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Improved mechanical performance 
of quasi‑cubic lattice metamaterials 
with asymmetric joints
Yury O. Solyaev 1,2*, Anastasia D. Ustenko 1,2,3, Arseniy V. Babaytsev 2,3 & 
Vasiliy N. Dobryanskiy 2,3

In this paper, we propose a simple method for the modification of the unit cells in the lattice 
metamaterials that provides an improvement of their impact strength. The idea is based on the 
introduction of small mutual offsets of the interconnected struts inside the unit cells. In such way, the 
joints between the struts become asymmetric and the overall geometry of the unit cells can be defined 
as the quasi‑cubic with the axis of chirality. Considering four types of cubic lattices with BCC, BCT, FCC 
and octahedron structures, we modified their geometry and investigated the influence of the offsets 
and the unit cell size on the overall performance in static and dynamic tests. From the experiments we 
found that the small offsets (less than the strut diameter) can allow to increase the impact strength 
of 3d‑printed polymeric specimens in 1.5–3 times remaining almost the same density and static 
mechanical properties. Based on the numerical simulations, we show that the explanation of the 
observed phenomena can be related to the increase of plastic deformations and damage accumulation 
in the unit‑cells with asymmetric joints leading to the transition from the quasi‑brittle to the ductile 
type of fracture in tested specimens.

Cellular structures are ubiquitous in nature, in structural engineering and in materials  science1–3. In the present 
paper, we focus on the strut-based artificial cellular structures – hereafter referred to as lattice  metamaterials4. 
Modern 3d-printing technologies allow to produce the lattice metamaterials with complex geometry of the unit 
cells that provides their unique mechanical properties such as the ultra-high and tailorable specific stiffness 
and  strength5,6, high impact  strength7–9 and wide band gaps in the dynamic  response10–12, negative Poisson’s 
ratio, thermal expansion or  stiffness13–15, pronounced non-classical Cosserat-type and Mindlin-type macro-
scale  behavoir16–19, etc. The design of the unit cells in the lattice structures usually defines the position, size 
and orientation of the struts to provide some desired topology and related macroscopic response such that the 
stretch-dominated  behavior20–22, the quasi-isotropic averaged  properties23,24, the prescribed anisotropy and the 
symmetric  groups25,26 or the functionally graded  structure27,28.

Usually, lattice metamaterials consist of perfectly symmetric unit  cells1,21,29 or specially designed chiral 
 elements16,30. The members in these unit cells are interconnected with straight and smooth joints (intersections), 
ensuring ideal interpenetration. In this study, we propose to explore unit cells that deviate from their ideal shape, 
incorporating asymmetry into the joints. This asymmetry is achieved by introducing offsets between intersecting 
struts within the standard unit cells. Specifically, we consider four widely used cubic lattices with BCC, BCT, 
FCC, and octahedron (OCT) structure and modify them using our proposed approach. Experimental tests and 
numerical simulations demonstrate that the proposed design method improves the dynamic response of these 
lattices while preserving their density and static properties.

Notably, the lattices under consideration are well-known for being bending-dominated, with corresponding 
Maxwell indices of −13 (BCC, BCT), −9 (FCC), and −2 (OCT). These values can be estimated using the standard 
relation M = s − 3n+ 6 , where s represents the number of struts and n represents the number of nodes in the 
unit  cell29,31 (negative values of M are typically associated with bending-dominated  structures20). By introduc-
ing small offsets that are smaller than the struts’ diameter, we can maintain the original Maxwell indices, thus 
preserving the degree of bending-dominated behavior. This is crucial as bending-dominated behavior is known 
to be superior to stretch-dominated behavior in dynamic applications and energy  absorption3. Additionally, we 
investigate the effects of larger offsets in order to assess the behavior of structures with significant asymmetry 
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and a reduced number of joints (nodes) within the unit cells. As we will demonstrate, these strongly asymmetric 
structures can be also effective under impact loading, depending on the specific structure and unit cell size.

Obtained modified lattices can be defined as quasi-cubic. We give this definition following recent  work32, 
where the similar BCC structures were obtained by using 3d-printing technique at the nano-scale level. These 
structures were characterized by shifted, stochastic, and asymmetric contacts between the struts, which occurred 
as a result of imperfections in the manufacturing process. However, it was observed that these imperfections did 
not significantly impact the overall mechanical performance of the metamaterials produced. In the present study, 
we especially introduce the asymmetric geometry of the unit cells and investigate its influence on the properties 
of the obtained quasi-cubic metamaterials.

In our previous  work33, we considered similar approach for the plane lattice structures. We discovered that 
introducing small out-of-plane offsets for the struts resulted in a significant improvement in impact strength, 
ranging from 3.5 to 5 times in comparison with standard plane lattices, while the static properties of the struc-
tures remained mostly unchanged. It was shown that this enhancement in mechanical performance can be 
attributed to the reduction in stress concentration and the stress state triaxiality in the asymmetric joints. Instead 
of experiencing tension and bending like ideal joints, these asymmetric joints undergo intense twist and shear. 
Building upon these findings, we present and validate a novel design method for three-dimensional cubic lattices 
in the present study. Our approach allows to obtain the modified structures that showcase an increase in impact 
strength by 1.5 to 3 times without a significant reduction in static properties.

The proposed design method is based on the concept of pantographic metamaterials  design4,18,34,35. Panto-
graphic metamaterials consist of inclined beams arranged in two families, connected at intersections by small 
 pivots36. These structures exhibit unique mechanical properties, such as a wide range of elastic deformations 
and non-local  response34,37,38. The asymmetric joints used in the present paper can be treated as the rigid pivots 
generalized for 3D structures. Another kinds of generalization of pantographic structures for 2.5D and 3D lat-
tices has been considered recently in Refs.39–41.

We can note two similar assymetrization approaches for the lattice  metamaterials42,43 that have been proposed 
previously in the existing literature. At first, we can mention the recent  work42, where the similar chiral geometry 
of the unit cells with asymmetrically placed struts were proposed. However, our approach differs by considering 
significantly smaller optimal offsets between the struts in quasi-cubic lattices while maintaining the number of 
struts in the unit cell. Furthermore, our method allows for the design of unit cells with relatively thick struts 
compared to the size of the unit cells, resulting in higher static stiffness and strength. In contrast, the unit cells 
in Ref.42 consist of numerous thin struts forming hyperbolic-type surfaces. Moreover, we demonstrate that our 
design method can enhance the impact strength of various types of the unit cells. Secondly, the concept of asym-
metric interwoven lattices with enhanced energy absorption capabilities has been proposed recently in Ref.43. 
In that study, highly compliant structures were created by selectively decoupling nodes in bending-dominated 
lattices. However, unlike their work, we do not introduce zig-zag type struts and instead maintain them in a 
straight configuration. This novel approach allows us to achieve a combination of relatively high stiffness and 
superior energy absorption capacity.

In the field of engineering and optimization of the joints in the lattice metamaterials, we can also mention 
the prior studies, where the issue of stress concentration at the joint between the struts have been addressed. 
Some strategies involved incorporating fillets and other smoothed  geometries44–46, while others explored the 
use of tapered  struts47,48. These design approaches can be synergistically combined with our proposed method.

Thus, the proposed method for the design of asymmetric quasi-cubic lattices seems to be new and have not 
been considered previously in application to the lattice metamaterials. Although similar structures with asym-
metric welded or bolted joints are commonly used, e.g. in civil  engineering49. Also, there exist a lot of natural 
materials and tissues that consist of the fibers adhered to each other at the intersections, resulting in exceptional 
impact  strength50–52.

Results
Structure design approach. The idea for generation of the lattice metamaterials with asymmetric joints 
between the struts is illustrated in Fig. 1a. It is suggested to introduce the mutual offset between the intercon-
nected struts. The offset is defined as the displacement of the struts axes in the normal direction to plane formed 
by these axes. Namely, in Fig. 1 the axes a1 and a2 of cylindrical struts oriented along global x- and y- axes, 
respectively, are shifted in the direction of global z-axis. The absolute value of the distance between the axes a1 
and a2 (i.e. the offset) in the modified structure is defined as sa . It is convenient to define the relative offset as the 
ratio between its absolute value sa and the diameter of the struts d. In the following, this relative offset will be 
denoted as s = sa/d.

Example of the modified face centered cubic (FCC) structure with different relative offsets between the 
struts is presented in Fig. 1b. In this example, we chose the families of intersected pairs of the struts from the 
opposite sides of the unit cell (green/blue and red/yellow struts in Fig. 1b) and provide the offsets in the normal 
direction to the corresponding planes formed by their axes. It can be seen, that the modified structure become 
asymmetric. The degree of asymmetry can be related to the offset value s. For the case s = 0 we have standard 
FCC lattice with ideal cubic symmetry and straight interpenetration of the struts. For the case s > 0 we obtain 
the modified structure with shifted struts and asymmetric joints between them (or without the joints for large 
s). The obtained structure can be denoted as quasi-cubic following Ref.42.

From an intuitive standpoint, it may seem that for relative offset values (s) greater than 1, the struts will lose 
their connection. However, this understanding is not entirely accurate, as in three-dimensional structures, the 
connections between struts from different families can still persist even for s values greater than 1. This is evident 
in Fig. 1b, where the connection between struts belonging to the selected families (green/blue and red/yellow) is 
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lost for s = 3/2 , but the connections between struts from different families (green/red, green/yellow, blue/red, 
blue/yellow) remain. Thus, in the experiments we used rather wide range of the offsets with s = 0 , 2/3, 3/2 and 2. 
In such way, we considered the quasi-cubic structures with almost ideal joints with small asymmetry ( s = 2/3 ) 
that have the same Maxwell number to the initial ideal cubic lattices ( s = 0 ). Also we considered the structures 
with reduced Maxwell numbers (i.e. with increased bending-dominated behavior) with s = 3/2 and s = 2 . In the 
last limiting case ( s = 2 ) the structure become fully disintegrated inside the unit cells similarly to the recently 

Figure 1.  The illustration for the idea of generation of asymmetric joints in the unit cells with mutual offset 
of the struts. (a): Instead of ideal interpenetration of the struts (left) we use shifted position of the struts with 
relative offset s = sa/d (right). (b): Example for the modification of FCC structure. The intersected structs from 
the opposite faces of the unit cell (green/blue and red/yellow) are shifted with relative offsets s = 0... 2.
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Figure 2.  (a) The design of the unit cells for the modified lattices (right) with initial BCC, BCT, FCC and OCT 
structures (left). Isometric and top views for the geometry of the unit cells are shown. The introduced relative 
offsets of the struts s are marked in the plots. (b) Examples of the models of specimens used in bending and 
compression tests (the number of unit cells along the height of the lattice core in the given examples is N = 4 , 
i.e. the relative size of the unit cells is h/H = 0.25).
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proposed interwoven lattices with decoupled  nodes43, but with straight struts. In such case the long struts will 
be connected only to the outer solid face plates of the sandwich-type specimens used in the experimental tests.

Types of unit cells. The geometries of the four lattice types used in the experiments are shown in Fig. 2a. 
We considered and modified the widely used FCC, BCC, BCT and octahedron (OCT) structures. Note, that FCC 
fragment presented in Fig. 1b cannot be referred as the unit cell since the arrays of such fragments will contain 
the interpenetrated parts from different neighbours. Thus, in Fig. 1b we give an illustration for the proposed 
design method, while rigorous definitions for the obtained modified unit cells with FCC and other structures are 
given in Fig. 2a. The difference between BCC and BCT is in the orientation of the struts in the virtual cubic unit 
cell (struts connect opposite corners in BCC and opposite edges in BCT)53. OCT structure contains the inclined 
elements similar to BCT and additional horizontal frame on the top and bottom sides of the unit cells. All struts 
in all unit cells have cylindrical shape.

In all considered types of the unit cells we chose the families of intersected struts (highlighted by green/blue 
and red/yellow colors) and provided the relative offsets between these struts. The definition of the offsets is given 
in Fig. 2a. All kinds of modified unit cells become asymmetric, moreover from the top view plots it can bee seen 
that their geometry can be referred as the chiral-type. Such chirality leads to the coupling between the twist and 
tension/compression along the vertical axis of the unit  cells42. In all experiments this vertical axis (axis of twist) 
was oriented along the directions of applied loads in the static as well as in the dynamic tests.

Experimental specimens. In the experiments we considered 3d-printed sandwich-type specimens 
(Fig. 2b) having the lattice cores with four types of the unit cells presented in Fig. 2a. Sandwich-type samples 
with thin face sheets provide more uniform distribution of the loads over the lattices and simulate the behavior 
of the typical lightweight structural elements with cellular fillers. The illustrations for the all kinds of printed 
samples and micro-photos for the modified unit cells can be found in the supplementary information file.

Unit cells size. In this study, our primary focus was to assess the impact of the relative offsets (s) and the size 
of the unit cells (h) on the mechanical properties of the specimens. The size h was chosen to provide different 
number of the unit cells N = 1...8 placed along the height of the lattice core H so that the relative size of the unit 
cell was h/H = 1/N = 0.125...1 . The relative offsets in the unit cells were generated according to the proposed 
approach (Figs. 1, 2a). In total, we considered 80 different variants of the lattice cores: 4 kinds of the lattices with 
5 kinds of the unit cell size and 4 kinds of the offsets inside the unit cells.

Relative density. The volume fraction of the solid material in tested specimens was chosen taking into account 
the minimal possible size of the unit cells and minimal diameter of the struts that can be produced by using 
considered 3d printing technology (mSLA) without defects. Also, the chosen volume fraction of solid material 
should not be large to ensure the internal space of the lattices can be cleared effectively after printing. Thus, the 
minimal size of the unit cells in the lattices was h = 1.25 mm ( N = 8 ) and the minimal diameter of the struts 
that can be printed with appropriate accuracy was found to be d = 0.125 mm. Therefore, we used this minimal 
diameter in the minimal unit cells and for the chosen kinds of the lattices with zero offsets ( s = 0 ) we obtained 
the following relative densities: ρ/ρs = 0.146 (FCC, BCT), ρ/ρs = 0.178 (BCC) and ρ/ρs = 0.204 (OCT). In 
all other lattices with larger unit cells we used the same volume fraction, i.e. the unit cells were scaled with cor-
responding scale factors. Diameters of the struts were all the same in different lattices with the same size of the 
unit cells ensuring the same quality of 3d-printed structures.

In the modified lattices with non-zero offsets ( s  = 0 ) the struts diameter d and the unit cell size h were the 
same to the corresponding standard cubic structures. However, due to influence of the introduced offsets, the 
relative densities of the modified lattices were slightly changed. The dependence of relative densities of consid-
ered modified structures on the relative offsets is presented in Fig. 3. It can be seen, that the relative density of 
the lattices with smallest offset ( s = 2/3 ) doesn’t go beyond 1–2%. For the largest offset ( s = 2 ) the structures 
become denser not more than on 3 %.

Results of experimental tests. Apparent impact strength and bending modulus of different lattices were 
found from dynamic and static 3-point bending tests, respectively. Apparent yield strength and toughness were 
found in the quasi-static compression tests. The chosen variants of the tests provide an assessment on the effi-
ciency of the lattices under localised and distributed transverse loads that is crucial for the cores of the sandwich 
 structures54.

Impact strength. Dependence of the normalized impact strength on the unit cell size and the relative offsets for 
different lattices is presented in Fig. 4. In this figure and in the following we present mean values of the experi-
mental data averaged over the tests with similar specimens. The scattering of impact strength was not higher 
than ±20 % (see supplementary information file), while for the solid 3d-printed samples this scattering was ±13 
%. The scattering was the smallest in the modified structures with the highest impact strength.

In Fig. 4 it can be seen that the most significant increase of impact strength is realized for the relative offsets 
s = 2/3 (orange curves) and for the unit cell size h/H = 0.167...0.5 . Notably, that these unit cells sizes are close 
to the radius of striking edge of hammer used in the impact tests (3.2 mm). For the smaller ( h/H = 0.125 ) and 
larger ( h/H = 1 ) unit cells the impact strength and the effect of modification is reduced. This can be explained 
by the softening of the core containing the very thin struts and by the large distance between the thick struts and 
related poor supporting of the face plates.
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Figure 3.  Dependence of relative density on the relative offsets of the struts in the unit cells of different kinds. 
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relative offsets s for different lattice structures (noted on the plots a–d). Impact strength is normalized with 
respect to the property of the solid material: as = 2.5 J.
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In the best variants of modified FCC and BCC structures the impact strength reaches 1.2–1.5 of the initial 
ideal structures (Fig. 4a,b). The higher effect is realized in the modified BCT and OCT lattices, whose impact 
strength increases in 2–3 times (see Fig. 4c,d). For these lattices the positive effect can be also achieved by using 
larger offsets s = 3/2 and 2. Notably, that BCT and OCT lattices have the same basic structure: OCT is just a BCT 
lattice with additional unmodified horizontal struts (see Fig. 2a). Therefore, the effects of modification are most 
significant for BCT-type structures that have the central node (in opposite to FCC) and have the struts oriented 
more closely to the direction of impact (45° in BCT instead of 55° in BCC).

Static mechanical properties. The dependence of the apparent bending modulus, yield strength and toughness 
on the unit cell size and relative offsets established in the quasi-static experiments are presented in Fig. 5. The 
static properties of the modified structures with the offsets in most cases are comparable to those of ideal cubic 
lattices. Moreover, in some cases the asymmetric variants of the structures demonstrate better properties than 
the ideal one (see the bending modulus of BBC and OCT, the toughness of BCT and OCT in Fig. 5). The larg-
est unit cells ( h/H = 1 ) demonstrate the best static properties in all considered cases, while for the smaller unit 
cells the strength and stiffness are reduced. The strength decrease can be attributed to the significant influence 
of the absolute values of the strut diameters under quasi-static regimes of deformations. In the considered bend-
ing-dominated structures the failure is related mainly to the local buckling of the struts so that their diameter 
become crucial. The size effects of bending modulus insignificant till h/H = 0.25 (see Fig. 5a), while the defects 
and imperfect shape of printed elements for smaller unit cells can play the dominant role on the reduction of 
their stiffness.
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of different types of the lattices (noted on the plots) on the size of the unit cells and on the relative offsets s. The 
corresponding properties of the solid material: Es = 1.27 GPa, σs = 33 MPa, Us = 33.1 kJ/m3.
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Ashby plots. As it was shown in Fig. 3 the relative density of modified asymmetric lattices are slightly higher 
than those one of ideal cubic metamaterials. To provide the comparison and to show the influence of the pro-
posed asymmetric joints on the specific properties of the lattices we present Ashby plots in Fig. 6. In this figure 
we demonstrate the ranges of specific properties that can be achieved by using ideal and modified lattices with 
different size of the unit cells h/H = 0.167...0.5 . The relative properties normalized with respect to the proper-
ties of solid material are presented (i.e. ā = a/as , ρ̄ = ρ/ρs , etc.). The mean experimental values are marked 
with dots: open for the ideal and solid for the asymmetric structures. In Fig. 6 we show the results only for FCC, 
BCT and OCT structures. Results for BCC structure are not presented to make the plots more readable since 
the specific properties of BCC were changed not very strong and only the their absolute values were improved 
(see Figs. 4b, 5).

Note, that the best material with the highest specific properties corresponds to the upper right areas of the 
plots in Fig. 6. In the first row (Fig. 6a,b) we compare the energy absorption under impact and the static stiffness 
and strength, while in the second row (Fig. 6c,d) the comparison is given for the energy absorption under static 
loading (toughness). It can be seen that the most effective material that demonstrates the improvement of the 
dynamic as well as the static specific properties is OCT lattice. Two other structures (FCC, BCT) demonstrate 
the possibility of strong improvement of the specific impact strength (up to 3 times) with some decrease of the 
static properties. The static strength and toughness can be also increased in FCC structures for the unit cell size 
h/H = 0.5 (see Fig. 6d).

Fracture mechanisms. The comparison between the fractured samples of ideal ( s = 0 ) and asymmetric 
( s = 2/3 ) lattices is presented in Fig. 7a. Here we present the structures with the highest impact strength that 
are N = 4 for FCC and BCC and N = 2 for BCT and OCT (all other fractured lattices can be seen in supple-
mentary information file). In Fig. 7a it can be seen, that in the ideal cubic FCC, BCT, and OCT lattices the crack 
propagated from the center of upper face sheet (place of impact) in the diagonal direction to the lower face sheet 
(place of support). In opposite, in the corresponding modified structures, there arise the large damaged zone in 
the center of the specimen with non-obvious direction of the crack propagation. Therefore, it can be inferred 
that asymmetric joints play a crucial role in altering both fracture mechanisms and crack propagation patterns. 
In structures with ideal FCC, BCT, OCT lattices, single through cracks, which are clearly observable, are indica-
tive of “quasi-brittle” fracture. Conversely, in structures with asymmetric joints, we observe large non-linear 
deformations and damage accumulation, leading to a characteristic “quasi-ductile” fracture of the specimen. The 
different situation arises in BCC lattice, for which the change between the impact strength of the ideal and modi-
fied lattices is not strong (about 15%, see Fig. 7a). In these lattices the fracture mechanism also does not change 
strongly so that we can conclude that BCC is rather optimal in its ideal modification ( s = 0 ), or that the optimal 
offset was not found among the considered variants of s.

The change of the failure mechanisms was also observed in the quasi-static bending and compression tests. 
An example of deformation processes in BCT specimens is presented in Fig. 7b,c. In Fig. 7b (left) one can see 
the inclined through crack that arises in the ideal BCT structure under bending. This crack is initiated inside the 
core, then it propagates and destroys the lower face sheet, ultimately causing the complete failure of the speci-
men. In opposite, in the modified BCT core we observe an intensive damage and compression of the unit cells 
without crack propagation (Fig. 7b, right). In the photos of the compression tests with BCT specimens, one can 
see the change of failure type at the level of single unit cell (Fig. 7c). The joints between the struts are fractured 
in the standard structure ( s = 0 ) before the total compression of the unit cell. In opposite, the modified unit cell 
( s = 2/3 ) deformed until total compression without observable fracture of the joints. The similar results were 
obtained for OCT and FCC structures and less visual for BBC, where the increase of impact strength was less 
pronounced (see Supplementary information file).

Numerical simulations. An evidence for the change of fracture mechanisms in the ideal cubic and in 
the asymmetric quasi-cubic lattices was obtained using numerical simulations. In Fig.  8a–c we present the 
results of the finite-element modelling for the impact tests with BCT specimens with relative size of the unit 
cells h/H = 0.5 and with offsets s = 0 and s = 2/3 , where the most significant increase of impact strength was 
observed in the experiments (see Fig. 4c). It is notable that the failure time for the ideal and modified samples 
were changed in about two times. The standard structure was totally destroyed during first 3.5 ms after impact 
(Fig. 8a). The crack oriented along the inclined struts of the lattice core was nucleated at the third millisecond. 
Then, this crack rapidly propagated to the supported surfaces of the samples and destroyed it. In opposite, in 
the modified asymmetric structure one can see the large non-linear deformations and deep indentation of the 
loading nose into the sample during 6.5 ms (Fig. 8b). During this process, there arise a lot of fractured struts 
and compressed unit cells in the core. The specimen finally broken at t = 7.2 ms, when the lower face sheets was 
fractured due to intensive tensile stress.

Evaluated time-dependent values of the hammer velocity and maximum equivalent strain in FE model of the 
specimen are presented in Fig. 8c. It can be seen, that after reaching the mentioned failure times the velocity of 
hammer takes the asymptotic values (blue lines in Fig. 8c). As a result, it continues to move forward without any 
deceleration. The maximum equivalent strain takes higher values (up to 0.13) and persists longer in the modi-
fied lattices with continuous increase up to its failure (solid orange line in Fig. 8c), while the drop of equivalent 
strain arises in the ideal lattice already at t = 2 ms, when the struts experienced the local failure. Notably, that this 
effect can be related to the change of the stress state triaxiality, when the shear deformation become negligible 
in the sharp interpenetrated contacts between the struts in the ideal structure and the most dangerous triaxial 
tension become intensive and initiate the through crack propagation over the over-loaded joints of the  struts33.
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Based on the evaluated drop of velocity, it was found that the energy absorption in the ideal structure was 
�E = 1.37 J and in the modified structure �E = 3.35 J. The result for the standard lattice correlates well with the 
experiment (see Fig. 4c). The result for the modified lattice underestimates the experimental impact strength. 
This can be explained by several factors that contribute to the uncertainties of material properties, the scatter-
ing of experimental data, and the influence of friction between the broken samples and the pendulum. Also, 
the important role for the high-strain rate behavoir of the polymer material can play the visco-elastic effects. 
These effects are not taken into account explicitly in the considered model so that the value of limiting stress in 
the used failure criterion should be treated as identified parameter only for the considered velocity of impact. 
Nevertheless, the positive effect and the change of fracture mechanism related to the asymmetric joints in the 
quasi-cubic lattices are confirmed by the dynamic simulations.

Additionally, we performed quasi-static simulations for the elasto-plastic response of BCT specimens under 
compression. The results are presented in Fig. 8d–f. In Fig. 8e it is shown that the used finite-element model 
provides accurate description for the specimens deformations up to the values of compressive strain ε = 0.15 . 
At this level of compression, in the experiments we observe the first defect in the central joint between the 
struts in the standard BCT structure (Fig. 7c, upper row). Notably, that in the simulations we also observe the 
highest concentration of triaxial stress sate exactly in this place (Fig. 8d, s = 0 ). This means that the fracture of 
this joint has a brittle nature, in opposite to the modified asymmetric joints, where the stress triaxility factor is 
lower in about 1.5 times (Fig. 8d, s = 2/3 ). The results of simulations in Fig. 8d are presented for the last step 
of calculations at ε = 0.15 . After this moment, we observe a drop of stress level on the experimental curves in 
Fig. 8e. In the standard BCT structure this drop is due to fracture of the joints, while in the modified structure 
it is related to the buckling of struts and large inelastic deformations of the joints (Fig. 7c). As the result, after 
total compression of the central unit cell, the modified structure obtains higher residual stiffness and strength 
and related higher toughness (Fig. 8e, ε > 0.3).
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Figure 6.  Ashby plots for the specific properties of ideal and modified lattices. Colored areas denote the range 
of properties that can be obtained within the considered approach for BCT, FCC and OCT lattices (taking into 
account the scattering of experimental data). The open markers denote the mean properties of the standard 
cubic lattices. The solid markers denote the properties of the modified quasi-cubic lattices with best properties. 
The size of markers denote the relative size of the unit cells (small – h/H = 0.167 , middle – h/H = 0.25 , large – 
h/H = 0.5).
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Notably, that during the macro-scale elastic deformations of the specimens, the maximum stress triaxility 
factor in the standard structure can be in 6 times higher than in the modified one (Fig. 8f). This maximum is 
reached, approximately at the yield point (marked on the curves in Fig. 8e), when the influence of stress con-
centration at the joints is most significant. At the micro-scale level, such a high level of hydrostatic tension leads 
to the formation of sub-micrometer voids and crazing in the microstructure of polymer  material55 making the 
joints between the struts the weakest elements in the unit cells.

Discussion
From the presented results it follows that the proposed design method allows to increase in 1.5-3 times the abso-
lute and the specific impact properties of the lattices without strong decrease or even with some improvement 
of their static properties. The design areas on the Ashby plots (Fig. 6) for the standard cubic structures can be 
significantly increased then by using proposed quasi-cubic lattices. In contrast to the known  asymmetrization42 
and nodes decoupling  methods43, in the present case we provide the preserving or even some increase of the 
static stiffness and strength in comparison with the ideal structures. The effect is reached by using small relative 
offsets (less then the struts diameter) in the unit cells with almost the same density and the same diameters of 
the straight struts as those in the ideal standard lattices.

The explanation of the obtained improvement can be related to the change of the fracture mechanisms in the 
structures with asymmetric joints. In our previous  work33, it was shown that the usage of asymmetric joints in 
the plane lattices (the out-of-plane offsets) leads to the decrease of stress concentration and decrease of stress 
triaxiality in the joints between the struts. The plastic deformations became more intensive with higher values 
of deviatoric stress related to the twist and rotations in the asymmetric joints instead of tension and bending in 
the ideal joints. In the present case, we can observe the similar phenomena in the asymmetric three-dimensional 
structures. The large inelastic deformations of asymmetric three-dimensional unit cells provides possibility for the 
increase of energy absorption capacity in the lattice core and the change of its failure type from quasi-brittle with a 
through crack to quasi-ductile with indentation and energetically costly progressive compression of the unit cells.

The future studies should focus on the application of the proposed method to other types of lattices. Specifi-
cally, there should be an investigation into the influence of the struts inclination angles. Application and valida-
tion of effectiveness of the method for the metallic lattices should be performed. Generalized method for the 
design of quasi-cubic lattices with several axes of chirality should be also developed.

Methods
Experimental specimens. The experiments were performed by using sandwich-type specimens. Prismatic 
specimens were used in bending static and impact tests. The specimens of cubic shape were used in the static 
compression tests. The sketches of the samples with associated dimensions are presented in Fig. 2b . Thickness of 
the face plates in all specimens were hf = 1 mm. Thickness and width of the lattice core were H = b = 10 mm. 
The total thickness and total width of all specimens were 12 mm (including additional size of the face sheets). 
The length of prismatic specimens was L = 55− 60 mm so that the span size in the bending tests was L0 = 35 
mm and the length of the specimen segments placed out of the supports was not less than their height (10 mm) 
from both sides. The certain values of length L were chosen to provide the integer number of the unit cells placed 
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Figure 7.  (a) Fractured samples with different lattice cores with ideal ( s = 0 , left) and modified asymmetric 
( s = 2/3 , right) structures. The mean values of relative impact strength of corresponding structures are noted on 
the plots. (b) Deformations and failure of standard ( s = 0 , left) and modified ( s = 2/3 , right) BCT specimens 
under bending at different deflections w, (c) Deformations and failure of standard ( s = 0 , upper row) and 
modified ( s = 2/3 , lower row) BCT specimens under compression at different levels of engineering compressive 
strain ε.
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along the specimen length. Namely, in the specimens with largest unit cells the length was maximum ( L = 60 
mm) so that 6 full unit cells (with dimensions 10× 10× 10 mm) were placed inside the core. In other specimens 
the length was L = 55 mm.

The number of unit cells along the printed specimen height was N = 1, 2, 4, 6 or 8 and the relative offsets 
were s = 0, 2/3, 3/2 or 2 as discussed above. The smallest size of the unit cells was h = 1.25 mm with the struts 
diameter d = 0.125 mm, while the largest one has h = H = 10 mm and d = 1 mm.

Material and manufacturing method. The specimens were produced by using masked stereolithogra-
phy 3d printing technology (mSLA/LCD)56. We employed the ANYCUBIC Photon Mono SE photocuring 3D 
printer with UV sensitive resin provided by Shenzhen Anycubic Technology Co, China. UV sensitive resin is a 
liquid photopolymer which is comprised of a mixture of oligomers, monomers and photoinitiators (epoxy resin 
60 wt.%, (1-methyl-1,2-ethanediyl)bis[oxy(methyl-2,1-ethanediyl)] diacrylate 0.35 wt.%, hydroxycyclohexyl 
phenyl ketone 5 wt.%)57. All specimens were printed without supports and oriented horizontally in the chamber 
during printing (lower face sheet lay on the platform). The printing resolution was 50 µ m. Printed specimens 
were cleared after manufacturing with the use of an alcohol rinse followed by a water rinse and dried then by 
using an air hose to remove the uncured resin.

The dimensional errors of the used mSLA technology is not higher than 7%. These errors arise mainly due to 
shrinkage (up to 5.5% according to the material data  sheet57, see  also58). The mass error of the printed samples 
was not higher than 4% mainly due to remaining small amount of uncured resin inside the lattices.

The solid 3d printed material has density ρs = 0.9 g/cm3 , Young’s modulus Es = 1.27 GPa, fracture elonga-
tion under tension 8.1 %, compression yield strength σs = 33 MPa, toughness in the compression test Us = 30.1 
MJ/m3 and impact strength in Charpy test as = 25 kJ/m2 . For the impact tests we used five to ten specimens 
having the same structure to check the scattering of material properties. The increased number of the samples 
(10) were used if some observable defects arose in the lattice core after printing (not placed in the central part 
of the sample, where the load was applied, in other case the sample was re-printed).
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Figure 8.  Results of finite element simulations for the impact tests and static compression tests with BCT 
specimens. Deformations in the ideal cubic structure with s = 0 (a) and in the asymmetric quasi-cubic structure 
with s = 2/3 (b). Color scheme corresponds to the equivalent strain. (c): The change of striker velocity (blue) 
and the maximum equivalent strain in the samples (orange) over time found in numerical simulations. Dotted 
lines – ideal structure ( s = 0 ), solid lines – modified asymmetric structure ( s = 2/3 ). (d): Distribution of stress 
triaxiality factor in the deformed specimens with standard and modified BCT lattices in the core. The level of 
mean compressive strain is ε = 0.3 . (e): Comparison between the compressive stress/strain curves obtained in 
the experiments and in the simulations. The yield points are marked with black crosses. (f): The variation of 
maximum values of the stress triaxiality factor in standard and modified BCT lattices during compression tests.
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Testing methods. In the experiments we considered impact and static bending tests according to a three-
point bending scheme to find the impact strength and the apparent elastic modulus, respectively. Additionally, 
we used the compression test to find the apparent yield strength and the toughness of the specimens. All tests 
were performed at room temperature ( 22± 1 oC). All experimental raw data is given in the supplementary 
information file.

Impact strength of the specimens were found by using Charpy impact testing equipment (ASTM D6110). The 
specimens were placed horizontally on the supports of testing machine and broken by a swing of the pendulum. 
Initial energy of impact was the same in all test E0 = 7.5 J and the velocity of impact was v = 2.125 m/s. The 
apparent impact strength a was estimated as the value of the absorbed energy divided on the cross section area 
of the core, i.e. a = (E0 − E1)/(bH) , where E1 is the remaining energy in the pendulum after impact measured 
using the standard technique of Charpy test. We excluded from the analysis the test results where the hummer 
came to a stop in the lower position. This occurred because the supports and crashed sample elements became 
interlocked due to friction.

Static tests were performed by using Instron 5969 universal testing machine with force sensor 2580-203 (load 
cell capacity 50 kN, measurement accuracy ± 0.5% of reading down to 1/1000 of load cell capacity, data acquisi-
tion rate 2.5 kHz). Crosshead speed in all quasi-static tests was 1 mm/min. In the bending tests, the specimens 
were placed symmetrically on the supports and loaded at the center by the loading nose. The small value of the 
span-to-height ratio ( ∼2.9) allowed to evaluate mostly the compliance of the core material with minor influence 
of the solid face  sheets54. The radii of the loading nose and the supports were 5 mm and 2 mm, respectively. 
Deflections of the specimens in bending tests were measured through the displacements of the crosshead. Com-
pliance correction of the testing machine was performed according to ASTM D790. Apparent bending modulus 
of the specimens was found by using relation E = PL3

0
/(4wb(H + 2hs)

3) . The value of applied force (P) was 
found for the linear elastic range of deformations, that corresponds to the deflections not higher than w = 1 mm.

The compression tests were performed using flat platforms (ASTM E9). Load/deflection curves were registered 
until the 50% of compressive deformations of the specimen or until its failure (if the ultimate deformations were 
less then 50%). The deformations were evaluated as the relative change of specimen height under compression 
through the crosshead displacements and taking into account correction for the equipment compliance. The 
yield strength was estimated from engineering stress/strain curve using 0,2% strain offset. The engineering stress 
in the cross section of specimens was evaluated as the ratio of the registered load to the initial area of the lattice 
core cross section ( A = Hb ). The toughness U in the quasi-static compression tests was estimated as the area 
under obtained stress-strain curves.

Methods for numerical simulations. Finite element simulations of impact tests were performed using 
explicit dynamics solver ANSYS LS-DYNA. In the simulations we modelled the processes of deformations and 
fracture mechanisms of the specimens under the impact of the hammer nose. To reduce the number of degrees 
of freedom we modelled only the external surfaces of the supports and of the loading nose that come into a con-
tact with the specimen elements. Full mass of the hammer was taken into account by attaching the point mass 
to the finite-element model of the loading nose. Rigid behavior was assigned for the steel supports and loading 
nose, which stiffness and strength are much higher than those of polymeric samples. Material properties of the 
specimen were assigned according to the known experimental data (see above). The Poisson ratio was defined 
according to the material’s data sheet as ν = 0.35 . The elasto-plastic response of material was defined with the 
isotropic hardening and linear hardening low. The tangent modulus was defined as Es/12 that allowed us to 
approximate the typical stress-strain diagram of the considered material. The erosion condition for the finite 
elements was defined according to the maximum tensile pressure  criterion59,60 , in which the limiting value for 
the hydrostatic component of stress tensor was 53 MPa. This criterion is recommended by the explicit materials 
library of ANSYS for different polymeric materials and in our previous work we found that this criterion pro-
vided good agreement with experimental  data33.

The 3D models of the specimens in the dynamic simulations and in the 3d printing were the same. Standard 
linear tetrahedral elements (type TET13, 4-node explicit dynamic element) recommended by Ansys for the 
impact test were used. The seed size of the finite elements was defined as the one third of the struts diameter 
(d/3) that give rather accurate and fast results in comparison with smaller finite elements. Default hourglass 
coefficient was 0.1. The friction coefficient was 0.2.

Displacement of the loading nose was allowed only in the direction of the pendulum movement. Fixed condi-
tions for the supports were used. The time period of simulations was 8 ms. During this period the impact body 
contacted with the sample, destroyed it and moved further with reduced constant velocity v1 . The initial velocity 
v0 = 2.125 m/s was defined according to the known experimental values of the energy of impact and mass of 
hammer. The absorbed energy was calculated in the simulations as �E = m(v2

0
− v2

1
)/2.

The simulations for the compression tests were performed in ANSYS Transient structural module with quasi-
static settings and taking into account geometric nonlinearity condition. To provide the mesh independent 
solutions we added small fillets at the intersections of all struts in 3d models. Radius of the fillets was equal 
to the resolution of 3D printing (50 µm). The mesh refinement with corresponding seed size was used for the 
fillets zones. The finite elements types were TET10 and HEX20. The specimen models were placed in a contact 
between two rigid plates with friction coefficient 0.2. Plasticity model with isotropic hardening was used as 
described above. The simulations were conducted up to the level of mean compressive strain ε = 0.15 defined 
by the relative displacement of the plates equals to 0.15 of initial height of the model. In such way, we simulate 
the elasto-plastic response of the structure and obtain an assessment on the distribution of stress triaxiality fac-
tor evaluated as the ratio of the hydorstatics stress σh = (σx + σy + σz)/3 to the Von Mises equivalent stress σe . 
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The high positive values of this factor means the dominant role of hydrostatic stress state and the tendency of 
the material to brittle  fracture55.

Data availibility
All data is included into the manuscript and into the supplementary information file.
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