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a b s t r a c t
A computational study on the fracture behaviour of bio-inspired finite-size lattice configurations is
performed in this work. The study draws inspiration from recent investigations aimed at increasing
the fracture energy of some materials through small modifications of their microstructure. The main
question here is whether it is possible, to some extent, to engineer the crack path in metallic cellular
materials through such small micro-structural modifications and how to quantify the effect of alternative
strategies. Nature provides several examples of strategies used to delay or arrest damage and crack
propagation. One striking example is given by the micro-architecture of several kinds of wood, in which
the crack propagation through a lignin cellular matrix is affected by density variations typical of the
seasonal alternation between early-wood and late-wood and by the presence of sap channels. In this
study, the effects on crack propagations induced by micro-structure alterations inspired by density
variations and sap channels in wood are computationally investigated and some figures of merit are
defined to assess the effect on the energy absorbed by alternative solutions. In an age in which tight
control of the microarchitecture can be achieved, e.g. through high-resolution 3D printing, it is of interest
to investigate whether, starting from a baseline cellular architecture, it is possible to achieve superior
material performance by smart modifications of the microarchitecture.
© 2018 Published by Elsevier Ltd.

1. Introduction
Metallic foams and cellular materials are employed in several
engineering applications for their combination of properties such
as low density, relatively high stiffness, high energy absorption,
mechanical damping, acoustic and thermal absorption, tunable
porosity [1–4], which make them suitable for employments in
the automotive, maritime, aerospace, civil and biomedical sectors
among others.
Traditionally, the applications of foams and lattices are categorised either as structural or functional, although the progress
in manufacturing and the widening of employments is making
the distinction blurry: lightweight aerospace structures, e.g panels
or wing-boxes, which benefit from the low density of lattices,
may be considered as typical structural applications [5,6]; on the
other hand, the manufacturing of scaffolds for biomedical applications [7,8], crucially based on the porosity of foams and lattices, is an exemplar functional usage. In general, the low density
and relatively high stiffness of foams and lattices are employed
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E-mail addresses: riccardo.manno@community.unipa.com (R. Manno),
wei.gao@utsa.edu (W. Gao), ivano.benedetti@unipa.it (I. Benedetti).
https://doi.org/10.1016/j.eml.2018.11.002
2352-4316/© 2018 Published by Elsevier Ltd.

in the construction of lightweight structures; their high energyabsorption capability, related to the shape of the stress–strain
curve in compression, which typically exhibits a post yield plateau
and a large failure strain, is employed for shock/crash absorption
applications, e.g. in the automotive sector; their mechanical damping and thermal and acoustic absorption capabilities are ideal for
insulation applications in several fields.
Although such materials are already largely employed in several
fields, one of the factors limiting their use for structural purposes
is the inherent variability of their microstructure, and then its
limited reproducibility, which reflects in the variability of their
failure mechanisms and the scattering of their failure loads [9].
While in foams this is generally related to their inherent stochastic
microstructure and morphological defects [2,10,11], due to the
difficulty in exactly controlling the porosity during the manufacturing [2], in lattices, which exhibit a regular microstructure, the
variability may be induced by manufacturing defects [12,13]; the
scattering of failure loads is then often related to a relative lack of
manufacturing control.
However, in the last decade, the remarkable development of
Additive Manufacturing (AM) technologies is rapidly changing the
picture, especially in connection with the manufacturing of lattices [14,15]. The use of AM, in its various forms, for the manufacturing of optimised lattice materials has led to the concept
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of architectured materials, i.e. materials designed with the aim of
filling holes in the materials design space through the design of
the material micro-architecture, namely controlling the material
micro-topology and morphology [16–19].
In the sketched framework, the clear target is the achievement
of an optimum material per given application through tight control of its micro-architecture; however, the how may sometimes
remain elusive, due to the number of different possible choices, related to the different parameters affecting the micro-architecture.
In this respect, Nature, which has often resorted to lattice materials
for the solution of structural/functional problems, provides an
invaluable source of inspiration [20,21]. Bio-inspiration is a theme
that has attracted remarkable attention in several fields, thanks to
the optimisation role played by evolutionary thrusts, which allows
to restrict the number of possible options with respect to specific
sought performances. In recent years, growing interest has been
attracted by bio-inspired lattices [3,22].
One of the properties of interest in structural applications is the
behaviour of a material/structure with respect to the propagation
of cracks and defects. Several studies have been devoted to the
study of the fracture mechanics of foams, lattices and honeycombs.
Olurin et al. [10] studied the tensile and compressive properties
and fracture resistance of aluminum alloy ductile foams and proposed a crack bridging interpretation of the crack resistance curve;
they also observed discrepancies between experimental results
and theoretical models, attributing them to morphological defects
not accounted for in the modelling. Blazy et al. [11] conducted
extensive experimental testing and detailed mechanical analysis
to explain the statistical response of metallic foams under complex
loading conditions. Andrews and Gibson [23] performed finite element analyses of two-dimensional cellular structures with defects,
to study the influence of defects and cells size on the tensile
strength of the cellular solid. Romijn and Fleck [24] studied, via
analytical and finite element models, the influence of topological
imperfections on the fracture toughness of triangular, hexagonal,
Kagome and square lattices, concluding that Kagome and square
lattices present the highest sensitivity to imperfections. O’Masta
et al. [25] investigated the fracture resistance of a Ti-6Al-4V alloy
octet-lattice truss structure and have found that toughness increases linearly with respect to the relative density and it increases
with the square-root of the cell size, while the strength scales only
with the relative density and the strength of the parent material.
From this short review, it is apparent that there is much interest
in understanding fracture mechanisms in lattices and foams. In
this work, we perform a computational investigation on crack
propagation under tensile loading in two-dimensional metallic
lattices with small topological alterations, introduced in order to
modify the crack path. The work draws inspiration from recent
investigations focusing on the possibility of engineering the crack
path by controlling a material’s microstructure in order to increase
its crack growth resistance, either in metals and alloys [26] or
in composite materials [27]. The considered micro-structural alterations are broadly inspired by the microstructure of woods,
in which the presence of sap channels [20] and the existence of
a repetitive stiffness variation along the radial direction in trees
trunks [28], due to the difference in cellular structure between latewood and early-wood, seem to affect the crack growth behaviour.
The presented study falls at the intersection among solid mechanics, bio-inspiration and additive manufacturing, which seems
to be promising for future applications in several fields. Cellular
materials, both 2D honeycomb and 3D lattices, appear suitable
candidates for fulfilling the promises of additive manufacturing.
The paper is organised as follows. Section 2 reviews few studies
about the microstructure and some fracture propagation mechanisms encountered in wood that have provided inspiration for the
lattice modifications then studied, through finite element analyses,
in Section 3. A short discussion in Section 4 comes before the
Conclusions of the study.
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2. Bio-inspiration: lessons from the microstructure of wood
The search for stronger, tougher and lighter materials has traditionally led and it is increasingly leading scientists and engineers
towards the observation and study of solutions adopted in the
natural world, which provides a source of inspiration for several
technological applications. While the traditional use of natural
materials (e.g. wood, bones, antlers, shells, etc.) was motivated by
their inherent properties, deemed satisfactory for several uses, the
recent interest is motivated by the closer observation, made possible also by the development of modern microscopy techniques,
of the strategies adopted by Nature to produce materials whose
properties largely exceed those of their elementary constituents;
recent studies have revealed how several natural materials achieve
such performances thanks to the hierarchical organisation of their
micro-structure over different length scales [29,30].
Wood is an archetypical natural material that has found outstanding application throughout history and it is still employed
for many different usages. The properties of wood, namely its
stiffness, yield and crushing strength and fracture toughness have
been widely investigated and correlated to its structure at different
scales [20,28,30]. At the millimeter scale, wood presents a cellular
structure in which prismatic cells, often with hexagonal transversal shape, are aligned along the trunk and enclose pore space; it
has been found that wood properties are strongly correlated with
the local relative density of this cellular structure [30]. Wood is
highly anisotropic; if a tree’s trunk is considered, it is possible to
identify three axes of material’s symmetry: the longitudinal one
L, aligned with the trunk’s axis, the radial direction D and the
tangential one T . The elastic modulus in the longitudinal direction
L is usually about one order of magnitude above that in the other
two directions.
The microstructure and anisotropy of wood also affect its behaviour with respect to fracture propagation [31–33]. A crack
propagating in wood is usually identified by two letters, the first
indicating the axis normal to the crack surface, the second indicating the direction of growth: a TD crack is, for example, a crack lying
in the DL plane growing along the radial direction. The fracture
toughness in the LT and LD systems has been found to be generally
higher than that in other systems, see e.g. Ref. [28] and references
therein.
A closer inspection at the microstructure of wood reveals the
existence of other features such as growth rings, sap channels and
radial rays [20], which affect the mechanics of cracks propagation
and ultimately wood’s fracture toughness. The interested reader is
referred to the work of Ashby et al. [20] for a careful photographic
and schematic illustration of such wood features.
The growth rings observed in transversal trunk sections, normal
to the longitudinal axis L, are induced by the seasonal cycles experienced during the year by the growing plant, which translate into
a repetitive density variation between less dense and softer earlywood and denser and stiffer late-wood. Such repetitive variation in
stiffness over the growth rings, induced by the underlying variation
in cellular structure and local density between late-wood and
early-wood, affect the propagation of cracks in the TD system,
rendering the fracture toughness in this system higher than that
in the TL system, despite the local microscopic failure mechanisms
are the same for both systems [28].
Thuvander et al. [28] investigated the effect of the repetitive
stiffness variation on radially growing cracks through finite element analyses, modelling wood as a layered orthotropic continuum. They described how the crack moving towards a soft-stiff
interface experiences a significant shielding effect, i.e. a relative
reduction of the stress intensity with respect to the analogous
homogeneous scenario, with the stiffer region ahead of the crack
tip absorbing a greater fraction of the tensile stress and giving often
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rise to the formation of new secondary cracks ahead of the crack
tip. Overall, the stiffness variation is then responsible for: (i) crack
shielding and likely arrest, when the crack is moving along the
direction identified by the stiffness gradient; (ii) crack deflection,
as the stiffer region ahead of the crack absorbs a greater fraction of
the tensile load and experiences the formation of new secondary
cracks at the locations of possible structural/material defects; (iii)
increased macroscopic fracture toughness, as a consequence of the
described previous mechanisms. Such observations are in accordance with the conclusions by Fratzl et al. [34], who investigated
crack propagation in materials with continuous periodic variations
of the Young’s modulus, as found in several natural materials such
as bone, nacre or biosilica, and highlighted the shielding and antishielding (amplification) effects induced on the propagating crack
by the sheer stiffness variation as well as the crack deflection
mechanisms.
Sap channels are large tubular channels, running along the
axes of the trunks or branches, employed by the plants to convey
nutrients to its different parts. On a transversal section of a trunk,
they appear as cavities of larger diameter with respect to the
cells typical sizes. Observing mode I crack propagation in different kinds of wood through scanning electron microscopy, Ashby
et al. [20] described the interaction between an advancing TD crack
and either large isolated sap channels or cluster of smaller sap
channels. In general, they observed that when a crack runs into a
large channel, it can be arrested by breaking into the channel itself,
through a likely mechanism of crack blunting, or it can be deflected
by-passing the channel itself after splitting of the channel wall and
propagation along its periphery. On the other hand, the interaction
of a crack with a cluster of sap channels usually results in periodic
crack arrest and deflection, which may increase the macroscopic
toughness of wood.
In this study, we investigate, through computational simulations, how topological modifications inspired by sap channels and
density variations affect the crack propagation in metallic twodimensional lattices (honeycombs) under tensile loading. Radial
rays in wood, which are planes of weakness allowing low-energy
peeling fracture, will not be considered here.
3. Bio-inspired lattices for crack deflection: a computational
study
The recent rapid advances in inverse engineering design
methodologies [35], aimed at attaining materials with target performances, is benefitting from the emergence of new 3D tomography and additive manufacturing techniques [14,15,36,37]. Such
developments provide the motivation for computationally investigating the relationship between microstructure, crack path and
fracture toughness.
Some recent computational studies have highlighted how the
crack growth resistance is strongly affected by the crack path in
metals and alloys [26]. On the other hand, Bullegas et al. [27] have
shown how it is possible to increase the fracture toughness of
fibre reinforced composites by employing bio-inspired patterns of
micro-cuts promoting longer bundle pull-outs. Inspired by these
investigations as well as the observation of crack growth in wood,
we explore the possibility of engineering the crack path in metallic
lattices through micro-structural alterations broadly inspired by
sap channels and seasonal density variations in wood.
While much research has been devoted to the study of the
compressive response of two-dimensional cellular solids [38–40],
only few experimental investigations have been performed on the
tensile response of honeycombs and lattices, and especially on
failure mechanisms under tensile loads. Mangipudi and Onck [41]
modelled the tensile behaviour of two-dimensional metallic foams
with Voronoi topology taking into account a damage model in

Fig. 1. Finite-size lattice with periodic variations of the local relative density. The
unit cell of the lattice is shown in (a) and meshed as in (b). The displacement
controlled loading boundary conditions are shown in (c). An initial crack with length
a is generated by cutting the cell ligaments, as shown in (d).

their constitutive equations: their model precludes the failure of
struts by necking, so that it is better suited for brittle lattices. Other
studies have considered brittle two-dimensional lattices [24,42]
and few took into account ductile failure, as for example Ronan and
coworkers [12], who studied the relationship between microstructure and macroscopic ductility in two-dimensional lattices that fail
by tensile necking of the cell walls.
3.1. Finite element modelling
In this study, the computational investigation on the crack
growth in modified lattices has been performed using ABAQUS/
Explicit, which is suitable for modelling highly non-linear problems with material degradation and failure [43] and can address
the failure of elasto-plastic materials through element deletion.
In particular, ABAQUS/Explicit has been selected, rather than
ABAQUS/Standard, as the presence of material degradation and
fracture may adversely affect the smoothness of the solution: in
such circumstances, when significant discontinuities appear in
the problem, e.g. in the case of impact, local buckling or wrinkling, damage and fracture, according to the ABAQUS documentation [43], ABAQUS/Standard may fail converge to the problem
solution. Quasi-static loading conditions in lattices of finite size
L × H are simulated, enforcing that the external loading rate is
sufficiently low with respect to the speed of waves travelling in the
selected parent material and employing smooth load amplitudes
within ABAQUS. All tests have been implemented by using Python
scripts for ABAQUS.
Fig. 1(a) shows the unit cell of the baseline hexagonal lattice,
which is generated by copying, translating and repeating the unit
cell through a plane filling algorithm and eventually merging the
different cells. Such operations allow complete freedom in the
generation of the studied lattices, only requiring geometrical consistence in the choice of the geometrical parameters l, h, t and ϑ
shown in the figure.
The lattice is meshed using four-node, reduced-integration,
plane strain elements (CPE4R), as shown in Fig. 1(b). Before running the simulations on full scale lattices, a mesh sensitivity analysis on smaller finite-size lattices has been performed. The detailed results from three different mesh sizes can be found in
Supplementary Section 1. It has been found that the coarse mesh
shown in Fig. 1(b) is able to capture the mechanics of the analysed
lattices and no mesh sensitivity has been detected in terms of
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a modified topology. As mentioned, two different kinds of modifications have been considered, both inspired by the microstructure
of wood.
3.2. Crack propagation in lattices with regular density variations

Fig. 2. Uniaxial stress–strain relationship of the base material used for lattice
simulation.

load–displacement curves. The crack paths appear qualitatively
consistent, although minor differences exist due to the adopted
element deletion strategy. Therefore, considering the high computational costs of the full scale analyses, the coarse mesh has
been adopted for the configurations considered in the subsequent
sections.
In this study, we focus on the analysis of metallic lattices, which
are attracting renewed interest often motivated by the development or refinement of additive manufacturing technologies, based
for example on selective laser melting. The material chosen for this
study is EN AW-7108 T6, whose properties are taken from Ref. [44].
Based on the mentioned reference, we selected E = 70 GPa, ν =
0.33 and tabular flow stresses starting from 311 MPa and varying
with plastic strains as shown in Fig. 2. Plasticity is modelled with
J2 flow theory and damage is represented using a ductile damage
model in ABAQUS.
In particular, the damage model must specify damage initiation
and damage evolution rules. The initiation, growth and coalescence
of voids lead to ductile damage and failure while the formation of
cracks within shear bands leads to shear failure. ABAQUS allows to
implement phenomenological damage initiation criteria for both
of these mechanisms.
The ductile damage initiation criterion is provided by expresspl
ing the equivalent plastic strain at the onset of ductile damage ε̄d
pl
˙
as a function of stress triaxiality η and strain rate ε̄ . Analogously,
the shear damage initiation criterion is specified by providing the
pl
equivalent plastic strain at the onset of shear damage ε̄s as a
pl
˙
function of shear stress ratio θs and strain rate ε̄ . The material data
needed for such initiation criteria is generally difficult to obtain, as
it requires a set of experiments spanning a range of stress triaxiality
and shear stress ratio that may be difficult to achieve. Hooputra
(
)
pl
et al. [44] proposed simplified analytical expressions for ε̄d η, ε̄˙ pl
pl

and ε̄s θs , ε̄˙ pl , requiring only a limited number of experiments.
In the present study, the phenomenological models for ductile and
shear fracture as proposed by Hooputra et al. [44] have been used:
in particular, the fracture
in the proposed
(
) parameters
( appearing
)
pl
pl
expressions for ε̄d η, ε̄˙ pl and ε̄s θs , ε̄˙ pl have been taken from
Table 2 and Table 3 of Ref. [44].
Once damage is activated, its evolution laws must be specified:
plastic displacement-based linear damage evolution has been used
in this study for each of the damage initiation criteria. The value of
the plastic displacement at which the damage variable reaches 1 is
taken as 0.1. The default maximum degradation rule is employed
and the mesh elements are removed once the maximum degradation is reached.
In the next sections, the crack growth in baseline lattices is compared with the propagation of the same initial crack in lattices with

(

)

The propagation in lattices with topological alterations inspired
by the seasonal density gradients of wood are first considered.
Fig. 1(c) shows a template morphology, completely identified by
the geometric parameters reported therein: the lattice, of overall
size L × H, shows a regular alternation of sparse regions, with lower
relative density ρs and width Ls , and dense regions, with higher
relative density ρd and width Ld .
The geometry of the unit cells in the sparse region is defined by
ls = 1 mm, hs = ls , ts = 0.1 mm and ϑs = 30◦ , see Fig. 1(a). In
the dense regions, two consecutive cells along the x direction are
accommodated in the space filled by one cell in the sparse region,
so that td = ts , hd = hs , ld sin (ϑd ) = ls sin (ϑs ) and ld cos (ϑd ) =
ls cos (ϑs ) /2. With the above sizes, the fully sparse lattice would be
made up of 30 × 34 repetitions of the unit cell shown in Fig. 1(a),
while the fully dense lattice would count 60 × 34 unit cells. These
sizes correspond to L = 110 mm and H = 108 mm; the initial
crack has length a = 12.5 mm.
The analysed lattices are in plane strain condition and subjected
to tensile loads along the vertical direction, enforced in displacement control: bottom nodes can translate along the horizontal
direction x but cannot move along the vertical direction y; top
nodes are pulled along y and can freely translate along x; the lateral
nodes are not constrained. It is noted that this type of boundary
conditions can be conveniently applied in experiment, as shown in
previous studies on the tensile testing of lattice structure [23].
In the first set of calculations, Ls + Ld is kept constant and such
that L = 6 (Ls + Ld ). The ratio
R=

Ld
Ls + Ld

(1)

is defined, so that R = 0 corresponds to a homogeneous fully
sparse lattice, while a homogeneous fully dense lattice is obtained
for R = 1. Fig. 3 shows the load–displacement relationship for the
fully sparse lattice (R = 0), fully dense lattice (R = 1) and the one
with the density variation identified by R = 0.6, where the load is
calculated as the reaction force on the boundary divided by lattice
thickness in the out-of-plane direction: the tested specimens are
of unit thickness, but the net force would naturally change if their
thickness would change, which explains why we use a normalised
measure. In all three cases, the crack starts to grow from point
a (a′ for R = 0 and a′′ for R = 0.6) after initial elastic–plastic
deformation. Beyond point b, the load drops due to unstable crack
propagation. A final rupture of the lattice happens at point c. It can
be seen that the fully dense lattice exhibits a higher peak load due
to higher stiffness, while the fully sparse lattice with lower stiffness
is more deformable. Interestingly, the lattice with density variation
(by combining the dense and sparse lattice with the proportion
R) can bear a larger load than that carried by the fully dense one,
suggesting a unique toughening mechanics related to the density
variation.
To understand the fracture resistance introduced by the density
variation, we plot the configurations of the lattice structure at the
points a, b and c labelled in Fig. 3 along the loading path for all
three cases. As shown in Fig. 4, the cracks in both homogeneous
lattices grow straightly along with the initial crack direction until
the final rupture. By contrast, in the lattice with density variation,
the crack is blunted and trapped when it travels from the dense
domain to the sparse one, as shown in Fig. 4(b′′ ), which is due
to stress relaxation in front of the crack tip at the sparse domain.
When subject to the same deformation, the dense lattice domain
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is calculated and plotted against R in Fig. 6, along with corresponding fractured lattice configurations. It can be observed that all the
lattices with density variation show increases in fracture energy
with respect to the values for both sparse and dense homogeneous
lattice, due to crack blunting, trapping and deflecting. Moreover, it
is apparent that an optimum composition around R = 0.6 appears
to maximise the fracture energy.
Since the denser regions provide additional stiffness to the
finite lattice, the increase of the fracture energy could be seen
as an obvious consequence of the additional mass added in the
denser areas. For such a reason, it may be of interest to analyse
a normalised measure of the fracture energy, as a way to weight
the increase in fracture energy against the overall mass increase.
We then define a parameter I as the fracture energy per unit mass
normalised by the value of the fully sparse lattice
I=
Fig. 3. Load–displacement curves for lattices with density variations identified by
three selected values of R, as defined in Eq. (1).

bears more stress than the sparse one. Moreover, due to the stress
redistribution in the lattice, new cracks can be generated inside
the dense domains ahead of the moving crack. These new cracks,
generated inside the dense domain where the load is distributed
among a higher number of lattice cell walls, require more energy
upon crack propagation, giving rise to a higher peak load in Fig. 3.
Finally, all the cracks merge and lead to the lattice rupture. Additional snapshots about crack propagation in lattices with regular
density variations are discussed in further detail in Supplementary
Section 2, while a continuum analogous helping understanding
the reasons for the deviation of the crack propagation from a self
similar growth path is discussed in Supplementary Section 3.
Computations have also been performed for lattices with different values of R. The load–displacement curves are shown in Fig. 5.
With the increase of the proportion of dense domain, the lattice
exhibits higher stiffness as well as higher peak load. However, the
peak load corresponding to R = 0.6 is slightly higher than that
corresponding to R = 0.8, suggesting a possible intermediate
ratio of R to optimise the fracture resistance capability. To further
quantify fracture resistance, the fracture energy defined by
δf

∫
G=
0

F (δ) dδ,

(2)

G/m
G0 /m0

= f (R) .

(3)

Fig. 7 reports the variation of I versus the ratio R. It is noted that
the predicted trend is similar to that of Fig. 6, where the maximum
values of I are associated to lattices with R = 0.6, which are then
the most efficient in terms of dissipated energy upon failure.
In addition to the effect of composition between sparse and
dense domain, we also investigated the effect of the ratio between
the relative density of the dense regions ρd and that of the sparse
regions ρs , where the relative density is the ratio between the
density of the lattice and the density of the parental material. For
such purpose, the lattice density of the sparse region ρs is kept
constant, while ρd is changed as geometrically described in Fig. 8.
We employed the same way of computing the fracture energy
defined in Eq. (2) to obtain the ratio G/G0 as a function of R for
different values of ρd /ρs . As shown in Fig. 9(a), increasing the ratio
ρd /ρs generally leads to an increase of the fracture energy, except
for small values of R, probably due to the fact that narrow dense
bands do not fully deploy their effect in terms of stiffening and
deviation of the crack path. Moreover, Fig. 9(b) takes into account
the influence of mass, reporting specific fracture energies (per unit
mass) versus R for different values of the relative lattice densities.
Such curves may provide useful information for applications in
which the weight is a relevant design parameter.
Eventually, it is worth mentioning that the presented results
about the effects induced by the density variations are not relevantly affected by the position of the initial crack, as discussed

Fig. 4. The fracture pattern snapshots of the deformed configurations corresponding to the selected points along the curves in Fig. 3.
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3.3. Crack propagation in lattices with modifications inspired by
wood’s ‘sap-channels’

Fig. 5. Load–displacement curves for lattices with density variations for three
selected values of R defined in Eq. (1).

Fig. 6. Normalised fracture energy and crack paths versus R for the cracked lattices
under tensile loads; G0 represents the fracture energy of the sparse homogeneous
lattice.

Fig. 7. Normalised mass weighed fracture energy versus R for the analysed lattices.

in Supplementary Section 4; in other words, the initial crack tip
can be placed either in a higher or lower density region and the
described mechanisms remain the same.

After studying the effect on crack propagation of regular periodic density variations, the effect of small topological modifications inspired by sap-channels in woods are considered. As
mentioned above, the presence of sap-channels in woods induces
a complex interaction between the advancing crack and the cells
walls, which may also result in cells wall splitting. With the small
modifications that we introduce in metallic lattices, we do not
expect to exactly replicate such complex behaviours. However, as
such modifications represent weakening sources in the lattice, we
do expect some influence on the crack path.
The topological modifications related to the individual sapchannels are illustrated in Fig. 10, which also shows the finite lattice with the inserted modifications pattern: a sinusoidal distribution of channels, characterised by two parameters A, amplitude, and
λ, wavelength. The lattices with finite size L × H, as those originally
considered for the study of density variations are considered. The
lattices contain an initial crack of length a and are subjected to the
same set of constraints and tensile loads as above. The unit cell of
the baseline lattice is identified by l = 1 mm, h = 1 mm, t = 0.1
mm, ϑ = 30◦ , see Fig. 1(a), with an initial crack length a ≈ 19 mm.
The load–displacement curves for homogeneous and channelled lattices are plotted in Fig. 11, where the lattice configurations along the loading path are also shown. It can be seen that the
initial part of these two curves are almost consistent until point
a where the crack starts to propagate, beyond which the force
starts oscillating as the crack grows, resulting from the sequential
breaking of lattice cell ligaments in front of the crack. From point
a to b, the stresses of these two lattices still stay at a similar
level, during which the crack in the channelled lattice steadily
propagates to the close proximity of the first channel. Interestingly, beyond point b, the channelled lattice exhibits even higher
stress as compared to the homogeneous one, indicating stronger
fracture resistance capability. It can be observed from Fig. 11(c)
that the channels can introduce localised stress concentration on
the cell ligaments ahead of the crack tip, which deviates the crack
propagation path into a zigzag shape, following the pattern of the
sinusoidal channels, as shown in Fig. 11(d).
It is natural to expect that such crack deflection mechanism can
be affected by varying the sinusoidal pattern of channels (changing the wave length λ or amplitude A). Fig. 12 plots the force–
displacement curves for different values of A and λ. All the curves
exhibit similar trend with slight differences in peak force values.
To further quantify the fracture resistance properties, the relative
fracture energy as defined in Eq. (2) is computed and shown in
Fig. 13. Similar to the density variation case, there is an optimum
choice of A or λ that maximise the fracture energy, highlighting the
most effective pattern that exploits the interaction between the
advancing crack and the channels to increase fracture resistance
capabilities. It is interesting to note that, even when the channels
are arranged in a straight line, with A = 0, the fracture energy
is increased by 10% as compared to homogeneous case. This can
be also understood by the stress concentration on the channel
ligaments ahead of the crack, which results in stress relaxation in
crack tip thus hindering crack propagation.
As noted here, the gain in fracture energy by adding channels
is not really remarkable. Nevertheless, the fracture energy may
increase when the system size increases by putting more channels,
while also keeping in mind that these morphological modifications
can additionally reduce the total mass of the lattice structure.
Meanwhile, it is expected that more sophisticated engineering of
the shape, size and pattern of these channels may lead to more
significant fracture resistance effects. It is also possible to integrate
the channel modification with density variation discussed in Section 3.2 to achieve better performance.
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Fig. 8. Geometry of the regions with higher lattice density compared with the baseline lattice geometry: (a) ρd /ρs = 1.55; (b) ρd /ρs = 1.78; (c) ρd /ρs = 1.88.

Fig. 9. Fracture energy (a) and mass specific fracture energy (b) versus R for different ρd /ρs ratios.

Fig. 10. Topological modifications arranged in a sinusoidal pattern are added in the lattice, where the initial crack is highlighted by a read line.

Fig. 11. Force–displacement curves for the homogeneous lattice and for the one with a sinusoidal pattern of channels. Snapshots show the lattice configurations along the
loading path.
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Fig. 12. Force–displacement curves obtained for (a) fixed A = 6, 35 mm at different values of λ and (b) fixed λ = 29, 31 mm at different values of A.

Fig. 13. Normalised fracture energy as a function of (a) λ for fixed A and (b) A for fixed λ. G0 represents the fracture energy of the baseline homogeneous lattice.

4. Discussion and interpretation
In this work, we have performed a computational study on crack
propagation in finite-size metallic lattices containing moderate
topological modifications, namely periodic density variations and
single cells alterations, able to affect crack propagation and overall
fracture energy. It has been shown that such alterations provide a
strategy to increase the mass specific fracture energy with respect
to that of corresponding homogeneous lattices. In this sense, the
study suggests the possibility of exploiting additive manufacturing
technologies to create lattices with increased structural performances, especially towards fracture.
In particular, the materials toughening induced from density
variations has been observed at small scales in many other natural materials, including nacre and bio-silica spicules, where the
Young’s modulus variation between the mineral and protein layers
can act as a crack stopper [34]. What is important to note is that the
crack deflection is not induced by the presence of discrete interfaces, but by the sheer variation of density. While previous analysis
mostly focus on continuous system, here we have shown that a
similar idea can be applied to lattice structures. On the other hand,
the mechanisms by which ‘‘sap channels’’ affect crack propagation
appear more related to local stress concentration induced by these
topological entities, which can deviate cracks by connecting the
channels.
Few considerations are worthwhile. The analyses performed in
this study have considered a specific alloy, for which complete
characterisation, in terms of elastic, plastic, damage and failure
behaviour was available [44]. Additional results about the use of a
different material, with slightly different properties, are presented
in Supplementary Section 5; such results suggest that the density
variations may actually offer a convenient mechanism for increasing the fracture energy of lattices. However, it would certainly be
interesting to understand how single material parameters, e.g. the

Young modulus, the yield strength, the failure strain, etc. affect
the behaviour of the type of lattices presented in this study. For
this purpose, even the employment of artificial or highly idealised
material properties could be suitable. Such systematic analysis
would offer relevant insight on what material properties are more
relevant with respect to the considered mechanisms and could
shed further light on the link between lattice architecture and
lattice crack behaviour. This systematic study is suggested here and
left for future investigation.
Another important aspect should be taken into account. In all
the performed computations, no intrinsic lattice imperfections,
such as ligament thickness variation, have been considered, so
that the computational results would apply to perfect lattices,
obtained by high-quality technologies. However, this is not the
case with most current additive technologies, which often suffer
from many manufacturing artefacts [45,46]. In this sense, an interesting extension of the present study could consider, besides a
larger set of parametric studies (materials, boundary conditions,
loading cases, etc.), the interplay between technological defects and
intended modifications and its effect on actual crack propagation.
The present study should be intended as a preliminary computational exploration of bio-inspired concepts for finite lattices. It
would surely benefit of a complementary experimental campaign
addressed at assessing the above fracture behaviour and the actual
effect of manufacturing defects.
5. Conclusions
A computational investigation on the effect of small topological
modifications on the crack propagation in metallic lattices under
tensile loading has been presented. The considered modifications
are morphologically inspired by the observation of microscopic
features of several kinds of wood, where regular periodic density
variations induced by seasonal cycles and sap channels are known
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to have definite effects on crack propagation in the plant trunk. The
performed analyses show how such alterations have non-trivial
effects on crack propagation in metallic lattices, suggesting the
possibility of manufacturing lattices with enhanced properties in
the sense of increased dissipated energy upon failure.
Acknowledgements
The authors acknowledge University of Texas at San Antonio
and Texas Advanced Computing Center (TACC) for providing HPC
resources that have contributed to the research results reported
within this paper. Wei Gao acknowledges the financial support of
this work by University of Texas at San Antonio through Grant for
Research Advancement and Transformation (GREAT).
Appendix A. Supplementary data
Supplementary material related to this article can be found
online at https://doi.org/10.1016/j.eml.2018.11.002.
References
[1] L. Gibson, M. Ashby, Cellular Solids: Structure and Properties, in: Cambridge
Solid State Science Series, Cambridge University Press, 1997, URL https://
books.google.co.uk/books?id=3wW8bwAACAAJ.
[2] J. Banhart, Manufacture, characterisation and application of cellular metals
and metal foams, Prog. Mater. Sci. 46 (6) (2001) 559–632, http://dx.doi.org/10.
1016/S0079-6425(00)00002-5, URL http://www.sciencedirect.com/science/
article/pii/S0079642500000025.
[3] Q. Zhang, X. Yang, P. Li, G. Huang, S. Feng, C. Shen, B. Han, X. Zhang, F. Jin,
F. Xu, T.J. Lu, Bioinspired engineering of honeycomb structure using nature
to inspire human innovation, Prog. Mater. Sci. 74 (Supplement C) (2015)
332–400, http://dx.doi.org/10.1016/j.pmatsci.2015.05.001, URL http://www.
sciencedirect.com/science/article/pii/S0079642515000377.
[4] M. Rashed, M. Ashraf, R. Mines, P.J. Hazell, Metallic microlattice materials:
a current state of the art on manufacturing, mechanical properties and applications, Mater. Des. 95 (Supplement C) (2016) 518–533, http://dx.doi.org/
10.1016/j.matdes.2016.01.146, URL http://www.sciencedirect.com/science/
article/pii/S0264127516301447.
[5] K. Saito, F. Agnese, F. Scarpa, A cellular kirigami morphing wingbox concept,
J. Intell. Mater. Syst. Struct. 22 (9) (2011) 935–944, http://dx.doi.org/10.1177/
1045389X11416030, arXiv:https://doi.org/10.1177/1045389X11416030.
[6] S.K. Moon, Y.E. Tan, J. Hwang, Y.-J. Yoon, Application of 3d printing technology
for designing light-weight unmanned aerial vehicle wing structures, Int. J.
Precis. Eng. Manuf. Technol. 1 (3) (2014) 223–228, http://dx.doi.org/10.1007/
s40684-014-0028-x, URL https://doi.org/10.1007/s40684-014-0028-x.
[7] F. Barthelat, Architectured materials in engineering and biology: fabrication, structure, mechanics and performance, Int. Mater. Rev. 60 (8) (2015)
413–430, http://dx.doi.org/10.1179/1743280415Y.0000000008, arXiv:http://
dx.doi.org/10.1179/1743280415Y.0000000008.
[8] M. Fantini, M. Curto, F.D. Crescenzio, A method to design biomimetic scaffolds
for bone tissue engineering based on voronoi lattices, Virtual Phys. Prototyping 11 (2) (2016) 77–90, http://dx.doi.org/10.1080/17452759.2016.1172301,
arXiv:http://dx.doi.org/10.1080/17452759.2016.1172301.
[9] I. Maskery, N. Aboulkhair, A. Aremu, C. Tuck, I. Ashcroft, Compressive
failure modes and energy absorption in additively manufactured double
gyroid lattices, Add. Manuf. 16 (2017) 24–29, http://dx.doi.org/10.1016/j.
addma.2017.04.003, URL http://www.sciencedirect.com/science/article/pii/
S2214860417301203.
[10] O. Olurin, N. Fleck, M. Ashby, Deformation and fracture of aluminium
foams, Mater. Sci. Eng. A 291 (1) (2000) 136–146, http://dx.doi.org/10.
1016/S0921-5093(00)00954-0, URL http://www.sciencedirect.com/science/
article/pii/S0921509300009540.
[11] J.-S. Blazy, A. Marie-Louise, S. Forest, Y. Chastel, A. Pineau, A. Awade, C.
Grolleron, F. Moussy, Deformation and fracture of aluminium foams under
proportional and non proportional multi-axial loading: statistical analysis
and size effect, Int. J. Mech. Sci. 46 (2) (2004) 217–244, http://dx.doi.org/
10.1016/j.ijmecsci.2004.03.005, URL http://www.sciencedirect.com/science/
article/pii/S002074030400061X.
[12] W. Ronan, V.S. Deshpande, N.A. Fleck, The tensile ductility of cellular solids:
the role of imperfections, Int. J. Solids Struct. 102–103 (Supplement C) (2016)
200–213, http://dx.doi.org/10.1016/j.ijsolstr.2016.10.004, URL http://www.
sciencedirect.com/science/article/pii/S0020768316302955.

[13] L. Liu, P. Kamm, F. Garca-Moreno, J. Banhart, D. Pasini, Elastic and failure response of imperfect three-dimensional metallic lattices: the role of geometric
defects induced by selective laser melting, J. Mech. Phys. Solids 107 (Supplement C) (2017) 160–184, http://dx.doi.org/10.1016/j.jmps.2017.07.003, URL
http://www.sciencedirect.com/science/article/pii/S0022509616307608.
[14] B.G. Compton, J.A. Lewis, 3D-Printing of Lightweight Cellular Composites,
Adv. Mater. 26 (34) (2014) 5930–5935, http://dx.doi.org/10.1002/adma.
201401804.
[15] W. Gao, Y. Zhang, D. Ramanujan, K. Ramani, Y. Chen, C.B. Williams, C.C.
Wang, Y.C. Shin, S. Zhang, P.D. Zavattieri, The status, challenges, and future of
additive manufacturing in engineering, Comput. Aided Des. 69 (2015) 65–89,
http://dx.doi.org/10.1016/j.cad.2015.04.001, URL http://www.sciencedirect.
com/science/article/pii/S0010448515000469.
[16] O. Bouaziz, Y. Bréchet, J. Embury, Heterogeneous and architectured materials:
a possible strategy for design of structural materials, Adv. Energy Mater. 10
(1–2) (2008) 24–36, http://dx.doi.org/10.1002/adem.200700289.
[17] N.A. Fleck, V.S. Deshpande, M.F. Ashby, Micro-architectured materials:
past, present and future, Proceedings of the Royal Society of London A: Mathematical, Physical and Engineering Sciences 466 (2121)
(2010) 2495–2516, http://dx.doi.org/10.1098/rspa.2010.0215, arXiv:http://
rspa.royalsocietypublishing.org/content/466/2121/2495.full.pdf, URL http://
rspa.royalsocietypublishing.org/content/466/2121/2495.
[18] Y. Brechet, J. Embury, Architectured materials: expanding materials space,
Scr. Mater. 68 (1) (2013) 1–3, http://dx.doi.org/10.1016/j.scriptamat.2012.
07.038, Architectured Materials, URL http://www.sciencedirect.com/science/
article/pii/S135964621200499X.
[19] M. Ashby, Designing architectured materials, Scr. Mater. 68 (1) (2013) 4–7,
http://dx.doi.org/10.1016/j.scriptamat.2012.04.033, Architectured Materials,
URL http://www.sciencedirect.com/science/article/pii/S1359646212002965.
[20] M.F. Ashby, K.E. Easterling, R. Harrysson, S.K. Maiti, The fracture and toughness of woods, Proc. R. Soc. A 398 (1815) (1985) 261–280, http://dx.doi.org/10.
1098/rspa.1985.0034, arXiv:http://rspa.royalsocietypublishing.org/content/
398/1815/261.full.pdf, URL http://rspa.royalsocietypublishing.org/content/
398/1815/261.
[21] M.A. Meyers, P.-Y. Chen, Biological Materials Science: Biological Materials,
Bioinspired Materials, and Biomaterials, Cambridge University Press, 2014.
[22] X. Jin, B. Shi, L. Zheng, X. Pei, X. Zhang, Z. Sun, Y. Du, J.H. Kim, X. Wang, S. Dou,
K. Liu, L. Jiang, Bio-inspired multifunctional metallic foams through the fusion
of different biological solutions, Adv. Funct. Mater. 24 (18) (2014) 2721–2726,
http://dx.doi.org/10.1002/adfm.201304184.
[23] E. Andrews, L. Gibson, The influence of cracks, notches and holes on the tensile
strength of cellular solids, Acta Mater. 49 (15) (2001) 2975–2979, http://
dx.doi.org/10.1016/S1359-6454(01)00203-8, URL http://www.sciencedirect.
com/science/article/pii/S1359645401002038.
[24] N.E. Romijn, N.A. Fleck, The fracture toughness of planar lattices: imperfection sensitivity, J. Mech. Phys. Solids 55 (12) (2007) 2538–2564, http://
dx.doi.org/10.1016/j.jmps.2007.04.010, URL http://www.sciencedirect.com/
science/article/pii/S002250960700097X.
[25] M. OMasta, L. Dong, L. St-Pierre, H. Wadley, V. Deshpande, The fracture
toughness of octet-truss lattices, J. Mech. Phys. Solids 98 (Supplement C)
(2017) 271–289, http://dx.doi.org/10.1016/j.jmps.2016.09.009, URL http://
www.sciencedirect.com/science/article/pii/S0022509616302952.
[26] A. Srivastava, S. Osovski, A. Needleman, Engineering the crack path by controlling the microstructure, J. Mech. Phys. Solids 100 (2017) 1–20, http://
dx.doi.org/10.1016/j.jmps.2016.12.006, URL http://www.sciencedirect.com/
science/article/pii/S0022509616306123.
[27] G. Bullegas, S.T. Pinho, S. Pimenta, Engineering the translaminar fracture
behaviour of thin-ply composites, Compos. Sci. Technol. 131 (Supplement C)
(2016) 110–122, http://dx.doi.org/10.1016/j.compscitech.2016.06.002, URL
http://www.sciencedirect.com/science/article/pii/S0266353816304468.
[28] F. Thuvander, L.O. Jernkvist, J. Gunnars, Influence of repetitive stiffness variation on crack growth behaviour in wood, J. Mater. Sci. 35 (24) (2000) 6259–
6266, http://dx.doi.org/10.1023/A:1026766203501.
[29] P. Fratzl, R. Weinkamer, Nature as hierarchical materials, Prog. Mater. Sci. 52
(8) (2007) 1263–1334, http://dx.doi.org/10.1016/j.pmatsci.2007.06.001, URL
http://www.sciencedirect.com/science/article/pii/S007964250700045X.
[30] L.J. Gibson, The hierarchical structure and mechanics of plant materials, J. R. Soc. Interface 9 (76) (2012) 2749–2766, http://dx.doi.org/
10.1098/rsif.2012.0341, arXiv:http://rsif.royalsocietypublishing.org/content/
9/76/2749.full.pdf, URL http://rsif.royalsocietypublishing.org/content/9/76/
2749.
[31] J. Bodig, B.A. Jayne, Mechanics of Wood and Wood Composites.
[32] The fracture behaviour of wood and the relations between toughness and
morphology, Proc. R. Soc. B 208 (1173) (1980) 447–460, http://dx.doi.org/10.
1098/rspb.1980.0062, arXiv:http://rspb.royalsocietypublishing.org/content/
208/1173/447.full.pdf, URL http://rspb.royalsocietypublishing.org/content/
208/1173/447.
[33] S.E. Stanzl-Tschegg, Microstructure and fracture mechanical response of
wood, Int. J. Fract. 139 (3) (2006) 495–508, http://dx.doi.org/10.1007/s10704006-0052-0.

R. Manno, W. Gao and I. Benedetti / Extreme Mechanics Letters 26 (2019) 8–17
[34] P. Fratzl, H.S. Gupta, F.D. Fischer, O. Kolednik, Hindered Crack Propagation
in Materials with Periodically Varying Young’s Modulus - Lessons from Biological Materials, Adv. Mater. 19 (18) (2007) 2657–2661, http://dx.doi.org/
10.1002/adma.200602394.
[35] D.L. McDowell, G.B. Olson, Concurrent design of hierarchical materials and
structures, in: S. Yip, T.D. de la Rubia (Eds.), Scientific Modeling and Simulations, Springer Netherlands, Dordrecht, 2009, pp. 207–240, http://dx.doi.org/
10.1007/978-1-4020-9741-6_14.
[36] M.D. Uchic, L. Holzer, B.J. Inkson, E.L. Principe, P. Munroe, Three-dimensional
microstructural characterization using focused ion beam tomography, MRS
Bull. 32 (5) (2007) 408?416, http://dx.doi.org/10.1557/mrs2007.64.
[37] W.E. Frazier, Metal additive manufacturing: a review, J. Mater. Eng. Perform.
23 (6) (2014) 1917–1928, http://dx.doi.org/10.1007/s11665-014-0958-z.
[38] S.D. Papka, S. Kyriakides, In-plane compressive response and crushing of honeycomb, J. Mech. Phys. Solids 42 (10) (1994) 1499–1532, http://dx.doi.org/10.
1016/0022-5096(94)90085-X, URL http://www.sciencedirect.com/science/
article/pii/002250969490085X.
[39] S. Papka, S. Kyriakides, Experiments and full-scale numerical simulations
of in-plane crushing of a honeycomb, Acta Mater. 46 (8) (1998) 2765–
2776, http://dx.doi.org/10.1016/S1359-6454(97)00453-9, URL http://www.
sciencedirect.com/science/article/pii/S1359645497004539.
[40] W.-Y. Jang, S. Kyriakides, On the crushing of aluminum open-cell foams: part ii
analysis, Int. J. Solids Struct. 46 (3) (2009) 635–650, http://dx.doi.org/10.1016/
j.ijsolstr.2008.10.016, URL http://www.sciencedirect.com/science/article/pii/
S0020768308004472.

17

[41] K. Mangipudi, P. Onck, Multiscale modelling of damage and failure in
two-dimensional metallic foams, J. Mech. Phys. Solids 59 (7) (2011)
1437–1461, http://dx.doi.org/10.1016/j.jmps.2011.02.008, URL http://www.
sciencedirect.com/science/article/pii/S0022509611000366.
[42] N.A. Fleck, X. Qiu, The damage tolerance of elasticbrittle, two-dimensional
isotropic lattices, J. Mech. Phys. Solids 55 (3) (2007) 562–588, http://
dx.doi.org/10.1016/j.jmps.2006.08.004, URL http://www.sciencedirect.com/
science/article/pii/S0022509606001359.
[43] ABAQUS 6.14 Documentation, Dassault Systèmes, 2014, providence, RI, USA.
URL http://50.16.225.63/v6.14/.
[44] H. Hooputra, H. Gese, H. Dell, H. Werner, A comprehensive failure model for
crashworthiness simulation of aluminium extrusions, Int. J. Crashworthiness
9 (5) (2004) 449–464, http://dx.doi.org/10.1533/ijcr.2004.0289, arXiv:http:
//dx.doi.org/10.1533/ijcr.2004.0289.
[45] B. Vayre, F. Vignat, F. Villeneuve, Metallic additive manufacturing: state-ofthe-art review and prospects, Mech. Ind. 13 (2) (2012) 89–96.
[46] Z.S. Bagheri, D. Melancon, L. Liu, R.B. Johnston, D. Pasini, Compensation
strategy to reduce geometry and mechanics mismatches in porous biomaterials built with selective laser melting, J. Mech. Behav. Biomed. Mater.
70 (2017) 17–27, http://dx.doi.org/10.1016/j.jmbbm.2016.04.041, Mechanics of additively manufactured biomaterials and implants, URL http://www.
sciencedirect.com/science/article/pii/S175161611630114X.

