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Abstract: Metallic glasses (MGs), a new class of advanced structural materials with extraordinary 

mechanical properties, such as high strength approaching the theoretical value and an elastic limit 

several times larger than the conventional metals, are being used to develop cellular structures with 

excellent mechanical-energy-dissipation performance. In this paper, the research progress on the 

development of MG structures for energy-dissipation applications is reviewed, including MG 

foams, MG honeycombs, cellular MGs with macroscopic cellular structures, microscopic MG lattice 

structures and kirigami MG structures. MG structures not only have high plastic energy absorption 

capacity superior to conventional cellular metals, but also demonstrate great potential for storing 

the elastic energy during cyclic loading. The deformation behavior as well as the mechanisms for 

the excellent energy-dissipation performance of varying kinds MG structures is compared and 

discussed. Suggestions on the future development/optimization of MG structures for enhanced 

energy-dissipation performance are proposed, which can be helpful for exploring the widespread 

structural-application of MGs. 
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1. Introduction 

Since being synthesized in the 1960s, metallic glasses (MGs) are known to have attractive 

mechanical properties, superior to their crystalline counterparts, and are considered ready for 

widespread practical applications as structural materials [1]. A great deal of effort has been devoted 

to design alloy systems, to uncover the physical and mechanical properties, and to develop MG 

structures for practical applications [2–6]. With unique properties, some MGs were employed to 

develop MG structures which have demonstrated different mechanisms for the dissipation of the 

mechanical energy, resulting in attractive energy-dissipation performance. On the one hand, with 

relatively-higher strength, MGs are considered an ideal replacement of conventional crystalline 

metals for synthesizing cellular structures with enhanced energy-absorption performance, such as 

MG foams [7,8], MG honeycombs [9–11] and cellular MGs with macroscopic cellular structures 

[12,13]. For example, Brothers and Dunand have fabricated some open-cell Zr-based MG foams using 

a salt replication technique, which exhibited higher energy absorption capacity than conventional Al 

foams [7,14]. To better control the microstructures, Sarac et al. have then developed some MG 

honeycombs with accurately-controlled strut thicknesses [9,10]. The corresponding energy-

dissipation mechanisms of the MG honeycombs have been found to result from the large plasticity 

of the struts at relatively-smaller scales [9,10]. On the other hand, inspired by the development of 

metamaterials, a class of artificial materials having intriguing properties which do not exist in nature 
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[15,16], some specially-designed MG structures have been fabricated to achieve large elastic energy 

storability, such as microscopic hollow-tube MG lattice structures [17,18] and kirigami MG structures 

[19]. Although many studies have been devoted to develop MG structures that can achieve better 

mechanical energy-dissipation performance, and many articles have summarized the development, 

physical and mechanical properties, and potential applications of MGs [20–29], a summary of the 

development of MG structures for energy-dissipation purpose has not been made. The aim of this 

paper is to review the recent research progress on the development of MG structures having excellent 

mechanical-energy-dissipation performance, including high plastic energy absorption capacity and 

large elastic energy storability, and to discuss the challenges and possible research directions for the 

practical application of MG structures. 

2. MG Foams 

Cellular materials are able to dissipate mechanical energy by forming a wide range of plastic-

flow-plateau stages, demonstrating a high plastic energy absorption capacity. It is a common route 

to use parent materials with higher strength to improve the plastic energy absorption capacity of 

cellular structures, for instance, the replacement of polymers by using Al alloys to fabricate Al foams 

[30]. With relatively-higher strength as compared with conventional crystalline alloys, MGs are 

powerful candidates to replace the parent metals in achieving higher plastic energy absorption 

capacity, and have been used extensively to develop foam structures. One critical issue for the 

development of conventional metallic foams, such as Al, Ti and Mg foams, is the low foamability of 

the molten metals [31–34]. However, apart from attractive mechanical properties, MGs demonstrated 

excellent foamability at high temperature. In the supercooled liquid region (SLR), MGs can relax into 

metastable liquid state with dramatically-decreased viscosity, resulting in high formability of MGs 

which can be formed like plastics [35]. Many attempts have been devoted to fabricate MG foams from 

varying MG communities, for example, the Pd-based MG foams [36–41], Zr-based MG foams [14,42–

44], Ni-based MG foams [45,46], and Fe-based MG foams [47]. The engineering applications of MGs 

are significantly restricted by the limited sample sizes and the room-temperature brittleness. 

Fortunately, the MG foams can have both larger sample dimensions and better room-temperature 

plasticity. As compared with the solid MG samples, MG foams can exhibit greatly-enhanced nominal 

plasticity, where wide plastic-flow-plateau stages can be achieved for achieving a higher plastic 

energy absorption capacity [37–42,48–52]. Moreover, the glass transition nature endows MGs with a 

relatively-lower processing temperature as compared with conventional metals [14]. Brothers and 

Dunand [7] examined the plastic energy absorption capacity of some Vit106 MG 

(Zr57Nb5Cu15.4Ni12.6Al10, at.%) foams with pore sizes ranging from 150–355 µm. As shown in Figure 1, 

the relatively-larger nominal stress of the MG foams is preferred in the plastic-energy-absorption 

applications of cellular metals, which could be promising in replacing conventional metallic foams. 

The attractive plastic-energy-absorption performance of MG foams is attributed to the extensive 

plastic bending of the struts as well as the high strength of MGs. Wei et al. [8] developed some Vit1 

(Zr41.25Ti13.75Cu12.5Ni10Be22.5, at.%) MG foams, which have shown higher plastic energy absorption 

capacity than Al foams, as shown in Figure 2. The enhanced plastic energy absorption capacity of the 

Vit1 MG foams results from the bending of the struts, the formation of multiple shear bands and the 

ductile cracking. Although MG foams have attractive plastic-energy-absorption potential, the 

fabrication of MG foams is limited to certain MG communities and foaming agents, restricting their 

engineering applications. For example, the expansion of the foams is based on the thermal stability 

of the foamed melts, and the corresponding thermal conductivity is also affected by the cellular 

structure, resulting in limited foam dimensions. 

The introducing of composite microstructures to MGs can enhance their plasticity, and at the 

same time, can partially-relax the limitations of the glass forming ability [53–55]. Some MG matrix 

composite foams have also been developed to achieve higher plastic-energy-absorption performance. 

For example, Brothers et al. have developed some Mg-based MG foams with reinforced hollow iron 

spheres, which have demonstrated a higher plastic energy absorption capacity than their crystalline 

counterparts (crystalline foams) [56]. Thereafter, in collaboration with other research groups, 
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Brothers et al. developed some W-particle reinforced Vit106 MG foams, exhibiting higher 

compressive strains than the Vit106 foams [57]. However, MG foams also face a similar challenge 

with conventional metallic foams, i.e., how to control the cellular structures accurately, including the 

porosity, pore sizes and morphologies [33,34]. The non-uniform/stochastic microstructures of these 

MG foams/MG matrix composite foams make it difficult to predict and achieve desired plastic-

energy-absorption performance. How to resolve this issue has attracted a lot of research attention, 

for example, to develop MG structures with accurately-tailored microstructures, which is reviewed 

in the following sections. It is worth mentioning that some nano-porous structures were also 

developed by dealloying MGs [58–60], similar to some nano-foams produced from conventional 

crystalline metals [61,62], which were mainly designed for potentially functional applications, such 

as oxidative degradation and development of electrical/chemical devices. Since the present work 

mainly focused on the development of MG structures for mechanical-energy-dissipation purpose, 

the development of nano-porous structures from MGs is not discussed in detail here. 

 

Figure 1. The comparison of the plastic energy absorption capacity between the conventional Al foams 

and the Vit106 metallic glass (MG) foams with pore sizes of 180 µm, 230 µm and 330 µm, where the inset 

shows an MG foam (pore size 230 µm) at a nominal strain of 4%. Adapted from [7] with copyright 

permission from Elsevier, 2005. 

 

Figure 2. The comparison of the evolution the plastic energy absorption capacity between a Vit1 MG 

foam and a conventional Al foam, where the inset shows the morphology of the MG foam. Adapted 

from [8] with copyright permission from Elsevier, 2012. 
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3. MG Honeycombs 

Honeycomb structures are widely used to develop cellular materials with high plastic-energy-

absorption performance. With relatively-high strength and elasticity, it expected that honeycomb 

structures making use of MGs could also have high plastic energy absorption capacity. Jayakumar et 

al. developed some teardrop-shaped MG honeycomb structures using Fe45Ni45Mo7B3 MG ribbons 

[63]. The analytical modeling studies of the teardrop-shaped MG honeycomb structures have shown 

a three-fold improvement in the strength of the cellular structures as compared with the Al 

honeycomb structures, having great potential in achieving a higher plastic energy absorption 

capacity. Inheriting from amorphous atomic structures, MGs relax at high temperatures (SLRs), 

where low viscosities are achieved, resulting in a high forming ability, like plastics [64–66]. This 

enables MGs be formed into complex geometries through high-temperature forming techniques, such 

as superplastic forming, thermoplastic forming and hot-forming. By combining lithography and 

thermoplastic forming, Sarac et al. developed some in-plane MG honeycombs with accurately-

controlled microstructures [9]. Figure 3a shows the nominal stress strain curve of a Zr35Ti30Cu7.5Be27.5 

MG honeycomb with a wide plastic-flow-plateau stage till densification. The plastic energy 

absorption capacity of the MG honeycombs represents the upper bound of the MG foams (Figure 3b). 

They demonstrate better energy-absorption performance than honeycomb structures made using 

zinc, polyethylene (PE) and polyether ether ketone (PEEK), and are comparable to 2004Al 

honeycombs. The variation of the plastic energy absorption capacity of the MG honeycombs on the 

change of the ligament thickness has also been studied. Further studies have shown that the 

deformation mode of the MG honeycombs, from brittle to ductile, can be tailored by tuning the 

relative densities, where an optimal density of about 25% was identified for the purpose of plastic-

energy-absorption applications. MG honeycombs with such relative density offer the best 

compromises between strength and plasticity, where local failure and shear band-like cracks play an 

important role during the plastic flow stages [10].  

Chen et al. have studied the deformation behavior as well as the plastic energy absorption 

performance of some MG honeycombs with stochastic cellular structures [11]. They have shown that 

MG honeycombs with stochastic cellular structures have decreased plastic energy absorption 

capacity than those with periodic cellular structures. However, they demonstrated higher flaw 

tolerance, which also plays a significant role in achieving desirable properties in engineering 

materials. Based on the two-dimensional MG honeycombs, Liu et al. have developed some 3D MG 

honeycomb structures using a parallel joining technique [67]. Theoretical analyses have shown that 

with a good combination of both high strength and elastic limit, these 3D MG honeycomb structures 

can demonstrate a high plastic energy absorption capacity, superior to those cellular structures made 

of conventional metals and ceramics. The development of MG honeycombs provides a new window 

to develop cellular MG structures with both high plastic energy absorption capacity and accurately-

controlled microstructures, which are useful in developing energy-absorption structures or devices. 

However, MG honeycomb structures made from the thermoplastic forming technique have 

relatively-smaller dimensions as compared with MG foams, where in wide-spread structural 

applications of cellular materials, larger sample dimensions are usually expected.  



Metals 2018, 8, 689 5 of 15 

 

 

Figure 3. (a) The stress–strain curve of an MG honeycomb with ligament length/thickness ratio of 50, 

where the inset image shows an MG honeycomb with 39 cells. (b) The comparison of the plastic-

energy-absorption performance of the Zr35Ti30Cu7.5Be27.5 MG honeycombs and other cellular MG 

structures. Adapted from [9] with copyright permission from Wiley, 2012. 

4. Cellular MGs with Macroscopic Cellular Structures 

The improvement of the plastic energy absorption capacity of cellular materials is usually 

achieved in two ways: one is to use the parent materials with higher strength, and the other is to 

optimize the deformation behavior of the cellular structures [8,30]. Similar to the development of 

metal foams as compared with the polymer foams, the improvement of the plastic energy absorption 

capacity of the MG foams/honeycombs as compared with conventional metal foams/honeycombs is 

readily understood to result from the relatively-higher strength. How about the effect of the change 

of cellular structures on the plastic-energy-absorption performance of the MG structures? Based on 

the enhanced deformation behavior of MGs under complex stress states [68–70], Chen et al. have 

developed some cellular MGs using macroscopic cellular structures instead of microscopic pores, as 

shown in Figure 4 [12]. Although the parent MG materials used have strength no larger than other 

MG materials for MG foams/honeycombs, these cellular MGs have demonstrated a greatly-enhanced 

plastic energy absorption capacity than MG foams/honeycombs, and the improved plastic-energy-

absorption performance is mainly attributed to the deformation behavior of the macroscopic cellular 

structures. 

Differing from the bending, buckling and the collapse of the struts in MG foams/honeycombs, 

the mechanical-energy-dissipation of cellular MGs with macroscopic cellular structures is mainly due 

to the plastic bending of the struts, the blunting of the crack tips at the nodes and the large plastic 
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deformation of the nodes [12]. During the densification process, the tilted struts are compressed to 

be perpendicular to the loading direction, and the square-shaped pores are nearly eliminated after 

densification (Figure 5a) [13]. The original square-shaped node has also been changed to a diamond 

shape with a larger shearing angle (Figure 5b) [13]. Due to the intrinsic high toughness of the parent 

Zr57Cu20Al10Ni8Ti5 MG, with a plastic zone radius of about 0.6 mm, the crack propagation was stopped 

by a blunting effect (Figure 5c), where the global large plasticity of the cellular MGs can be achieved 

[13]. At the nodes of the cellular MGs, the evolution of the shear and densities of four specimens are 

given in Figure 5d [71]. After densification, the smallest shear band density at the nodes of the cellular 

MGs was larger than 0.13 µm−1, and the largest average value even reached 0.16 µm−1, corresponding 

to an average shear band spacing of 6.15 µm. Although some of the results have relatively-large error 

bars which may affect the certainty of the findings, the shear band densities are larger than the density 

in a Zr-based MG specimen with a compressive strain of about 80% (0.11 µm−1) [72]. Such large shear 

band densities have rarely been reported in the standard testing of MGs. Bei et al. [72] demonstrated 

that, under compression tests, the shear band density is proportional to the macroscopic plastic strain. 

While in these cellular MGs with macroscopic cellular structures, the large shear band densities 

indicate that a significant amount of plastic strain has been localized in this region, resulting in the 

large plastic bending of the struts and the densification of the cellular structures.  

 

Figure 4. (a) Three cellular MGs with macroscopic cellular structures with varying strut thicknesses. 

(b) The nominal stress–strain curves of the three cellular MGs with macroscopic cellular structures. 

Adapted from [12] with copyright permission from AIP Publishing, 2014. 
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Figure 5. (a) The optical image of a cellular MG after densification, where the original square-shaped 

pores are nearly eliminated. (b) The SEM image of a deformed node indicated by the red rectangle in 

(a) at a higher magnification. (c) Blunting effect of the propagation of a crack as indicated by the red 

rectangle in (b). (d) The evolution of the shear band densities at the nodes of four specimens, I-IV [71]. 

As shown in Figure 4b, the nominal stress–strain curves of the cellular MGs have relatively-high 

peak stresses and wide plastic-flow-plateau stages. The analytical modeling of the peak stress has 

shown that the peak stress of cellular MGs with macroscopic cellular structures is dependent on not 

only the relative density, but also the number of unit cells. The peak stress to yield strength ratio 

(σpeak/σy) is proportional to the ratio of the yield volume to the volume of the cellular MGs [13]. The 

cellular MGs with larger yield volume when peaking occurs have higher peak stresses and higher 

plastic energy absorption capacity. On the other hand, clear decay of the stresses during the plastic-

flow plateau stages has been observed, resulting from the work-softening nature of the parent MGs, 

the formation of shear bands in the middle of the struts and the change of the macroscopic cellular 

structures during the densification processes [13]. Therefore, for certain parent MGs, the design 

strategies which can increase the yield volume at the peak stress and reduce the decay of stress during 

the densification process can definitely increase the plastic-energy-absorption performance of cellular 

MGs. Chen et al. have developed some saw-tooth-like MG structures with an increasing stress trend 

during the densification processes, demonstrating a greatly-enhanced plastic energy absorption 

capacity than the cellular MGs with macroscopic cellular structures [73]. By the use of MG composites 

[53,55,74] or MGs with atomic inhomogeneities with a work-hardening effect [75] may also be helpful 

for achieving higher plastic-energy-absorption performance in cellular MGs. As a case in point, 

Schramm et al. developed some MG-matrix-composite-based egg-box structures, which exhibited a 

high plastic energy absorption capacity superior to Al-based structures [76]. The MG-matrix-

composites can have good combinations of high strength, high toughness, better processing 

capability and larger sample dimensions, which are beneficial for developing MG structures with 

larger sample dimensions and better mechanical performance. 
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5. Microscopic MG Lattice Structures 

The use of cellular structures for mechanical-energy-dissipation purposes is usually twofold: 

one is to absorb the mechanical energy through plastic deformation, and the other one is to store the 

elastic energy by achieving large elastic recovery after deformation. The relatively-large elastic limit 

of about 2%, superior to conventional crystalline metals and ceramics, enables MGs to be a good 

candidate for developing structures with large elastic energy storability. For example, 3D MG 

honeycomb structures have a higher recoverable strain (about 40%) than honeycomb structures 

making use of conventional metals [67]. The large elasticity of 3D MG honeycomb structures is mainly 

attributed to the large elastic limit of the parent MGs, and can be further optimized by tuning the 

aspect ratio and the tilt angle between the side wall and the loading direction [67]. The development 

of some hollow-tube metallic and ceramic lattice structures has shown the characteristics of ultra-

light, ultra-strong and recovery of large strains exceeding 50%, having wide application potential for 

catalyst supports, storage of elastic energy, shock-energy damping, damage-tolerance, and acoustic 

and electronic devices [77–79]. It is known that MGs have a significant size effect, where MG 

specimens have larger elasticity and plastic deformation when the sample size decreases to the 

nanoscale [80–83]. Even the plastic deformation mode of MGs also transits from inhomogeneous 

deformation localized into shear bands to homogeneous deformation [80–82]. Therefore, it may also be 

possible to develop some microscopic MG lattice structures with attractive large elastic energy storability. 

Rys et al. developed some microscopic hollow-tube NiP MG lattice structures using electroless 

deposition [84]. They showed that the deformation behavior of microscopic hollow MG lattice 

structures demonstrates two different regimes for varying wall thickness, where the maximum stress 

was achieved when the wall thickness decreased to below a threshold value of about 150 nm [84]. 

Thereafter, Lee et al. fabricated some hollow-tube Cu60Zr40 MG lattice structures and examined the 

corresponding deformation mechanisms, including brittle-to-ductile transitions and elastic 

instability [17]. However, how to achieve large elastic energy storability comparable to the metallic 

and ceramic lattice structures is still somewhat a mystery. Liontas et al. developed some hollow Zr-

Ni-Al MG lattice structures with wall thicknesses ranging from 88 nm to 10 nm [18]. As shown in 

Figure 6, the compressive testing results suggest that an obvious brittle-to-ductile transition occurs 

in these MG lattice structures, resulting from the size effect of the MGs where MG specimens with 

smaller sample size are more deformable. The Zr-Ni-Al MG lattice structures have elastic recovery 

of about 33% nominal strain, and the value is proportional to the wall thickness [18]. The elastic 

recovery of the microscopic MG lattice structures was smaller than that of ceramic and crystalline 

metallic lattice structures [77,78], however, the microstructures of these lattice structures have not 

been optimized for achieving better mechanical performance, and the effect of the relatively-larger 

elastic limit of the parent MGs has not been fully explored. Additionally, the fabrication of some thin-

walled MG hollow tubes at the macroscopic scale, with outstanding plastic energy absorption 

capacity [85], has suggested that with the decrease of the sample size, a high plastic energy absorption 

capacity may also be achieved in the microscopic MG lattice structures, for instance, in MG lattice 

structures with thicker walls. The development of architectured microscopic MG lattice structures is 

still an unexplored area, where better mechanical performance may be achieved in the future by 

optimizing the processing parameters and lattice structures as well as the wall thickness. 
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Figure 6. The engineering stress–strain curves of the hollow Zr-Ni-Al MG lattice structures, where 

the SEM images below were taken at the stages indicated by the circles in the curves. Reprinted from 

[18] with copyright permission from Elsevier, 2017. 

6. Kirigami MG Structures 

Kirigami structures are mechanical meta-materials based on the ancient art of paper cutting, 

demonstrating attractive mechanical properties which do not exist in nature [86–88]. Inspired by the 

large elastic recovery of microscopic MG lattice structures, Sha et al. investigated the mechanical 

properties of some CuZr MG-based chiral nanolattice structures using molecular dynamics (MD) 

simulations [89]. As shown in Figure 7, the MG-based chiral nanolattice structures have in-plane 

chiral kirigami patterns, and are able to demonstrate good combinations of large elasticity, large 

ductility and negative Poisson’s ratio. The excellent performance results from the deformation of the 

chiral structures, such as the bending of the ligaments and rotation of the nodes. The deformation 

behavior also depends on the physical properties of the MGs as well as the corresponding geometrical 

parameters. Therefore, it is a reasonable expectation to achieve desirable large elastic storability in 

the in-plane MG structures by appropriate experimental design and processing technologies.  

More recently, Chen et al. developed some Fe-based kirigami MG structures using 

photochemical machining (PCM), as shown in the example in Figure 8a [19]. The kirigami MG 

structures have shown programmable stretchability with elastic strain larger than 198% [19]. The 

large stretchability is attributed to the out-of-plane bending of the elements, coexisting with the 

rotation, where the large elasticity of the MGs is able to maintain the elastic states of the nodes at 

large nominal strains. With a much smaller elastic limit, the stainless steel kirigami structures only 

exhibited elastic strains less than 59%. Finite Element Modelling (FEM) results have shown that after 

buckling, the stress-concentration regions in the stainless steel-based kirigami structures tend to yield 

while the kirigami MG structures are still in elastic states. Additionally, stemming from the relatively-

high strength and large elastic limit, the kirigami MG structures have demonstrated ultra-small 

elastic strain energy loss after 1000 loading cycles (Figure 8c). An elastic strain energy loss less than 

3% was observed, which is much smaller than the kirigami structures that made use of Kapton/GaAs 

[90] or nanocomposites [86]. The stretchable kirigami MG structures are useful for developing 

mechanical meta-materials and optoelectronic devices with extended cycle life. For example, Xian et 

al. have reported some MG film skins with a piezoresistance effect, large strain range and good 
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conductivity [91]. The use of kirigami structures to develop electronic skins may further enhance the 

stretchability for wearable devices. 

 

Figure 7. The molecular dynamics (MD) simulation results of an engineering stress–strain curve of 

the MG-based chiral nanolattice structures, showing a large elastic strain of about 9%, where the inset 

schematic diagram shows the design of the chiral lattice structure. Adapted from [89] with copyright 

permission from Elsevier, 2017. 

 

Figure 8. (a) The optical image of a kirigami MG structure. (b) The load-nominal strain curves of a 

kirigami MG structures, showing an elastic strain larger than 165%. For comparison, a stainless steel 

kirigami structure has an elastic limit smaller than 62%. (c) The elastic strain energy loss of the 

kirigami MG structures after 1000 cycles of loadings with four different kirigami patterns. Adapted 

from [19] with copyright permission from Elsevier, 2018. 
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7. Summary and Outlook 

MGs have unique mechanical properties superior to conventional metals, such as the high 

strength approaching the theoretical values and a relatively-large elastic limit of about 2%. The 

excellent mechanical properties enable MGs to be powerful parent materials for developing 

structures/devices for mechanical-energy-dissipation purposes. On the one hand, MG foams, MG 

honeycombs, cellular MGs with macroscopic cellular structures and saw-tooth-like MG structures 

have demonstrated greatly-enhanced energy-absorption capacity compared to conventional metal 

foams/honeycombs. On the other hand, 3D MG honeycombs, microscopic MG lattice structures and 

kirigami MG structures have demonstrated excellent elastic energy storability than structures making 

use of conventional metals. The kirigami MG structures have also demonstrated an ultra-small strain-

energy-loss after 1000 cycles of loading, which can be employed to develop stretchable optoelectronic 

devices with extended life cycles. However, the following problems for the developing of MG 

structures are still unresolved, and may be worthy of further effort to expand the structural 

application of MG structures: 

(1) The development of 3D MG honeycomb structures is based on the thermoplastic forming and 

joining technique, where only thin sheet materials are used [67]. It is still challenging to develop 

honeycomb structures with more complex geometries and a wide range of relative densities.  
(2) Due to the limited sample dimensions, cellular MGs with macroscopic cellular structures and 

saw-tooth-like MG structures have only one layer of structure [12,73]. However, more layers of 

cellular structures are usually required for practical applications. The use of additive 

manufacturing (3D printing) may be helpful for developing cellular MGs with larger sample 

dimensions [92–94]. The 3D printing technique also has the advantage of fabricating cellular 

structures with complex geometries, which could further be used to optimize macroscopic 

cellular structures for better energy-absorption performance. 
(3) Although up-to-date hollow microscopic MG lattice structures have relatively-smaller elastic 

strain energy recovery than lattice structures that make use of ceramic and crystalline metals 

[18,84], the high strength and large elastic limit of MGs at the nanoscale make micro MG lattice 

structures have good potential for high elastic performance. Further efforts need to be devoted 

to optimize the processing parameters or lattice structures to achieve better elastic energy 

storability.  

(4) Kirigami MG structures have demonstrated large elastic energy storability and ultra-small strain 

energy loss for a longer cycle life. However, how to use the kirigami structures to develop 

optoelectronic devices or wearing devices is still challenging. Because of the unique properties, 

it is expected more functional devices using MGs will be developed in future, such as large 

elasticity, light weight, wearable sensors and optoelectronic devices [19,89,91]. 
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