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a b s t r a c t 

Architected metamaterials exhibit unique properties bestowed by their engineered structure rather than 

their chemical composition. Extrinsic material properties have been achieved as a result of advances in 

additive manufacturing. Contemporary fabrication techniques, such as multiphoton lithography and digital 

light processing, have enabled the fabrication of complex structures with inherent hierarchies at length 

scales ranging from nanometers to micrometers. However, despite significant insight into the role of buck- 

ling in the mechanical behavior of materials reported in earlier studies, particularly strength and energy 

dissipation, the structural and design principles responsible for the improved mechanical performance 

were not fully elucidated, thus limiting the design space of these structures. The principal objective of 

this study was to investigate how controlled three-dimensional assembly and orientation of intertwined 

lattice members influence localized buckling and the overall mechanical response of such metamaterial 

structures. The novelty of the present design approach stems from a mechanical metamaterial inspired 

by the three-compound octahedron and the symmetry variance observed during phase change of crys- 

talline solids. For a specific orientation and tactical joining of the unit cells, this geometry demonstrates 

unprecedented resilience to large deformations and high energy dissipation capacity. The selective shape 

modification of specific lattice members is shown to greatly improve the structural integrity of ultralight 

structures undergoing large deformation. Results from finite element simulations and in situ scanning 

electron microscopy-microindentation experiments reveal the actual deformation of metamaterial struc- 

tures with straight and curved lattice members and elucidate the effects of anisotropy and orientation 

characteristics on the dominant mechanisms affecting the mechanical performance of intertwined lattice 

structures. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

The design of novel structural metamaterials with unique prop-

rties is a principal scientific challenge. The fabrication of flex-

ble structures with tailored mechanical properties is of critical

mportance in many application areas spanning a wide range of

ength scales, such as aerospace ( Cramer et al., 2019 ), bioengineer-

ng ( Brigo et al., 2017 ; Warner et al., 2017 ; Bobbert et al., 2018 ;

offler et al., 2019 ), and microelectromechanical systems ( Liu et al.,

014 ; Jayne et al., 2018 ; Ling et al., 2018 ). Ultralight-ultrastiff ma-

erials ( Meza et al., 2014, 2017 ; Giorgio et al., 2017 ) and metama-

erials with auxetic properties ( Babaee et al., 2013 ; Warner et al.,
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017 ; Wu et al., 2018a ; Zhang et al., 2018 ) exhibit high deformation

esilience and energy dissipation capacity, which are imperative

haracteristics for contemporary functional materials. The demon-

trated potential of mechanical metamaterials has motivated ex-

loratory studies dealing with controlled deformation of structures,

uch as pantographic structures ( dell’Isola et al., 2016 ), tailored

ave propagation ( Fraternali et al., 2012 ; Berezovski et al., 2018 ),

nd microscale actuation ( Zheludev and Plum, 2016 ; Jackson et al.,

018 ; Hippler et al., 2019 ). The vast majority of these designs have

een inspired by nature ( Wu et al., 2018b ), deformation processes

n natural materials, such as dislocations ( Paulose et al., 2015a,

015b ) and damage in architected materials resembling crystal mi-

rostructures ( Pham et al., 2019 ), or hierarchical structures of liv-

ng organisms ( Fratzl and Weinkamer, 2007 ; Yourdkhani et al.,

010 ). The fabrication of such complex structures with geomet-

ical characteristics ranging from nanometers to millimeters has

een principally achieved because of advances in additive man-

https://doi.org/10.1016/j.ijsolstr.2020.02.023
http://www.ScienceDirect.com
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ufacturing techniques, including multiphoton lithography (MPL)

( Ovsianikov et al., 2008 ), microstereolithoghraphy ( Cui et al.,

2018 ), and digital light processing ( Schmidt and Colombo, 2018 ;

Schmidt et al., 2019 ). 

A critical factor in the design of novel mechanical metamateri-

als is the building blocks (unit cells) of the structure ( Latture et al.,

2018 ). Plate elements used to construct the unit cells of structures

have been reported to yield significantly improved mechanical per-

formance characterized by a stiffness approaching that of the bulk

material ( Berger et al., 2017 ). However, these unit cells have yet to

surpass lattice structures that are still the predominant geomet-

ric features in metamaterial structures ( Ashby, 2006 ). While the

mechanical properties can be studied with three-dimensional (3D)

beam models ( Cazzani et al., 2016 ; Della Corte et al., 2019 ), sim-

ple two-dimensional (2D) models are still used to facilitate the un-

derstanding of experimental observations ( Meza et al., 2014, 2017 ;

Giorgio et al., 2017 ). Even though all of the above-mentioned fab-

rication techniques can produce highly complex 3D structures, the

design space of mechanical metamaterials has been thoroughly

studied only for 2D structures ( Gibson and Ashby, 1997 ; Gao et al.,

2018 ), while attempts to expand the design space of 3D struc-

tures, most notably auxetic mechanical metamaterials, have been

recorded only recently ( Chen et al., 2018 ). Hence, the design of

ultralight-ultrastiff 3D lattice mechanical metamaterials has been

limited to a few structures ( Meza et al., 2017 ). 

The mechanical response of complex 3D structures has been in-

terpreted in the light of post-buckling behavior and intrinsic stiff-

ening under compressive loading ( Zadpoor and Hedayati, 2016 ;

Latture et al., 2018 ); however, the structural principles for de-

signing new unit cells have not been explored. Although different

unit cells have been proposed for structures subjected to stretch-

ing and bending ( Gibson and Ashby, 1997 ; Ashby, 2006 ), a com-

prehensive methodology for assembling unit cells is still lacking.

This constraint becomes even more convoluted in the light of the

anisotropic behavior of these structures and the limited insight

into specific deformation modes ( Giorgio et al., 2017 ). Another lim-

itation is that force-displacement data have not been directly cor-

related to the true mechanical response and scale-dependent be-

havior of metamaterial structures ( Meza et al., 2014, 2017 ; Gu and

Greer, 2015 ). It is evident, therefore, that a link between size and

geometry has not been established for mechanical metamaterial

structures. 

The objective of this investigation was to introduce a compre-

hensive design methodology for highly complex structures using

geometrically simple elements. To this end, a novel mechanical

metamaterial inspired by the isotropy groups in crystals under-

going phase change ( Stokes and Hatch, 1988 ) was designed, fab-

ricated, and tested. The geometry of the fabricated structures is

based on the three-compound octahedron, a variation of the first

stellation of the rhombic dodecahedron. The stellations of regular

polyhedra provide basic geometries for an expanded and continu-

ous design space ( Coxeter et al., 1938 ). This is mainly due to the

fact that the intertwining nature of multiple lattice members can

be used to tailor buckling and stiffening. Two different paradigms

of hierarchical assembly were considered in this study. As a design

concept in nature, hierarchy depends on structural features exist-

ing at different scales of the same geometry ( Meza et al., 2015 ;

Fan et al., 2018 ). However, hierarchical patterns of the same length

scale can simplify the fabrication process, hence significantly miti-

gating the complexity of the design process. Another principal ob-

jective of this study was to demonstrate how the structural in-

tegrity may be improved by modifying the lattice members of

the metamaterial structure. Results from finite element simulations

and in situ scanning electron microscopy-nanoindentation exper-

iments are presented to elucidate the characteristic deformation

stages of the fabricated metamaterial structures. 
. Design of anisotropic intertwined structures 

.1. Intertwined structures 

The conceptual design process for assembling the architected

etamaterial structures of this study is depicted in Fig. 1 . The

uilding blocks of the unit cell are three equilateral octahedra

 Fig. 1 (a)) with their edges connected in such a way that the in-

ersection points divide each edge according to the 1: 
√ 

2 ratio

 Fig. 1 (b)). To obtain this geometrical arrangement, known as the

hree-compound octahedron ( Cromwell, 1997 ), each octahedron is

otated by 45 ° with respect to the other two octahedra. It will be

hown that such intertwining and positioning of lattice members

n a confined space enables tailored buckling, which, in turn, en-

ances energy dissipation and contact of the buckled lattice mem-

ers that causes structure stiffening. The reason for selecting this

elative orientation of octahedra from a myriad of potential con-

gurations is that this geometry has one symmetry group, i.e., oc-

ahedral symmetry ( Shephard, 1999 ). Hence, the effect of the unit

ell orientation on the deformation mode is drastically decreased.

evertheless, it is not a uniform polyhedron compound, that is,

ransformations do not map every vertex to every other vertex;

herefore, further intervention on the design process may alter the

opology of the structure, e.g., the relative density or even the co-

rdination number and, consequently, the mechanical properties

 Shephard, 1999 ). 

The potential design space is vast, considering there are 36

ore isohedral deltahedra and many more stellations of regular

olyhedra, such as the 59 stellations of the regular icosahedron

 Coxeter et al., 1938 ). To further improve the mechanical perfor-

ance, a second-level assembly was used in which neighboring

nit cells were connected with each other; however, the symme-

ry of the formed hyper unit cell depends on the orientation of

nit cells. Hence, different connections of unit cells may signifi-

antly affect the mechanical performance. In this study, the three-

ompound octahedron ( Fig. 1 (c)) was connected to the horizontal

dges of neighboring unit cells in the horizontal plane ( Fig. 1 (d)

nd (e)) and the resulting hyper unit cell was used to assemble

 three-layer structure ( Fig. 1 (f)). This design will be hereafter re-

erred to as the design A. Alternatively, the three-compound octa-

edron was rotated by 45 ° ( Fig. 1 (g)), and the same process was

sed to form a hyper unit cell consisting of two three-compound

ctahedra connected to their vertices ( Figs. 1 (h) and 1(i)). The final

tructure was assembled by connecting the vertices of neighboring

yper unit cells ( Fig. 1 (j)). This design will be hereafter referred to

s the design B. The reason for selecting these designs is that they

epresent two extreme cases from the connectivity perspective. In

esign A, each unit cell is connected to the edges of neighboring

nit cells, whereas in design B, the unit cells are connected at their

ertices. Therefore, the investigation of these two extreme designs

ay elucidate the effect of the present design process on the over-

ll mechanical response ( Bradley and Cracknell, 1972 ; Stokes and

atch, 1988 ). Another reason for studying these designs is to un-

avel the effect of connectivity on the mechanical response. The

articular design principle was inspired by the distortion of crystal

ymmetry during phase change in solids, which causes a variation

n the mechanical response ( Bradley and Cracknell, 1972 ). 

At this juncture, it is instructive to categorize the structure as

ither bending or stretching dominated and compare its perfor-

ance with characteristic architected materials from these fami-

ies ( Norris, 2014 ; Zadpoor and Hedayati, 2016 ). For this purpose,

he average connectivity Z of the two designs was obtained by

omputing the number of beam elements and joints in each hy-

er unit cell ( Deshpande et al., 2001 ). The average connectivity

or designs A and B was found to be equal to 7 and 5, respec-

ively. As both structures are 3D, a necessary and sufficient con-
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Fig. 1. The design process of anisotropic intertwined lattice structures with straight members. (a) Three regular octahedra are rotated clockwise and counter clockwise by 

45 ° with respect to each other. (b) and (c) The three octahedra are assembled to form a three-compound octahedron unit cell. (d) Two unit cells are connected at their 

neighboring edges. (e) The same process is repeated in the normal direction to form a hyper unit cell (design A). (f) The final structure is assembled by connecting hyper 

unit cells in the vertical direction, creating a three-layer structure. (g) The unit cell shown in (b) rotated by 90 ° either clockwise or counter clockwise. (h)–(j) The process 

shown in (d)–(f) is used to create a three-layer structure by connecting hyper unit cells consisting of unit cells connected at their vertices (design B). The intertwining of 

lattice members enables tailored buckling and stiffening during deformation. 
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ition for the structures to be stretching dominated is Z ≥ 12

 Norris, 2014 ). Therefore, these structures exhibit bending domi-

ated behavior and belong to the same category of structures as

he BCC, cube, diamond, Kelvin, and rhombic dodecahedron struc-

ures ( Zadpoor and Hedayati, 2016 ). 

According to the classical theory of the mechanical properties

f foams and ultralight structures, the elastic stiffness, E , yield

trength, σ Y , and energy dissipation, u , depend on the relative den-

ity, ρ̄ , of the structure ( Gibson and Ashby, 1997 ; Ashby, 2006 ;

eza et al., 2014, 2017 ). This property can be used to compare the

echanical properties of the unit cells. For the three-compound

ctahedron hyper unit cells with designs A and B, the relative den-

ity is given by 

¯A = 134 . 16 

(
d 

L 

)2 

− 699 . 12 

(
d 

L 

)3 

(1)

nd 

¯B = 121 . 96 

(
d 

L 

)2 

− 431 . 29 

(
d 

L 

)3 

, (2)

espectively, where d and L are the diameter and length of lat-

ice members, respectively. The relative density of the structures

or various values of the diameter/length ratio, d / L , was obtained

ith the 3D CAD design software (Solidworks 2016 × 64). To dis-

ount the effect of the excessive overlapping of the lattice mem-

ers at the nodes from the relations of the relative density, the

nds of the beams were cut with appropriately chosen cut sur-

aces in the CAD files and the results were then curve fitted to

btain Eqs. (1) and (2) . The intertwining employed in design A

ay affect the relative density of the final structure compared to

esign B. The relative density corresponding to designs A and B

s ρ̄A ≈ 0 . 248 and ρ̄B ≈ 0 . 251 , respectively. These values were ob-

ained from Eqs. (1) and (2) for d = 0.5 μm and L = 10 μm, which
re the dimensions of the lattice members in the fabricated test

tructures. Although the difference in relative density is only 0.003,

t will be shown that the strength and energy dissipation of the

tructures with designs A and B differ significantly. It is noted that

he present 3D intertwining of only 12 unit cells yields very large

elative densities. This can be ascertained by comparing the rela-

ive densities of the structures with designs A and B ( Eqs. (1) and

2) , respectively) with those of other thoroughly studied mechan-

cal metamaterials (e.g., octet truss, cube, rhombic dodecahedron,

iamond, Kelvin, and Weaire-Phelan) that have lattice members

ith circular cross sections ( Hedayati et al., 2016 ; Zadpoor and He-

ayati, 2016 ). In the equations of the relative density from the lit-

rature used for comparison, the overlapping of the lattice mem-

ers at the nodes was also excluded from the calculated volume of

hese structures. 

Fig. 2 (a) shows the relative density of different unit cells as

 function of the lattice diameter/length ratio. The significantly

igher relative densities of the unit cells with designs A and B than

hose of other unit cells are attributed to their intrinsic intertwin-

ng, which becomes especially pronounced as d / L increases above

.01. According to a previous study ( Gong et al., 2005a ), the esti-

ated relative density of the Kelvin unit cell is also significantly

ower than that of designs A and B in this range of d / L . To obtain

he same relative density as in designs A and B, the diameter of

ach lattice member of the rhombic dodecahedron, for example,

ould have to be increased to 4 μm ( Hedayati et al., 2016 ). How-

ver, this would greatly increase the fabrication time and the vol-

me of the structure, making the mechanical performance mainly

ependent on the bulk behavior, which is contrary to the main ob-

ective of this study to develop a design strategy effective in pro-

oting localized buckling and overall stiffening. Im portantly, the

resent design provides a means of enhancing the mechanical per-

ormance of structures in Ashby’s charts ( Meza et al., 2014, 2017 )

ith a limited number of unit cells relative to conventional ultra-
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Fig. 2. Variation of the (a) relative density and (b) relative stiffness with the di- 

ameter/length ratio of lattice members in various unit cells. The 0–0.1 range of the 

diameter/length ratio is typical of the dimensions of structures fabricated by mi- 

cro/nanolithography techniques. For this realm of dimensions, the structures with 

designs A and B show remarkably higher relative density compared to other bend- 

ing dominated structures and higher relative stiffness than that of the octet truss 

structure for diameter/length ratios greater than 0.055. 
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light structures that do not utilize intertwining. A solid evidence

of this effect can be obtained in the light of the results shown in

Fig. 2 (b). The effective stiffness Ē of the octet truss was plotted to

follow the scaling law reported elsewhere ( Meza et al., 2017 ), while

the effective stiffness of the structures with designs A and B was

plotted by curve fitting the data of FEA simulations performed for

various d / L values and small normal displacements. The effective

stiffness of bending dominated structures scales with the square

of the relative density, whereas that of stretching dominated struc-

tures shows a linear scaling proclivity ( Meza et al., 2017 ). While

these power laws differ at high relative densities, the mechani-

cal properties of bending and stretching dominated structures with

ρ̄ < 0 . 05 can be accurately modeled by quadratic and linear scale

laws, respectively. Although ρ̄A and ρ̄B are significantly larger than

0.05 ( Fig. 2 (a)), the quadratic scaling law fits closely the FEA data

in the 0 − 0.06 range of d / L ( Fig. 2 (b)). Even though the octet truss

is stiffer in the range of d / L < 0.055, the remarkably higher rela-

tive density of the intertwined structures yields a stiffness of ap-

proximately the same order of magnitude as the octet truss for

d / L = 0.05. At higher relative densities, even higher order terms

(e.g., ( d / L ) 4 ) may have an additional contribution ( Meza et al.,
017 ). However, since the present test structures are at the thresh-

ld of d / L = 0.05, their stiffness is comparable to that of stretch-

ng dominated structures. It is also noted that at higher d / L values,

¯B begins to diverge from ρ̄A significantly. Nevertheless, it will be

hown that contact of beam members with neighboring members

ue to deformation is also critical to the mechanical behavior of

he structure. 

.2. Curved lattice members 

Another way to tailor the mechanical behavior of metamaterials

s to use curved lattice members in certain locations of the struc-

ure. Introducing curvature in some lattice members can forestall

eformation in specific directions ( Cazzani et al., 2016 ), hindering

eformation in other members as the stiffness will vary depending

n whether the curved lattice members are convex or concave in

he direction of loading. This design will be hereafter referred to

s the design C ( Fig. 3 (a)). The curved red and blue lattice mem-

ers were selected such that the structure to exhibit softening dur-

ng loading, accordingly becoming more susceptible to large defor-

ations. The curved members were placed where a unit cell was

onnected to neighboring unit cells ( Fig. 3 (b) and (c)), providing a

nion of connections for both edges and vertices. The assembled

tructure consisting of three layers of hyper unit cells is shown in

ig. 3 (d). The coordination number of this structure is equal to 4,

endering it a bending dominated metamaterial structure as well.

o enhance the deformability, the diameter of the lattice mem-

ers was reduced to 0.25 μm, thereby increasing the slenderness

atio and, in turn, decreasing the critical load for buckling. The in-

rease of the distance between the unit cells in the vertical di-

ection yielded ρ̄C = 0.023, i.e., an order of magnitude less than

¯A and ρ̄B . Despite the significantly reduced stiffness, it will be

hown that this structure can sustain recoverable large deforma-

ions. Since this design is an alteration of design B, the curvature r

f the curved lattice members leads to the following modification

f Eq. (2) , i.e., 

¯C = f ( r ) ̄ρB . (3)

For the specific configuration of design C, curve fitting of the

elative densities corresponding to designs A and B obtained from

he CAD models yielded f ( r ) = 0.331. 

. Modeling and experimental methods 

.1. Finite element analysis 

A quasistatic finite element analysis (FEA) was performed to

valuate the mechanical response of the architected structures and

o obtain preliminary insight into the anisotropy effect of the hyper

nit cells on buckling and post-contact behavior. The FEA simula-

ions were performed with the multi-physics code ANSYS (Work-

ench 18.0). The ANSYS Design Modeler was used to design the

tructure geometries. All of the beam members were discretized

y 10-node, tetrahedral, finite elements. Surface contact was de-

ected by 8-node surface elements assigned to the beam members

f the top layer of the structure. The selected contact condition of

he flat tip with the structures was no separation of the elements

t the tip/structure contact interface. The structure with design A

omprised 791,913 elements with 1283,397 nodes, the structure

ith design B had 937,285 elements with 1511,432 nodes, while

he structure with design C was modelled with 332,721 elements

aving 635,257 nodes. Since the bottom face of each structure was

rmly attached to a substrate, all the degrees of freedom of the

ottom nodes were fully constrained. The base solid was modelled

o have 0.5 GPa elastic modulus, 0.45 Poisson’s ratio, and 18 MPa

ield strength. These material properties are similar to those of the
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Fig. 3. The design process of anisotropic intertwined lattice structures with curved members. (a) The initial three-compound octahedron with curved lattice members 

coloured blue and red. (b) The assembly of two unit cells connected at their edges. (c) Two of the foregoing unit cells connected to two more unit cells at their vertices in 

the direction perpendicular to the direction the former unit cells were connected to their edges to allow larger deformation in a specific direction and to form a hyper unit 

cell. (d) The assembled final structure consisting of three layers of hyper unit cells (design C). The use of curved lattice members combined with strategic positioning of unit 

cells preserves the structural integrity even at large deformations. 
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olymers used in MPL fabrication. The tip was modeled to have

30 GPa elastic modulus, 0.29 Poisson’s ratio, and 324 MPa ultimate

ensile strength. 

An eigenvalue buckling analysis was performed to investigate

he buckling behavior of the structures. This was accomplished by

olving the eigenvalue equation, 

et 
[
[ K σ[ σ0 ] ] 

−1 
[ K e ] + λI 

]
= 0 , (4) 

here K σ is the initial stiffness matrix at a given stress state σ0 ,

alculated for the displacement field for incremental deformation,

 e is the elastic stiffness matrix, and λ is a load multiplier, which

s the solution of Eq. (4) . The details of the derivation of Eq. (4) for

D problems have been reported elsewhere ( Krenk, 2009 ). Buck-

ing commenced when the load applied to the structure reached a

alue equal to λ times a unit compressive load. 

To extract engineering stress-strain responses from the exper-

mental force-displacement curves, the tip-structure contact area

as calculated as a function of tip displacement. The obtained nu-

erical data were used to derive expressions of the contact area,

hich was then used to divide the measured force and compute

he engineering stress. The engineering strain was calculated by

ividing the tip displacement by the initial height of the struc-

ure. Any abrupt changes in contact of the beam members during

he simulation were recorded by the FEA solver, enabling the post-

ontact events during the deformation to be enumerated. This re-

ult was also verified by visualizing the deformed configuration in

he simulations. 

.2. Microfabrication 

All of the test structures were fabricated by the MPL process,

hich uses multiphoton absorption to induce photoresist pho-

opolymerization. The high spatial resolution provided by the MPL

nables precise 3D fabrication ( Sakellari et al., 2012 ). The MPL is

articularly efficient for fabricating arbitrary 3D geometries com-

ared to other techniques, such as fused deposition modeling or
icrostereolithography ( Cui et al., 2018 ) requiring a very high res-

lution to fabricate complex structures. Moreover, the length scales

chieved with the MPL provide structures that can be used for a

lethora of fields, such as tissue bioengineering ( Brigo et al., 2017 ;

aggi et al., 2017 ; Warner et al., 2017 ; Koffler et al., 2019 ) and

icroscale adaptive structures ( Liu et al., 2014 ; Jayne et al., 2018 ;

ing et al., 2018 ; Lee et al., 2018 ). 

The test structures were fabricated with an MPL apparatus

quipped with a NIR laser (FemtoFiber pro, Toptica) of 780 nm

avelength, 100 fs pulse width, and 80 MHz repetition rate. The

aser beam was focused by a 100 × microscope objective lens (Plan-

poChromat 100 × /1.40 Oil M27, Zeiss). Localized polymerization

f the structure material was achieved by tightly focusing the laser

nto the photosensitive material. The stage was translated so that

he focused beam could ‘write’ inside the material and fabricate

he desired structure. The structure beams were designed as lines

riented in a 3D space. This geometry was then converted to a g-

ode, whose coordinates defined the edges of the desired struc-

ure. Because the fabrication occurred from top to bottom, depend-

ng on the design of the structure, the geometry was designed to

revent line overlapping; otherwise the beam would interact with

olymerized material. Further details about the experimental setup

nd materials used in the present study can be found elsewhere

 Choi et al., 2018 ). The high resolution provided by MPL enables

omplex arbitrary structures to be produced by fabricating each in-

ividual lattice member in 3D space. 

.3. Mechanical testing 

In situ indentation tests were performed with a nanoindenta-

ion apparatus (PI 85 SEM PicoIndenter, Hysitron) placed inside a

canning electron microscope (FEI Quanta 3D FEG), thus enabling

igh-precision nanomechanical testing and real-time recording of

eformation. The molybdenum tip (Model # 72SC-D3/035 (407A-

)) was cut to a diameter of 130 μm with a femtosecond laser. The

aximum tip displacement was set at 10 μm. A triangular force
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Fig. 4. FEA results of anisotropic intertwined lattice structures deformed in compression. Deformed structures with (a) design A, (b) design B, and (c) design C. Top-view of 

deformed structures with (d) design A, (e) design B, and (f) design C. Each structure consists of 12 unit cells with a height equal to 20 μm. The structure height in designs 

A, B, and C is 23, 20, and 48 μm, respectively. The simulations indicate that the lattice members of the upper layer (red colored) are most likely to fail first. The orientation 

of lattice members in design A lessens the deformation in the upper layer compared to the structure with design B. Because the structure with design C shares structural 

features common to both structures with designs A and B, deformation of the lower layers is minimal, while the largest deformation is sustained by the less supported 

lattice members of the upper layer. 
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function with loading and unloading rates both set at 0.2 μm/s was

used in all the tests. To ensure the repeatability of the measure-

ments, each experiment was repeated at least three times. 

4. Results and discussion 

4.1. Finite element simulations of metamaterial structures 

Fig. 4 shows FEA simulation results of structures with designs

A–C compressed by a flat tip. Each structure comprises three layers

consisting of a 2 × 2 hyper unit cell (i.e., 12 unit cells). As expected,

the largest deformation was sustained by the lattice members of

the top layer of each structure (red colored). However, a compari-

son of Fig. 4 (a) and (b) indicates that lattice intertwining in design

A was significantly more effective in reducing deformation com-

pared to design B, especially in the lattice members of the upper

layer. This is attributed to the positioning of lattice members in the
econd stage of the assembly process of design A ( Fig. 1 (b)–(e)).

ecause the lattice members in design A that sustained most of

he compressive deformation were much closer to each other, they

ontacted each other during deformation, increasing the structure’s

tiffness and strength. This result can be validated by consider-

ng the number of contacting beams (calculated at each of 1-μm-

isplacement steps) versus the tip displacement shown in Fig. 5 .

esign A shows a significantly larger number of beams in contact,

ith these post-contact events commencing at a smaller displace-

ent (4 μm) compared to designs B and C (8 μm). As shown in the

ext section, the onset of post-contact at this early stage of defor-

ation is critical to impeding microcracking through this intrin-

ic stiffening effect. Because the intertwined unit cells in design

 ( Fig. 1 (g)–(i)) are connected with neighboring unit cells at their

ertices rather than their edges, post-contact behavior was greatly

itigated. The lattice intertwining in design A also inhibited de-

ormation of the lower layers (blue colored), whereas in design B
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Fig. 5. Number of beam members coming into contact during deformation as a 

function of normal displacement. Post-contact of lattice elements in the structure 

with design A commences at a displacement of 4 μm as opposed to a much larger 

displacement of 8 μm for the structures with designs B and C. 
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ll of the layers under the top layer exhibit fairly similar and rel-

tively higher deformation (green colored). This intertwining also

rovides an energy dissipation mechanism in a multilayer struc-

ure. Interestingly, although the relative densities of designs A and

 are approximately the same, the spatial orientation of the unit

ells plays a critical role on the mechanical performance. The de-

ormation encountered with design B was also observed with de-

ign C ( Fig. 4 (c)). This is attributed to the increased distance be-

ween lattice members. However, the connection of each unit cell

o the edges mitigated the deformation in the lower layer, simi-

ar to what was observed with design A. The upper layers of each

tructure accrued most of the deformation, relaxing the rest of

he structure. In particular, only eight of the top lattice members

f the structure with design A sustained the largest deformation

 Fig. 4 (d)) as opposed to more lattice members in the structures

ith designs B and C ( Fig. 4 (e) and (f), respectively). 

From the eigenvalue buckling analysis, the load multiplier ra-

io of designs A and B, λA / λB , was found to be equal to 1.08, im-

lying essentially the same buckling load for both designs. Hence,

tructure anisotropy did not show a significant effect on buckling

ehavior. However, the load multiplier ratio of designs A and C,

A / λC , was found to be equal to 7.71, i.e., higher than λA / λB by a

actor greater than 7. This indicates that curved lattice members

an enhance buckling, provided they are positioned appropriately

ithin the metamaterial structure. 

Although the computed critical buckling loads provide insight

nto the overall instability of each structure, the experimental re-

ults presented below indicate that this buckling phenomenon is

ot associated with microscopic buckling instigated at the edges

nd walls of the unit cells ( Haghpanah et al., 2014 ) and as-

ociated with the bifurcation instability of the beam members

 Triantafyllidis and Maker, 1985 ). This localized buckling behav-

or is manifested at specific wavelengths that can be potentially

arger than the dimensions of the unit cells ( Haghpanah et al.,

014 ). These modes of the buckled structure, termed the repre-

entative volume element, demonstrate significant variance with

ach other, depending on the macroscopic loading conditions ap-

lied to the structure. These different modes can be obtained

y methods like the Bloch wave theory ( Geymonat et al., 1993 ;

ópez Jiménez and Triantafyllidis, 2013 ). Moreover, metamaterial

tructures may also be subjected to macroscopic buckling or over-
ll buckling, as reported for large wavelengths ( Gibson et al., 1982 ;

ong and Kyriakides, 2005 ; Gong et al., 2005b ; Okumura et al.,

007 ; Johnson et al., 2017 ). This behavior has been attributed to

he loss of ellipticity of the homogenized incremental equilibrium

quations of the material ( Geymonat et al., 1993 ). Nevertheless,

oth of these effects are investigated and demonstrated under the

ssumption that the cellular structure extents infinitely in 3D space

r for a specific number of unit cells that the solutions converge.

ecause the MPL can fabricate a small number of unit cells effi-

iently, the present study does not focus on these effects. There-

ore, the critical buckling load and its corresponding mode may not

e associated with long-wavelength instability of a large 3D struc-

ure and can only be interpreted in terms of the effect of instan-

aneous localized structural changes on the mechanical response

bserved in the experimental results of this study. 

.2. Fabricated metamaterial structures 

Fig. 6 shows SEM images of three-layer metamaterial structures

ith designs A–C. The length and diameter of the lattice members

f design A ( Fig. 6 (a) and (b)) and design B ( Fig. 6 (d) and (e)) is

0 and 0.5 μm, respectively, while the lattice members of design C

 Fig. 6 (c) and (f)) have a length of 10 μm and a diameter of 0.25 μm,

hich is the minimum diameter needed to preserve the structural

ntegrity and prevent the collapse of the structure under its own

eight. The dimensions of the unit cells shown in Fig. 6 are the

ame as those in the FEA simulations. 

.3. Mechanical behavior of metamaterial structures with straight 

attice members 

Fig. 7 shows a representative force versus displacement curve

f the metamaterial structure with design A. The response com-

rises characteristic deformation stages labelled by A–E and shown

n representative SEM images. The abrupt change in slope of the

orce-displacement response at a force of 1640 μN (point B) and

060 μN (point C) is due to internal buckling of some lattice mem-

ers, not fracture. The deformation behavior of this structure in

he first load/unload cycle can be viewed in the video A of Sup-

lemental Information (SI). The spontaneous decrease of the force

lope at point B was instantly followed by a notable slope in-

rease, attributed to structure stiffening due to the contact of buck-

ed lattice members with other members. A similar buckling and

ost-contact sequence of events occurred at point C, i.e., before

he maximum load was reached (point D). Importantly, the struc-

ure demonstrated significant recovery of its original configuration

pon full unloading (point E), revealing a high resilience to large

eformations and a unique capacity to dissipate strain energy by

ts intrinsic nonlinear deformation behavior. 

Fig. 8 shows a typical force-displacement curve of the metama-

erial structure with design B. The deformation behavior of this

tructure in the first load/unload cycle can be viewed in video B

SI). Although the characteristic deformation stages of the mechan-

cal response are similar to those shown in Fig. 7 , there is an im-

ortant difference; that is, in addition to the two buckling events

ncountered at a load of 1401 μN (point B) and 5684 μN (point

), internal beam fracture occurred at a load of ∼20 0 0 μN (point

). The ratio of the loads corresponding to the first and second

uckling events of designs A and B is equal to 1.17 and 1.24, re-

pectively, which is in good agreement with the load multiplier ra-

io ( λA / λB = 1.08) obtained from the eigenvalue buckling analysis.

he inadequate support of the buckled lattice members due to lim-

ted post-contact with neighboring members led to fracture (point

), which continued to concurrently occur with further buck-

ing (point D) as this structure lacked a crack arrest mechanism
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Fig. 6. SEM micrographs of anisotropic intertwined lattice structures with straight and curved members. Side view of structures with (a) design A, (b) design B, and (c) 

design C. Top view of structures with (d) design A, (e) design B, and (f) design C. The diameter of the lattice members in the structures with designs A and B is equal to 

0.5 μm, while that of lattice members in the structure with design C is equal to 0.25 μm. The dimensions of unit cells are the same as those in the FEA simulations. 

Fig. 7. In situ characterization of the mechanical performance of an anisotropic intertwined lattice structure with straight members (design A). The mechanical response 

comprises five distinct deformation states labelled by (A)–(E) and determined from the force versus displacement curve and the video A (SI) of the first load/unload cycle. 

The flat tip was first brought into contact with the structure (point A). A sudden change in the force slope occurred at a critical load (point B) due to internal buckling. 

However, the merely instantaneous increase of the slope indicates stiffening due to contact of lattice members with neighboring members. A second similar sudden change 

in slope occurred at a higher load (point C), suggesting further buckling and contact of lattice members before the maximum load was reached (point D). The original shape 

of the structure was fully recovered upon full unloading (point E) with only a minor damage accumulated in the lattice members of the top layer, indicative of the structure’s 

resilience to large deformations and high strain energy absorption capacity. In all the SEM images, the bar scale is equal to 20 μm. 
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Fig. 8. In situ characterization of the mechanical performance of an anisotropic intertwined lattice structure with straight members (design B). The mechanical response 

comprises five distinct deformation states labelled by (A)–(E) and determined from the force versus displacement curve and the video B (SI) of the first load/unload cycle. 

After the engagement of the flat tip with the structure (point A), a sudden change in the force slope was encountered due to buckling of some lattice members (point B). 

However, in the absence of proximity lattice members to support the buckled members, fracture of buckled members was instigated with the further increase of the load 

(point C), and microfracture continued to evolve until the commencement of a second buckling event (point D) before the onset of unloading. The fully unloaded structure 

(point E) sustained extensive fracture of the lattice members in the top hyper unit cell. In all the SEM images, the bar scale is equal to 20 μm. 

Fig. 9. Stress-strain responses of cyclically loaded anisotropic intertwined lattice 

structures with straight members (designs A and B). Three sequential load/unload 

cycles were applied to examine the dependence of the mechanical performance on 

the orientation of the unit cells. The results indicate commensurate augmentation 

of the stiffness, strength, strain hardening, and energy dissipation capacity of the 

structure with design A compared to that with design B, despite the similar rel- 

ative densities and identical unit cells. The orientation of the unit cells in design 

A allowed post-contact of buckled lattice members, resulting in a more ductile- 

like behavior, whereas continuous fracturing of unsupported lattice members in the 

structure with design B produced a softening behavior. 
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video B). Hence, design B does not meet the design objectives, de-

pite having the same unit cell as design A. 

To examine the evolution of the mechanical response due to

yclic loading, structures with designs A and B were subjected to
hree sequential load/unload cycles. The engineering stress-strain

esponses obtained from these experiments are shown in Fig. 9 .

or design A, energy dissipation (i.e., the force hysteresis area) in-

reased initially and stabilized in the third cycle. Cyclic loading in-

reased the slope of the loading curves of both structures, a con-

equence of contact between deformed and buckled lattice mem-

ers. The stress drops in the loading response of the structure with

esign B in the first and second cycle are manifestations of multi-

le buckling and fracture events. In addition, the stress-strain re-

ponse for design B reveals a brittle-like behavior that is devoid of

he stress plateau observed with ductile materials and perpetual

racturing. 

To further evaluate the mechanical performance of the forego-

ng structures, the residual strain, εr (obtained after full unload-

ng), the energy dissipation per unit volume, u (i.e., the area under

he stress-strain curve), and the elastic stiffness, S (i.e., the initial

lope of the unloading curve), are compared in Table 1 . The ta-

le includes statistical results obtained from all the cyclic loading

ests. These results show that the structure with design A exhibits

reater deformation resilience, significantly higher energy dissipa-

ion capacity, and much higher stiffness at each cycle compared to

he structure with design B. In fact, the third-cycle results show ∼2

imes higher energy dissipation capacity and ∼1.36 times higher

tiffness for the structure with design A than that with design B.

n addition, the rate of increase in energy dissipation is ∼40% for

he structure with design A and ∼11.5% for the structure with de-

ign B, implying more significant strain hardening for the structure

ith design A, with the energy dissipation for the structure with

esign B also showing a decrease in the third cycle. 

Another important difference is that the stress-strain responses

orresponding to design A are fairly smooth, while those corre-

ponding to design B show significant fluctuations during load-
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Table. 1 

Statistical data of the mechanical performance of anisotropic intertwined lattice structures with different designs versus load/unload cycle. 

Load/unload 

cycle 

Design A Design B Design C 

εr u (kJ/m 

3 ) S (MPa) εr u (kJ/m 

3 ) S (MPa) εr S (MPa) 

1 0.210 ± 0.015 731.2 ± 15.5 41.21 ± 3.25 0.295 ± 0.055 446.6 ± 30.8 29.54 ± 5.83 0.153 ± 0.13 6.75 ± 0.25 

2 0.150 ± 0.020 1022.3 ± 30.1 47.18 ± 3.91 0.277 ± 0.067 577.4 ± 45.9 36.82 ± 4.23 0.140 ± 0.13 9.45 ± 1.74 

3 0.126 ± 0.030 1025.5 ± 45.2 

( + 40.2%) 

49.72 ± 2.14 

( + 20.6%) 

0.258 ± 0.075 497.8 ± 5.3 

( + 11.5%) 

36.58 ± 1.09 

( + 23.8%) 

0.134 ± 0.15 20.16 ± 4.91 

( + 198.7%) 

∗Numbers in parentheses indicate differences between the third and first cycle. 

Fig. 10. SEM micrographs of anisotropic intertwined lattice structures with straight members obtained after three load/unload cycles. Side view of a damaged structure 

with (a) design A and (b) design B. High-magnification images showing fractured lattice members in the structures with (c) design A and (f) design B. The fractured lattice 

members correspond to the highly deformed lattice members shown in the FEA simulations. Post-contact of lattice members in design A halted crack growth, enhancing 

strain hardening and ductility. On the contrary, fracture was not inhibited in the structures with design B during loading in the first cycle due to the lack of post-contact of 

the buckled lattice members, resulting in a softening behavior. Highly deformed regions of structures with (e) design A and (f) design B. The relatively rough cross-sectional 

fracture areas of the lattice members of the structure with design A reveal ductile-like fracture, whereas the lines passing through the entire cross-sectional fracture area of 

the lattice members of the structure with design B reveal a multistage fracture process, demonstrating a transition from ductile-like to brittle-like fracture. 
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ing, indicative of perpetual fracture events. The mechanical re-

sponses shown in Fig. 9 reveal ductile-like deformation behavior

for the structure with design A and brittle-like deformation behav-

ior for the structure with design B. In the context of the devel-

oped stresses and deformations, the locations of the fractured lat-

tice members ( Fig. 10 (a) and (b)) are consistent with the FEA sim-
lation results, considering the maximum bending moments arise

t the clamped ends of all beam members. Nevertheless, a com-

rehensive analysis of the fracture mechanisms requires a differ-

nt FEA model, which is beyond the scope of the present study.

he high-magnification micrographs of the highly damaged areas

f metamaterial structures with designs A and B ( Fig. 10 (c)–(f))
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Fig. 11. In situ characterization of the mechanical performance of an anisotropic intertwined lattice structure with curved members (design C). The mechanical response 

comprises four distinct deformation states labelled by (A)–(D) and determined from the force versus displacement curve and the video C (SI) of the first load/unload 

cycle. During the loading of the original structure (point A), buckling of the lattice members of the top layer commenced (point B), followed by a second buckling event 

encompassing lattice members connecting the upper layer with the intermediate layer that resulted in tilting of the structure by ∼30 °. However, due to the capacity of 

the curved lattice members to sustain large deformations, the structure recovered its initial configuration upon full unloading (point D), despite fracturing of some lattice 

members of the top layer, consistent with the predictions of the FEA. In all the SEM images, the bar scale is equal to 20 μm. 
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rovide further insight into the fracture of highly deformed lat-

ice members. The areas containing the fractured lattice members

 Fig. 10 (c) and (d)) are the highly deformed areas predicted from

he FEA simulations ( Fig. 4 ). Because fewer buckled lattice mem-

ers came into contact with other members in the structure with

esign B, this structure exhibited less deformation resistance com-

ared to that with design A. In addition, Fig. 10 (f) reveals a three-

tage fracture process of the lattice members of the structure with

esign B, characterized by a transition from ductile-like to brittle-

ike fracture. 

.4. Mechanical behavior of metamaterial structures with curved 

attice members 

Fig. 11 shows a force-displacement curve characteristic of the

tructure with design C, and video C (SI) shows the deformation

f this structure in the first load/unload cycle. Similar to the struc-

ure with design B ( Fig. 8 ), this structure also exhibited two main

uckling events at a load of 263 μN (point B) and 643 μN (point C).

he load ratio corresponding to the first and third buckling events

f designs A and C is equal to 6.23 and ∼11, respectively. The dif-

erence between both of these values and the load multiplier ra-

io ( λA / λC = 7.71) obtained from the eigenvalue buckling analysis

s attributed to structural imperfections and the possible misalign-

ent of the structure relative to the tip. Despite the large defor-

ation sustained by this structure after each buckling event, its

riginal configuration was fully recovered upon unloading (point

), also seen in video C (SI). 

To study the evolution of the stress-strain response of this

etamaterial structure, the deformation response after each of

hree consecutive load/unload cycles was examined with the SEM.

ig. 12 shows undeformed, highly deformed (maximum deforma-

ion), and fully unloaded configurations of the structure with de-
ign C for each loading cycle, whereas Fig. 13 shows the corre-

ponding stress-strain responses. Cyclic loading produced similar

uckling events in each cycle (videos C–E in SI), and the origi-

al configuration of the structure was fully recovered after each

nloading. Although differences in macroscopic deformation were

ot detected with the SEM, the loading history differed signifi-

antly from those of the structures with designs A and B. Instead

f the distinct stress fluctuations that characterized each buckling

vent in the first cycle, the responses of the second and third cy-

les were affected by a strain localization mechanism, resembling

 strain hardening behavior similar to that caused by shear band

ormation ( Jang et al., 2012 ). This is indicated by the increase of

oth the stress and the unloading slope between the second and

hird cycle. While buckling may induce localized strain softening

n bulk materials ( Mistakidis et al., 1997 ), it is possible that this

echanism was triggered by localized fracture in the first cycle of

his structure, considering that fracture did not occur in any of the

ollowing cycles. Hence, the structure with design C demonstrated

 macroscopic buckling mechanism that entrenched the fluctuating

oading response in the first cycle. In traditional softening, a steady

lastic flow is reached and the stress remains constant ( Chen and

chweizer, 2011 ). However, the stiffness of this metamaterial struc-

ure increased after cyclic loading due to post-contact of some lat-

ice members of the unit cells in the upper and intermediate lay-

rs, as evidenced from the stress-strain responses of the second

nd third cycle ( Fig. 13 ), and this effect was conducive to preserv-

ng the structural integrity of this structure at all cycles. 

The recoverability of this structure compared to those of other

esigns can be interpreted in the context of the results given in

able 1 . Although the structure with design C exhibited the lowest

esidual strain in the first two cycles, its intrinsic softening mecha-

ism mitigated the higher energy dissipation in the first cycle pro-

elled by buckling ( Fig. 13 ); however, the structural integrity was
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Fig. 12. SEM micrographs of an anisotropic intertwined lattice structure with curved members (design C) obtained after 1, 2, and 3 sequential load/unload cycles. (a) 

Undeformed, (b) highly deformed (maximum load), and (c) fully unloaded structure after the first cycle. (d) Undeformed, (e) highly deformed, and (f) fully unloaded structure 

after the second cycle. (g) Undeformed, (h) highly deformed, and (j) fully unloaded structure after the third cycle. Similar buckling events occurred in each loading cycle 

enabling the structures to fully recover their original configurations without fracture of any lattice member apart from a few lattice members of the top layer that fractured 

in the first cycle. In all the SEM images, the bar scale is equal to 20 μm. 

Fig. 13. Stress-strain responses of cyclically loaded anisotropic intertwined lattice 

structure with curved members (design C). Three sequential loading cycles were 

applied to examine the structural integrity of the structure. Despite the similar me- 

chanical responses seen in videos C–E (SI) of the three cycles, localized buckling in 

the first cycle resulted in contact of lattice members of the top and intermediate 

layers, causing a significant stiffness increase in the second and third cycles. 
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not affected and further fracture of lattice members did not occur.

Interestingly, in the third cycle the stiffness increased by ∼200%

from the first cycle, a result attributed to the large deformation

of lattice members connecting the intermediate layer with the top

layer, causing a variance in stiffness due to non-linear geometric

effects ( Cazzani et al., 2016 ; Della Corte et al., 2019 ). The highly
eformed regions of this structure ( Fig. 14 ) show that the cross-

ectional fracture areas of lattice members comprise two regions

an external region at the perimeter of the member and an inter-

al rough region. This morphology indicates that, despite the initial

ccurrence of instantaneous brittle fracture, the energy dissipation

ue to buckling transcended into ductile fracture at the later stage

f crack growth. 

The present study shows that the design of mechanical meta-

aterials with 3D intertwined lattice structures greatly enhances

he stiffness, strain hardening/stiffening, and energy dissipation ca-

acity. The employed design owes its effectiveness to the align-

ent of regular polyhedra in the 3D space and the use of a mul-

ilayer assembly method that not only increases the relative den-

ity of the structure, but also enhances buckling and post-contact

f some lattice members. Importantly, it was confirmed that con-

rolled buckling and post-contact, even for a small number of unit

ells, do not exclusively depend on the relative density of the

tructure, but also on the strategic orientation of the unit cells

nd their connectivity with neighboring cells in the 3D space. De-

pite having identical unit cells, the hyper unit cells of the tested

etamaterial structures differed in the connectivity of their unit

ells. In design A, the unit cells were connected at their edges,

hile in design B the unit cells were connected at their vertices.

lthough post-contact of deformed lattice members was possible

n both designs, this mechanism was not as effective in the struc-

ure with design B because the space between lattice members

as not adequately utilized, leaving large areas unoccupied, hence

esulting in post-contact of the deformed lattice members at much

igher deformation. As a consequence, the buckled lattice mem-

ers fractured because they lacked the contact support of neigh-

oring members, resulting in softening and brittle behavior. Alter-

atively, design A comprised a stable core of intertwined lattice
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Fig. 14. SEM micrographs of fractured lattice members of an anisotropic intertwined lattice structure with curved members (design C) obtained after three sequential 

load/unload cycles. (a) Overall view of the highly deformed structure. (b) A fractured region of the top layer. (c) High-magnification image showing that the cross-sectional 

fracture area of lattice members comprises an external peripheral zone indicative of brittle-like fracture and an internal rough zone revealing ductile-like fracture. 
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embers that exhibited post-contact upon buckling, which was

alidated by an FEA eigenvalue buckling analysis. This design prin-

iple is critical to the feasibility of intertwined lattice structures.

he post-contact behavior was instrumental in yielding a ductile-

ike deformation behavior and enhancing the strain hardening and

tiffness of the structure. Modifying the original unit cell by in-

roducing curved lattice members (design C) enabled the meta-

aterial structure to sustain large reversible deformations. Despite

he occurrence of softening that ameliorated the mechanical re-

ponse by preventing buckling, this type of metamaterial structure

ully recovered its undeformed configuration upon unloading. Us-

ng frame-by-frame visual examination and the force-displacement

esponses, buckling and fracture events were identified in all struc-

ures and the critical failure locations of lattice members were con-

rmed by FEA simulations. 

The fact that the same relative density is not the only factor

ffecting the mechanical performance was demonstrated by the

ignificant effects of the orientation and connectivity of the unit

ells in the structures with designs A and B, despite the identi-

al unit cells of these structures. Therefore, even slight changes in

he configuration of the unit cell may result in a completely dif-

erent geometry that must be addressed separately from all others.

he direct consequence is the isolation of structures in the design

pace as independent entities and the means to efficiently navigate

hrough the design space. In addition, because intertwined lattice

tructures combine both stretching and bending to enhance stiff-

ning and energy dissipation, the classification of structures dom-

nated explicitly by the former deformation modes is ambiguous.

o address this issue, it is necessary to introduce a methodology

hat can identify isotropy subgroups in crystals. Furthermore, op-

imization tools, such as topology optimization ( Thomsen et al.,

018 ) and deep learning ( Ma et al., 2018 ), can be used to ob-

ain an optimum configuration of intertwined unit cells. To this

nd, more advanced experimental techniques must be developed

o effectively study anisotropy effects on metamaterial structures

 Bauer et al., 2015 ). In addition, the MPL process must be ad-

anced to facilitate the fabrication of novel and efficient structures

or large-scale applications. Therefore, more systematic research is

eeded to integrate the MPL process with other techniques, such

s holographic lithography ( Campbell et al., 20 0 0 ) or mesoscale

abrication ( Jonušauskas et al., 2019 ), and expediting the design of

ersatile metamaterial structures for large-scale applications. Addi-

ionally, further investigation of both microscopic and macroscopic

uckling phenomena is needed to reveal the effect of these mech-

nisms on large arrays of unit cells and the critical scale for con-

ergence of the obtained modes. Because these structures are 3D
 s
nd highly complex, optimization techniques, such as deep learn-

ng, may be effective in delineating these responses and finding the

epresentative volume element. 

. Conclusions 

A new design approach for mechanical metamaterials that pro-

ides significantly enhanced mechanical performance through tai-

ored buckling and post-contact of some lattice members was in-

roduced in this study. The basic geometry is the three-compound

ctahedron, a variation of the first stellation of the rhombic

odecahedron. The stellated geometries represent a vast source

or the design space because they provide an abundance of dif-

erent complex structures that can be systematically arranged to

ssemble hierarchical structures with each hierarchy level being at

he same length scale. This is advantageous for overcoming the

omplexities introduced by the length scales needed to resem-

le the structural characteristics of biomimetic structures. Tailoring

he unit cell orientation and shape can be accomplished through

he effective integration of design principles, microfabrication, in

itu mechanical characterization, and simulations, leading to either

nprecedented or inconsistent mechanical behaviors. This study

hows that tuning only the relative density and using standard de-

ign principles are inept for designing novel ultralight/ultrastiff ar-

hitected structures. 

Localized buckling and post-contact of lattice members pro-

ided a metamaterial structure with intertwined thick and straight

embers (design A) that showed increased resilience to large de-

ormations, enhanced stiffness, and high energy dissipation capac-

ty. However, keeping the same unit cell but changing the orienta-

ion of the unit cells in the structure degraded the mechanical per-

ormance due to fracture of the buckled lattice members (design

). Alternatively, the specific orientation and connectivity of the

attice members in the intermediate and top layers of the metama-

erial structure with thin and curved members (design C) provided

emarkable recoverability and high stiffness. 

The unprecedented mechanical responses of structures with de-

igns A–C were achieved by utilizing the connectivity and geomet-

ic effects of simple polyhedral structures. The present study es-

ablishes an important design foundation for architected metama-

erials tuned to exhibit large reversible deformations, significant

train hardening/stiffening, and high energy dissipation capacity.

his can be accomplished by controlling localized buckling of the

attice members and inducing ductile and strain localization re-

ponses that resemble those of bulk materials. 
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