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Metamaterials have been a hot topic over the past 2 decades, involving scientific research directions in materials, engineering, and physics. Among them, programmable mechanical metamaterials are an emerging class of metamaterials that offer intelligent programming and control of diverse mechanical properties, such as stiffness, damping, thermal expansion, and shape memory behavior. Meanwhile, it can be rationally designed to have specific geometric architectures and programming strategies in response to different types of external stimuli, such as temperature, electric and magnetic fields, and mechanical loads. These intelligent mechanical properties have a wide range of potential applications due to their uniqueness and controllability, including soft robotics, adaptive structures, and wearable devices. Thus, the programming strategies to achieve them are particularly critical. Combined with related programmable thinking concepts, this paper briefly reviews programming strategies for programmable mechanical metamaterials, including geometric, structural, and external driving force programming. Meanwhile, this paper presents the principles of programming strategies classified according to different programmable mechanical properties (e.g., programmable stiffness, deformation, multistability) and looks ahead to the challenges and opportunities for future research.
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1 INTRODUCTION
People’s tireless exploration of metamaterials has promoted its rapid development for a long time. Related research has been growing exponentially in recent years. The metamaterial is an emerging class of artificial composite materials with unique properties not found in traditional natural materials (Shelby et al., 2001; Smith et al., 2004). Metamaterials do not differ significantly in composition from traditional materials; their unique characteristics primarily arise from complex artificial structures (Liua and Zhang, 2011). Specifically, metamaterials can modulate various physical quantities through the combinatorial arrangement of various periodic or non-periodic geometrical unit cells (Rodger, 2001; Shalaev, 2007; Grima and Caruana-Gauci, 2011). This modulation can also involve microscopic size tailoring, resulting in never-before-seen, novel, or even extreme physical properties of materials (Zheludev and Kivshar, 2012; Martin, 2013).
Professor Rodger M. Walser first introduced the concept of metamaterials in 2001 (Rodger, 2001). Then, professors R. A. Shelby and D. R. Smith demonstrated that the novel properties of metamaterials are real by actually producing metamaterials with a negative refractive index (Shelby et al., 2001). Currently, electromagnetic metamaterial is the most fully developed class of metamaterials. It has produced numerous research applications, for example, lenses that break traditional diffraction limits (Hou-Tong Padilla et al., 2006), electromagnetic cloaks of invisibility (Adrian, 2006), and new antennas (Yuandan and Tatsuo, 2012). In addition, metamaterials also exhibit novel optical, acoustic, thermal, and mechanical properties (Nicholas et al., 2006). Optical metamaterials refer to artificial structural materials composed of metallodielectric subwavelength building blocks (Soukoulis and Martin, 2011). It can realize various innovative optical properties, such as negative refractive index (Pendry, 2000; Hoffman et al., 2007; Tsakmakidis et al., 2007; Valentine et al., 2008), tunable negative refractive index (Shalaev, 2007), and enhanced nonlinear optical properties (Soukoulis and Martin, 2011). Current applications include optical tunneling devices (Silveirinha and Engheta, 2006) and cloaking devices (Soukoulis and Martin, 2011). Acoustic and thermal metamaterials are fundamentally similar in principle to electromagnetic and optical metamaterials and can accomplish novel physical properties by manipulating and controlling acoustic or thermal conductivity (StevenChristensen and Alu, 2016), for example, acoustic metamaterials with diffraction, negative refraction (Nicholas et al., 2006; Lee et al., 2009), transformation acoustics (Cummer and Schurig, 2007) properties, and thermal metamaterials with thermal stealth properties (Xu et al., 2014).
It is worth noting the mechanical metamaterials, which can achieve many mechanical properties of materials that do not exist in nature (Zheng et al., 2014; Amir, 2016; Yu et al., 2018). This is a relatively new branch of metamaterial research (Amir, 2016). Such as superstretchability (Jiang and Wang, 2016), negative compressibility (Nicolaou and Motter, 2012; Yi et al., 2014; Rod Lakes and Wojciechowski, 2023), negative stiffness (Correa et al., 2015; Hewage et al., 2016; Lakes et al., 2023), superstrength (Zheng et al., 2016), negative Poisson’s ratio (Bertoldi et al., 2010; Babaee et al., 2013; Grima et al., 2016; Kolken and Zadpoor, 2017; Jiang et al., 2018), tunable stiffness (Yu et al., 2018), superfluidity (Kadic et al., 2012; Kadic et al., 2014), nonlinear behavior (Xiaoyan and Huajian, 2016). These properties facilitate the development of a variety of applications, such as special dampers (Jiang and Wang, 2016), robotics (Bartlett et al., 2015), bionic soft mechanical applications (Wang et al., 2014), and mechanical stealth devices (Bueckmann et al., 2014). Additionally, topological mechanical metamaterials also belong tomechanical metamaterials (Nash et al., 2015; Paulose et al., 2015; Li et al., 2020; Paulose et al., 2023). Although mechanical metamaterials have many novel properties, they also have certain limitations. Metamaterials are composed of homogenized structure unit cells, and their overall properties are relatively single and passive, which is relatively insufficient in today’s computing and intelligent era. Along with the emergence of coded metamaterials and programmable electromagnetic metamaterials (Liu and Cui, 2017; Bao and Cui, 2019), the programming design through computational logic systems can allow mechanical metamaterials to become more intelligent, active, and controllable based on their unconventional physical properties (Zheludev, 2010; Florijn et al., 2014; Jascha et al., 2017; Shah et al., 2021). Therefore, the programming and intelligence of mechanical metamaterials have gradually started to explode in recent years, enabling numerous excellent properties such as programmable stiffness (Mukhopadhyay et al., 2020), Poisson’s ratio (He et al., 2020), multistability (Kamrava et al., 2019), energy absorption (Tan et al., 2019a), thermal expansion coefficient (Peng Yong et al., 2021), hyperelasticity (Chen et al., 2019), and deformation (Ye et al., 2021).
Previously, related reviews have been conducted for programmable mechanical metamaterials (Bertoldi et al., 2017; Kadic et al., 2019). For example, Xianglong Yu et al. (Yu et al., 2018), Emilio Barchiesi et al. (Barchiesi et al., 2019), Jae-Hwang Lee et al. (Lee et al., 2012) reviewed the mechanical properties characterization of metamaterials; Katia Bertoldi et al. (Bertoldi et al., 2017) introduced programmable kirigami, origami, and bistable metamaterials and made a future vision for programmable mechanical metamaterials with mechanical information storage and retrieval properties; Zian Jian et al. (Jia et al., 2020), Amir A. Zadpoor (Amir, 2016) offered a brief summary of programmable lattice metamaterials in mechanical properties; Ahmad Rafsanjani et al. (Ahmad et al., 2019a) provided a brief review of the development of programmable robots built on flexible mechanical metamaterials; Pengcheng Jiao et al. (Jiao and Alavi, 2021) discussed the development trend of smart mechanical metamaterials; Jixiang Qi et al. (Qi et al., 2022), S. Macrae Montgomery et al. (Macrae Montgomery et al., 2020) summarized the principles of construction and fabrication of active mechanical metamaterials. These review papers supply a good reference for researchers and practitioners in various industries.
Here, this paper furnishes a brief review of programmable mechanical metamaterials’ basic concepts, classification, and construction strategies, mainly from the perspective of programming thinking and logic (controlled mechanical systems for logical flow). Sections 2–5 introduce the construction strategies of programmable origami and kirigami mechanical metamaterials, programmable lattice, other geometrically structured mechanical metamaterials, and typical programmable hierarchical mechanical metamaterials, respectively. Section 6 focuses on the construction strategy based on external driving force programming. Section 7 supplements several unique programmable mechanical metamaterials (e.g., bistable structural programming, artificial intelligence parameter-optimized structural programming), discusses the insufficiency of current programmable mechanical metamaterial construction strategies and predicts possible future direction of development.
2 BASIC CONCEPTS, BUILDING BLOCKS, CLASSIFICATION
This section discusses the development of programmable thinking in materials and the concept, building blocks and classification of programmable mechanical metamaterials.
2.1 A brief development of programmable thinking
In the field of physical sciences, the concept of programmable thinking was initially applied to the study of programmable matter. Toffoli (White et al., 2011) described programmable matter as early as 1991, which can be assembled into blocks of various sizes, dynamically reconfigured into any uniform, polynomially interconnected fine-grained computational network (Tommaso and Norman, 1991), interactively driven, observed, analyzed, and modified in real-time (Tommaso and Norman, 1991).
Later, as programmable thinking was introduced into materials research, intelligent materials began to emerge. For example, Ion et al. (Ion et al., 2016; Ion et al., 2017) proposed a digital mechanical metamaterial, which can control mechanical signal propagation through the transformation and arrangement of unit cells with different functions; E. Hawkes et al. (Hawkes et al., 2010) proposed a programmable substance (Figure 1A) that can achieve a specific shape or stiffness by programming properties according to commands; Tiejun Cui et al. (Cui et al., 2014; Bao and Cui, 2019) proposed a programmable electromagnetic metamaterial (Figure 1B) consisting of unit cells with “0” or “1” states controlled by biased diodes. Arranging these unit cells through field-programmable gate array (FPGA) hardware can realize the programming control of electromagnetic waves; Teunis van Manen et al. (van Manen et al., 2018) considered that stress gradient, compressive in-plane stresses, and time sequence could be programmed based on related parameters (such as stiffness ratio and thickness ratio) to achieve the purpose of controlling plane material deformation (bending, buckling); Farhang Momeni et al. (Momeni et al., 2017) and S. Tibbits et al. (Raviv et al., 2014; Tibbits, 2014) argue that 4D printing is achieved through a combination of programming strategies, stimulus source (such as water and heat), stimuli-responsive materials, geometric structures, and other elements.
[image: Figure 1]FIGURE 1 | Development of programmable thinking in materials and Programming construction strategy of Mechanical metamaterials. (A) Programmable matter (Reproduced with permission from (Hawkes et al., 2010). Copyright 2010, PNAS). (B) Programmable electromagnetic metamaterials (Reproduced with permission from (Cui et al., 2014). Copyright 2014, CIOMP). (C) Programming of unit cells geometric parameters (e.g., length, width, height). (D) Programming of structural parameters (e.g., fractal hierarchy). (E) Programming construction strategy of external driving force (e.g., thermal stimulation, magnetic control).
In addition, a variety of strategies (e.g., programming strategies based on geometry (Liu et al., 2017; Kanik et al., 2019; Xu et al., 2019), multi-material (Wu et al., 2016), thermal expansion stress difference (Yun et al., 2020), sequential self-folding (Mao et al., 2015), spatio-temporal (Nojoomi et al., 2018; Guseinov et al., 2020), and transition temperature (Lendlein, 2018) modulation) also highlight the important role of programmable thinking in the construction of new materials.
2.2 Definition
Programmable mechanical metamaterials refer to: using programmable thinking through the computational control of “information parameters” to construct metamaterials with controllable (Florijn et al., 2016; Tang et al., 2017; Zhang et al., 2019; Zhang et al., 2019; Xin et al., 2020), tunable (Ning et al., 2020; Wu et al., 2021), and programmable (Abdullah et al., 2020; Jin et al., 2020; Shi et al., 2021) mechanical properties. Specifically, on one hand, it is constructed from unit cells with the same or different ‘geometric parameters’. These unit cells can be dynamically distributed, arranged, and assembled in different computing networks, arrays, spaces, and subdivisions through a programming system, thereby achieving the purpose of controlling the propagation of mechanical signals (Liu et al., 2023). The elements can interact and drive each other (Liu et al., 2023). On the other hand, it can also integrate external driving forces and use logical operations to control mechanical properties (Liu et al., 2023).
2.3 Programming elements and strategies
Programming Elements of programmable mechanical metamaterials:
• Programmable thinking is the guiding principle in the design of mechanical metamaterials. Firstly, it can be considered as a combination of code (unit cells) and operations (distribution rules), enabling parameterized programming through modulation of relevant “information parameters” ([image: image]) (Wenz et al., 2021). Secondly, it can also be seen as a controlled mechanical operating system with logical flow attributes [image: image] (Wenz et al., 2021).
• The “information parameters” refer to the objects of manipulation and can be primarily categorized into three parts: a. Geometric parameters of unit cells: encompassing various geometric properties of different types, such as kirigami, origami, lattices, tensioned structures, and double holes. b. Structural parameters: related to the arrangement of unit cells in space, including hierarchical structures, algorithm-optimized structures, and multi-stable structures. c. External driving force: mainly indicating external forces applied to the material, such as manual forces, water, light, heat, electricity, magnetism, and aerodynamics.
• Model characterization: Programmable mechanical metamaterials require theoretical mechanical and mathematical models to characterize the relationships between the different elements.
• Simulation and experiment: Verification of mechanical properties requires material simulation and experimental verification.
Based on the programming elements, the construction strategy can be broadly described as (Figures 1C–E):
• Programmable thinking is applied in two scenarios (Wang et al., 2020; Liu et al., 2021; Liu et al., 2023): a. The mechanical performance depends on geometric or structural parameters. In other words, once the metamaterial is manufactured, its mechanical properties remain fixed. Different metamaterials exhibit distinct mechanical behaviors, which are determined by their respective micro-geometry or microstructural parameters. For example, in the subsequent introduction of specific content, programmable mechanical metamaterials based on kirigami (Section 3), origami (Section 3), lattice (Section 4), and hierarchical structure (Section 5) belong to this kind. This scenario corresponds to the first type of programmable thinking ([image: image]). b. The mechanical performance is controlled by external driving force. The geometry or structure of the metamaterial will change under the driving control of thermal, magnetic, pneumatic, etc. methods (Section 6). Accompanying this change in geometry or structure, the mechanical properties of the metamaterial will also change in a controlled manner, thus enabling real-time programming and control of the mechanical properties of the metamaterial. At the same time, this is also the application manifestation of the second type of programmable thinking [image: image].
• According to the above, programming strategies can be divided into:a. The main idea is programming strategies with geometric unit cells or structural combinations, such as geometric parametric programming, topological geometry programming, and structural parametric programming. b. External driving force programming.
2.4 Classification
There are many classification criteria for programmable mechanical metamaterials. For example, according to dimensions, they can be divided into two-dimensional programmable mechanical metamaterials (Seffen, 2006; Chiang, 2019; Park et al., 2019; Bai et al., 2022) and three-dimensional programmable mechanical metamaterials (Babaee et al., 2013; Jiang and Wang, 2016; Kadic et al., 2019). Here, since this paper mainly focuses on the introduction of programming strategies for programmable mechanical metamaterials, this article will classify them according to programming strategies: geometric or structural programming, and external driving force programming. Firstly, according to the geometry, programmable mechanical metamaterials are divided into three main categories: those based on Origami and kirigami geometry (Bertoldi et al., 2017; Tang et al., 2017), those based on lattice geometry (Florijn et al., 2014; Haghpanah et al., 2016a; Jin et al., 2020), and those based on other geometry. This segment accounts for the vast majority of the number of programmable mechanics metamaterials. In addition, according to structure, programmable mechanical metamaterials are divided into two main categories: hierarchical structural programming (Bauer et al., 2017; Matthew, 2018), multistable structural programming (Bertoldi et al., 2017; Che et al., 2017; Kadic et al., 2019). Finally, programmable mechanical metamaterials based on the external driving force programming are also a significant category.
It should be noted that when introducing programming strategies based on origami, kirigami, lattices, and typical hierarchical structures, this article mainly focuses on the introduction of geometric or structural parameter programming, supplemented by external driving force programming strategies. A discussion of geometric or structural parameters is supplemented when introducing programming strategies based on typical external driving force.
3 ORIGAMI, KIRIGAMI GEOMETRY OR STRUCTURAL PROGRAMMING
Origami is the folding of two-dimensional materials to create three-dimensional objects and its ability to produce highly complex geometric objects through the seemingly simple operation of folding flat sheets of paper (Chen et al., 2015; Kamrava et al., 2017). On the other hand, Kirigami is a modification of origami, adding cuts to origami and thus expanding the range of three-dimensional objects that can be constructed (Wang et al., 2017). Programming of origami and kirigami geometries is an essential way of constructing metamaterials, such as Miura origami (Schenk and Simon, 2013). In addition, auxiliary means can also be used - programming on demand by applying external driving force (which leads to rigid/non-rigid origami motion) (see Section 6 for details).
3.1 Origami geometry or structural programming
3.1.1 Programmable stiffness
Based on origami self-locking or interlocking mechanisms, multiple stiffness programming of metamaterials can be achieved using geometric, structural, and external force modulation (assisted) strategies. For example, geometric parameter programming realizes stiffness conversion, origami layered structure programming realizes stiffness grading, and on-demand strain regulation programming realizes tunable stiffness. Figure 2A shows a tubular metamaterial constructed based on Waterbomb origami (Mukhopadhyay et al., 2020). Applying force/displacement to the end can cause rigid origami motion (near-zero stiffness) and non-rigid origami motion (high stiffness) (Mukhopadhyay et al., 2020). Among them, the critical transition point [image: image] is generated by the stop of rigid motion (self-locking mechanism) due to the contact of vertices inside the metamaterial Figure 2A(i) (Mukhopadhyay et al., 2020). This phenomenon has a significant stiffness transition, and thus, by controlling the occurrence of a critical point [image: image] during motion through geometric parameters ([image: image])and external forces/displacements, a sudden and abrupt increase in stiffness can be programmed (Figure 2A(ii)) (Mukhopadhyay et al., 2020); Figure 2B presents a metamaterial constructed based on a nonflat-foldable degree-4 vertex origami (single-collinear, SC) (Fang et al., 2018). Combined with the parametric tuning of sector angles [image: image] (Figure 2B(i), especially the concatenation of SC unit cells with different collinear crease thicknesses into geometrically heterogeneous multilayer structures (see Section 5 for hierarchical programming), Four stiffness segments (Figure 2B(ii)) and eight target stiffnesses with locking configurations (Figure 2B(iii)) based on FPR (flexible photosensitive resin) substrate materials can be implemented programmatically (Fang et al., 2018); Figure 2C presents a design of an on-demand deployable tunable stiffness metamaterial consisting of Triangulated cylinder patterns (Figure 2C(i) (Zhai et al., 2018). By manually unfolding or folding the geometry as needed to adjust the angles of [image: image] and [image: image], the metamaterial can be converted between near-zero and high stiffness (Figure 2C(ii-iii)) (Zhai et al., 2018).
[image: Figure 2]FIGURE 2 | Origami metamaterial with programmable stiffness. (A) Geometric parameters programming (Reproduced with permission from (Mukhopadhyay et al., 2020). Copyright 2020, Elsevier): (i) unit cells and parameter characterization (top), rigid, non-rigid motion (bottom), III is a schematic representation of the metamaterial at the transition critical point [image: image]; (ii) Stiffness variation curves with m as the variable (top) and α as the variable (bottom) under axial force loading. (B) Hierarchical programming (Reproduced with permission from (Fang et al., 2018). Copyright 2018, Wiley): (i) unit cells parameter characterization (top) and physical schematic (bottom); (ii) Programmable four-stiffness segments and variation curves; (iii) Multi-objective stiffness programming for different configurations represented by the equivalent spring model. (C) On-demand programming (Reproduced with permission from (Zhai et al., 2018). Copyright 2018, PNAS): (i) unit cell ∆ABC and parametric characterization; (ii) low stiffness (left), high stiffness (right) paper folded triangular cylinder and metamaterial (middle); (iii) Low (left) and high (right) stiffness folding deployment of metamaterials with paper and rubber bands as the substrate material. (D) Others: Metamaterials proposed by (i) Jiayao Ma et al. (Reproduced with permission from (Ma et al., 2018). Copyright 2018, Elsevier), (ii) Lin Yuan et al. (Reproduced with permission from (Yuan et al., 2020). Copyright 2020, Elsevier), (iii) Mark Schenk et al. (Reproduced with permission from (Schenk and Simon, 2013). Copyright 2013, PNAS), (iv) Evgueni T. Filipov et al. (Reproduced with permission from (Filipov et al., 2015). Copyright 2015, PNAS), (v) Sattam Sengupta et al. (Reproduced with permission from (Sengupta and Li, 2018). Copyright 2018, SAGE), respectively.
Other metamaterials with graded stiffness (Figure 2D(i) (Ma et al., 2018) (Figure 2D(ii)) (Yuan et al., 2020), tunable stiffness (Figure 2D(iii)) (Schenk and Simon, 2013) (Figure 2D(iv)) (Filipov et al., 2015) (Figure 2D(v)) (Sengupta and Li, 2018) can also be realized by using Miura-ori and applying the above strategy.
3.1.2 Programmable poisson’s ratio
Based on origami geometry, metamaterials can be programmed to achieve tunable Poisson’s ratio properties. Such as geometric and structural parameter programming to realize “+” and “-”Poisson’s ratio conversion, manual strain programming to realize adjustable Poisson’s ratio. Y.L. He et al. demonstrates a three-dimensional metamaterial constructed from curved-crease origami (CCO) (He et al., 2020). The initial angle [image: image] remains unchanged, and when the aspect ratio [image: image] is lower than about [image: image], the Poisson’s ratio [image: image] of metamaterials changes from “+” to “-” (He et al., 2020). Similarly, the Poisson’s ratios ([image: image], [image: image], [image: image]) of metamaterials can be positively or negatively interconverted in different directions in increasing or decreasing form through the modulation of geometrical parameters (e.g., initial angle [image: image], layered incremental angular difference [image: image]) (He et al., 2020). Figure 3A(i) presents a two-dimensional metamaterial constructed from Miura-ori origami (Figure 3A(ii)), exhibiting equal but opposite sign in-plane and out-of-plane Poisson’s ratios (Wei et al., 2013). When stretched along the x-axis, the material demonstrates a negative Poisson’s ratio behavior (Figure 3A(iii)), whereas when subjected to symmetric bending moments at the boundaries [image: image], it shows a positive Poisson’s ratio behavior (Figure 3A(iv)) (Wei et al., 2013). Therefore, the metamaterial can realize “+” and “-” Poisson’s ratio tuning by external driving force.
[image: Figure 3]FIGURE 3 | Origami metamaterial with programmable Poisson’s ratio. (A). External driving force modulation (Reproduced with permission from (Wei et al., 2013). Copyright 2013, American Physical Society): (i) a metamaterial consisting of 13 × 1 3 unit cells, where [image: image], the plate dimension is 2L by 2W. (ii) Unit cell and parametric characterization. (iii) Schematic diagram of stretching along the x-axis. (iv) Schematic diagram of applying a symmetrical bending moment to the boundary [image: image]. (B) Others: metamaterials proposed by (i) H. Yasuda et al. (Reproduced with permission from (Yasuda and Yang, 2015). Copyright 2015, American Physical Society), (ii) Maryam Eidini et al. (Reproduced with permission from (Eidini and Paulino, 2015). Copyright 2015, American Association for the Advancement of Science), and (iii) Hairui Wang et al. (Reproduced with permission from (Wang et al., 2020). Copyright 2020, Elsevier), respectively.
Numerous metamaterials with the same properties are also realized using the above strategy, for example, those constructed by using Rigid-foldable square-twist crease pattern (Lyu et al., 2021), Tachi-Miura polyhedron (Figure 3B(i) (Yasuda and Yang, 2015), Zigzag strips (Figure 3B(ii)) (Eidini and Paulino, 2015), and Re-entrant hexagonal honeycomb structure (Figure 3B(iii)) (Wang Hairui et al., 2020), respectively.
3.1.3 Programmable deformation
Based on origami geometry, metamaterials with programmable deformation properties can be realized. For example, angular parameters are programmed to control the deformation shape, and numerical optimization algorithms are programmed to control the curvature deformation. Figure 4A reveals a metamaterial consisting of a complex geometric extruded polyhedra (Figure 4A(i) (Johannes et al., 2016). Eqs 1–4 quantify the geometric deformation of the metamaterial in terms of vectors and internal volumes, respectively:
[image: image]
[image: image]
[image: image]
[image: image]
[image: Figure 4]FIGURE 4 | Origami metamaterial with programmable deformation. (A) Geometric parametric programming(Reproduced with permission from (Johannes et al., 2016). Copyright 2016, Nature Publishing Group): (i) The unit cell (left) and its deformation modes (middle, right); (ii) All achievable angular combinations based on [image: image]; (iii) Programmed states #1, #2, #3, and #4 achieved by manual loading; (iv) Inflatable loads are applied at the orange hinge positions of each unit cell; (v) A metamaterial composed of 96 unit cells with airbags connected by inflatable tubes. (B) Numerical optimization algorithm programming(Reproduced with permission from (Dudte et al., 2016). Copyright 2016, Nature Publishing Group): (i) Pattern of mountain/valley fold orientation and fixed/free nodes for numerical optimization method. Gray represents a unit cell; (ii) Deformation simulation (top) and real object (bottom) with programmable curvature. (C). Others: (i) metamaterials designed by Ting-Uei Lee et al. (Reproduced with permission from (Ting-Uei et al., 2021). Copyright 2021, Elsevier), (ii) Johannes T. B Overvelde et al. (Reproduced with permission from (Overvelde et al., 2017). Copyright 2017, Nature Publishing Group), respectively.
Here, [image: image], therefore, changing the angles [image: image] can regulate its deformation state (Figure 4A(ii)) (Johannes et al., 2016). Among them, state #1 deformation is the smallest and state #4 is the largest (Figure 4A(iii)) (Johannes et al., 2016). At the same time, various deformations such as states #one to three can also be realized by applying an external inflatable load in a distributed driving manner (Figure 4A(iv-v)) (Johannes et al., 2016). Figure 6B displays a metamaterial constructed based on Miura-ori origami (Figure 4B(i) (Dudte et al., 2016). Using Kawasaki’s theorem and a numerical optimization algorithm based on this theorem, metamaterials can achieve deformations with controlled curvature properties (Figure 4B(ii)) (Dudte et al., 2016).
Using the above strategies, metamaterials with programmable force and displacement properties (Figure 4C(i) (Ting-Uei et al., 2021), reconfigurable deformation properties (Figure 4C(ii)) (Overvelde et al., 2017), the programmable behavior of a mechanical bit used for robots (Treml et al., 2018) and the fast shape changing and instantaneous shape locking (Novelino et al., 2020) were also realized based on Miura-ori pattern, Complex geometric extruded polyhedral and Bistable origami, respectively.
3.1.4 Programmable multistable
Metamaterials with various mechanical multistable properties can be realized through origami geometric parameters and unit cell arrangement (structure) strategies, for example, programmable bistable, tristable, and global multistable metamaterials. Figure 5A presents a metamaterial constructed based on Miura-ori strings (Figure 5A(i), which can be programmed to achieve unit cells (Figure 5A(ii)) with monostable, semi-bistable and bistable states by controlling the angles [image: image] and [image: image] (Kamrava et al., 2019). The number of Miura-ori (n) in an angle chord is also a critical programming parameter for it (Figure 5A(iii)). Figure 5A(iv) offers a configuration of this metamaterial: each orthogonal direction contains 12 star-shaped cells ([image: image]) in series (36 in total), with 15 design parameters, programmable to achieve three Behavior (Kamrava et al., 2019). In addition, based on Origami bellows geometry, the degree-four vertex geometry and hypar origami also realizes metamaterials with programmable bistable properties (Reid et al., 2017), global multistable properties (Scott et al., 2015) and multistable properties (Liu et al., 2019), respectively.
[image: Figure 5]FIGURE 5 | Origami metamaterials with programmable multistability and other properties. (A) Geometry and structural parameters programming multistability (Reproduced with permission from (Kamrava et al., 2019). Copyright 2019, Wiley): (i) Miura-ori structure (top) and metamaterial unit cells (bottom); (ii) Stability analysis diagram of star unit cells with different [image: image]. The blue, yellow, and red regions correspond to monostable, semi-bistable, and bistable behaviors, respectively; (iii) Bistable and semi-bistable behaviors corresponding to different (n); (iv) The real metamaterial (left) and the programmable multistability curve (right). (B) Other properties of geometric programming: (i) Compression simulation diagram (left) and physical diagram (right) of metamaterial proposed by Zhejian Li et al. (Reproduced with permission from (Li et al., 2021). Copyright 2020, Elsevier). (ii) Metamaterials proposed by Jiayao Ma et al. (Reproduced with permission from (Ma et al., 2021). Copyright 2021, Elsevier). (iii) Schematic diagram of different programming configurations of metamaterials proposed by Jesse L. Silverberg et al. (Reproduced with permission from (Silverberg et al., 2014). Copyright 2014, American Association for the Advancement of Science).
3.1.5 Other programmable mechanical properties
In addition to stiffness, Poisson’s ratio, deformation, and multi-stability properties, other programmable mechanical properties can be achieved using origami geometric and structural strategies. Figure 5B(i-iii) shows that based on Miura-ori origami, Rigid-foldable square-twist crease pattern, bistable Miura-ori unit cells can respectively achieve graded compressive strength (Li et al., 2021), comprehensive mechanical properties (Ma et al., 2021), and compressive modulus with reversible adjustment (Silverberg et al., 2014).
3.2 Kirigami geometry or structural programming
3.2.1 Programmable deformation
Using kirigami geometry, multiple programmable deformations of metamaterials can be achieved. For example, geometric parameters are used to program the deformation, unit cells (with the same mechanical properties but different deformation) are arranged to program special patterns, and optimization algorithms are used to program the deformation. A metamaterial constructed from the “Louvres” Krigami pattern is designed in Figure 6A (Tang et al., 2017). Figure 6A(i-ii) exhibits that due to the compressive force P and the notch breaking the original geometric symmetry, the center of gravity shifts down and is not aligned with the neutral plane (dotted line), and the generated bending moment M can guide different buckling behaviors to make the unit cell locally bend clockwise and counterclockwise in a controlled manner (Tang et al., 2017). Thus, the change in kiri-kirigami morphology can be programmed by controlling the homogeneous or heterogeneous tilt direction of the unit cells (Figure 6A(iii)) (Tang et al., 2017). Figure 6B presents a metamaterial constructed based on Hierarchical Kirigami Sheets (Figure 6B(i) (Ning et al., 2020). By adjusting the geometric parameters (e.g., [image: image]), multiple sets of unit cells can be made to have a similar stress-strain response but different fractions of the void area due to buckling, for example, the combination: [image: image] and [image: image] (Figure 6B(ii)) (Ning et al., 2020). Therefore, metamaterials can be programmed to achieve complex deformable patterns, such as text and flowers, through unit cell arrangement programming (Figure 6B(iii)) (Ning et al., 2020). Figure 8C shows a metamaterial with an array of notches embedded in an elastic polyester plastic sheet (Figure 6C(i) (Jin et al., 2020). In combination with [image: image] and [image: image] parameter modulation and heterogeneous unit cell programming configurations, simple macroscopic deformation of metamaterials can be achieved under external aerodynamic loading (Figure 6C(ii)) (Jin et al., 2020). However, more complex shape simulations can be completed by the programming of the Nelder–Mead simplex algorithm and the Melder–Nelson algorithm (Figure 6C(iii) (Jin et al., 2020).
[image: Figure 6]FIGURE 6 | Kirigami metamaterials with programmable deformation and other properties. (A) Geometric parameters programming deformation(Reproduced with permission from (Tang et al., 2017). Copyright 2017, Wiley): (i) Geometric parameters of unit cell; (ii) Arrangement of unit cell;(iii) Programmable deformation imitating the letter “T”. (B) Deformations programmed by the unit cell arrangement(Reproduced with permission from (Ning et al., 2020). Copyright 2019, Wiley): (i) Schematic diagram of the unit cells and parameters. (ii) Stress-strain response of two different configurations of unit cells at 0.2 strain. (iii) Programmed realization of the text and flower pattern (parameters: [image: image] and [image: image]). (C) Optimization algorithm to program deformation(Reproduced with permission from (Jin et al., 2020). Copyright 2020, Wiley): (i) unit cell and parametric characterization, (ii) Distributed programming of two unit cells for [image: image] and [image: image] to achieve bending deformation. (iii) When the pneumatic pressure is at p = 6.4 kPa, an optimization algorithm is applied to program the simulated tank shape. (D) Other programmable deformations: metamaterials designed by (i) Yanbin Lin et al. (Reproduced with permission from (Li et al., 2021). Copyright 2021, Wiley), (ii) Gary P. T. Choi et al. (Reproduced with permission from (Gary et al., 2019). Copyright 2019, Nature Publishing Group), and (iii) Robin M. Neville et al. (Reproduced with permission from (Neville et al., 2016). Copyright 2016, Nature Publishing Group), respectively.
In addition, based on Modular Kirigami geometry (Figure 6D(i) (Li et al., 2021), Algorithmically Optimised krigami geometry (Figure 6D(ii) (Gary et al., 2019), Open honeycombs (Figure 6D(iii)) (Neville et al., 2016), Cylindrical kirigami shells (Ahmad et al., 2019b), programmable deformation features are also implemented separately.
3.2.2 Other programmable mechanical properties
Other mechanical properties can be achieved with programmable kirigami metamaterials. For example, References (Yang et al., 2018) demonstrates a metamaterial constructed based on a paper-cut geometry similar to Figure 6A (Yang et al., 2018). Using the bistability property, this metamaterial can achieve a symmetric configuration transition of stiffness from 100% to 0% by adjusting the unit cell geometry parameters [image: image] (Yang et al., 2018). In addition, based on Hierarchical Kirigami Sheets (Cai and Abdolhamid, 2021), Kirigami MGs (Chen et al., 2019), and Layered hinge geometry (Tang et al., 2015), it is possible to achieve metamaterials with programmable Poisson’s ratio, programmable stress-strain relation.
4 LATTICE AND OTHER GEOMETRIC OR STRUCTURAL PROGRAMMING
In addition to origami and kirigami geometries, lattices, honeycombs, and other geometries are also important sources for building programmable mechanical metamaterials.
4.1 Lattice geometry or structural programming
4.1.1 Programmable poisson’s ratio
Poisson’s ratio can be programmed based on lattice geometry strategies, such as geometric parameter tuning Poisson’s ratio, topological shape programming Poisson’s ratio, and topologically optimized geometry or structure programming Poisson’s ratio. Jianxing Liu et al. produces a triangular, honeycomb, square metamaterial constructed based on Wavy filamentary microgeometry (Liu and Zhang, 2018). In triangular metamaterials, when the slope [image: image] remains unchanged, by changing the width ratio [image: image] and length ratio [image: image], the Poisson’s ratio can be controlled transition between −0.2 and −1.0 (Liu and Zhang, 2018). Similarly, Poisson’s ratio can be programmed to switch between positive and negative by manipulating [image: image], [image: image], [image: image] of honeycomb and square metamaterials (Liu and Zhang, 2018). Figure 7A presents a metamaterial constructed based on beams of sinusoidal shape (Figure 7A(i) (Chen et al., 2017). By programming half wave-length [image: image] (Figure 7A(ii)), especially the topological geometry (Figure 7A(iii)), the metamaterial Poisson’s ratio can be adjusted as needed (Chen et al., 2017). Figure 7B represents a digital system metamaterial (Anders et al., 2015). Topological optimization of its microstructure by nonlinear geometric modeling can lead to different linear and nonlinear Poisson ratios (Figure 7B(i) (Anders et al., 2015). Figure 7B(ii) reveals that the Poisson’s ratio can be tuned between −0.8 and 0.8 using this method (Anders et al., 2015).
[image: Figure 7]FIGURE 7 | Lattice metamaterials with programmable Poisson’s ratio. (A) Topological lattice programming (Reproduced with permission from (Chen et al., 2017). Copyright 2017, American Physical Society): (i) Unit cells and parameters (left), metamaterials (right). (ii) Influence of half wavelength n on Poisson’s ratio. (iii) hexagonal, kagome, square, triangular metamaterials (left) and corresponding Poisson’s ratio changes (right). (B) Topology optimization programming (Reproduced with permission from (Anders et al., 2015). Copyright 2015, Wiley): (i) Geometrically nonlinear modeling topology optimization (left) and its Poisson’s ratio variation (right). (ii) Tunable range of Poisson’s ratio under both topology optimizations. (C) Others: metamaterials designed by (i) Xin Ren et al. (Reproduced with permission from (Ren et al., 2018). Copyright 2018, Elsevier), (ii) Sahab Babaee et al. (Reproduced with permission from (Babaee et al., 2013). Copyright 2013, Wiley), and (iii) Tiantian Li et al. (Reproduced with permission from (Li et al., 2017). Copyright 2017, Nature Publishing Group), respectively.
In addition, using the above construction methods, the metamaterials designed based on rectangular and spherical geometries (Figure 7C(i)) (Ren et al., 2018), cubic crystal systems (i.e., simple cubic (sc), body-centered cubic (bcc), and face-centered cubic (fcc)) (Figure 7C(ii)) (Babaee et al., 2013), bent beams (Figure 7C(iii)) (Li et al., 2017), and triangular geometry (Ling et al., 2020), respectively, also realized the programming regulation of Poisson’s ratio.
4.1.2 Programmable deformation
The lattice geometry strategy can realize the deformation control of metamaterials, for example, geometry and structure parameters can be programmed to realize shape controllability, geometric parameters combined with a self-locking mechanism can be programmed to realize multi-step path deformation, and heterogeneous voxel structure programming can realize controllable local patterns. Figure 8A displays a soft metamaterial (Architected Soft Machines, ASM) based on Voronoi tessellation (Goswami et al., 2019). Metamaterials can be programmed to bend 45° or 90°, respectively, when the thickness of the beam is distributed with a 0.5–1.0 mm lateral gradient (Figure 8A(i) or an orthogonal gradient (Figure 8A(ii)), respectively (Goswami et al., 2019). Similarly, by programming beam orientation (Figure 8A(iii)), unit cell size (Figure 8A(iv)), complex deformation behavior similar to a hand can be achieved (Goswami et al., 2019). Figure 10B(i) presents a metamaterial constructed based on freely hinged squares (Coulais et al., 2018). Setting the thickness [image: image] of the hinge beam can realize two-step path deformation (Coulais et al., 2018). First, the α hinge bucks at 4% strain under compression, triggering the first-step path deformation, while the thicker [image: image] hinge does not buckle (Coulais et al., 2018). Up to 49% strain, the metamaterial forms self-contact, completing the first deformation (Figure 8B(ii)) (Coulais et al., 2018). Then, further compression leads to buckling of the [image: image] hinge, starting the second step of path deformation until the structure is fully compressed (Figure 8B(iii-iv)) (Coulais et al., 2018). Therefore, based on the self-locking mechanism, by controlling the hinge thickness [image: image] and the number of hinges, metamaterials can be programmed to achieve more complex multi-step paths (Coulais et al., 2018). Figure 8C designs a metamaterial based on anisotropic cubic building voxels (Figure 8C(i) (Coulais et al., 2016). Its voxels have axially aligned soft deformation patterns that can lead to elongated (+) or flattened (−) shapes (Coulais et al., 2016). Thus, a “smiley face”-like patterned texture (Figure 8C(iii)) can be achieved by a programmed arrangement of voxels (Figure 8C(ii)) (Coulais et al., 2016). In addition, the metamaterial shown in Figure 8D is also programmed based on computational models to achieve controllable shape matching properties (Mirzaali et al., 2018); Metamaterial with pattern transformation also can be programmed by geometric parameters (Chen and Jin, 2018).
[image: Figure 8]FIGURE 8 | Lattice metamaterials with programmable deformation, stiffness, and energy absorption. (A) Geometry parameter programming deformation (Reproduced with permission from (Goswami et al., 2019). Copyright 2019, Wiley): (i) Simulation diagram of ASM beam with thickness gradient (increasing linearly from 0.5 mm to 1 mm) and stress distribution. (ii) Simulation and experimental demonstration of ASM, exhibiting 90° bending deformation. (iii) Experimental diagram of ASM with inclined beam configuration, undergoing compression with θ twisted from 0° to 40°. (iv) Voronoi heterolattice programming for complex hand deformation. (B) Self-locking mechanism programmed for multi-step path deformation (Reproduced with permission from (Coulais et al., 2018). Copyright 2018, Nature Publishing Group): (i) Two-step path simulation diagram: The red and blue long lines depict the development of self-contact networks during the deformation process. In the initial step, the α-hinge (shown as red dots) undergoes folding, leading to self-contact between the connected squares aloang the red lines and initiating the first-stage topological transformation. Subsequently, in the second step, the β-hinge (indicated by blue dots) folds, facilitating self-contact between the squares connected by the blue lines. (ii-iii) Show physical images. (iv) Display the graph of compression force vs. engineering strain. (C) Voxel programming patterned textures (Reproduced with permission from (Coulais et al., 2016). Copyright 2016, Nature Publishing Group): (i) undeformed voxels (left), flattened (−) or elongated (+) states (right) (Liu and Zhang, 2018). (ii) Unit cells in different deformation states (Liu and Zhang, 2018). (iii) Programmable “smiley face” pattern (Liu and Zhang, 2018). (D) Others with programmable deformation: metamaterials designed by M. J Mirzaali et al. (Reproduced with permission from (Mirzaali et al., 2018). Copyright 2018, Nature Publishing Group); (E) Geometric parameters to modulate stiffness (Reproduced with permission from (Lee et al., 2016). Copyright 2016, Nature Publishing Group): (i) Metamaterials. (ii) E/S ratio as a function of aspect ratio. (iii) E/S ratio as a function of volume fraction. (F) Artificial intelligence-optimized structural design to regulate stiffness (Reproduced with permission from (Anthony et al., 2021). Copyright 2021, Elsevier): (i) Unit cells (left, middle), which are tiled and blue arrows indicate loading or shock loads (right). (ii) Comparison of the results of 2500 generative designs and 15,000 random designs satisfying the manufacturing constraints, the results of genetic algorithm generative designs are generally better than random designs. (G) Interlocking lattice to achieve adjustable stiffness (Reproduced with permission from (Wang et al., 2021). Copyright 2021, Nature Publishing Group): (i) unit cell (left) and interlocking unit cell (right). (ii) Soft state. (iii) high stiffness state.
4.1.3 Programmable stiffness
Lattice geometry programming can also realize stiffness regulation, such as geometric parameters to regulate stiffness, artificial intelligence algorithm programming stiffness, self-locking mechanism programming to achieve adjustable stiffness. Figure 8E exhibits a metamaterial constructed from Schwarz’ unit cell, diamond, and Schoen’s gyroid structures (Figure 8E(i) (Lee et al., 2016). The metamaterial can be controlled to display different E/S ratios (ratio of Young’s modulus to shear modulus) when the aspect ratio [image: image] is at 1.0, 2.0, 10, respectively (Figure 8E(ii)) (Lee et al., 2016). Similarly, the E/S ratio can be adjusted by programming the volume fraction [image: image] (Figure 8E(iii)) (Lee et al., 2016). Figure 8F(i) presents a lattice structure designed using an artificial intelligence-based optimization algorithm (Anthony et al., 2021). To begin with, the approach entails training a Convolutional Neural Network (CNN) to forecast the effective stiffness and wave speed of the unit cell design. Subsequently, a Genetic Algorithm (GA) is employed, using the CNN as its evaluation function, to produce metamaterials exhibiting exceptional effective stiffness and wave speed (depicted in Figure 8F(ii)) (Anthony et al., 2021). This methodology showcases the effectiveness of combining Machine Learning (ML) and GA in attaining optimal stiffness designs for metamaterials, even in scenarios with intricate nonlinear constraints (Anthony et al., 2021). Figure 8G demonstrates a metamaterial constructed based on interlocking octahedral particles (Figure 8G(i)) (Wang et al., 2021). By applying variable compression at the boundary to trigger interlocking between unit cells, metamaterials can be controlled to switch between low stiffness (Figure 8G(ii)) and high stiffness (Figure 8G(iii)) (Wang et al., 2021).
4.1.4 Programmable energy absorption and other mechanical properties
The lattice geometry also offers great ability in programming energy absorption. Xiaojun Tan et al. presents a unit cell constructed based on negative stiffness (NS) geometry (Tan et al., 2019a). In this metamaterial, the energy absorption per volume [image: image], energy absorption per mass [image: image], and energy absorption efficiency [image: image] can be adjusted with increasing or decreasing controlled programming of [image: image] (vertex height to length ratio of the bending beam) and [image: image] (in-plane thickness to length ratio), respectively (Tan et al., 2019a).
In addition, energy absorption can also be programmed by lattice density (Yuan et al., 2019) and volume (Wang et al., 2019). At the same time, programmable comprehensive mechanics capability can also be achieved based on flexible porous geometry and deflated continuation algorithm (Medina et al., 2020).
4.2 Other geometric programming
In addition to the aforementioned geometries, other geometries (such as tensegrity (Fraternali et al., 2014; Wang et al., 2020; Intrigila et al., 2023)) can also construct metamaterials with various properties. Tensegrity metamaterials mainly adjust the mechanical properties by exploiting the tunable nonlinear mechanical behaviour of the constituent tensegrity units (Micheletti et al., 2023).
4.2.1 Programming Poisson’s ratio
The tensegrity programming strategy can achieve tunable Poisson’s ratio. Xu Yin et al. shows a metamaterial constructed based on truncated regular octahedral tensegrities (TROTs) (Yin et al., 2020). The metamaterial Poisson’s ratio v or stress-strain can be programmed by the initial twist angle [image: image], the residual chord prestress [image: image] [ (Yin et al., 2020)]. In addition, Reference (Micheletti et al., 2023) proposed two tensegrity structures: the “six-node” and the “eight-node” units. By adjusting its prestress, bistable and multistable reprogramming characteristics can be achieved. Meanwhile, programmable Poisson’s ratio properties were also achieved based on Auxetic tubular structure (Ren et al., 2016), Ancient geometric motifs (Ahmad and Pasini, 2016) and other tensioned monolithic structures (Liu et al., 2019).
4.2.2 Programmable deformation
Figure 9A(i) presents a metamaterial unit cell with programmable displacement behavior based on adaptive hexagonal geometry with hinges (Wenz et al., 2021). By manipulating the parameters [image: image], this unit cell can realize the transformation of Poisson’s ratio from positive to negative values, accompanied by the deformation characteristics of expansion and contraction (Figure 9A(ii)) (Wenz et al., 2021). Therefore, based on the series and parallel connection of unit cells, local protrusions of metamaterials can be achieved by controlling the local deformation behavior (Wenz et al., 2021). This phenomenon offers the possibility of realizing complex nonlinear system behavior similar to earthworm movement (Figure 9A(iii)) (Wenz et al., 2021). In addition, programmable shape features are also implemented based on tensegrity (Figure 9B) (Lee et al., 2020), Cylindrical geometric (Yang and Ma, 2020a), and One-DOF reconfigurable module (Liu et al., 2021).
[image: Figure 9]FIGURE 9 | Metamaterials with programmable displacement behavior and programmable deformation properties based on other geometric constructions. (A) Metamaterials with programmable displacement behavior (Reproduced with permission from (Wenz et al., 2021). Copyright 2021, Wiley): (i) Unit cell and parametric characterization. (ii) Deformation state (left) versus parameters (right) for positive to negative Poisson’s ratio. (iii) Metamaterial motion simulation (displacement [image: image] increases from top to bottom) (left) and physical map (right). (B) Tensegrity programming deformation (Reproduced with permission from (Lee et al., 2020). Copyright 2020, American Association for the Advancement of Science): (i) Main controllable parameters. (ii) Expansion deformation. (iii) Compression deformation. (iv) Programmable “starfish” deformation.
5 TYPICAL HIERARCHICAL PROGRAMMING
Hierarchical structure strategy entails employing configurations comprising two or more layers of heterogeneous unit cells to attain programmable control over the mechanical properties of metamaterials. This strategy can be classified into two types: geometric hierarchical and substrate material hierarchical. Geometric heterogeneity-based hierarchical programming involves regulating the mechanical properties through layered structures with varying geometric parameters. On the other hand, substrate material-based hierarchical programming involves combining layers of materials with different mechanical properties to achieve programmable control over the mechanical properties. Voxel programming also falls under hierarchical programming, which uses arrangements of different performance-based elements to modulate metamaterial properties. However, voxel programming involves a larger amount of programming information, as it designs using basic units (in large numbers), while hierarchical programming uses several or multiple groups of basic units (in smaller quantities) for programming.
5.1 Geometric hierarchical programming
5.1.1 Programmable poisson’s ratio
Based on the geometric hierarchical structure, the Poisson’s ratio of metamaterials can be programmed and controlled, such as the hierarchical arrangement of heterogeneous unit cells to achieve a tunable Poisson’s ratio. Figure 10A presents a metamaterial based on hexagonal honeycomb (Figure 10A(i) (Mousanezhad et al., 2015). Figure 10A(ii) shows that by varying the first level hierarchy parameter [image: image], the Poisson’s ratio can be controlled to switch between positive and negative at different strains (Mousanezhad et al., 2015). In contrast, smaller Poisson’s ratios and more complex regulation of Poisson’s ratios can be achieved through the combined regulation of the first- and second-level hierarchical parameters [image: image] (Figure 10A(iii)) (Mousanezhad et al., 2015). In addition, tunable Poisson’s ratio properties were also achieved based on the auxetic hexagonal honeycomb (Sun and Nicola, 2013).
[image: Figure 10]FIGURE 10 | Hierarchical metamaterial with programmable Poisson’s ratio and other properties. (A)Two-order hierarchy programming Poisson’s ratio(Reproduced with permission from (Mousanezhad et al., 2015). Copyright 2015, Nature Publishing Group): (i) Hierarchical structure and characterization of key parameters. (ii)When the y-axis direction is compressed by [image: image], the Poisson’s ratio variation curve with [image: image]. (iii) Curve of Poisson’s ratio variation with [image: image]when [image: image]is fixed; (B)Hierarchical programming deformation sequences(Reproduced with permission from (Che et al., 2017). Copyright 2017, ASME): (i) Unit cells and parameters. (ii) Two stable states of the unit cell. (iii) Experiments (top) and simulations (bottom) for programming the deformation sequence by manipulating the thickness parameter [image: image]of the beam; (C)Fractal hierarchy programming modulus of elasticity(Reproduced with permission from (Oftadeh et al., 2014). Copyright 2014, American Physical Society): (i) Unit cells and hierarchical structures. (ii) The curve of elastic modulus as a function of P and n, the dotted line is the ultimate elastic modulus of the layered honeycomb at a specific relative density; (D)Hierarchical structural programming stiffness(Reproduced with permission from (Jiao, 2020). Copyright 2020, AIP PUBLISHING): (i) post-buckling beam-related parameters and different post-buckling deformation configurations (yellow, red, blue) with different geometric ratios. (ii) Unit cell design principles (left) and real objects (right); (E)Geometric hierarchy programming multistability and energy absorption properties: metamaterials designed by (i) Matthew F. Berwind et al (Reproduced with permission from (Matthew, 2018). Copyright 2018, Wiley), (ii) Hang Zhang et al(Reproduced with permission from (Zhang et al., 2021). Copyright 2021, American Association for the Advancement of Science), (iii) Tobias Frenzel et al(Reproduced with permission from (Frenzel et al., 2016). Copyright 2016,Wiley)and Yuzhen Chen et al(Reproduced with permission from (Chen and Jin, 2021). Copyright 2021,Wiley), respectively.
5.1.2 Programmable deformation
Programmable deformation characteristics can be achieved based on geometric hierarchy, such as the hierarchical arrangement of heterogeneous unit cells to achieve programmable deformation sequences, and hierarchical structures with different unit cell parameters programmed to control multi-step deformation paths. Figure 10B exhibits a metamaterial constructed from bistable unit cells (Figure 10B(i-ii)) (Che et al., 2017). By programming the beam parameters ([image: image]) of different layers of unit cells, controllable and deterministic complex deformation sequences can be realized under different axial strains (Figure 10B(iii)) (Che et al., 2017). Xiang Li et al. presents a metamaterial based on Hierarchical rotating structures, which can achieve a controlled multi-step deformation path by manipulating the angular parameters [image: image] and [image: image] (Xiang et al., 2021). It shows a two-step path deformation ([image: image]) with the first step deformation occurring at a strain of about 0.17, where θ is closed, and α is open (Xiang et al., 2021). When θ closes, the stress increases abruptly and, as compression continues, α closes at a strain of approximately 0.31 and a second deformation step topology occurs (Xiang et al., 2021).
5.1.3 Programmable stiffness and other properties
The geometric hierarchical structure strategy can also realize the programming control of the stiffness of metamaterials. Such as fractal structure to realize elastic modulus control, and hierarchical structure programming to realize stiffness control. Figure 10C designs a metamaterial based on hexagonal honeycomb Figure 10C(i) (Oftadeh et al., 2014). It can achieve a wide range of effective elastic modulus by adjusting the relative density p and the layered betweenness n (Figure 10C(ii)) (Oftadeh et al., 2014). At the same time, the highest in-plane stiffness at a given weight ratio can be achieved by optimizing the structural configuration (Oftadeh et al., 2014). Figure 10D presents a metamaterial composed of post-buckled elements Figure 10D(i) arranged in a layered structure (Figure 10D(ii)) (Jiao, 2020). By adjusting the geometric ratios [image: image] and [image: image], it is possible to tune the deformation configuration of the beams, leading to either an increase or decrease in tensile and compressive stiffness ([image: image] and [image: image]) (Jiao, 2020). Specifically, when the values of t and W are kept constant, increasing L and g results in a decrease in stiffness, whereas decreasing L leads to an increase in stiffness (Jiao, 2020).
Furthermore, using the above strategies, metamaterials with programmable shape memory (Figure 10E(i) (Matthew, 2018), multi-stability (Figure 10E(ii)) (Zhang Hang et al., 2021), and shock energy absorption properties (Figure 10E(iii-iv)) (Frenzel et al., 2016; Chen and Jin, 2021) were also realized.
5.2 Hierarchical programming of constituent materials
5.2.1 Programmable coefficient of thermal expansion
By employing a composite layered design of the substrate materials, it becomes feasible to regulate the thermal expansion coefficient of the metamaterial. For example, by combining two layers of substrate materials with distinct thermal expansion coefficients and adjusting geometric parameters, the metamaterial can be programmed to exhibit positive and negative thermal expansion coefficient conversion. Yong Peng et al. illustrates a metamaterial unit constructed using such substrate materials (Peng et al., 2021). By controlling the ratio of thermal expansion coefficients [image: image] of the two layers, as it increases from 0.2 to 10, the thermal expansion coefficient [image: image] of the metamaterial can be changed from positive to negative (Peng et al., 2021). Meanwhile, In this metamaterials, based on the regulation of [image: image], combined with the angle [image: image] and the height ratio [image: image], a broader range of positive and negative thermal expansion coefficient adjustments can be achieved (Peng et al., 2021). Figure 11A(i-ii) also depicts a metamaterial composed of two layers of base materials with different thermal expansion coefficients (Wang et al., 2016). However, unlike the previous case, the initial compositions of these two base materials are the same, and the variation in thermal expansion coefficients is achieved by introducing different volume concentrations of copper nanoparticles into one of the materials (Figure 11A(iii)) (Wang et al., 2016). Meanwhile, geometric parameters such as beam width and thickness can also program the thermal expansion coefficient of this metamaterial (Figure 11A(iv)) (Wang et al., 2016). In addition, references (Wu et al., 2016; Jia et al., 2016; Boatti et al., 2017; Ni et al., 2019; Yang and Ma, 2020b; Chen et al., 2021; Wei et al., 2021) also implement programmable thermal expansion coefficients using the above strategy.
[image: Figure 11]FIGURE 11 | Hierarchical metamaterials (programmable coefficient of thermal expansion and other properties). (A) Substrate material composition programming thermal expansion coefficient (Reproduced with permission from (Wang et al., 2016). Copyright 2016, American Physical Society): (i) The unit cell consists of PEGDA (black) and Reinforced PEGDA (green) doped with copper nanoparticles. (ii) Physical objects. (iii) The effect of volume change of reinforced copper nanoparticles on the effective expansion ratio. (iv) The effect of the length change of the beam BC on the effective expansion rate; (B) Deformation controlled by layered programming of substrate materials (Reproduced with permission from (Janbaz et al., 2019). Copyright 2019, The Royal Society of Chemistry): (i) Three unit cells with different geometric designs, consisting of two layers of materials. (ii) Schematic diagram of metamaterials. (iii) Simulations (left) and real objects (right) of metamaterials with rotational and wavy deformations. (C) Voxel programming force and displacement curves (Reproduced with permission from (Pan et al., 2019). Copyright 2019,Wiley): (i) Schematic diagram of the construction: the array structure consists of multiple parallel multistable voxels, the idea is derived from the Atelerix albiventris (left). The multistable voxel consists of a hollow multistable structure and an internally linked guide rod, which can change the state by loading and inversion loading, and the multistable structure consists of bistable units connected in series (middle). Bistable unit and geometric parameters (right); (ii) Different initial lengths correspond to different steady states with different force and displacement profiles. Here, four typical initial lengths are used as examples. (iii) Schematic illustration of the strategy for programming loading curves by adjusting the initial length of multistable voxels.
5.2.2 Programmable poisson’s ratio and other properties
By designing multi-layered substrate materials, it is feasible to manipulate the Poisson’s ratio of the metamaterial (Ai and Gao, 2018; Janbaz et al., 2020). Young-Joo Lee et al. portrays a metamaterial constructed using two layers of substrate materials with different moduli (Young-Joo et al., 2019). This metamaterial has one combination (PDMS - soft, with TPU) where the Poisson’s ratio can be adjusted to switch between positive and negative values (Young-Joo et al., 2019). Furthermore, in this metamaterial, by adjusting geometric parameters such as rib width, unit width, and unit height, the Poisson’s ratio can also be significantly controlled (Young-Joo et al., 2019).
Programmable deformation properties can also be achieved through the programming strategies described above. Figure 11B(i–ii) demonstrates a metamaterial based on flexible and stiff materials (Janbaz et al., 2019). It allows for controlled deformation behavior through composite programming of dual material spatial distribution and geometric design (four-fold type one, four-fold type two, circular) (Figure 11B(iii) (Janbaz et al., 2019). In addition, more complex deformation programming can also be achieved through the layering and geometric design of hydrogels (Wu et al., 2013; Wei et al., 2020), LCE (Peng et al., 2021). Likewise, critical stress and strain (Janbaz et al., 2018), variable stiffness (Qi et al., 2021) can also be programmed to control.
5.3 Voxel programming
Voxels correspond to 3D unit cell programming, while 2D unit cell programming is called pixels. Pixel or voxel programming means: programmed construction of metamaterials by on-demand spatial arrangement of unit cells with different mechanical properties. Figure 11C shows a 3D metamaterial constructed based on multi-stable voxels (formed by series-connected bistable units) (Pan et al., 2019). The different lengths of the multi-stable voxels represent various stable states, which arise from the series connection of bistable units (Pan et al., 2019). A multi-stable voxel with n bistable units has [image: image] stable states and [image: image] stable lengths (Figure 11C(iv)), generating [image: image] different force-displacement curves (Pan et al., 2019). Therefore, by arranging these voxels to form predefined gradients, the force-displacement curves of the metamaterial can be programmed (Pan et al., 2019). For instance, considering m voxels, when a rigid plate is compressed, the total loading curve is the superposition of the loading curves of m voxels, and the force-displacement curve of the metamaterial can be programmed by assigning initial lengths to the voxels (programmable quantities of [image: image]) (Figure 11C(v)) (Pan et al., 2019).
6 EXTERNAL DRIVING FORCE PROGRAMMING
The previously mentioned strategy has already introduced the concept of external driving force programming. External driving force programming refers to the following: Firstly, it involves combining geometric and structural design to programmable control the mechanical properties of the metamaterial using base materials that are sensitive to external factors such as light, etc. And can undergo shape changes. Secondly, it can also be achieved by combining magnetic control, pneumatic control, or other methods with geometric and structural design to programmable control the mechanical properties. Most importantly, unlike the pre-programming strategy, the external driving force programming strategy allows real-time programmability.
6.1 Thermal drive programming
6.1.1 Programmable poisson’s ratio
Thermal stimuli-responsive materials, such as Shape Memory Polymers (SMPs), can undergo various deformation states, including bending, curling, and swelling, when subjected to temperature stimulation. By utilizing SMPs as substrate materials, real-time tunable Poisson’s ratio properties can be achieved by programming the external stimulus. Figure 12A showcases a metamaterial (Figure 12A(i) with the unique ability to adjust its Poisson’s ratio through geometric parameters, specifically the unit cell center angle (Figure 12A(ii)) (Xin et al., 2020). Consequently, employing SMPs programmed to tune the geometrical parameters enables this metamaterial to exhibit a wide range of Poisson’s ratios, following the outlined strategy (Xin et al., 2020):
• During the heating stage, when the metamaterial is subjected to an external tensile load and the temperature surpasses its glass transition temperature ([image: image]), the shape memory polymer (SMP) substrate material transitions from a glassy state to a highly elastic state. The random molecular chains (soft segments) elongate, leading to deformation in the metamaterial, and the central angle of the unit changes from [image: image] to [image: image].
• During the cooling stage, the external tensile load is maintained, and the temperature is cooled to room temperature ([image: image]). The orientation of molecular chains becomes fixed, and internal stress is frozen.
• During the unloading stage, the load is removed, and the metamaterial is fixed in this temporary shape, causing the central angle of the unit to change from [image: image] to [image: image].
• During the re-heating stage, as the temperature increases ([image: image]), the molecular chains return to their random state, causing the metamaterial to revert to its original shape. Consequently, the central angle of the unit is restored from [image: image] to [image: image].
[image: Figure 12]FIGURE 12 | Thermally driven metamaterial with programmable Poisson’s ratio and deformation. (A) Thermal stimulus-responsive materials combined with geometric parameter programming for Poisson’s ratio (Reproduced with permission from (Xin et al., 2020). Copyright 2020,Wiley): (i) Hexa-chiral (top) and tetra-chiral (bottom) metamaterials featuring arc-shaped ligaments and crescent-shaped ligaments. (ii) The impact of geometric parameters on the Poisson’s ratio of arc-shaped tetra-chiral metamaterials. (iii) Different [image: image] configurations correspond to different Poisson’s ratios. (B) Programmable Poisson’s ratio based on the hierarchical design of thermally responsive materials and conventional materials (Reproduced with permission from (Zhao et al., 2019). Copyright 2019, American Physical Society): (i) Unit cell and geometric parameters. (ii) Tunable Poisson’s ratio phenomenon. (iii) Based on the hierarchical design of soft and hard heterogeneous materials, metamaterials show tunable Poisson’s ratio properties at different temperatures, physical image (left), finite element simulation (middle), Poisson’s ratio line graph (right); (C) Other metamaterials with programmable Poisson’s ratio: (i) Ming Lei et al. (Reproduced with permission from (Lei et al., 2019). Copyright 2019, American Chemical Society), (ii) Pengcheng Jiao et al. (Reproduced with permission from (Jiao et al., 2021). Copyright 2021, MDPI), (iii) Dace Gao et al. (Reproduced with permission from (Gao et al., 2020). Copyright 2020, The Royal Society of Chemistry), (iv) Haedong Park et al. (Reproduced with permission from (Park et al., 2018). Copyright 2018,Wiley)designed metamaterials, respectively; (D) Deformation achieved by the uneven temperature programming (Reproduced with permission from (Wang et al., 2020). Copyright 2020, American Chemical Society): (i) Rectangular (top) and triangular (bottom) horseshoe lattices and their unit cells. (ii) Program control cycle based on shape memory function: the deformation state is regulated by applying non-uniform temperature in the recovery step. (iii) Non-uniform temperature programming to control bending deformation, t is the height of the metamaterial intruding into the hot water tank.
Therefore, the metamaterial temperature is raised above [image: image] and stretched to the programmed setting of multiple deformations [image: image] (Xin et al., 2020). Then, cooled and unloaded to fix various programmed configurations (mainly changes in geometric parameters [image: image]), the new configuration can achieve a variety of different auxetic properties than the original configuration (Figure 12A(iii)) (Xin et al., 2020). Figure 12B(i) offers a metamaterial whose Poisson’s ratio can be tuned by a layered design of soft and hard substrate materials (Figure 12B(ii)) (Zhao et al., 2019). Specifically, a hierarchical design (SMPs are distributed at the unit cell marker ①, and rubber materials are distributed at the unit cell marker ②) based on SMPs (different elastic moduli of materials at different temperatures) and rubber materials (with constant material modulus) found that: Compression at 25°C has a positive Poisson’s ratio, while at 70°C, the Poisson’s ratio is negative (Figure 12B(iii)) (Zhao et al., 2019). This shows that the metamaterial can program the Poisson’s ratio in real-time by temperature (Zhao et al., 2019). In addition, Figure 12C(i-iv) also implements the ability of Poisson’s ratio to be programmed and tuned in real-time, respectively (Park et al., 2018; Lei et al., 2019; Gao et al., 2020; Jiao et al., 2021).
6.1.2 Programmable deformation
Programmable deformation properties can be achieved based on thermally stimulated responsive material programming. For example, thermally stimulated responsive materials are used as hinges to achieve deformation programming, and inhomogeneous temperature stimulated programming to control deformation. Nan Yang et al. designs a metamaterial based on ring-shaped origami unit cells, whose deformation mechanism is controlled by the local deformation angle [image: image] (Yang et al., 2020). The deformation state (outward or inward) formed by each [image: image] angle can be represented by “0,1″in this metamaterial (Yang et al., 2020). Meanwhile, this deformed state can be further controlled by thermal stimulation through the distribution of [image: image]-shaped SMA hinges (Yang et al., 2020). Therefore, based on thermal stimulation, more complex shape programming can be achieved by controlling the “0,1” states (e.g., programmed to 100 or 000) of each [image: image] angle of the quarter cells (Yang et al., 2020). Figure 12D proposes a metamaterial constructed based on the horseshoe lattice (Figure 12D(i) and the substrate material of SMPs (Wang et al., 2020). Its programming logic is similar to Figure 12A. But the difference is that the metamaterial can deform on demand (Figure 12D(iii)) by inhomogeneous heating (Figure 12D(ii)) (Wang et al., 2020). Moreover, applying the same strategy, programmable deformation properties are also achieved in Figure 13A(i-ii), respectively (Yuan et al., 2018; Tang et al., 2019).
[image: Figure 13]FIGURE 13 | Thermally driven metamaterials with programmable deformation, stiffness, and other properties. (A) Other metamaterials with programmable deformation: (i) Yichao Tang et al. (Reproduced with permission from (Tang et al., 2019). Copyright 2019,PNAS), and (ii) Chao Yuan et al. (Reproduced with permission from (Yuan et al., 2018). Copyright 2018,Wiley) designed metamaterials, respectively. (B) Glass and rubber state conversion programming for adjustable stiffness(Reproduced with permission from (Yang et al., 2019). Copyright 2019, The Royal Society of Chemistry): (i) Programming flow. (ii) Stiffness changes of metamaterials with different temperatures under shock loading. (iii) When the stiffness remains constant, the metamaterial can achieve different shapes through temperature programming: the sample is in its original shape and subjected to a load (left one); the sample is programmed into different geometric shapes and subjected to the same load (left two); after heating, it returns to its original shape (left three); the sample is reprogrammed into a curved shape and subjected to the same load (left four); after heating, it returns to its original shape (left five). (C) Other properties: metamaterials designed by (i) Jonathan Rossiter et al(Reproduced with permission from (Rossiter et al., 2014). Copyright 2014, IOP Publishing Ltd.), (ii) Xiaozhou Xin et al(Reproduced with permission from (Xin et al., 2022). Copyright 2021, Wiley), and (iii) Xiaojun Tan et al(Reproduced with permission from (Tan et al., 2020a). Copyright 2019, Elsevier), respectively.
6.1.3 Programmable stiffness and other properties
The tunable stiffness properties are also achieved by the above methods. Figure 13B(i) illustrates a metamaterial based on SMPs and microlattice structure (Yang et al., 2019). Figure 13B(ii) displays that it has two states of high and low stiffness under temperature stimuli of 30°C and 90°C, which utilizes the two states of the substrate material (SMP) under temperature stimulation (glass and rubbery state) (Yang et al., 2019). Meanwhile, Figure 13B(iii) demonstrates that the metamaterial can program the shape by temperature stimulation as required while the stiffness remains constant (Yang et al., 2019). Furthermore, adjustable stiffness characteristics are also implemented respectively in Figure 13Bi (Rossiter et al., 2014). Moreover, applying a strategy similar to Figure 12A, Figure 13C(ii-iii) also achieves programmable stress-strain (Xin et al., 2022) and multistability properties (Tan et al., 2020a), respectively.
6.2 Magnetic drive programming
6.2.1 Programmable poisson’s ratio
Magnetic materials controlled by a magnetic field can achieve different states. Therefore, employing magnetic materials as substrate materials or incorporating them into the substrate materials enables the geometric or structural changes of metamaterials to be controlled by external magnetic fields. Poisson’s ratio can be programmed by this method. Figure 14A(i) exhibits a metamaterial constructed by embedding an electromagnetic switch into a honeycomb structure (Haghpanah et al., 2016a). Figure 14A(ii-iii) demonstrates that active control of Poisson’s ratio can be achieved by electromagnetically switching (activating or deactivating) the mode of the unit cell geometry (Haghpanah et al., 2016a). Specifically, Figure 14A(iv) illustrates that by deactivating the electromagnets on the diagonal of the sample, the Poisson’s ratio of the metamaterial can switch from 0.15 to 0.5 under axial compression (Haghpanah et al., 2016a). In contrast, the Poisson’s ratio value will be close to one by deactivating all electromagnets (Haghpanah et al., 2016a). Besides, Figure 14B(i-ii) also achieves tunable Poisson’s ratio properties using similar strategies, respectively (Grima et al., 2013; Ma et al., 2021).
[image: Figure 14]FIGURE 14 | Magnetically actuated metamaterials (tunable Poisson’s ratio and stiffness). (A) Electromagnetic switch real-time programming to control Poisson’s ratio(Reproduced with permission from (Haghpanah et al., 2016a). Copyright 2015, Wiley): (i) Metamaterial. (ii) Unit cell geometry (left) and tessellation (right). (iii) electromagnetic switch deactivation (top) and activation (bottom). (iv) Poisson’s ratio curve: the green line represents the programmable response of the metamaterial: When the magnet is in active mode, there is a small expansion laterally. At a strain of [image: image], the metamaterial diagonal magnets are deactivated and the metamaterial follows an intermediate response. When the strain is [image: image], all magnets are deactivated and the metamaterial transitions to a nearly incompressible state; (B) Other magnetically driven metamaterials with tunable Poisson’s ratio and stiffness: (i) Joseph N Grima et al.(Reproduced with permission from (Grima et al., 2013). Copyright 2013, IOP Publishing Ltd.), (ii) Chunping Ma et al. (Reproduced with permission from (Ma et al., 2021). Copyright 2020, American Chemical Society),(iii) S. Macrae Montgomery et al.(Reproduced with permission from (Macrae Montgomery et al., 2021). Copyright 2020, Wiley) designed metamaterials, respectively; (C) Real-time programming of physical binary unit cells to control stiffness(Reproduced with permission from (Chen et al., 2021). Copyright 2021, Nature Publishing Group): (i) m-bits unit cell and its electromagnetic field (left), compression test (right). (ii) Two states of m-bits: the magnetic lid and the stopper are lowered (raised) in the closed (open) state. (iii) The stiffness modulus can change with the ON and OFF states. (iv) The effective stiffness modulus as a function of the number ratio of unit cells with the ON state. (D) Magnetic fluid and polymer lattice programming to achieve tunable stiffness(Reproduced with permission from (Jackson et al., 2018). Copyright 2018, American Association for the Advancement of Science): (i) Polymeric cubooctahedral unit cells. (ii-iii) Magnetic fluid filling. (iv) The effective stiffness of the cubooctahedral lattice as a function of the magnetic field strength shows a 35% increase in stiffness from 0 to 0.11 T (E) Magnetic composites are programmed to achieve multi-stable properties(Reproduced with permission from (Tan et al., 2019b). Copyright 2019, Elsevier): (i) unit cells. (ii) unit cells with two steady states. (iii) magnetron metamaterials with multiple steady states under loading experiments. (F) Other programmable multistable: metamaterials were designed by (i) H. Yasuda et al. (Reproduced with permission from (Yasuda et al., 2020). Copyright 2020, American Physical Society) and (ii) Hongbin Fang et al. (Reproduced with permission from (Fang et al., 2020). Copyright 2019, IOP Publishing Ltd.), respectively.
6.2.2 Programmable stiffness
The geometric or structural changes of the metamaterial can be programmed by the composite configuration of magnetic and conventional materials, which can accomplish the tunable stiffness. Figure 14C proposes a metamaterial consisting of a physical binary element (m-bits) unit cell (Figure 14C(i) composed of magnetic materials and conventional materials (Chen et al., 2021). Figure 14C(ii) reveals that this unit cell can switch between two stable geometrical states (ON and OFF) under the influence of an electromagnetic field (Chen et al., 2021). Through this switching, the unit cell stiffness can be adjusted in a controlled manner (Figure 14C(iii)) (Chen et al., 2021). Also, the metamaterial stiffness can increase linearly with the percentage ”ξ” of the number of unit cell (ON), which demonstrates strong programmable stiffness properties (Figure 14C(iv)) (Chen et al., 2021). Figure 14D(i–iii) offers a metamaterial constructed by filling a magnetic fluid into a cuboctahedral lattice (Jackson et al., 2018). By programming domination of the external magnetic field, its stiffness can be varied by about 35 percent increase (Figure 14D(iv)) (Jackson et al., 2018). Furthermore, Figure 14B(iii) also implements programmable stiffness using the analogous design (Macrae Montgomery et al., 2021).
6.2.3 Programmable multistability and deformation
By the composite of magnetic materials and conventional materials, metamaterials can be adjusted by external magnetic fields to achieve multistable properties. Figure 14E(i) presents a metamaterial unit cell consisting of a system of magnets (Tan et al., 2019b). This metamaterial can transition between stable states through a load of the external magnetic field (Tan et al., 2019b). And the number of stable states is determined by the number of unit cells connected in series (Tan et al., 2019b). For example, Figure 14E(ii) exhibits that a single unit cell has two stable states, while Figure 14E(iii) shows that a metamaterial composed of multiple unit cells has multiple stable states (Tan et al., 2019b). Using this approach, Figure 14F(i–ii) also implement programmable multi-stable characteristics (Fang et al., 2020; Yasuda et al., 2020), respectively. Additionally, controlled deformation properties of metamaterials also have been achieved. Figure 15A(i) produces a magnetic ink composite metamaterial consisting of a silicone rubber soft material and neodymium-iron-boron (NdFeB) alloy (Kim et al., 2018). By programming the magnetic orientation of the ink, it can achieve controllable shape changes, such as complex three-dimensional deformation (Figure 15A(ii)) and motion (Figure 15A(iii)) (Kim et al., 2018).
[image: Figure 15]FIGURE 15 | Magnetically actuated and pneumatic metamaterials with programmable deformation. (A) Magnetic composite material realizes programmable deformation (Reproduced with permission from (Kim et al., 2018). Copyright 2018, Nature Publishing Group): (i) Programming example: Under the influence of B (200 mT) magnetic field, unit cells can be transformed between straight and M-shaped lines. (ii-iii) 3D complex deformation and motion. (B) Other pneumatic actuation programming: metamaterials were proposed by (i) Pan Qi et al. (Reproduced with permission from (Qi et al., 2020). Copyright 2020, Science China Press and Springer-Verlag GmbH Germany), and (ii) Arnaud Lazarus et al. (Reproduced with permission from (Lazarus and Reis, 2015). Copyright 2015, Wiley), respectively.
6.3 Pneumatic drive programming
Pneumatics can realize sophisticated programmed control of metamaterial deformation. Andrew G. Mark et al. introduces a programmable robot motion based on an Auxetic metamaterial (Mark et al., 2016). When inflated, the Auxetic metamaterial shrinks laterally under compressive forces, and the conventional material expands laterally (Mark et al., 2016). The alternating sliding of the two parts of material along the channel can lead to the continuous advancement of the programmed robot (Mark et al., 2016). Using the same strategy, Figure 15B(i–ii) also implements programmed deformation and pattern-transforming, respectively (Lazarus and Reis, 2015; Qi et al., 2020). Likewise, the stiffness can also be programmed to be controlled under pneumatic actuation (Cheung et al., 2014; Narang et al., 2018; Tan et al., 2020b).
7 DISCUSSION
7.1 Other programming strategies
Multistable structures, artificial intelligence, and actuator programming strategies are also extremely promising directions in the future (related methods have been mentioned above, here only are summarized).
Multistable structures have been recognized as an efficient approach to achieving programmability in mechanical metamaterials (Liu et al., 2021). It has two or more stable states, and different states can achieve unequal mechanical properties (Pan et al., 2019). First, based on this structure, the metamaterial can be programmed to transition between two or more states on-demand using logical thinking.
Furthermore, the spatial distribution programming based on unit cells with different stable states can also realize the regulation of mechanical properties. Currently, it has achieved various properties, e.g., programmable energy absorption (Restrepo et al., 2015; Harne et al., 2016; Fu et al., 2019; Shi et al., 2021), deformation (Haghpanah et al., 2016b), negative Poisson’s ratio (Shim et al., 2013) and tensile properties (Tan et al., 2020a). Optimization algorithm or artificial intelligence programming refers to attaining better mechanical properties using the optimization design of geometry or structure (Li et al., 2023). Presently, this strategy has accomplished diversified abilities, such as tunable Poisson’s ratio (Konakovic-Lukovic et al., 2018), deformation (Luo et al., 2011; Zhang et al., 2021), negative Poisson’s ratio (Li et al., 2018), and shear stiffness (Du et al., 2017).
In addition, the emergence of programmable mechanical metamaterials based on cellular automata combined with energy storage calculations heralds major progress in a new generation of materials with advanced computing capabilities. For example, digital recognition functions have been realized through single mechanical actuators (Liu et al., 2023); as well as directly embodying the key elements of computing power and intelligence, namely, perception, decision-making and command, directly in the mechanical field, thus getting rid of the tradition of additional computers and large electronic devices rely (Zhang et al., 2023). There are multitudinous other ways of external driving force programming (Nick et al., 2020), such as actuator programming to achieve tunable hydrophobicity (Specht et al., 2020), electric field-driven programming for achieving tunable Young’s modulus (Singh et al., 2021), Tunable stress-strain curves realized by hydraulic-driven programming (Zhang et al., 2018), tunable stiffness and deformable metamaterials (Li et al., 2021).
7.2 Summary of strategies based on common geometry, structure and external driving force
This subsection summarizes the typical geometric, structural, and types of external driving force covered throughout the text (Tables 1–3). concurrently, an enumerated introduction is also given to their corresponding purposes.
TABLE 1 | Summary of common geometry.
[image: Table 1]TABLE 2 | Summary of typical structure.
[image: Table 2]TABLE 3 | Summary of typical external driving force.
[image: Table 3]7.3 Challenges and limitations
7.3.1 Intelligent limitations of strategies
Although current strategies have certain logical operation capabilities (pre-programming: geometric or structural parameter programming) and autonomous feedback capabilities (external driving force programming), their level of intelligence is still low. This is specifically reflected in the following aspects.
First, the geometric or structural programming strategy only obtains the corresponding mechanical performance parameters by simply changing the geometric or structural parameters. And it also can be based on the unit cells with different mechanical performance parameters, they are arranged on demand to simply control the propagation of mechanical signals. This approach cannot create metamaterials with complex mechanical properties. For example, a piece of metamaterial can have multiple mechanical properties at the same time and has the property of converting mechanical properties in real time in the same dimension. Hence, the programming strategy should adopt more artificial intelligence-related technologies and methods. Artificial intelligence has a convoluted system that can imitate human intelligent thinking to make various behaviors and calculations, including various methods, such as language recognition, image recognition, and natural language processing (Guo et al., 2016). Although some metamaterials have used artificial intelligence as the strategies (Anthony et al., 2021), such methods are more about applying artificial intelligence to the generation process of geometry or structure rather than programming the process of building metamaterials. If artificial intelligence algorithms are applied to the programming and construction of metamaterials, can metamaterials be as smart as robots in the future? People can achieve many functions and effects like robots just from the perspective of material design.
Second, geometric, or structural programming can also be called pre-programming; once fabricated, the mechanical properties cannot be regulated by adjusting its geometric or structural parameters. It can only operate according to pre-programmed logic and exhibit corresponding mechanical properties. It cannot achieve the real-time programming. External driving force programming can achieve real-time programming through some methods. However, this is achieved by relying on external driving forces rather than the metamaterial itself. So, is it possible to look for some methods in the metamaterial itself that enables real-time programming? At present, we have not seen any relevant scholars put forward some feasible methods.
Third, external driving force programming means that the mechanical properties of metamaterials can be adjusted in real-time according to external stimuli. Through this strategy, metamaterials can realize simple interactive feedback of stimulation (Chen et al., 2021). However, its intelligence level is still some distance from 4D materials (Momeni et al., 2017), programmable electromagnetic metamaterials (Liu and Cui, 2017; Bao and Cui, 2019), programmable planar soft matter (van Manen et al., 2018), and programmable DNA materials (Zhang et al., 2018; Albrecht et al., 2023). Simultaneously, numerous external stimuli (e.g., pneumatics, actuator drives) require many complex devices to control, which make metamaterials sometimes look more like “machines” than “materials”. At present, no scholar has given a more precise explanation. Regardless of whether external driving forces will become the main development direction of real-time programming of programmable mechanical metamaterials. More types of external driving forces should be explored and discovered.
7.3.2 Geometry types restrictions and scale restrictions
The general understanding in modern materials science about the composition of matter is as follows: Specific quantities and types of atoms can combine into molecules through certain bonding mechanisms, and a large number of atoms or molecules can come together in specific spatial arrangements to form various unique materials (Bohr, 1961). Due to the interactions between atoms within molecules, the physical and chemical properties of molecules depend not only on the types and numbers of constituent atoms but also on their structure (Bohr, 1961). The properties of materials are influenced not only by the types and structures of atoms or molecules but also by the arrangement and bonding of atoms or molecules (Van Melsen and Andrew, 2004). At the same time, electrons play a crucial role in determining the properties of materials. Their directional motion generates electric current, and under the influence of external electric and magnetic fields, their trajectories and states can be altered as needed (Van Melsen and Andrew, 2004).
Therefore, from the perspective of materials science, the three main construction strategies (geometric programming, structural programming, and external driving force programming) of programmable mechanical metamaterials are also derived from the above basic cognitive logic. Although more and more new mechanical metamaterials have been proposed in recent years (Bai et al., 2022; Farzaneh et al., 2022; Ma et al., 2022; Mehboob et al., 2022; Pagliocca et al., 2022; Wagner et al., 2022; Yang et al., 2022; Zhang et al., 2023; Liang et al., 2023; Sundararaman et al., 2023; Tian et al., 2023; Wang et al., 2023), the construction of metamaterials is currently unable to reach the atomic or molecular scale. At present, most metamaterials are still large in scale and more like “building structures” and “products” and cannot be used as “materials” for the design and manufacture of various applications. This is a question worthy of consideration and breakthrough in the future.
Although Table 1 and 2 lists numerous geometric or structural types for achieving various programmable mechanical properties, it is far from enough. Need to explore more geometry or structure (such as hypercube) to develop more prosperous programmable mechanical properties (such as programmable tensile strength and compressive strength).
8 CONCLUSION
The main construction strategies of programmable mechanical metamaterials can be divided into geometric parameters, structural parameters, and external driving force programming. Whether it is geometry or external driving force programming, the core is the adjustment of geometry. In fact, the difference is that geometric or structural programming depends on designing the geometry or structure to determine the mechanical properties of the metamaterial, while external driving force programming controls the state of the geometry or structure through external driving forces. Currently, most research focuses on achieving many programmable properties by manipulating geometric or structural parameters, while artificial intelligence or optimization algorithm programming is a relatively new approach. It is foreseeable that artificial intelligence and computational science will become the mainstream of programmable mechanical metamaterials in the future. The resulting smart applications will further eliminate dependence on additional computers and large-scale electronics. In addition, new smart materials with novel programmable mechanical properties based on new geometries or structures are also an important direction for future development. More novel mechanical properties will greatly promote the continuous progress of science and technology.
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