for level 0 elements where the resistance to the rotational motion is significantly larger. Hence, during the deformation process, θ 1 changes to a large extent while θ 0 approximately retains its value (see Fig. 2(e)). At this point, it should be also noted that even though the initial configuration of the system allows for a very large extent of the mechanical deformation, it does not correspond to the fully-open configuration, where θ 0 = 90 • and θ 1 = 90 • . This stems from the fact that for such system, it would be difficult to predict the direction of rotation of structural elements since it would depend on the polymer's composition and printing imperfections (see Supplementary Information).

According to Fig. 2(b), the hierarchical structure referred to as case 2 exhibits a very different behavior than was observed for case 1. More specifically, during the deformation process (see Supplementary Video 2), level 1 blocks having a rectangular shape become significantly flattened in one dimension with the orthogonal dimension being slightly increased (i.e. level 1 blocks exhibit the negative linear compressibility behavior characteristic for the non-auxetic rotating triangle system). Furthermore, the change in the shape of the level 1 blocks is accompanied by the mutual rotation of level 0 elements to a significant extent (see Fig. 2(e)). As shown in Fig. 2(d), this change in the behavior of the hierarchical structure significantly changes the Poisson's ratio that could be observed for the system referred to as case 1. In fact, the Poisson's ratio assumes much less negative values throughout the entire deformation process that reach the level of -0.38 for the experiment. This drastic change in the behavior of the analyzed system originates from the fact that hinges connecting level 0 elements are significantly thinner than hinges corresponding to level 1 of the system (d 1 ≈ 2.7 µm, d 2 ≈ 10.0 µm). As a result, despite a large number of hinges associated with level 0 of the system (16 within the unit-cell), the overall resistance of level 0 elements to the rotational motion is not much different than in the case of level 1. Thus, both hierarchical levels could deform to a significant extent which process is reflected by a large concurrent change in angles θ 0 and θ 1 (see Fig. 2(e)). At this point, it should also be noted that for cases 1 and 2, a part of the bottommost row of unit-cells is not captured on the provided pictures. This stems from the fact that the lenses used in the experiment (see Methods section) were selected in a way ensuring a high quality of this part of the picture that was taken into account while assessing mechanical properties of the system.

The last of the analyzed 2D structures is referred to as case 3 (see Fig. 2(c)) and corresponds to a very similar system to the one referred to as case 2. In fact, all of the initial angles, as well as thicknesses of hinges, are almost the same in terms of the aspect ratio for both structures. The only significant difference between them corresponds to the number of level 0 elements constituting level 1 blocks, i.e. for case 3, level 1 blocks consist of 16 level 0 elements instead of 4. As shown in Fig. 2(c), this small difference in the design of the structure results in a very different behavior of the hierarchical system during the deformation process (see Supplementary Video 3). More specifically, level 1 blocks do not get visibly flattened with respect to the initial configuration as was the case for case 2. Instead, they approximately retain their shape throughout the entire deformation process. According to Fig. 2(d), the change in the number of level 0 units also significantly affects mechanical properties of the system resulting in the greater extent of the auxeticity. This change in the behavior between case 2 and case 3 can be explained upon having a closer look at the number of hinges present within the system. More specifically, upon increasing the number of level 0 units constituting level 1 blocks, the number of hinges connecting level 0 elements is also significantly increased. At the same time, the number of hinges connecting level 1 blocks remains the same. Thus, upon comparing cases 2 and 3, it is much more difficult to rotate level 0 elements corresponding to case 3. As a result, the deformation of this structure corresponds primarily to the change in the value of θ 1 as opposed to the variation in θ 0 (see Fig. 2(e)).

At this point, it is also worth noting that all of the structures considered in this study deform primarily through the rotation of their structural elements and not their flexing. More specifically, as shown in Fig. 2, according to the von Mises stress distribution corresponding to the FEA simulations, the main accumulation of the stress can be observed in the vicinity of hinges connecting level 1 blocks. On the other hand, in the remaining parts of the structure, it assumes much lower values not exceeding 50 MPa. Since Young's modulus of the polymer used to manufacture the samples is equal to 4GPa (see Methods section), this means that the local stresses do not result in the change of the shape of structural elements. Instead, as shown on the provided pictures, structural elements approximately retain their shape throughout the entire deformation process. Furthermore, it should be noted that even though in this work we focus on the longitudinal compression of the analyzed structures, in general, one can also compress them from other directions including the transverse direction. As shown in the Supplementary Information, the compression of the considered systems in the transverse direction may affect their mechanical properties. Nevertheless, not all of them are affected by a change in the direction of compression to the same extent. More specifically, the behavior of the case 1 system seems to be only marginally affected by the direction of compression. On the other hand, especially at low strains, the Poisson's ratio corresponding to the case 2 structure is visibly altered.

3D hierarchical system

As mentioned in the Introduction, almost all of the known hierarchical mechanical metamaterials are two-dimensional structures which limits their applicability as they can only exhibit their properties in one plane. Thus, it is essential to identify structures that could also exhibit a controllable mechanical response in the case of 3D systems. In fact, one of the first such structures is the hierarchical metamaterial proposed in this work as its ability to exhibit a very broad range of the auxetic behavior is not limited to 2D structures and can be conveniently extended to 3D models. To demonstrate it, we selected two very similar structures referred to as type A and type B. These structures have unit-cells defined as shown in Fig. 1(c). In addition, the aspect ratios of hinges and other geometric dimensions corresponding to type A and type B mechanical metamaterials are the same as in the case of the quasi-2D structures named case 1 and case 2 respectively. Hence, based on the already generated results, one should expect the type A structure to be able to exhibit a more auxetic behavior than the type B system. It should be also noted that type A and type B structures look almost identical with the main difference between them being the thickness of hinges. Thus, as an example, a picture of the type A system is shown in Fig. 3(b).

As shown in Fig. 3(a-b), it is indeed possible to construct the microscopic 3D equivalent of the quasi-2D models considered in this work. In addition, upon designing the system composed of unit-cells having the same thickness of hinges as the 2D structure called case 1, it is possible to observe a very strong auxetic response similarly to what was observed for its 2D counterpart (see Fig. 3(a) and Supplementary Video 4). Of course, the extent of the auxeticity in the xz and zy planes is smaller than for the 2D structure and for selected parameters, it maintains the value in the vicinity of -0.4 throughout the entire deformation process (see Fig. 3(c)). This change in the magnitude of the Poisson's ratio originates from the presence of additional blocks that increase the lateral dimension of the unit-cell in comparison to the case 1 2D structure. Furthermore, upon comparing results corresponding to type A and type B, one can note that in the latter case, the Poisson's ratio assumes significantly less negative values. This in turn is an indication of a possibility to achieve a tunable auxetic behavior similarly to what was the case for 2D systems. It should be also emphasized that the range of negative Poisson's ratio for 3D systems could be further increased if faces of 3D unit-cells were composed of several adjacent structural motifs similar to the geometry presented in Fig. 1(a). Nevertheless, at the microscale, it would also result in a more challenging manufacturing process.

Shape morphing

In addition to the possibility of controlling the magnitude of the Poisson's ratio exhibited by the analyzed system, another very interesting direction of studies corresponds to the ability of the hierarchical structure to change its shape during the deformation process. In fact, in Fig. 2, it was shown that depending on the thicknesses of hinges, the entire unit-cell may assume different shapes. Thus, in theory, if one would construct the composite mechanical metamaterial consisting of unit-cells associated with multiple different sets of geometric parameters, then it would be possible to obtain the hierarchical structure with the local change in shape as well as mechanical properties. To demonstrate it, one such example is considered in this study.

As shown in Fig. 4, the hierarchical mechanical metamaterial composed of 4 × 3 × 4 case 1 unit-cells and 4 × 3 × 2 case 2 unit-cells (see Fig. 4(a-b)) is considered in order to analyse its ability to change shape in a controllable manner. More specifically, the objective is to change the shape of the initial cuboid-like structure to match the shape of the reference object in the form of the mug presented in Fig. 4(d) (see Figure 4: Shape morphing of the considered hierarchical mechanical metamaterials aimed towards the possibility of replicating the shape of the reference object. a) A graphical representation of unit-cells corresponding to case 1 and case 2 that were used in the design of the structure that is analyzed from the point of view of its ability to change shape in a predefined manner. b) Picture of the prototype used in the experiment together with the zoomed-in images of types of structures used in the design of the resultant composite material. c) The experiment corresponding to the compression of the considered structure that results in the change in its shape. d) The real-life mug used as an inspiration for the shape that the analyzed hierarchical system is supposed to assume upon being deformed. Supplementary Video 5). According to Fig. 4(c), upon compressing the system, its shape changes drastically with the bottom part composed of case 1 cells shrinking significantly in the lateral dimension. This effect originates from the strong auxetic behavior that is characteristic for case 1 unit-cells (see Fig. 2). On the other hand, even though the top part of the hierarchical system consisting of case 2 unit-cells also shrinks in the lateral dimension, the extent of such shrinkage is much smaller than is observed for the bottom part of the structure. This change in the behavior can be explained by the much smaller extent of the auxeticity corresponding to the unit-cell referred to as case 2. Thus, overall, Fig. 4(c-d) shows that by designing the hierarchical structure considered in this work in the specific compositelike manner, the entire system may undergo a shape morphing into a much more complex configuration. Of course, the considered example is relatively simple but it proves that in general, one can use the concept presented in this work in order to observe very complex shape morphing at the micro-scale. At this point, it is also worth to mention that in the case of the specific design considered in this study, the two types of materials were connected by means of an additional thin plate that was constraining topmost case 1 cells and bottommost case 2 cells. As a result, at the end of the deformation process, one can observe a big difference in the horizontal dimension of the middle and the top part of the case 1 structure. In fact, the same effect could be achieved if one was to replace the plate with one additional row of very stiff unit-cells. Of course, without the additional plate, a similar behavior is still expected to be observed due to a large difference in the Poisson's ratio between the two types of structures. Nevertheless, such system would be more difficult to manufacture and the change in the horizontal dimension of the middle and top part of the case 1 structure would be expected to be smaller.

The results reported in this study clearly show that the considered hierarchical structure can be constructed at the microscale and that its mechanical properties with the emphasis on the exhibited Poisson's ratio may be controlled and significantly modified depending on the small change in the design parameters. It should be also mentioned that in theory, such control over the extent of the exhibited auxeticity could be achieved in an active manner, i.e. without the need of reconstructing the system. In this regard, it should be noted that in the case of this work, the behavior of the hierarchical structures is considered for the quasi-static compression where the moment of inertia of structural elements does not affect the results. However, for fast deformations, the rate at which the structure is being compressed could become another factor that allows to determine whether both hierarchical levels are deforming to a large extent. Of course, for this effect to be observed, hinges would have to be appropriately thin with respect to the considered deformation rates (see Supplementary Information). In addition, the active control over the behavior of the structure could be achieved through the use of external stimulus such as a change in temperature assuming the use of materials corresponding to the high thermal expansion coefficient while designing the hinges.

In view of all of the above, it is important to emphasize the fact that the results of this work may prove to be of great significance in the case of numerous applications. First of all, the ability of the considered hierarchical mechanical metamaterial to exhibit a very broad range of the auxetic behavior may lead to the design of highly efficient protective equipment (especially for the macroscopic version of the considered concept). In fact, as shown in the Supplementary Information, depending on the type of the analyzed structure, the specific energy absorption of the system may be significantly adjusted with its estimated values ranging between 133.2 J kg -1 and 386.6 J kg -1 . Hence, the considered tunable properties are also interesting from the perspective of impact absorption devices. In addition, the concept proposed in this work may be used in the design of tunable vibration dampers utilizing local vibration isolation. This stems from the fact that as shown in the Supplementary Information, the stiffness of the system can be adjusted depending amongst others on the thickness of its hinges. This in turn is a commonly desired feature related to vibration damping devices. In addition, the considered concept is particularly interesting since the model proposed in this work is not solely limited to two-dimensional structures where the devices making use of the provided results could only exhibit their properties in a single plane. Furthermore, the ability of the analyzed system to exhibit shape morphing may significantly increase the efficiency of multiple medical devices including stents by providing localized support for specific parts of the blood vessel that need additional reinforcement. Finally, the shape morphing ability could also be utilized in the design of flexible electronics and equipment used on spacecraft that could adjust its shape upon being deployed from the initially confined configuration that does not waste space onboard prior to being used.

Conclusion

In this work, it is shown that the novel microscopic hierarchical mechanical metamaterial can exhibit a wide range of the auxetic behavior depending solely on the change in the thickness of hinges connecting its structural elements. It is also demonstrated that the considered concept can be observed both for the quasi-2D and 3D version of the structure which enables the system to exhibit a desired mechanical response upon being subjected to a deformation induced from different directions. Furthermore, it is presented that the considered structure can exhibit shape morphing allowing it to match the shape of the reference object upon being deformed. It should be noted that different aspects of these results offer a new perspective with regards to the capabilities of hierarchical mechanical metamaterials and are likely to pave the way for other researchers to design similar microscopic functional materials that will further enhance their properties. Finally, it should be emphasized that the presented results may be utilized in numerous applications. More specifically, the ability of considered hierarchical metamaterials to exhibit a broad range of the auxetic behavior could be important in the design of the protective equipment and vibration dampers. On the other hand, the ability of the considered structure to exhibit shape morphing is very promising for example from the point of view of medical devices capable of locally adjusting their properties as well as flexible electronics.

Methods

Fabrication

The micro-scale samples investigated in this work were fabricated by polymerizing individual unit-cells assuming a small overlap between the adjacent cells. Such overlap was introduced to ensure that the adjacent unit-cells would be connected to each other to form larger composites analyzed in this study. To this aim, the commercial 3D printer (Photonic Professional GT+, Nanoscribe GmbH) operating based on the two-photon lithography method was used. The photoresin selected to produce the analyzed mechanical metamaterials was the commercial negative tone IP-S resin (Nanoscribe GmbH) that is customized to work well with the Nanoscribe 3D printer. Furthermore, the slicing and hatching distances associated with the samples were set to be equal to 1 µm and 0.5 µm respectively. A drop of IP-S resin was deposited on a ITO-coated soda lime glass substrate with dimensions 25 × 25 × 0.7 mm 3 and photopolymerized with a femtosecond laser operating at λ = 780 nm and a 25X-objective. After printing, the sample was developed for 25 min in Propylene glycol methyl ether acetate (PGMEA) solution to remove the unexposed photoresist and rinsed for 3 min in Isopropyl alcohol (IPA) to clear the developer. A Laser Power of 90 and a Galvanometric scan speed of 100 mm s -1 were used for the whole fabrication process. Finally, to improve the adhesion properties of IP-S resin and so to ensure a better connection of the printed sample with the substrate, ITO-coated substrates are pre-treated with oxygen plasma (Corial 200R, RIE etch system) for 5 min. As a result, the bottom part of the samples was constrained from the movement during the deformation process.

Testing

To test the mechanical properties of the analyzed samples, they were uniaxially compressed at the constant rate of 1 µm/s. The intendter used to induce the compression had a circular polished surface corresponding to the diameter approximately equal to 3 mm. Each sample was placed on top of the leveling table in order to ensure its correct orientation during the experiment. In addition, to ensure the better stabilization, the entire set-up was also placed on top of the optical table. To record the deformation process, an optical camera equipped with a lense corresponding to the 20x and 10x magnification factor was used. It is also worth to mention that prior to the testing, in order to have high-resolution pictures showing the structural details of the printed samples, the SEM microscope was used (Apreo S -Thermofisher). Finally, it should be emphasized that the experiments were continued until the point when hinges connecting adjacent structural elements were breaking at large strains. In addition, to assess whether a given breaking hinge was significantly affecting the deformation pattern, the force vs displacement relationship was analyzed throughout the experiment (see Supplementary Information). It should be also emphasized that if one was to construct the system with more durable hinges, then considered structures could be deformed to an even larger extent than is the case in this study. Furthermore, it should be mentioned that the experimental data presented in Fig. 2 were obtained based on pictures taken during the experiment by means of the optical camera. To this aim, positions of characteristic vertices (e.g. edges of hinges connecting level 0 and level 1 blocks) were extracted from respective pictures and utilized to calculate the desired geometric parameters by means of standard mathematical operations.

FEA simulations

To ensure the validity of the experimental results, the mechanical behavior of the analyzed hierarchical metamaterials was analyzed by means of the FEA simulations. To do this, COMSOL Multiphysics software was used (see Supplementary Information to find governing equations corresponding to the considered type of FEM simulations). Since the behavior of the structure was investigated solely from the point of view of its deformation, only the Structural Mechanics module was implemented. In addition, to minimize the computation time, the geometries of the quasi-2D experimental prototypes analyzed in this study were converted into regular 2D structures. Furthermore, to replicate the behavior of the experimental prototypes, the surfaces at the bottom of the structure were fixed in space. Thus, as the samples were compressed, the bottom part of the system could not move. Such deformation process associated with the uniaxial compression of the system was induced through the use of the external indenter pushing the topmost part of the structure downwards. Finally, it should be mentioned that the material corresponding to the analyzed samples was assumed to be isotropic and its properties were set to be the following: ν = 0.4, E = 4 GPa. It should be noted that for the considered structures, the selection of the model of elasticity does not significantly affect the mechanical behavior of the system since it depends primarily on its design (see Supplementary Information). Furthermore, it should be emphasized that while the considered geometry is nonlinear, the conducted FEM simulations were linear. This stems from the fact that the considered structures are deforming primarily through hinging of structural elements that are retaining their shape throughout the deformation. Thus, the plasticity of a material is not significant from the point of view of the deformation of considered structures and internal stresses are relatively small in comparison to the Young's modulus of the polymer. At this point, even though the following does not belong to the scope of this work, it should be also mentioned that deriving dynamics-related properties would be very difficult in the general case for this work since they would always depend on the material's non-linear properties [69].

Figure 1 :

 1 Figure 1: The design of 2D and 3D hierarchical structure considered in this work. a) A cross-section of the unit-cell of the considered model having level 1 structural elements composed of 4 (2 × 2) level 0 units. b) Conceptual deformation of substructures corresponding to level 0 and level 1 of the analyzed system. c) The unit-cell of the 3D model considered in this study. d) SEM (Scanning Electron Microscopy) picture of the quasi-2D experimental prototype composed of 3×3×3 unit-cells. e) SEM picture of the 3D experimental prototype consisting of 3×3×4 unit-cells.

Figure 2 :

 2 Figure 2: Deformation of the three examples of 2D systems considered in this work that correspond to different thicknesses of hinges. a) The first of the analyzed structures (case 1) where for the predeformed structure θ 0 = 90 • , θ 1 = 70 • , d 1 ≈ 9.3 µm, d 2 ≈ 6.1 µm. b) Case 2 with the initial parameters defined as θ 0 = 100 • , θ 1 = 70 • , d 1 ≈ 2.7 µm, d 2 ≈ 10.0 µm. c) Case 3 where for the predeformed system θ 0 = 100 • , θ 1 = 70 • , d 1 ≈ 2.6 µm, d 2 = 9.6 µm. d) Poisson's ratio measured for the compression along the z-axis calculated for the central topmost unit-cell. e) FEA results corresponding to the variation in the θ 0 and θ 1 angles throughout the deformation process. For all structures, l s ≈ 1200 µm. Mechanical metamaterials presented on panels a-b) and c) are composed of 3 × 3 × 3 and 3 × 3 × 2 unit-cells respectively. The remaining geometric parameters used for structures shown on panels a-c) were set to be the following: a) a 1 ≈ 77 µm, a 2 ≈ 78 µm, b ≈ 48 µm, d 3 ≈ 6.3 µm, d 4 ≈ 6.4 µm, b) a 1 ≈ 79 µm, a 2 ≈ 81 µm, b ≈ 48 µm, d 3 ≈ 12.7 µm, d 4 ≈ 10.4 µm and c) a 1 ≈ 77 µm, a 2 ≈ 79 µm, b ≈ 47 µm, d 3 ≈ 14.3 µm, d 4 ≈ 10.2 µm. For all mechanical metamaterials portrayed on panels a-c), the red and blue dashed lines correspond to the outline of the initial and deformed unit-cell respectively. All of the experimental pictures shown on panels a-c) were taken by means of the optical camera. Finally, the surface stress presented graphically for the FEA results on panels a-c) corresponds to the von Mises stress model implemented in the COMSOL Multiphysics software.

Figure 3 :

 3 Figure 3: The behavior of the type A and type B 3D hierarchical structures composed of 3 × 3 × 4 and 3 × 3 × 3 unitcells respectively. Both hierarchical models are subjected to the compression along the z-axis. a) Three different stages of the deformation process corresponding to the type A system. Provided pictures were captured by means of the optical camera and portrayed from the perspective of the xz plane. b) SEM picture of the type A prototype. c) The Poisson's ratio for compression along the z-axis calculated for the topmost row of unit-cells for both types of the considered 3D systems. The geometric parameters corresponding to the predeformed type A structure were the following: θ 0 = 90 • , θ 1 = 70 • , a 1 ≈ 33.2 µm, a 2 ≈ 33.8 µm, b ≈ 22.4 µm, d 1 ≈ 7.0 µm, d 2 ≈ 4.0 µm, d 3 ≈ 6.6 µm, d 4 ≈ 4.1 µm, l ≈ 88.7 µm and h ≈ 16.4 µm. On the other hand, for the type B system, these parameters were set to be as follows: θ 0 = 100 • , θ 1 = 70 • , a 1 ≈ 73.5 µm, a 2 ≈ 74.5 µm, b ≈ 44.4 µm, d 1 ≈ 2.6 µm, d 2 ≈ 9.2 µm, d 3 ≈ 14.5 µm, d 4 ≈ 12.5 µm, l ≈ 180 µm and h ≈ 33 µm . For pictures on panels (a-b), the blue dashed line indicates the dimensions of the undeformed structure in the xz plane.
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