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Abstract 

Metamaterials are artificial lattice structures or man-made cellular materials with unique 

mechanical, thermal, optical, and electromagnetic properties enabling their adoption for a wide 

range of engineering applications. The macroscopic performance of such metamaterials is 

dominated by the geometrical configuration of their respective unit cell which is normally 

engineered at microscale or nanoscale. These novel materials have attracted increased research 

interests as they offer a set of characteristics and functionalities that cannot normally be realized 

in conventional materials.  

High strength-to-density ratio and excellent energy absorption capabilities are among the 

properties exhibited by these materials making them ideal candidates for crashworthiness 

applications in automotive, aerospace, and defence engineering sectors. This chapter aims to 

review the recent developments concerning the energy absorption and impact responses of the 

metamaterials. An overview of the mechanical properties and manufacturing techniques of 

metamaterials is first introduced and then the recent studies on the energy absorption performance 

of metamaterials under dynamic and quasi-static loading are highlighted.  

 

Keywords: Metamaterials, lattice structure, auxetic, chiral, cellular materials, crashworthiness, 

relative density. 
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1. Introduction 

Energy absorption behaviour is an important mechanical response for developing protective and 

energy-absorbing structures that can dissipate the kinetic energy of the impact loading via plastic 

deformation [1], [2]. Thin-walled tubes are widely studied as deformable impact energy absorbers 

and their crush responses under quasi-static and dynamic loadings are well reported in the 

literature [1], [3]–[8]. The recent advancements in the automotive sector combined with the need 

to reduce the weight of the vehicle without compromising its safety imposed a great challenge on 

the research community to develop advanced lightweight material and structures with good 

crashworthiness and energy absorption capability. Thus, innovative designs of thin-walled 

structures such as functionally graded thickness [9]–[12], nested [6], [13], [14], and multi-cell 

tubes [14]–[17], are developed and proposed as energy absorption elements. To further enhance 

the energy absorption properties, researchers started looking at the natural biological structures of 

plants and animals which tend to exhibit intriguing properties such as low density, high strength 

and high energy absorption capacities [18]. Such biological structures are cellular materials 

evolved and optimised through the years to adapt in various extreme environments and to 

withstand different types of loadings [19]. 

Metamaterials with their exceptional and unique mechanical characteristics have the potential to 

produce highly efficient energy absorption structures. Metamaterials have already received 

increased attention for a wide range of applications in fields related to optics, acoustic, 

biomedical, as well as mechanical [20]. In conventional materials, the conception of the 

microstructure is the key towards creating engineering structures with improved performances. In 

fact, the macroscopic behaviour and properties of most materials are determined by their 

microstructure [21]. Thus, it is understandable that the concept of metamaterials is attracting 

increased attention as it allows for obtaining desirable macroscopic properties through conceiving 

and controlling the unit cell (mesostructure). Controlling the unit cell in the metamaterial is 

similar to controlling the microstructure of the materials to achieve improved performance. 
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Thus, through a suitable design of the metamaterial’s topology, desirable energy absorption 

responses, such as stable crushing and progressive deformation, can be achieved [22].  

This chapter focuses on the recent developments regarding the energy absorption ability and 

crashworthiness performance of metamaterials. The chapter first provides an overview of the 

geometrical topologies, most common manufacturing techniques, and the mechanical properties 

of the metamaterials. Then, the recent published work on the energy absorption behaviour of 

metamaterial is reviewed.    

2. Overview of mechanical metamaterial 

2.1 Geometry 

The metamaterials can be realized as a sub-class of cellular materials [23], [24]. They are 

constructed by tessellating a unit cell in a periodical or quasi-periodical manner through space 

resulting in a reticulated periodic hierarchical geometrical shape. The particular shape, size, 

orientation and arrangement of the unit cells can affect the mechanical of the metamaterial [25]. 

Generally, the metamaterial can be categorised depending on the configuration of the unit cell to 

truss-lattice, shell-lattice, plate-lattice, origami-inspired, and chiral hierarchical [26]. Typical 

examples of the constituting structures for the different types of metamaterials are presented in 

Figure 1.  

In the truss-lattice, the unit cell consists of a few interconnected struts [20]. The unit cell in the 

shell lattice metamaterial is composed of a single continuous smooth-curved shell such as Triply 

Periodic Minimal Surface (TPMS) [27]. The plate-lattice metamaterial is formed from truss 

lattice by placing a plate between two adjacent trusses which create a closed–walled lattice [28]. 

In the chiral metamaterial, the unit cell has a central cylinder attached tangentially to a set of 

ligaments. The chirality architectures can be either chiral tessellation, with the adjacent nodes on 

the opposite sides of the connecting ligaments, or anti-chiral tessellation, with the nodes on the 

same side of the ligaments [20]. Origami-inspired geometry, such as Miura-ori pattern, is based 
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on the principles of folding and assembling a 2D planar material into an intricate 3D shape whose 

complexity is determined by the number, order, and orientation of the folds [19], [20].  

 

Figure 1: Examples of constituting structures for the different types of metamaterials [28]–[31] 

2.2 Manufacturing 

Due to the complex geometry of the metamaterials and relatively small size of the constituting 

elements, advanced manufacturing techniques are needed to fabricate them [22]. In fact, the 

recent developments in the field of metamaterials are driven by the advancements in the 

fabrication capabilities allowing for creating structures with very complex shape. Fabrication of 

metamaterial can be facilitated by several techniques such as investment casting, deformation 

forming, woven metal textiles, and additive manufacturing. However, the different additive 

manufacturing techniques such as Selective Laser Melting (SLM), Stereolithography (SLA), and 

Fused Deposition Modelling (FDM) are currently the most used methods for creating the 

metamaterial. Despite the high cost, the additive manufacturing provides several advantages such 

as minimising the wastage of material and capability to produce highly complex shapes.   
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SLM is a Powder Bed Fusion (PBF) technology in which the part is produced layer by layer 

through melting and resolidifying the powder in each layer. A thin layer of metallic powder is 

first deposited to the powder bed and then melted using a high power-density laser and finally re-

solidified to generate one layer of the part. To build the next layer, the building platform is 

lowered and a new layer of powder is laid in the powder bed and levelled using a wiper and then 

the laser beam is applied again to melt the powder in the next layer. The laser beam follows a 

computer-generated pattern and paths allowing for selective melting of the powders in the desired 

locations of the powder bed. Following the SLM, the part is removed from the powder bed where 

post-processing and heat treatment might be needed to remove the support structure and residual 

the stresses generated during the SLM process. SLM can produce higher quality and denser parts 

than the other PBF techniques such as Selective Laser Sintering (SLS) [19]. SLM can be used for 

a variety of metallic powders such as titanium, stainless steel, aluminium, copper, nickel, 

chromium, titanium and silver [3], [32], [33]. Despite its capability to produce any arbitrary 

complex geometry, the SLM still have some limitations related to producing overhanging 

sections or horizontal struts [34].  

SLA is a popular photo-based 3D printing technique to fabricate metamaterials [19]. It is based 

on the photopolymerization concept and utilizes a laser light source with violet or near-UV 

spectrum to cure layers of photosensitive resin by pointwise polymerization with a resolution 

depending on the laser spot size [35]. SLA is capable of creating metamaterials with finer feature 

and greater resolution than those created by SLM as it is not restricted by the physical shape and 

size of the powder used in SLM [19]. In addition to SLA, other emerging photo-based 3D 

printing methods are receiving an increased application for synthesizing metamaterials such as 

Two-Photon Lithography (TPL), Self-Propagating Photopolymer Waveguide (SPPW), Projection 

Micro- Stereolithography (PμSL), Continuous Liquid Interface Production (CLIP) [19]. 

FDM is a cheap and widely-used additive manufacturing method in which layers of materials are 

fused together in a pattern to create the metamaterial with the desired shape. It uses a 
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thermoplastic material, such as Polylactic Acid (PLA) and Acrylonitrile Butadiene Styrene 

(ABS), in the form of a solid filament. FDM involves heating the filament to the melting point 

and then deposit them layer-by-layer using a computer-controlled moving heated nozzle until the 

3D structure is fabricated. The building base should be heated if the printing material has a high 

coefficient of thermal expansion as the cold base causes poor adhesion for such filaments or 

might induces shrinkage in the deposited material leading to warping in the printed part [19].  

2.3 Mechanical properties 

The quasi-static and dynamic responses of a metamaterial are influenced by its mechanical 

properties. The elastic-plastic mechanical properties, such as Young’s modulus (E), ultimate 

stress, and strain to failure representing the stiffness, strength, and ductility, respectively, of the 

conventional materials are normally determined via conducting standard tensile testing. For the 

metamaterials, the main mechanical properties are normally determined through carrying out a 

compression test and plotting the macroscopic stress-strain curve, shown in Figure 2, which 

allows calculating the main properties such as E, plateau stress (𝜎𝑝𝑙), and densification strain 

(𝜀𝑑). For example, E can be calculated as the slope of the initial linear line of the stress-strain 

curve. As it can be seen from Figure 2, the stress-strain curve of the metamaterial consists of 

three main stages including elastic stage, in which the deformation is elastic and reversible; 

the plateau stage, in which the irreversible deformation takes place due to yielding, buckling 

or fracturing of the cell edges; and finally the densification stage, in which stress rises steeply 

due to the geometric effects where opposite sides of the cells contact with each other and no 

further bending or buckling is possible.  
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Figure 2: Typical stress-strain of metamaterial under compression loading [36] 

Energy-absorption is another important mechanical property of the metamaterial particularly 

for those designed for crashworthiness applications. One of the distinct features of the 

metamaterial is that they undergo significant plastic strains with almost constant crushing 

stress, as can be seen in the plateau stage, allowing them to absorb a lot of energy during the 

deformation despite they are not strong. The area under the stress-strain curve represents the 

absorbed energy per unit volume (U) and it can approximately be estimated based on 𝜎𝑝𝑙 and 

𝜀𝑑 as given in equation 1 

𝑈 ≈ 𝜎𝑝𝑙 × 𝜀𝑑 1 

Thus, 𝜎𝑝𝑙 and 𝜀𝑑 can be considered as important indicators for the energy absorption performance 

of metamaterials. To provide a more accurate estimation of the energy absorption particularly 

when the metamaterial exhibits a strain hardening response in which the compressive stress in the 

plateau stage is not constant, U should be calculated according to equation 2 

𝑈 = ∫ 𝜎(𝜀)
𝜀𝑑

0

𝑑𝜀 2 
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The energy‐absorption efficiency (𝜂) is another performance indicator which can be defined as 

the ratio of absorbed energy by the metamaterial to the energy absorbed by an ideal absorber [37]. 

𝜂 can be calculated as shown in equation 3 

𝜂 =
𝑈

𝜎𝑚𝑎𝑥 × 𝜀𝑑

 3 

Where 𝜎𝑚𝑎𝑥is the maximum stress observed in the strain range[0, 𝜀𝑑] [37]. 

Additionally, the specific energy absorption (SEA) can be used to assess the energy 

absorption capability of the metamaterial. SEA is the energy absorbed per unit mass of the 

metamaterial and it can be expressed as shown in equation 4 

𝑆𝐸𝐴 =
𝑈

𝜌
=

∫ 𝜎(𝜀)
𝜀𝑑

0
𝑑𝜀

𝜌
 4 

Similar to lattice structures, the mechanical properties of the metamaterials are factors of the 

mechanical properties of the base material, the topology and morphology of the mesostructure, 

i.e. shape and dimensions of the unit cells, periodicity and connectivity between cells’ walls or 

struts, and the relative density [34]. The relative density is defined as the ratio of metamaterial 

density to the density of the base material [32], as given in equation Error! Reference source 

not found.  

 

Relative density (𝜌𝑟) =
𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑚𝑒𝑡𝑎𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 (𝜌)

𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑏𝑎𝑠𝑒 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 (𝜌𝐵)
 5 

Depending on the deformation mode of the metamaterials’ structural members, the metamaterials 

can be classified as bending-dominated or stretch-dominated materials [38]. Despite that this 

classification was originally developed by Ashby [39] for foam and truss lattices; it has been 

adopted by researchers for the different types of metamaterials. The stretch-dominated mode 

induces tensile and compressive loads in the metamaterial members, i.e. struts or plates, while the 

cell edges bend in the bending-dominate mode [39]. Generally speaking, the stretch-dominated 

metamaterial has high structural efficiency (strength-to-weight ratio), higher weight efficiency, 
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higher strength, less stable stress plateaus, and less compliance than the bending-dominated 

metamaterial [38]. In terms of crashworthiness, the bending-dominated metamaterials are 

preferred as they exhibit better energy absorption behaviour than the stretch-dominated ones [40], 

[41].  

To better assess and compare the influence of the unit cell design only on the mechanical 

properties of the metamaterials, normalized mechanical properties are normally utilized [42]. The 

normalized property is the property of the metamaterial divided by the property of the base 

material as shown in equation 6  

Normalized mechanical property of metamaterial =
𝑃𝑟𝑜𝑝𝑒𝑟𝑡𝑦 𝑜𝑓 𝑚𝑒𝑡𝑎𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙

𝑃𝑟𝑜𝑝𝑒𝑟𝑡𝑒𝑦 𝑜𝑓 𝑏𝑎𝑠𝑒 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙
 6 

For example, the normalized young modulus can be written as in equation 7   

E∗ =
𝐸

𝐸𝑏
 7 

Where E and 𝐸𝑏 are the young’s moduli of the metamaterial and based material, respectively.  

It is worth to mention that the normalized specific energy absorption (𝑆𝐸𝐴∗) is normally calculated 

from SEA by multiplying with 𝜌𝐵 and dividing by the yield strength of the base material (𝜎𝑌(𝐵)) 

[42], [43], as expressed in equation 8 

𝑆𝐸𝐴∗ =
𝜌𝐵

𝜎𝑌
×

∫ 𝜎(𝜀)
𝜀𝑑

0
𝑑𝜀

𝜌
=

∫ 𝜎(𝜀)
𝜀𝑑

0
𝑑𝜀

𝜎𝑌(𝐵) × 𝜌𝑟
 8 

The metamaterials can be further classified, based on their mechanical response, into auxetic 

and standard non-auxetic. Unlike the standard material, the auxetic metamaterials are 

characterised by a Negative Poisson’s Ratio (NPR) meaning that they expand laterally when 

stretched axially and vice versa [20], [44]. Such metamaterials are widely investigated in the 

literature [45]. It was reported that the metamaterials with NPR property outperform the 

standard ones by exhibiting better energy absorption, elevated transverse shear modulus , 

higher in-plan indentation, greater hardness, and enhanced fracture toughness [31], [45]. 

Therefore, auxetic metamaterials are favourable for crashworthiness applications. The auxetic 
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metamaterials can be constructed from three main shapes of constituting structures including 

re-entrant, chiral, and rotating rigid [45]. 

3. Energy absorption and impact performance of metamaterial  

Habib et al. [40] studied the quasi-static energy absorption properties and deformation behaviour 

of six different polymeric lattices with different unit cells topologies but with the same relative 

density. The studied unit cells and lattices are illustrated in Figure 3. Numerical analysis of the 

different structures was conducted using validated finite element modelling (FEM). The 

numerical model was validated using experimental experiments where Multi Jet Fusion (MJF) 3D 

printing technique was utilized to fabricate the testing samples from polyamide 12 plastic (HP 

PA12). The results of this work revealed that the bending-dominated lattices, such as circular and 

kelvin, provide good energy absorption capability despite having low strength and stiffness. The 

stretch- and buckling-dominated lattices, such as rhombicuboctahedron and cube, respectively, 

were found to be stiffer and stronger but exhibiting lower energy absorption than the bending-

dominated ones. 

 

Figure 3:Unit cells and (b) lattices studied by Habib et al [40]  

As it was stated before, the relative density of the metamaterial is an important factor that 

influences the energy absorption capability of a metamaterial. Dejean et al. [46] showed using 

finite element simulations the effects of the relative density on the response of octet truss-based 
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metamaterials. It was found that the deformation mode of the unit cell change from an unstable 

twist mode to a more stable mode at a relative density of about 0.3 enhancing the specific energy 

absorption capability of the lattices.    

Through the years, extensive research efforts were devoted to improve the energy absorption 

behaviour of the metamaterials. Adopting hierarchical design, multi-morphology tessellation, or 

multi-layers struts are among the effective strategies that can be used to enhance the energy 

absorption responses.   

Zhang et al. [47] examined the crashworthiness of bio-inspired hierarchical honeycombs under 

out-of-plan loading. The hierarchical configuration of the honeycombs was created by replacing 

each three-edge vertex of a base hexagonal network with a smaller regular hexagon up to second 

order, as shown in Figure 4. The performance of the traditional and hierarchical honeycombs was 

compared showing that the hierarchical structures can offer better energy absorption capability 

and enhanced crush strength and crush force efficiency compared to the non-hierarchical ones.  

 

Figure 4: Configurations of (a) standard honeycomb; (b) 1st order hierarchical honeycomb; (c) 2nd order hierarchical 

honeycomb [47] 

Yin et al. [48] studied the in-plane crashworthiness performance of bio-inspired structure with 

hierarchical honeycombs based on hexagonal, Kagome, and triangular tessellations, as shown in 

Figure 5. The results of this investigation indicated that the triangular hierarchical honeycombs 

have exhibited the best performance among all studied structures absorbing almost twice the 

energy absorbed by the regular honeycomb. 
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Figure 5: Regular hexagonal and (b) hierarchical hexagonal, (c) hierarchical Kagome, and (d) hierarchical triangular 

honeycombs[48] 

Alberdi et al [49] investigated the energy absorption performance of multi-morphology lattices 

composed of face-centred-cubic (FCC) stretch-dominated and body-centred-cubic (BCC) 

bending-dominated truss-lattice unit cell architectures as depicted in Figure 6. It was shown that 

using multi-morphology lattices increases the specific energy absorption compared to those 

obtained by homogeneous lattice metamaterials. 
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Figure 6:  unit cells and multi-morphology arrangements analysed by Alberdi et al [49] 

Mueller et al [50] proposed bending dominated lattices with stepwise graded multi-layers struts, 

as shown in Figure 7, as a novel approach to enhance the energy absorption performance of 

metamaterial. Multi-material 3D printing technology was used to fabricate the samples using a 

photocurable polymer for the core and a flexible, rubber-like digital material for the shell. The 

metamaterial with multilayer struts was found to improve the energy absorption capability by 

factors ranging from one to 38 without changing the mass significantly.  
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Figure 7: Multi-layer strut for metamaterial [50] 

In addition to truss-based metamaterial, the mechanical and energy absorption responses of shell-

based lattices and metamaterial were investigated in the literature [29]. Al-Ketan et al. [51] 

explored the mechanical properties and deformation behaviour of three different classes of 

metamaterials including strut, skeletal-TPMS, and sheet-TPMS based ones. Nine different unit 

cell topologies, shown in Figure 8, were used as unit cells of the aforementioned metamaterials. 

SLM was used as a fabrication method while Maraging steel powder was used as a building 

material. It was observed that the sheet-TPMS based metamaterials undergo a near stretching-

dominated deformation behaviour while skeletal-TPMS exhibit a bending-dominated behaviour. 

For the strut-based designs, the Kelvin and Gibson-Ashby specimens experienced a mixed 

deformation mode while the Octet-truss exhibited a stretching-dominated behaviour. The sheet-

TPMS with the diamond unit cell design was identified as the one with the best mechanical 

properties.  
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Figure 8: Unit cell topologies of the metamaterial investigated in [51]. 

Zhanga et al [52] studied the crush and energy absorption behaviour of TPMS sheet structures 

made of 316 L stainless steel and subjected to compressive loading. Three configurations of 

TPMS sheet structures including Primitive, Diamond, and Gyroid, as shown in Figure 9, were 

fabricated using SLM. It was shown that the TPMS sheet structures outperform the BCC lattices 

showing superior stiffness, plateau stress and energy absorption ability. The diamond-type TPMS 

structure exhibited the most desirable mechanical and energy absorption properties among all 

other structures. The excellent performance of the TPMS structures was attributed to their smooth 

shell geometries and the stable failure mechanisms. 
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Figure 9: The unit cells and fabricated specimens analysed in [52]. 

Zhao et al [41] compared the crush performance of TPMS-based cellular structures with IWP unit 

cell to a BCC truss-based one, as shown in Figure 10. The structures were prepared from Ti–6Al–

4V powder using SLM. It was found that the TPMS-based specimen offers approximately three 

times higher energy absorption than the BCC lattice structure.   

 

Figure 10: BCC and TPMS lattice structures [41] 

Bonatti and Mohr [21] analysed the large deformation of additively-manufactured FCC 

metamaterials with different mesostructures including solid and hollow octet truss, hollow sphere 

assembly, and hybrid truss sphere assembly. The lattices were made of stainless steel using SLM. 

It was found that octet truss metamaterial with a relative density less than 0.3 experience buckling 
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failure causing twisting mode at the mesostructured level due to the excessive plastic bending of 

the unit cell struts. On the other hand, the hollow sphere assembly lattices remained stable at 

relative densities ranging from 0.2 to 0.6 but experienced significant geometric changes. It was 

reported that metamaterials with periodic shell mesostructure are preferred for large deformation 

and energy absorption applications.  

In addition to metamaterials with uniform, functionally graded metamaterials have recently 

attracted a lot of studies. The energy absorption performance of functionally graded TPMS-sheet 

structures was explored by Zhao et al [53]. Primitive (P) and gyroid (G) TPMS architectures were 

constructed from Ti-6Al-4V alloys using SLM. The functionally graded structures demonstrated 

layer-by-layer progressive deformation mode while the uniform structures failed through 

developing diagonal and V-shaped shear bands in P and G configurations, respectively. The 

energy absorption of functionally graded TPMS sheet structures is approximately 60% greater 

than their standard uniform counterparts.  

Choy et al [54] explored the deformation behaviour and compressive properties of functionally 

graded cubic and honeycomb lattice structures, as shown in Figure 11. The lattices were 

fabricated by SLM using Ti-6Al- 4V powder as the building material. The functionally grading 

configuration was achieved by varying the geometrical parameters of the unit cells, mainly the 

strut diameter, to create lattices with graded density. The results of this investigation revealed that 

the plateau stress and specific energy absorption of functionally graded design are higher than 

those with uniform density therefore the functionally graded lattices are preferred for 

crashworthiness applications.   
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Figure 11: Unit cell and lattice for (a) cubic (b) honeycomb configurations [54] 

Li et al [55] studied numerically the quasi-static and dynamic crushing responses of two 

functionally graded honeycombs namely; cell-wall thickness induced and cell-wall angle induced. 

The structures were built from ABS plastic using FDM. It was observed that the graded 

honeycombs undergo weak-to-strong deformation mode under quasi-static loading while they 

experience top-to-bottom layer-by-layer deformation under dynamic loading. The graded 

structures were also reported to exhibit better energy absorption than the uniform thickness ones.  

Xiang et al [56] investigated numerically and experimentally the compression properties of 

uniform and functionally graded Miura-ori auxetic metamaterials, shown in Figure 12, under 

quasi-static and impact loadings. Commercial 3D polymer printer was used to fabricate the 

structures from nylon powder. It was reported that the graded design of the metamaterial is more 

effective than the uniform one and can substantially enhance the energy absorption capability of 

the metamaterial. 
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Figure 12: (a) Uniform and (b) graded Miura-ori specimens [56] 

Wu et al [57] proposed a cell-wall angle graded design as a way for enhancing the in-plan energy 

absorption performance of auxetic metamaterials with re-entrant unit cell. It was found that the 

angle graded design is effective for quasi-static and low-velocity impact loading. For the high 

impact loading, improving the energy absorption can only happen if the crushing direction is 

along the structural weak-to-strong (big angle to small angle) direction. 

Auxetic metamaterials with NPR are another class of metamaterials that have received plenty of 

studies in the literature [45]. Santos et al [55] investigated the responses of cellular structures 

with either honeycomb or re-entrant cores subjected to the low-velocity impact loading. 

Thermoplastic materials, including polylactic acid (PLA) and polyethylene terephthalate glycol-

modified (PETg) were used to manufacture these structures through FDM. It was found that the 

PETg structures have greater energy dissipation ratios and lower restitution coefficients than 

those of PLA ones with the same geometry. The restitution coefficient is the ratio of the rebound 

velocity of the impactor, after the collision event, to the velocity at the impact moment.   

Wang et al [42] studied the quasi-static and dynamic responses of ultra-low density auxetic 

metamaterial with a novel 3D cross-chiral unit cell as shown in Figure 13. The samples were 

fabricated using SLS with white spherical polyamide 12 (PA12) powder. Compared to previously 

reported auxetic metamaterial, the proposed metamaterial was found to offer excellent 

mechanical properties and outstanding energy absorption capability with a relative density less 

than 0.1. 
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Figure 13: Unit cell and formed ultra-low density auxetic metamaterial proposed in [42] 

Meng et al [58] proposed a systemic procedure for designing a new class of metamaterial with 

hyperbolic unit cell, as shown in Figure 14, inspired by the double-layered morphology of the 

fore-wing shells of flying beetles. Different tessellation schemes, including the regular and 

uniform ones, were also used to build the metamaterial. The hyperbolic-based metamaterial was 

found to exhibit tuneable properties with improved mechanical performance under unidirectional 

compression, in comparison with the BCC and 3D kagome. It was also reported that the 

significant twisting effects of the chiral configuration of these metamaterials are of importance 

for enhancing the energy absorption capability.   

 

Figure 14: Hyperbolic unit cells (b) Hyperbolic chiral configuration [58] 

The deformation and impact energy absorption of ultrathin microlattices with 3D anti-

tetrachiral unit cell, as shown in Figure 15, under dynamic loading conditions were examined 

by Lai and Daraio [59]. The parameter e, shown in Figure 15 (b), can be controlled to obtain 
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either stretch-dominated lattice (e=0) or bending-dominated one (e>0). High strain impact 

loadings with a velocity ranging from 0.15 m/sec to 0.25 m/sec were conducted on the 

lattices. The lattices were made of photoresist resin IP-Dip using 3D printing. It was found 

that the deformation of the lattices was initiated through by buckling in the stretch-dominated 

lattice, and by plastic yielding in the bending-dominated one. Layer by layer deformation was 

observed for the lattices under the dynamic loading. The bending-dominated lattices showed 

less stiffness, less strength, less fracture tendency and higher energy absorption than the 

stretch-dominated one. 

 

Figure 15: 3D anti-tetrachiral unit cell, (b) (c) micorlattic 

The large deformation of anti-trichial and re-entrant anti-trichiral honeycombs, illustrated in 

Figure 16, under quasi-static compression was studied in [60], [61]. It was revealed that 

collapse of such honeycombs is dominated by the bending of the ligaments, ligaments’ 

rotation around the plastic hinges, and the rigid rotation of the cylinders. The crushing stress, 

i.e. plateau stress, was reported to be a factor of the geometrical parameters of the unit cell as 

well as the properties of the base material. 
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Figure 16: anti-trichial [61] and (b) re-entrant anti-trichiral [60] 

4. Summary 

The recent advancements in the additive manufacturing and 3D printing technologies have 

enabled constructing light-weight metamaterials with remarkable mechanical properties and 

exceptionable energy absorption capability suitable for producing highly efficient protective 

structures against impact and quasi-static loadings. In particular, auxetic, shell-based, bending-

dominated metamaterials are reported to be more preferable for crashworthiness applications. 

Also, the metamaterial with functionally graded density was found to provide several advantages 

in terms of energy absorption behaviour.   

The responses of metamaterial subjected to dynamic loading are slightly different from those 

observed under the quasi-static loading due to micro-structural inertia and material strain rate 

effects that induce layer-by-layer deformation mode.   

The behaviour of the metamaterial under dynamic loading was less reported in the literature and 

further investigations are still required to obtain a full understanding of their energy absorption 

capability.   
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