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A B S T R A C T   

Additive manufacturing of industrially-relevant high-performance parts and products is today a reality, espe-
cially for metal additive manufacturing technologies. The design complexity that is now possible makes it 
particularly useful to improve product performance in a variety of applications. Metal additive manufacturing is 
especially well matured and is being used for production of end-use mission-critical parts. The next level of this 
development includes the use of intentionally designed porous metals - architected cellular or lattice structures. 
Cellular structures can be designed or tailored for specific mechanical or other performance characteristics and 
have numerous advantages due to their large surface area, low mass, regular repeated structure and open 
interconnected pore spaces. This is considered particularly useful for medical implants and for lightweight 
automotive and aerospace components, which are the main industry drivers at present. Architected cellular 
structures behave similar to open cell foams, which have found many other industrial applications to date, such 
as sandwich panels for impact absorption, radiators for thermal management, filters or catalyst materials, sound 
insulation, amongst others. The advantage of additively manufactured cellular structures is the precise control of 
the micro-architecture which becomes possible. The huge potential of these porous architected cellular materials 
manufactured by additive manufacturing is currently limited by concerns over their structural integrity. This is a 
valid concern, when considering the complexity of the manufacturing process, and the only recent maturation of 
metal additive manufacturing technologies. Many potential manufacturing errors can occur, which have so far 
resulted in a widely disparate set of results in the literature for these types of structures, with especially poor 
fatigue properties often found. These have improved over the years, matching the maturation and improvement 
of the metal additive manufacturing processes. As the causes of errors and effects of these on mechanical 
properties are now better understood, many of the underlying issues can be removed or mitigated. This makes 
additively manufactured cellular structures a highly valid option for disruptive new and improved industrial 
products. This review paper discusses the progress to date in the improvement of the fatigue performance of 
cellular structures manufactured by additive manufacturing, especially metal-based, providing insights and a 
glimpse to the future for fatigue-tolerant additively manufactured architected cellular materials.   

1. Introduction 

The necessity for highly reliable (fatigue tolerant), stiff, strong and 
lightweight materials is an important requirement in many industries, 
such as for automotive, aerospace, sports and the biomedical sectors 
[1–4]. In this regard, foams and architected cellular materials can pro-
vide exactly these properties. The light-weighting of structural 

components has many advantages in lower fuel consumption, better 
mechanical and other performance exactly tuned to the application. The 
main distinction is that foams have a random (stochastic) structure (see, 
for instance, Figs. 1A, 1B) generally obtained by a manufacturing pro-
cess that allows limited control on the cell size and cell-wall thickness, 
while architected cellular materials (Fig. 1C) have a well determined 
periodic geometry which can be completely determined by a small 
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number of design parameters. In principle, a more controllable structure 
leads to more controllable mechanical properties and this makes 
architected cellular materials very versatile, as their properties can be 
varied over a wide range by simply modifying the geometrical design 
parameters [5–7]. Both stochastic foams and architected cellular struc-
tures can be referred to as “cellular”; hence, in the literature, the two 
terms are sometimes used interchangeably. Architected cellular mate-
rials are also often referred to as lattice structures (or lattices), especially 
when they are comprised of struts and nodes. Other forms of architected 
cellular materials are minimal surfaces, comprising of curved sheets or 
connected curved structures without clear nodes. The 
micro-architecture of cellular materials provides the designer with an 
additional level of control, besides the material of the struts (often called 
base material which can be metallic, ceramic, polymeric or composites) 
and the shape of the macroscopic part (for instance, a femoral stem). 
Cellular materials behave as structures on the small scale and as ho-
mogeneous materials on the macroscopic scale. In other words, there is a 
length-scale separation between the lattice scale and the macroscopic 
scale. Consequently, their behaviour on the macroscopic scale can be 
described in terms of effective homogeneous properties (with an effec-
tive elastic modulus, for instance) that depend on the base material and 
the unit cell design parameters. By only tailoring the geometry of the 
unit cell, while keeping constant the base material, it is possible to range 
between far extremes of the material properties space, such as stiffness, 
strength, density, permeability and thermal conductivity, to name a few. 
This ability to tune the effective material properties prompted the ter-
minology “meta-materials” for all architected cellular materials. Cells 
can be open or closed, depending on whether both edges and faces are 
solid (Fig. 1A), or only the cell edges are solid (Fig. 1B). Open-celled 
cellular materials are permeable to the flow of fluids, which is nor-
mally a necessary requirement in biomedical applications, and thus 
constitute the totality of the lattice materials found in load bearing 
biomedical implants. On the other hand, closed cell cellular materials 
are more common where insulating (thermal, acoustic) properties are 
required. 

Architected cellular structures have a particularly promising poten-
tial in the biomedical field because, compared to traditional fully dense 
metallic implants, orthopedic prostheses with a porous structure can 
show reduced stress shielding and improved osseointegration [10,11]. 

An example is shown in Fig. 2A of knee and hip implants additively 
manufactured with Ti-6Al-4 V, incorporating architected cellular struc-
tures. Fig. 2B depicts a lightweight bracket for an experimental vehicle 
also manufactured by the same process and material; this is described in 
more detail in [12]. Another application of lightweight structures in-
cludes spaceflight hardware; numerous topology optimized brackets 
have been successfully demonstrated and some examples are described 
in [13,14], although these do not yet include cellular structures. Cellular 
structures allow extreme light-weighting, in addition to higher local 
tailorability to the required properties, by varying the local density and 
other parameters. Light-weighting design principles, including cellular 
design, were reviewed recently in [15–18]. In principle, additional 
functions can be incorporated and multi-functionality brings new ben-
efits yet to be revealed, as discussed in [12]. The benefits of high-energy 
absorption make cellular structures suitable as protective materials and 
for providing an additional protective role to their structural properties. 
There is currently a large drive towards developing protective headgear 
in sports, using lattice structure designs for their impact-absorption 
ability; an example is found in [19]. Other industrially relevant appli-
cations of cellular structures include heat exchangers and thermal 
management, due to the high surface area and high permeability 
properties of the open-porous structure [20,21]; related to this are ap-
plications in liquid-fuel rocket engines [22,23]. Such industrial appli-
cations as these require effective material properties that are extremely 
reliable, before the potential of these new designs can be unleashed at a 
larger scale. 

The intricate geometric characteristics and associated manufacturing 
challenges of cellular structures has relegated them, until recently, to 
mere academic curiosity. Only the current impetuous development and 
maturing of additive manufacturing (AM) technologies has made their 
production with good quality possible in the last few years. The layer- 
wise fabrication process in additive manufacturing allows customized 
products of virtually any geometry to be manufactured [24–26]. Cellular 
materials have been manufactured in all additive manufacturing process 
categories and in a wide variety of materials including metals, polymers, 
ceramics and polymer-composite materials [27]. Since in 
fatigue-relevant applications, the material class of choice is metals, the 
present article will mainly review metallic cellular materials. Never-
theless, much of the present discussion is relevant to other material 
classes as well. According to the recent review presented in [27], 90 % of 
metallic cellular materials have been fabricated using a powder bed 
fusion (PBF) process. In essence, the powder is spread to a controlled 
thickness over the build platform (or over the previously built layers). 
Powder is melted and solidified using a fast-moving laser or electron 
beam. After powder consolidation, the build platform is lowered, and a 
new layer is spread. The process repeats until the entire model is created. 
When a laser is used, the process is called Laser Powder Bed Fusion 
(L-PBF), and in the case of an electron beam it is called Electron Beam 
Powder Bed Fusion (EB-PBF). In all cases, the heat input is intense and 
highly localized so that the final metallic components generally show 
unique properties including high surface roughness, porosity, hetero-
geneous microstructure, and residual stresses [28–30]. 

The above-mentioned characteristics of metallic additively manu-
factured components negatively affect the mechanical properties, 
especially the fatigue strength [31]. This is a critical aspect in all 
structures exposed to time-varying loads. A meaningful example in this 
regard are load-bearing orthopedic implants, particularly in view of the 
periodic nature of human gait for hip implants [32]. Nevertheless, in 
comparison to the wide number of papers published on the static me-
chanical behaviour of architected cellular materials, few studies on their 
fatigue resistance have been published to date [33]. Metallic materials, 
in general, have high notch sensitivity, so the fatigue resistance is 
strongly influenced by defects that act as stress raisers. Fatigue is in fact 
caused by the accumulation of damage at regions, e.g., notches and 
imperfections, which act as local stress concentrations; accordingly, to 
be able to accurately predict the fatigue resistance of a structure, the 

Fig. 1. Examples of cellular materials: (A) closed cell foam [8]. (B) open cell 
foam [8]. (C) regular cellular material (body cubic centered BCC unit cell) [9]. 
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focus must be shifted to the local details in geometry [34]. Additively 
manufactured architected cellular materials (or lattice structures) are 
particularly prone to fatigue damage, mainly for the following four 
reasons: 

• the architecture of cellular materials is an intrinsic factor of struc-
tural weakening since a full geometry is replaced by a porous ar-
chitecture consisting of struts joined at particular points termed 
nodes, reducing the load bearing area and increasing stress 
concentrations;  

• as-built AM products are often characterized by poor geometrical 
accuracy and complex surface morphology, which leads to differ-
ences between the as-built and designed parts [35,36];  

• there are technological limitations that pose lower limits on the size 
of the minimum printable geometrical details, such as truss thickness 
and fillet radii [37]; for fine feature sizes, the inevitable discrepancy 
between desired and actual geometry frustrates any attempt to 
attenuate local stress concentration through classical mechanical 
design measures; such as a gradual transition in strut sizes, 
smoothing of edges between struts, or stress relief grooves.  

• The strut inclination angle relative to the printing direction is a factor 
that must also be considered [38,39]. Inclined struts are supported 
by loose powder which has lower thermal conductivity than the solid 
and thus a higher fraction of the powder is partially or completely 
melted compared to a vertical strut; as such, different thermal con-
ditions may create unique microstructures and highly irregular sur-
face morphology.  

• Fatigue, more than any other mechanical property, is strongly 
affected by the manufacturing process; indeed, the critical impor-
tance of defects has been highlighted in many publications [31,40, 
41]. 

As a result, despite undeniable advancement in the design and 
fabrication of lattice structures, there is still a widespread concern about 
their structural integrity, especially under fatigue loading. Industry is 
still mistrusting of their widespread use in critically loaded mechanical 
components and is waiting for solid answers and guidance in this regard. 
The main issue in the study of the fatigue behaviour of architected 
cellular (lattice) materials is that no standards are available for the 
mechanical testing; the only available standard is the ISO 13,314, which 
prescribes a procedure for the monotonic compression testing of 
metallic porous structures that exhibit a ductile plateau behaviour. As a 
consequence, no guidelines are available for monotonic tests of lattice 
materials that do not display necessarily this specific behaviour and, in 
addition, no guidelines are available at all yet for their fatigue testing. 

For this reason, we propose the present article as a review of the most 
recent and relevant contributions to understanding the fundamental 
concepts underpinning the fatigue behaviour of architected cellular 

(lattice) structures fabricated via metal additive manufacturing. For this 
purpose, fatigue design of lattice architectures, including recent ad-
vances in artificial intelligence-based design, fatigue testing methodol-
ogies, experimental assessment of fatigue related issues, such as defects, 
surface morphology and geometrical inaccuracies, will be analysed. 
Careful understanding of the state-of-the-art knowledge will permit us to 
suggest guidelines and methods to increase the success and improve the 
performance and reliability. We will also describe what remains to be 
improved and where research is still urgently needed. This review 
combines engineering and fundamental science from different fields of 
endeavour relevant to the design, mechanistic understanding and 
fabrication of architected cellular materials of the future. 

The review is based on an extensive literature review of articles 
indexed in Scopus and Web of Science databases. As shown in Figure 3a, 
65 papers specifically dealing with fatigue behaviour of cellular (lattice) 
materials were chosen and analysed. They span over the last ten years, 
with the majority of them concentrated in the last 4 years. Additional 
papers, bringing the overall amount of citations up to 291, are examined 
in order to widen the discussion to all the topics relevant to the article 
scope. The fatigue behaviour of 24 cell types (Fig. 3b) was investigated 
in the analysed literature; nevertheless, the first three cover about 50 % 
of all the reported investigations. To the best of our knowledge, the 
reviewed lattice materials were tested only under uniaxial fatigue, in 80 
% of the papers by means of compression-compression fatigue tests 
(Fig. 3c). While several metallic materials were explored, the bulk of 
them (60 %) focused on the biomedical grade Ti-6Al-4 V, thus suggest-
ing that the current interest in fatigue-related applications of cellular 
materials primarily stems from the biomedical sector. 

The present review paper is organized in the following form: Section 
2 provides the reader with the background on the most important AM 
techniques, on the architecture and static mechanical behaviour of 
architected cellular (lattice) materials as well as on the general aspects 
of fatigue behaviour in metallic materials. Section 3 examines the results 
of fatigue experiments undertaken on architected cellular materials, 
emphasizing the main factors influencing their fatigue response. Section 
4 illustrates the experimental techniques that can be used to assess the 
fatigue-related characteristics of cellular materials. This will enable the 
identification in Section 5 of all the design and technological measures 
suitable for improving fatigue resistance. Section 6 is aimed at trans-
lating this state-of-art-knowledge into guidelines for a robust fatigue 
design and verification of architected cellular (lattice) materials. An 
insight into the design and architecture of fatigue-resistant cellular 
materials of the future is provided in Section 7, prior to final concluding 
remarks in Section 8. 

Fig. 2. Examples of architected cellular (lattice) structures in (A) implants, and (B) a lightweight bracket for an experimental vehicle. Examples courtesy of (A) LRS 
implants Pty Ltd & Executive Engineering Pty Ltd and (B) Nelson Mandela University. 
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2. Background 

2.1. Powder bed fusion additive manufacturing techniques 

A recent and complete literature review dealing with additive 
manufacturing techniques has been published in Progress in Material 
Science [26]. In this paper, a clear and critical review of additive 
manufacturing of metallic components has been carried out underlining 
the advantages and main drawbacks of all the available processes. 

According to ASTM Standard F2792 [42], AM processes can be 
classified into the two main categories of Directed Energy Deposition 
(DED) and Powder Bed Fusion (PBF). DED includes all the AM processes 
where focused energy from the heat source generates a melt pool into 
which feedstock in form of wire or powder is deposited (Fig. 4). DED 
processes (Fig. 4A) are also used for the production of large rough blank 
morphologies, but with extensive machining required to manufacture 
the final desirable geometry of the part. 

In PBF processes (Fig. 4B), a layer-wise material feed in the form of a 
powder bed is used. Considering the complex geometry of lattice 
structures and the supporting role of the powder bed during the fabri-
cation of these structures, PBF techniques have received most attention 
from researchers and engineering working in this field. Depending on 
the primary heat source, PBF technique can be divided into two main 
categories of laser PBF (L-PBF) and electron beam PBF (EB-PBF). A 
critical understanding of the capabilities and complications of these two 
PBF processes is needed for the selection of the right technique for a 
target application. 

L-PBF [43] process begins with slicing the input computer-aided 
design (CAD) model in form of solid or surface, defining the scanning 
pattern and establishing a build-file based on a material dependent set of 
process parameters (Fig. 4C). A layer-wise fabrication of the part then 
takes place by spreading thin layers of powder with a controlled thick-
ness. Subsequently, the powder is fused according to the slice geometry 
pass-by-pass and layer-upon-layer within an inert chamber, with the 
z-axis incrementally decreased after each produced layer. 

EB-PBF uses a similar sequence of actions to L-PBF but with an 
electron beam heat. The fabrication process, which takes place within a 

vacuum chamber, includes a two-step sequence for each layer. First each 
layer of powder is sintered to prevent electro-static charging and 
repulsion of the powder particles; then the region defined by the slice 
geometry is fused using an additional pass. Due to the lightly sintered 
alloy powder on the bed, a faster scanning speed of the beam can usually 
be employed in the EB-PBF process. Comparative characteristics of two 
PBF machines based on laser and electron beam heat source are sum-
marized in Table 1. 

In both PBF processes, various scanning strategies can be imple-
mented to scan each layer of the sliced geometry. Unidirectional, bidi-
rectional, spiral, zigzag and cross-wise are among the most common 
scanning patterns in these processes; in all cases adjacent tracks are 
overlapped with a hatch spacing value less than the track width to 
ensure full melting (See Fig. 4C). The interior of a part is usually scanned 
first (termed the hatch scanning), followed by one or more contour scan 
tracks (termed contour scanning)(See Fig. 4D). Contour tracks follow the 
external geometry of the part and improve the surface quality, and must 
also overlap the hatch pattern. Subsequent layers usually include a 
rotation of the hatch directional strategy, for example by rotation of 67◦. 
In addition, these hatch patterns can be implemented in islands or 
stripes – larger regions which are scanned separately and randomly to 
ensure homogenous thermal input and to minimize residual stress. 

2.2. Architecture and static mechanical properties of lattice materials 

According to Gibson and Ashby’s fundamental work [47], only a few 
unit cells can be packed together in a regular and undistorted periodic 
pattern of identical cells to fill space. They are illustrated in Fig. 5, 
specifically the triangular, rhombic and hexagonal prisms, the rhombic 
dodecahedron and the tetrakaidecahedron. In addition, if distorted, the 
tetrahedron, the icosahedron and the pentagonal dodecahedron can also 
fill space. Accordingly, lattice cellular materials are built starting from 
these elementary unit cells. 

In strut-based lattices, nodes located at the vertices or edges of the 
unit cells (and sometimes also in the interior of the cell) are connected 
by slender straight members usually called struts (or beams). The most 
important results from the present literature survey are illustrated in the 

Fig. 3. Main features of the articles reviewed in this work. (A) number of publications pertinent to fatigue of cellular materials per year. (B) unit cell architectures, 
(C) fatigue load configuration and (D) materials analysed in the reviewed literature. 
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Fig. 4. Schematic illustration of (A) DED [44] and (B) PBF processes; (C) process parameters in PBF [45]; (D) various scanning strategies.  
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first three rows of Fig. 6. They are mainly based on the elementary cubic 
cell, wherein the number of nodes and struts is modulated to confer the 
desired density and mechanical properties. 

A very useful classification criterion, which has important conse-
quences on the mechanical behaviour of the strut-based lattices, dis-
tinguishes between bending- and stretching- dominated structures by 
analyzing the nodal connectivity. If we imagine replacing the rigid 
(well-connected) junctions between the struts with pins, depending on 
the nodal connectivity of the lattice, when compressed, the structure can 
collapse due to the rotation of the struts about the joints (i.e., it becomes 
a mechanism) or not (i.e., it becomes simply a truss frame) (compare 

Figs. 7A and 7B, C). The former structure is defined as bending- 
dominated, because the struts of the frame with connected joints bend 
when loaded externally (the joint resists rotation), while the latter 
structure is defined as stretching-dominated because the struts are 
loaded mainly axially even with connected joints, with some struts 
experiencing tensile forces. An example of the two types of unit cells is 
shown in Fig. 7D-F. This classification is expressed mathematically by 
the Maxwell stability criterion, which is based on the sign of the coef-
ficient M, which is negative for bending-dominated and positive for 
stretched dominated structures, respectively [48]. For 2D lattices, M = b 
– 2j +3, where b is the number of struts and j is the number of nodes 
(Fig. 6a-c). For 3D lattices, M = b − 3j + 6, as shown in Fig. 7D-F. 
Stretching-dominated structures are structurally more efficient than 
bending-dominated structures because struts are loaded almost exclu-
sively in tension or compression [5,6,48]. 

Other cell architectures that are gaining interest as cellular materials 
are based on triply periodic minimal surfaces (TPMS), some of them 
sketched in the last two rows of Fig. 6. These materials have many to-
pological properties that have been proved to be beneficial for manu-
facturability due to their continuous curved surface geometries [39,49, 
50]. The first reference to a TPMS was made in the 19th Century by 
Schwarz, who introduced the Primitive and Diamond surfaces [51]. 
TPMS are surfaces created mathematically such that they have no 
self-intersecting or enfolded surfaces. “Triply periodic” means that the 
structure can be packed together in a periodic 3D pattern and “minimal 
surface” means that it locally minimizes surface area for a given 
boundary such that the mean surface curvature at each point is zero 
[51]. The complex and intertwined minimal surface divides the volume 
into two or more entangled convoluted domains, such that each domain 
is a single connected and infinite component. TPMS can be described 
mathematically using the level-set approximation technique based on 
harmonic functions of the spatial cartesian coordinates and the desired 
level of density [52]. There are several TPMS shapes available; the most 
investigated ones are illustrated in Fig. 6. Two different strategies are 
adopted to create TPMS cellular structures from the mathematical 
formulation [53]. In the first one, the TPMS is thickened to create a solid 
structure known as the “sheet TPMS”; in the second approach, the vol-
ume separated by the TPMS is filled to create a solid structure known as 
the “skeletal" or "cellular" TPMS. The lack of nodes and points of 
curvature-discontinuity ensured by these architectures is expected to 
reduce the stress concentration and ultimately to enhance the fatigue 
strength [50]. 

The single most important parameter of cellular materials, that any 
property can be related to, is the relative density ρ [47], defined as the 
ratio of the density of the cellular material ρ to the density of the base 
(solid) material ρ0: 

ρ =
ρ
ρ0

(1) 

The relative density essentially defines how much solid material is 
present in the overall volume occupied by the cellular material. The 
complement to unity of the relative density is porosity, calculated as p =

1 − ρ. This parameter can be calculated with geometrical consider-
ations: models to calculate the relative density of several different types 
of cellular materials as a function of the strut length and diameter are 
discussed in [47]. Despite being a powerful concept, the relative density 
alone is not sufficient to characterize the morphology of a cellular ma-
terial. As an example, bending- and stretching-dominated structures will 
have different mechanical properties and failure mechanisms even with 
the same relative density; this will be discussed in the following sections. 

The mechanical behaviour of cellular materials is illustrated by the 
compressive stress-strain curves in Fig. 8 along with photographs in 
[54]. The curves can be divided into three parts as in the figure: a linear 
elastic regime (1) until the struts yield due to bending or stretching, a 
plateau regime (2) during which the cells start to progressively collapse 
because of buckling, brittle crushing or yielding depending on the base 

Table 1 
A comparison between two laser and electron beam based PBF machines [46].  

Parameter L-PBF (Realizer 
SLM50) 

EB-PBF (Arcam EBM S12) 

Environment Argon Vacuum 10− 4 - 10-5 (mbar) 
Preheating (◦C) 200 (building table 

resistive heating) 
700 (powder bed heating by 
defocused electron beam) 

Maximum beam power 
(W) 

120 3500 

Laser/electron beam 
spot (μm) 

30− 250 200− 1000 

Average powder layer 
thickness (μm) 

20− 100 50− 200 

Beam scan speed (m/s) 0.3− 1.0 >1000  

Fig. 5. Space-filling unit cells that can be packed without distortion. (A) 
Triangular, (B) rhombic and (C) hexagonal prism. (D) rhombic dodecahedron. 
(E) tetrakaidecahedron. l and h indicate characteristic unit cell dimensions, t is 
the thickness of the strut connecting nodes co-located on the edges of the unit 
cell. Adapted from [47]. 
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material and the morphology, and finally a densification phase (3) that 
corresponds to the collapse of the cells one against the other (the struts 
reach contact). The stress-strain curves of the stretching-dominated 
lattices are generally characterized by higher initial stiffness and yield 
strength (prior to the first yield) than a bending-dominated lattice of the 
same relative density. Moreover, post-yield softening is also observed, 
due to the sudden failure by buckling or brittle crush of a layer of cells, 
with the subsequent plateau consisting of peaks and valleys that indicate 
the progressive failure of the layers. Stretching-dominated structures are 
therefore more structurally efficient but are prone to sudden failures and 
are not effective at dissipating deformation energy. On the other hand, 
bending-dominated structures are more compliant, have a more pro-
gressive transition to the stress plateau due to the bending of the struts, 
and have a relatively flat plateau [6,55]. In their numerical study, 
Kadkhodapur et al. [56] correlated the stress-strain curve with the 
failure mechanism for bending- and stretching-dominated lattices. They 

observed that stretching-dominated lattices tend to fail layer-by-layer 
for their investigated architectures (the failure of the first layer is indi-
cated by post-yield softening), while bending-dominated lattices fail in 
shear bands, matched by a smaller fluctuations in the stress-strain curve. 
Several experimental studies have confirmed these results, as for 
example in [57,58]. Elastic-plastic materials, after yielding, can display 
a short plateau until all struts are yielded, followed by densification. 
Tensile stress-strain curves are the same as compressive curves in the 
elastic region, but after yielding the struts tend to progressively align 
along the loading direction, without any buckling, until failure [59]. In 
tension, cellular materials fail by ductile or brittle fracture, depending 
on the plastic resources of the base material [47]. 

The high number of cells in a lattice structure often makes it prac-
tically impossible to model the entire cellular component in full detail, 
even by using advanced finite element software combined with powerful 
processing hardware. Consequently, over the last decades, several 

Fig. 6. Various architectures of lattice structures (A) Strut-based lattice cells are shown in the first three rows. (B) Skeletal- and (C) sheet-triply periodic minimal 
surfaces (TPMS). 
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theoretical and numerical approaches have been specifically developed 
to model the mechanical properties of materials with a repetitive nature, 
which will be now very briefly reviewed. The aim of these approaches is 
to determine the effective properties of the lattice as a function of 
properties of the base material and the morphology of the cells. The 
effective properties can then be used as the properties of any regular 
material in the design process. A fundamental concept in the mechanical 
modelling of cellular materials is the Representative Volume Element 
(RVE), which is a fraction of the volume of the lattice that is represen-
tative of the properties of the entire structure. In other words, this 
element should be small enough to reduce the complexity of the prob-
lem, but big enough to approximate with the requested accuracy the 
behaviour of the lattice. In the case of regular periodic structures, the 
most logical choice for the RVE is the unit cell of the lattice. On the other 
hand, identifying the correct size of the RVE is not immediate in the case 
of cellular materials that are not regular periodic, such as, for instance, 
fully random foams, lattices affected by some degree of irregularity, or 
lattices with fabrication defects. In such cases, the simplest approach is 
to progressively increase the size of the RVE and choose the size at which 
the properties converge to a constant value [60–62]. 

Closed-form models for the effective elastic constants and the yield 
strength of 2D and 3D regular lattices made of simple unit cells were first 
devised by Gibson et al. [47,63], assuming the cell struts or walls behave 
like Euler-Bernoulli beams. The elastic constants were calculated from 
the stresses and strains produced by applying uniform loads to the unit 
cell. Moreover, they observed that it is possible to correlate the elastic 
modulus (sometimes regarded as quasi-elastic gradient) and yield 
strength of the lattice with its relative density ρ in the form of power 
laws, viz: 

E
E0

= C1

(
ρ
ρ0

)n

= C1ρn (2a)  

σy

σy0
= C2

(
ρ
ρ0

)m

= C2ρm (2b) 

in which σy0 and E0 are yield strength and elastic modulus of the base 
material and Ci (i = 1,2), m, and n are constants that depend on the type 
of unit cell and can be determined theoretically (closed form solution) or 
fitted to experimental data [38,64,65]. In particular, n (m) is equal to 1 
(1) in an ideal stretch dominated structure and to 2 (3/2) in an ideal 
bending dominated structure. Figs. 9A, B display a collection of exper-
imental data published in the literature [38,49,56,57,66–87] for relative 
quasi-elastic gradient and relative yield strength, respectively, for 
several cell architectures, all of which are sketched in Fig. 6. 

It can be noted that the lattice materials display a decreasing trend in 
both elastic modulus and strength with decreasing relative density; this 
trend, apart from the large scatter displayed by the experimental data, is 
in better agreement with the Gibson-Ashby predictions for bending- 
dominated behaviour, even though some of the cell architectures are 
nominally categorized as stretched-dominated (e.g., FCCZ or octet). This 
experimental evidence can be explained in terms of geometric inaccur-
acies affecting real manufactured cellular lattice material that can 
introduce spurious bending effects due to the misalignment of the struts 
axis with respect to the loading direction, among other possible reasons 
described later in this paper. This comparative analysis shows that 
closed-form equations based on classical beam theory have some limi-
tations: (i) assuming the cell walls behave as beams provides good re-
sults only if they are sufficiently slender, i.e., these models progressively 
lose accuracy as the relative density increases (generally it should be less 
than 0.3 [88]); (ii) the derivation of closed-form equations becomes 
impractical for very complex lattices; (iii) these models often assume a 
uniform section of the beam, which is not generally the case in real 
cellular lattices, although it is possible to derive closed-form equations 
also for cell walls of variable cross-section, provided the variation can be 
described by simple functions [89,90]; (iv) classical beam theory cannot 
accurately capture the stress-strain state at stress concentrators (such as 

Fig. 7. (A) A bending-dominated structure becomes a mecha-
nism if the joints are substituted by pins;(B) (C) a stretching- 
dominated structure stays a structure if the joints are 
substituted by pins. Examples of (D) bending dominated and 
(E) (F) stretching-dominated unit cells. M is the Maxwell 
number, b is the number of struts and j the number of nodes. 
FBCCZ is a unit cell obtained by combination of a face-centered 
cubic (FCC) and a body-centered cubic (BCC) with struts along 
X, Y and Z directions (see Fig. 6 for further details).   

M. Benedetti et al.                                                                                                                                                                                                                              



Materials Science & Engineering R 144 (2021) 100606

9

at cell nodes). More advanced numerical modelling techniques, how-
ever, such as numerical homogenization methods, are able to overcome 
these limitations [91]. Such homogenization techniques replace the 
cellular structure with the appropriate RVE; this can also include any 
possible irregularity of the lattice and does not have any limitation on 
the relative density value. The only two assumptions are that there exists 
a length-scale separation between the microstructure and the domain of 
interest and that there is a spatial periodicity in the lattice (i.e., the field 
variables depend on multiple spatial scales and are periodic on the small 
scale and smooth on the macroscopic scale) [60,61]. Nevertheless, the 
homogenization method has some limitations, which are due to the 
assumptions that it is based on. Several situations arise in which, for 

instance, the length-scale separation is not verified due to the small 
number of unit cells that make up the domain considered, or the accu-
rate stresses in some specific location need be known, or the effect of 
defects on the local stress state is investigated. The finite element (FE) 
method, on the other hand, does not have these limitations and it is thus 
a valid alternative in such situations. Indeed, potentially, with the FE 
method it is possible to study the mechanical behaviour of the most 
complex cellular materials including the finest details without the ne-
cessity of any simplifying assumption, the only limitation being the 
computational power of the computer. FE models of cellular lattices can 
be divided into two classes: models based on beam elements and models 
based on continuum elements [91]. The former are computationally 

Fig. 8. Typical compressive strain-stress curves for bending- and stretching-dominated cellular materials with same relative density (curves adapted from [6]). (1) 
Linear-elastic regime. (2) Post-yield stress plateau. (3) Densification. Photographs were taken in [54] at the corresponding deformation regime on bending- (left) and 
stretching- (right) dominated lattice structures. 
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faster and are useful to calculate the effective properties of the lattice 
and can also correctly capture failure mechanisms [9,92]. Beam ele-
ments are quite versatile and can be used also to take into account 
material heterogeneities, irregularities in the strut cell wall thickness 
[35,93,94], and the effect of fillets at strut joints on the elastic properties 
[95]. Alkhader and Vural [96] used beam elements to show that the loss 
of periodicity in the structure of a stretching-dominated cell results into 
a shift towards a bending-dominated mechanical behaviour and thus a 
decrease in stiffness. Also, the study of the fatigue behaviour of cellular 
materials gained considerably from the use of beam elements; in [97] 
the effect of cell geometry and relative density on the fatigue behaviour 
was investigated, while in [98] a computational approach to predict the 
fatigue behaviour was proposed, including also manufacturing irregu-
larities. On the downside, beam models are accurate only for low rela-
tive densities (slender cell walls) and they do not provide the local 
stress-strain state. Continuum models provide the highest accuracy 
and the most faithful reproduction of any morphological feature at the 
expense of long computation times [91]. Several examples of complex 
analyses carried out using 2D and 3D continuum elements can be found 
in the literature. In the recent literature, the failure mechanisms of 
stretching- and bending-dominated lattices were simulated using 3D 
continuum models and successfully compared with experimental tests in 

[56], while Cuadrado et al. [85] also investigated the effect of load 
orientation. Multi-material analyses can also be completed, for instance 
to study the effect of tissue ingrowth in L-PBF Ti6Al4V biomedical 
scaffolds [87]. The FE method and accurate geometrical measurement 
techniques, such as X-ray Computed Tomography (CT), form a very 
powerful set of tools to interpret experimental results because, for the 
first time, it becomes possible to simulate the mechanical behaviour of 
as-fabricated lattices [99,100]. This last topic will be further analysed in 
the following sections. 

2.3. Fatigue of bulk metallic materials 

Since the present review paper is intended for a broad, also non- 
specialistic, readership, the third part of this background section is 
aimed at introducing the reader to the fundamental aspects of metal 
fatigue. The peculiar characteristic of this damage mechanism is that 
structural components exposed to time-varying loads are prone to fail-
ure at stress levels well below a given material’s ultimate strength. This 
repeated loading of the structure can lead to microscopic damage in the 
materials. If the loads are above a certain threshold, the accumulated 
microscopic damage in the material can result in nucleation and prop-
agation of cracks or other macroscopic damage that leads to fatigue 

Fig. 9. Relative quasi static elastic gradient (A) and relative yield strength (B) as a function of relative density for cellular lattice materials investigated in the 
literature [38,49,56,57,66–87] with various unit cell architecture. 
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failure of the component. Engineering metals are commonly composed 
of an aggregate of small crystal grains. These small crystal grains show a 
local anisotropic behaviour due to the presence of crystal planes and also 
small voids and particles of a different chemical composition than the 
bulk material. Due to the nonuniformity of the microstructure, the 
applied stress to the component is distributed in a non-uniform manner 
at the microstructural size scale [101]. 

Dealing with ductile engineering metals, crystal grains with an 
unfavourable orientation relative to the direction of the applied stress 
develop intense deformation due to shear motion between crystal 
planes. These regions with severe shear deformation are called slip 
bands. The continuation of the cyclic loading results in an increase in the 
number of slip bands and eventually some slip bands develop into cracks 
within the crystal grains and then propagate through the neighbouring 
grains, producing a large crack in the component that can lead to the 
final failure. The number of loading cycles associated with creation of a 
crack in the material is called fatigue initiation life, while the remaining 
number of cycles until final failure is known as fatigue crack growth life. 

On the other hand, engineering metals with limited ductility, such as 
high strength metals, tend to show a more localized damage evolution in 
the vicinity of the defects within the material [101]. These initial defects 
can be voids, lack of fusion, inclusions, slip bands, weak grain bound-
aries, and surface defects such as scratches or surface roughness. This 
crack can grow from the mentioned defects and propagate through the 
section of the component in a plane perpendicular to the loading di-
rection. Therefore, the fatigue damage process in materials with limited 
ductility is characterized by crack initiation and propagation from a few 
defects, while in ductile materials a more widespread damage intensi-
fication is the mechanism of fatigue failure. 

Generally, depending on the applied stress level, the fatigue life of 
the component varies and can be categorized in one of two main regimes 
of low-cycle fatigue (LCF) and high-cycle fatigue (HCF), which respec-
tively represent fatigue in the presence of, and in the absence of, plastic 
deformation. The transition between LCF and HCF can be determined by 
the stress levels indicating the level of plastic deformation in the ma-
terial. This transition life depends on the ductility of the material and 
cannot be set to a constant number. On the one hand, the fatigue life at 
high stress levels (LCF) is shorter and is commonly characterized by 
repeated plastic deformation in each cycle. In this case, fatigue failure is 
mainly governed by crack propagation rather than crack initiation. On 
the other hand, the lower stress levels in HCF result in global elastic 
deformation of material. In this regime, the fatigue life is mainly gov-
erned by fatigue crack initiation, motivated by local plastic deformation, 
such that crack propagation stage is a smaller portion of the total life. 
LCF is mostly evaluated using strain-life fatigue models. From this 
perspective, LCF tests are performed in strain-controlled condition 
under different stain amplitudes, with the test data used to obtain the 
constants in the fatigue models. A commonly used fatigue model that 
describes the LCF behaviour is the Coffin-Manson relation [102] as given 
below: 

Δεp

2
= ε’

f (2N)
c (3)  

where Δεp/2 is the plastic strain amplitude, ε’
f is an empirical constant 

known as fatigue ductility coefficient, 2N is the number of reversals to 
failure, and c is an empirical constant, of order -0.5, known as the fatigue 
ductility exponent. 

HCF conversely is evaluated mostly using stress-based models. As an 
example, Basquin’s equation can be used to represent the relation be-
tween the applied cyclic stress and the fatigue life. For this aim, test 
specimens are tested under fatigue loading with different stress levels 
and the Basquin’s equation will represent a linear regression of fatigue 
life data in double logarithmic plot of stress-life (also known as S-N 
curve) [34]. 

σa = A(2N)
B (4)  

where σa is the applied stress amplitude to the test specimen, N is the 
number of cycles to failure (2N is the number of reversals to failure), and 
A the fatigue stregth coefficient and B the fatigue strength exponent. 
Ideally, basic S-N fatigue data are generated under a fully reversed stress 
cycling meaning that the maximum and minimum stress have the same 
level but different signs (σmax=-σmin). In this condition, the mean stress is 
equal to zero (σm=(σmax+σmin)/2 = 0). However, in real-life applica-
tions, the actual loading involves a mean stress on which the oscillatory 
stress is superimposed. In order to illustrate the mean stress effect on the 
fatigue behaviour of materials, the results of a fatigue test using a non- 
zero mean stress are often presented in a Haigh (or often referred to as 
Goodman) diagram (see Fig. 10). This diagram plots the oscillatory 
stress amplitude, σa as a function of the mean stress, σm using constant 
lifelines. The region below each curve represents infinite life (N >
106~107) and the finite life region is above the curve. Several empirical 
relationships have been proposed in the literature that relate alternating 
stress to mean stress level, some of which are represented below: 

σa

σe
+

σm

σu
= 1, Goodman(1899) (5a)  

σa

σe
+

(
σm

σu

)2

= 1 , Gerber(1874) (5b)  

σa

σe
+

σm

σy
= 1 Soderberg(1930) (5c)  

σa

σe
+

σm

σf
= 1 Morrow(1960) (5d)  

where σa is oscillatory stress amplitude, σe is the fully-reversed fatigue 
limit, which is the stress level representing a fatigue life of 106~107, σm 
is the mean stress, σu is the ultimate strength, σy is the yield strength, and 

Fig. 10. Mean stress effect on fatigue properties; (A) Example of a Haigh dia-
gram, (B) Comparative illustration of mean stress equations. 
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σf is the true fracture strength of the material. A comparative illustration 
of the mentioned equations is given in Fig. 10B. Among the mentioned 
equations, the ones proposed by Goodman and Gerber are the two most 
widely accepted methods due to their good agreement with the fatigue 
test data. 

3. Experimental investigations on the fatigue behaviour of 
cellular materials 

This section reviews experimental procedures and data collected in 
the literature about the fatigue behaviour of cellular materials. As shown 
in Fig. 3c, the majority of fatigue experiments have been carried out 
under uniaxial compression-compression, viz. the applied time-varying 
axial load is always comprised in the negative regime [103–119]. This 
testing configuration, even though not yet codified in specific standards, 
is mainly preferred due to its simplicity, as the testing machine needs 
only to be provided with compression plates and the specimen geometry 
does not necessitate specific interfaces with the machine. In general, 
fatigue specimens are designed according to the International Standard 
ISO 13,314 that codifies quasi-static mechanical tests on porous and 
cellular metals. The prescribed geometry is illustrated in Fig. 10a, 
wherein the linear dimensions of the specimen must be at least 10 times 
da, viz. the cell side or the average pore size, so as to minimize edge 
effects. In some cases [107], the specimen is provided with end solid 
plates build together with the central cellular part, as shown in Fig. 11b. 
This ensures a better parallelism and planarity of the specimen surfaces 
in contact with the machine compression plates. 

Almost all the compression-compression fatigue tests reviewed in 
this paper were carried out in air at a frequency between 10 and 50 Hz 
and load ratio (ratio of the absolute maximum to minimum load) of 
R = 0.1. In general, fatigue tests are preceded by a quasi-static charac-
terization of the cellular materials to estimate the yield and plateau 
stress. The maximum absolute global stress values adopted for the fa-
tigue tests are generally between 10 and 80 % of the yield stress to 
explore fatigue lives ranging from a few thousands to 1–2 millions of 
cycles. In this way, S/N curves can be derived and fitted according to a 
power-law equation [120] or a modification thereof through the intro-
duction of an asymptotic term [66]. 

In some cases, the specimen displacement field is acquired during the 
fatigue test through suitable experimental apparatus, such as mechani-
cal [121] or optical non-contact [106] extensometers, a Linear Variable 
Displacement Transducer (LVDT) [122] or Digital Image Correlation 
(DIC) [123]. The knowledge of the evolution of the global strain during 
the fatigue tests allows valuable information to be acquired about the 
fatigue damage mechanisms of cellular materials. A qualitative plot of 

the total strain vs. the number of cycles is given in Fig. 12. This is a 
re-adaptation of similar plots proposed in [124,125], for cellular mate-
rials and originally developed for metal foams [126]. 

Accordingly, the fatigue life is subdivided into three stages. During 
the very early cycles of Stage I, there is a plastic redistribution of peak 
stresses at critical lattice locations characterized by high stress concen-
trations, followed by an elastic-shakedown. The largest part of stage I is 
dominated by ratcheting, i.e., a progressive accumulation of inelastic 
strain, which is imputed in the literature to be viscous creep-like phe-
nomena. Boniotti et al. [123] observed that ratcheting is characterized 
by a constant value of the strain amplitude εa and an increasing value of 
the mean strain εm (Fig. 13A). A sudden increase in the ratcheting rate is 
usually related to the damage initiation and propagation in one or a few 
critical locations of the lattice material. The number of cycles at damage 
initiation Ni is defined in [123] as a 1% increment - the dashed line in 
Fig. 13A - over the initial constant value of the strain amplitude - the 
solid line in Fig. 13A. Stage III is characterized by a sudden increase in 
the mean strain produced by the coalescence of several cracks leading to 
eventual failure. The number of cycles to failure is defined as the 
intersection point between the ratcheting line and the line fitting the last 
points of εm before the end of the test (Fig. 13B), as suggested in [109, 
119,123,125–127]. Boniotti et al. [123] attempted to quantify the 
fraction of fatigue life spent in initiating the damage. Results are shown 

Fig. 11. (A) specimen geometry for compression-compression tests according to ISO 13314. (B) specimen geometry with solid end plates proposed in [107].  

Fig. 12. Typical three stage evolution of fatigue damage in compression- 
compression fatigue tests of porous metallic materials. Adapted from 
[124,125]. 
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in Fig. 13C. Importantly, in the low-cycle fatigue regime, Ni takes a 
minor part of the total life, while in the high-cycle fatigue regime Ni 
contributes more than half of Nf. This suggests that different approaches 
must be adopted to assess the fatigue life of cellular materials. In the 
high-cycle fatigue regime, a damage initiation fatigue calculation 
approach is reasonable, while at short fatigue lives, a total fatigue life 
approach, including also the life spent to propagate damage and cracks 
until final failure, is preferable. This issue will be further addressed in 
Section 6. 

The intensity of ratcheting occurring in stage I can be quantified in 
terms of the ratcheting rate, i.e., the rate of accumulation of inelastic 
strain in the direction of the applied load. This can be defined as the 
slope of the line fitting the mean strain from the beginning of the tests up 
to the number of cycles at damage initiation. Several papers [103,104, 
119,128], attest that the ratcheting rate is linearly correlated with the 
applied stress amplitude in a double logarithmic scale. If the S/N curves 
are well fitted by a Basquin power law [120], then the ratcheting rate is 
still linearly correlated in a log-log scale with the number of cycles to 
failure Nf, as experimentally found in [123]. Fig. 14 summarizes the 
experimental ratcheting rate data collected in [103,104,119,123,128], 
as a function of Nf. Interestingly, the ratcheting rate is fairly independent 
of the cell architecture [123] (i.e., cell type and porosity p) and mainly 
dictated by the metallic material which the lattices are made of. In 
particular, in terms of the ratcheting rate, the NiTi shape-memory alloy 
displays the lowest whereas titanium-alloys display the highest, with 
aluminium and stainless steel showing intermediate behaviour. 
Conversely, if the ratcheting rate is plotted as a function of the applied 
stress amplitude (as, for instance, in [105]), the effects of porosity and 
cell architecture are far more pronounced as they strongly affect the 
fatigue strength of the porous material. 

In this regard, Zadpoor and collaborators [113] were among the first 

to argue that the compression-compression fatigue strength of porous 
meta-materials is primarily influenced by cell type and porosity. Their 
idea was to eliminate the dependency upon the porosity by normalizing 
the fatigue strength with respect to the yield strength, which is a 
declining function of porosity as well (see Eq. (2b)). In this way, they 
demonstrated that the normalized fatigue strength is a function of the 
cell type only, even though the S/N curves obtained at different porosity 
values did not perfectly collapse into the same curve. Taking inspiration 
from this fundamental work, in the present review paper we show in 

Fig. 13. Definition of (a) number of cycles at damage initiation Ni and (b) number of cycles at failure Nf according to [123]. (c) fraction of life spent in damage 
initiation, Ni/ Nf vs. number of cycles to failure. SC: simple cubic cell. SC-BCC: BCC cubic cell. SC8-FCC: FCC cubic cell. 

Fig. 14. Ratcheting rate vs. number of cycles to failure for several cell archi-
tectures investigated in the surveyed literature [103,104,119,123,128]. p in-
dicates the open porosity. 
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Fig. 15 the fatigue data reported in [103–119]. Specifically, the 
normalized fatigue strength estimated at 106 cycles under 
compression-compression fatigue (R = 0.1) is plotted as a function of the 
porosity p. Polygonal symbols refer to strut-based cellular materials, 
while star and asterisk symbols denote cellular- and sheet-gyroid met-
a-materials, respectively. Symbol colours designate the metallic material 
used to additively manufacture the samples. Importantly, the majority of 
fatigue data available in the literature were obtained using Ti-6Al-4 V, 
mainly because such materials find applications in the biomedical field, 
where this alloy represents a “gold standard”. Surprisingly, apart from 
the cubic cell (square symbol), strut-based cellular samples made up of 
this material (black polygonal symbols) lie in the lower band of Fig. 15. 
Despite the fact that the fatigue strength data are normalized with 
respect to the corresponding yield strength, the data still display a 
decreasing trend with increasing porosity. This demonstrates that the 
reduction in fatigue strength with increasing porosity is more pro-
nounced than that in yield strength. As discussed in the Introduction, 
fatigue is a local damage phenomenon very different from yielding that 
affects the global mechanical response of the entire porous material. 
Therefore, the yield strength is not able to capture the entire detrimental 
effect of porosity on the high-cycle fatigue strength. Among the 
strut-based cellular materials, truncated cuboctahedron [107,113], and 
topology-optimized [108] cells proved to display the highest normalized 
fatigue strength. An important exception is represented by the cubic cell, 
which showed an exceptionally high compression-compression fatigue 
strength when the load axis is parallel to the struts printed orthogonally 
to the printing plane [113]. In this case, no fatigue damage is observed, 
even at a maximum compressive stress corresponding to 80 % of the 
yield strength. Yavari et al. [113] attributed such exceptionally high 
fatigue strength to the fact that, under this loading configuration, the 
cubic cell is the only one subjected only to compressive local stresses, 
while the remaining cell architectures undergo local bending stresses 
that are more dangerous to the fatigue strength. On the other hand, the 
cubic cell displays the highest anisotropic mechanical response in 
comparison with other strut-based cells; it is therefore of little practical 
interest for the manufacture of mechanical components which will be 
subjected to complex loading scenarios. Gyroid-based cellular materials 
tend to display better fatigue performance compared to their strut-based 
counterparts. This has been attributed to the absence of stress concen-
trations occurring at the nodes between struts and to the continuous 

curvature of their surfaces [49,104,112]. A particularly important issue 
that can be drawn from Fig. 15 is the remarkable influence exerted by 
the metallic material on the fatigue strength. Importantly, very ductile 
materials, such as pure metals (Ti, Fe, Ta), Co-Cr and 316 L stainless 
steel, exhibit a superior normalized fatigue strength with respect to their 
counterparts made up of titanium alloys or the shape-memory alloy 
NiTi. Apparently, a high ductility is required to accommodate stress 
peaks in the vicinity of stress raisers, such as nodes and geometric im-
perfections, which serve to reduce the notch sensitivity of the porous 
meta-material. 

In more recent literature, there has been a growing awareness that a 
better understanding of the fatigue behaviour of cellular materials 
would be achieved if the experimental fatigue characterizations were 
also conducted under global tensile stresses. It is in fact known that 
tensile stresses are far more detrimental to the fatigue strength than 
compressive stresses as fatigue crack growth is favoured by stress states 
that tend to promote mode I type of loading (crack opening). This, 
however, poses a considerable experimental challenge as the specimen 
geometry must be designed to make possible to transfer tensile loading 
from the machine to the sample and to locate specimen failure in the 
sample’s central gauge part where edge effects are minimized. Fig. 16 
reviews the specimen geometries proposed so far in the literature to test 
cellular materials under tensile fatigue loading. In Fig. 16A, the spec-
imen geometry proposed by [106] has a dog-bone shape, where the 
central part has a cellular structure and the ends are made up of solid 
metallic material. The geometry depicted in Fig. 16B was designed in 
[129]. The mechanical interface is composed of threaded solid ends, a 
stress relief groove and reinforced struts in the vicinity of the interface 
between solid and cellular parts, which are adopted to localize the 
specimen failure in the gauge part. Fig. 16C shows a cylindrical spec-
imen [130], where a smooth transition from the solid ends to the porous 
central part is obtained through a continuous variation of the cell 
porosity. A similar specimen geometry was very recently adopted in 
[131]. The solution shown in Fig. 16D [132] resembles that depicted in 
Fig. 16C with the only difference that the threaded interface is replaced 
by solid smooth ends that are clamped by hydraulic grips. The specimen 
geometry illustrated in Fig. 16E adopts bolted flanges as mechanical 
interfaces with the testing machine [37]. The solid members are 
bell-shaped to make the load transfer more uniform from the bolts to the 
central porous part. The struts are reinforced in the vicinity of the 
members. Compared to the design solutions shown in Fig. 16A-D, this 
specimen geometry permits the central gauge part of the specimen to be 
much larger than the diameter of the testing machine grips, thereby 
allowing a much larger number of unit cells in the central part of the 
sample, which is then affected by lower edge effects. The specimen ge-
ometry shown in Fig. 16F was devised in [133] and consists of 4 stacked 
unit cells with a gradient of radius to ensure failure localization in the 
gauge part. 

There have been a few investigations reported in the literature on the 
effect of mean stress on the fatigue behaviour of cellular materials. In 
this review paper, to eliminate the above-mentioned material induced 
variability in fatigue properties, we will focus on the most studied alloy, 
specifically Ti-6Al-4 V. The collected fatigue data are plotted in the 
Haigh diagram in Fig. 17, representing the stress amplitude as a function 
of mean stress for a fatigue life of 106 cycles to failure with both axes 
normalized by the yield strength. Interestingly, the sheet gyroid speci-
mens (star symbol) [106] exhibited a dramatic decrement in the stress 
amplitude when the fatigue loading cycle is moved from 
compression-compression to tension-tension fatigue. The authors 
attributed this effect to the presence of internal defects (pores and 
lack-of-fusion defects), whose detrimental effect on the fatigue strength 
is much more pronounced under tensile stresses. de Krijger et al. [117] 
(square open symbol) investigated the mean stress effect in the 
compression-compression regime only. Importantly, in this regime, the 
diamond cell lattices showed a negligible effect of the load ratio. Lietaert 
et al. [130] investigated the same cell architecture (square half-solid 

Fig. 15. Compression-compression fatigue strength normalized with respect to 
the yield strength as a function of the open porosity, p. σe,max is the fatigue 
strength at 106 cycles to failure corresponding to the maximum compressive 
global stress applied to the sample. The data were taken from [103–119]. 
Where available, the measured porosity is used instead of the as-designed one. 
Fatigue experiments were carried out in air at load ratio R = 0.1. The vertical 
arrow indicates no failure for cubic cells tested at maximum stress up to 80 % of 
the yield strength. 
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symbol), but with lower open porosity (0.7 vs. 0.8) under 
compression-compression, compression-tension and tension-tension fa-
tigue. As expected, the compression-compression fatigue strength was 
higher than that reported in [117] owing to the lower porosity. The 
application of tensile stresses resulted in a reduction of the fatigue 
strength, which was found to be nearly insensitive to the mean stress 
when passing from fully reversed (R=-1) to tension-tension (R = 0.1) 
fatigue loading. Even more pronounced was the fatigue decrement in the 
presence of tensile stresses for the cubic lattice tested in [129]. The 
normalized stress amplitude was in this case ~0.07, much lower than 
the value above 0.8 reported in [113] for compression-compression fa-
tigue. The remarkably higher mean stress sensitivity of the cubic with 
respect to the diamond unit cell is linked to the fact that in the former the 
struts are subjected to axial loading, while the latter predominantly to 

bending loading. It is therefore clear that the cubic lattice is exposed to 
more detrimental tensile local stresses only when the external load be-
comes positive. Fig. 17 also displays the recent findings published in 
[37], wherein the cubic unit cell size was increased from the value 
1.5 mm examined in [129] to 3 mm. The resulting improvement in 
fabrication accuracy was found to lessen any geometrical imperfections 
which served to enhance the fatigue strength. This fatigue improvement 
measure will be further discussed in Section 5. From the above discus-
sion, it can be concluded that fatigue failure under tensile loading is 
directly correlated to the presence of defects and geometric imperfec-
tions, whose negative impact is naturally much more pronounced under 
tensile stresses [134]. 

From the vast literature available about the factors influencing the 
fatigue behaviour of metallic materials [135,136], it is known that not 
only the mean stress, but several factors would be expected to affect the 
fatigue strength of cellular meta-materials. Among them, of prime 
importance are the issues of environment, temperature, variable 
amplitude and multiaxial loading. Unfortunately, to the best of the au-
thors’ knowledge, environmental effects have only been addressed in 
the very recent literature, the main objective of which was to develop 
fatigue-resistant biocompatible cellular materials for biodegradable 
implants [118,137]. For this purpose, the experimental testing appa-
ratus, illustrated in Fig. 18A, was designed [118]. It basically consists of 
an environmental chamber where the cellular specimen is immersed in a 
simulated body fluid (r-SBF), maintained via a thermostat at constant 
temperature and refreshed using a peristaltic pump. Fig. 18B shows a 
comparison of the S/N curves of samples with diamond unit cells made 
up of pure iron tested in air and r-SBF, which illustrates the detrimental 
environmental effects associated with the synergism of fatigue and 
corrosion phenomena. Additional investigations are still needed to 
obtain a comprehensive understanding of the corrosion-fatigue behav-
iour of additively manufactured cellular meta-materials, especially if 
they are intended to be exposed to aggressive and high-temperature 
environments, like those experienced by aircraft components [135]. In 
this regard, it is worth mentioning that preliminary tests undertaken in 
[138] on additively manufactured Ti-6Al-4 V structural alloy clearly 
demonstrated faster rates of fatigue crack growth in NaCl solution than 
in air. 

Fig. 16. Specimen geometries proposed in the literature to carry out uniaxial fatigue tests under tensile stresses. (A) Dog-bone specimen [106]. (B) Cylindrical 
specimen with threaded solid ends [129]. (C) Cylindrical specimen with continuous transition from solid to porous part [130]. (D) Cylindrical specimen with solid 
ends and strut diameter transition [132]. (E) Specimen with bolted bell-shaped flanges [37]. (F) Specimen with a gradient of strut radius [133]. 

Fig. 17. Haigh diagram of cellular meta-materials made manufactured with Ti- 
6Al-4 V. The stress amplitude and mean stress are normalized with respect to 
the yield strength. The high-cycle fatigue data (at 106 cycles to failure) were 
taken from [106,117,129,130]. In [37], the effect of the cubic cell scale-up on 
the fatigue strength was specifically investigated. 
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There is still ample opportunity for further experimental fatigue 
analyses of cellular materials. In this regard, there is a growing aware-
ness that when these meta-materials are used in biomedical implants, 
they are exposed to complicated physiological stress-states that are 
invariably multiaxial [139], but until now research studies on these 
materials have been limited to uniaxial loading and quasi-static torsion 
[139,140]. Refai et al. [132] developed a computational framework to 
predict the multiaxial fatigue strength of various cell architectures, but 
experimental validation was obtained only for uniaxial loading. 
Variable-amplitude fatigue loading is another critical fatigue-related 
issue that still has not been addressed for cellular lattice materials. 

4. Experimental assessment of fatigue-related issues 

The discussion up to this point has highlighted the importance of 
manufacturing quality of the cellular material. There are multiple 
competing contributions to the fatigue performance of cellular struc-
tures, which we have discussed so far in terms of designed porosity and 
architecture of the lattice structure. However, in addition, differences in 
manufacturing are a major source of variability between different 
studies and even between samples in the same study. This variability is 
well known in bulk materials manufactured by metal additive 
manufacturing, and largely relates to the quality of the materials in terms 
of their nano/microstructure. In this context, much progress is being 
made in improving the reliability of additive manufacturing to improve 
the fatigue properties and reduce the scatter in results for bulk materials 
[31,40,41,141–146]. These improvements are mainly through opti-
mized process parameters, well developed workflows, stringent quality 
control, appropriate post-processing and extensive mechanical testing. 

While the same is needed for cellular lattice structures, the impact of 
the same manufacturing defects may have different contributions to 
their measured mechanical properties. For example, surface depressions 
due to the rough as-built surface likely play a much larger role in fatigue 
performance than in bulk materials, due to the size of the effective 
“micro-notch” compared to the strut diameter. 

As mentioned above, extensive investigations have been performed 
on the quasi-static mechanical properties of cellular structures, but far 
less on cyclic fatigue. This is unfortunate as fatigue is invariably the most 
important degradation mechanism limiting the mechanical performance 
of structural materials and components. Accordingly, the role of defects 
and microstructural imperfections on fatigue performance in cellular 
materials urgently needs further investigation to unravel the different 

contributions of defect types and to discern ways to mitigate or over-
come these through design, process quality improvement or post- 
processing. In the following section, we discuss the experimental eval-
uation of different morphological and microstructural issues that affect 
fatigue performance of cellular lattice structures. 

4.1. Surface morphology and its measurement 

As-built surfaces in metal additive manufacturing have relatively 
high roughness. This roughness varies with changes in process param-
eters and orientation (or inclination angle) relative to the build platform 
[26,147]. This is especially important for cellular structures as they have 
relatively high surface areas and typically many different surface ori-
entations. Upward-facing (upskin) surfaces typically are quite smooth 
relative to other surfaces, but individual tracks may be visible. Side 
surfaces are usually rougher and downward-facing (downskin) surfaces 
are typically very rough with excess melted material (dross formation). 
At surfaces oriented at an angle, both downskin and upskin surfaces also 
contain stair-step effects [147] due to the individual layers, which af-
fects the roughness and depends mainly on the layer height setting. 
Process parameters leading to balling and lack of fusion create irregular 
tracks and imperfect melting which leads to a rougher surface; this 
typically occurs at high scan speed or low laser power. At slower scan 
speed or higher laser power, the surface quality improves but, in excess, 
this can lead to a much larger meltpool size and higher local tempera-
tures. The larger meltpool causes larger tracks with associated larger 
surface features; higher temperatures result in more particles being 
attached to the surface. In addition, high temperature can create higher 
thermally-induced stress leading to microcracks, which may form on the 
surface and further add to their poor surface quality. 

Typical L-PBF systems have focussed laser spot sizes of 50− 100 μm 
and single-track widths of 100− 200 μm. This creates a fundamental 
minimum size limit, limiting the best possible geometrical accuracy 
[25]. With cellular structures (struts or walls) near the size of single 
tracks, the individual melted layers may require only one or a few tracks 
adjacent to one another, which may cause either thinner or thicker 
features by variations of less than one track width as the exact dimension 
cannot be achieved with the fixed track width (typically 0.1 – 0.2 mm). 
Similarly, cellular structures often require only short scan trajectories to 
produce thin struts – individual layers comprise of very short scan 
tracks. The accuracy of the start-stop cycling of the system influences the 
accuracy and regularity of the single track, as does the meltpool 

Fig. 18. (A) Testing apparatus for compression-compression fatigue experiments in simulated body fluid (r-SBF). (B) Comparison between SN curves of samples with 
diamond cells made up of pure iron in air and r-SBF. Images are taken from [118]. 
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conditions in these short exposures – the melting and solidification are 
different in short scan tracks compared to long continuous tracks opti-
mized for solid parts. A similar issue occurs with some systems that do 
not use continuous tracks but rather a point scanning strategy, but here 
the problem is exaggerated due to the small feature sizes. Another 
related issue is the typical hatch-contour scan strategy (see Fig. 4D) 
used, which becomes problematic at the scale of thin lattice struts. It 
might not be possible to use contouring and hatching together – if both 
are used the structure may be too large, or if only contouring is used 
some locations might remain unmelted. An example of an extreme case 
of a single manufactured strut nearing the size limit is shown in Fig. 19. 

In addition to the scan strategy, local high temperatures may cause 
residual stress and warping or cracking. Due to the lack of support 
structures on horizontal or diagonal struts, these may particularly warp 
upwards causing build failure; they may hit the scraper damaging it or 
may create a problem for powder delivery on the next layer by blocking 
the powder delivered. Slight warping or cracking may go unnoticed 
without build failure and have a negative effect on the mechanical 
properties. The residual stress itself may also affect the mechanical 
properties. In addition, horizontal and diagonal struts which are un-
supported are typically built thicker than vertical struts, due to the dross 
formation on the downskin surfaces and penetration of the meltpool into 
underlying layers [149,150]. Horizontally-built struts show poor me-
chanical properties as shown in [151]. The diagonal struts also have the 
additional stair-step effect which depends on the selected layer thickness 
and strongly affects the roughness and the manufacturability [147,152]. 
Diagonal and vertical struts may also have a layered effect where indi-
vidual layers show a “pancaking” effect. Imperfect process parameters 
leading to balling effect may result in molten balls on the ends of scan 
tracks which adds to the roughness, or partially melted particles may be 
attached to the surface. In all the above cases the effect on the surface 
may create irregular notch-like surface defects which would signifi-
cantly degrade mechanical performance, especially under cyclic 
loading. 

The effect of surface roughness, imperfections and notches on fatigue 
failure has already been well established [153]. The roughness directly 
affects the fatigue strength of the material [154], the local roughness act 
similar to designed notches for crack initiation [155] with the fatigue 
strength depending on notch depth [156] and varying roughness due to 
different surface orientations [157,158]. The competition between sur-
face roughness, porosity, microstructure and residual stress is also 
complex and depends on the geometry of the part in question, as 

discussed in [41]. It can be expected that lattice structures, with their 
high surface area and low material fraction, are generally more sensitive 
to surface imperfections and roughness compared to other factors. It is 
therefore important to understand and measure this roughness and 
moreover find ways to improve it. 

Measurement of the roughness of flat additively manufactured sur-
faces is generally performed using a profilometer according to ISO 
Standard 4287:1997 [159]. It is also possible to evaluate additive sur-
faces based on non-contact methods, as outlined in [160]. However, 
cellular structures are particularly challenging in this regard as no flat 
surface is available and the roughness varies locally depending on the 
surface orientation. It is therefore recommended to evaluate accessible 
surfaces as far as practically possible, depending on the cellular design 
and to evaluate different orientations of surfaces (e.g., not only 
upwards-facing surfaces). 

X-ray CT allows the evaluation of the surface roughness of lattice 
structures due to all surfaces being accessible in the acquired data [161]. 
There are some advantages to this method for evaluating the roughness 
as it may reveal notches and undercut features. For example, it has been 
demonstrated that CT reveals deeper roughness notches than an optical 
profilometer in a study correlating roughness with fatigue life [142]. 
The characterization of lattice structures by CT was first demonstrated in 
[162]; subsequently, a method was devised by the same group to also 
evaluate the surface roughness of lattices from CT scans [163,164]. 

4.2. Geometrical inaccuracies and CT scans 

In addition to the roughness of the surface, it is well known that there 
can be a considerable deviation between the as-designed geometry 
(CAD) and the as-built geometry for AM parts and this issue is particu-
larly relevant in parts with fine details such as cellular lattices [91]. 
Ultimately, the accuracy of L-PBF is determined by the size of the melt 
pool; the bigger it is, the more difficult it becomes to reproduce fine 
details. The size of the melt pool is determined by the local thermal 
properties of the powder/solid system and by the energy provided by the 
scanning laser. If a large amount of heat is provided and/or it is not 
carried away quickly, a large melt pool will form; otherwise, a smaller 
melt pool is obtained. The energy input provided by the laser is deter-
mined by the process parameters such as the laser spot size, laser power, 
the scanning speed, the layer thickness and the hatch distance [58,165, 
166]. 

The local heat transfer properties of the solid/powder system are a 

Fig. 19. Example of an individual strut with diameter ~0.2 mm, showing its irregular surface morphology and attached particles (B). Taken from micro-CT scan of a 
larger structure, from a study reported in [148]. (A) fitted circles are shown with different fitting methods - largest inscribed circle, smallest circumscribed circle, and 
gaussian least-squares best fit. This emphasizes the effect of irregular surface morphology on strut effective diameter. 
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complex issue, but they mainly depend on the spatial orientation of the 
already solid material, on the quantity of solid with respect to the 
powder and on the packing density of the powder (Fig. 20A). The 
powder, regardless of its packing density, is less conductive than the 
solid, and so heat will be mainly carried away by the already solidified 
part. For instance, a horizontal strut is supported only by the less 
conductive powder below and thus the melt pool will tend to be large 
[162,163]. Moreover, due to gravitational and capillary effects, the melt 
will tend to flow into the powder, leading to an oversized strut with an 
irregular surface, particularly on the lower side where many loose par-
ticles are found [38,166]. On the other hand, in the case of a vertical 
strut, the melt pool is supported only by solid material and it is thus 
smaller, leading to a much more faithful reproduction of the CAD. In 
other words, the morphological quality of a horizontal strut is the lowest 
and it progressively improves with increasing angle [121,167]. This 
phenomenon is not limited to the struts of cellular lattices but is a 
characteristic of any overhanging part [150,168]. Inclined struts can 
show the so called “staircase effect” (Fig. 20C), which is caused by the 
strut being made of small layers welded one to the other with a small 
axial offset due to the inclination [38,163]. The complexity of the 
as-built/as-designed mismatch issue is increased by material shrinkage 
during solidification and cooling [169]. The aspects discussed above are 
responsible for the as-built/as-designed mismatch, which can be 
decomposed into several contributions, useful mainly for modelling 
purposes [35,94,170]:  

• Strut waviness. The centroid of the cross-sections along the length of 
the strut do not typically lie on the nominal axis but there is some 
degree of offset which produces a wavy effect (Fig. 21A) [35,162].  

• Strut section irregularity. The as-built shape of the cross-section 
tends to deviate from the designed shape due to the irregular dis-
tribution of material (Fig. 21A) [35,167].  

• Strut thickness variation. The average thickness (or diameter, 
depending on the geometry of the cross-section) of the cross-section 
can be higher or lower than the as-designed value depending on the 
inclination of the struts to the printing direction and the process 
parameters [57,58,121,162]. The thickness of struts with large 

angles relative to the building direction (horizontal struts) tend to be 
considerably thicker than struts parallel to the printing direction 
(vertical struts) (Fig. 20B) [85,121].  

• Alteration of the local node geometry. Excess material is added to the 
struts during the printing process due to the excessive local melting 
and bonding of partially melted particles [171]. The distribution of 
the excess material depends on the inclination to the printing di-
rection. In general, the material tends to accumulate below the struts 
(with respect to the printing direction). The most affected are the 
horizontal struts, the least affected are the vertical struts, as shown in 
Fig. 21B. The main fatigue-related consequence of this geometrical 
imperfection is that, if the nodes are intentionally filleted to reduce 
the stress concentration, the beneficial effect of this design measure 
is diminished by the reduction in the actual fillet radius in the 
downfacing surfaces of the node because of the accumulation of 
excess material. This is evident looking at Fig. 21C, which reports the 
results of the image analysis aimed at identifying and measuring the 
main features of Fig. 21B [171]. Specifically, fillets are interpolated 
with circles. 

The effect of geometrical imperfection on the static mechanical 
properties has been widely investigated in the literature [35,134,170]. 
In essence, strut waviness greatly affects the elastic modulus, especially 
of stretching-dominated lattices, because such structures are very stiff 
given that the struts are loaded only axially; waviness introduces 
bending moments that cause a drop in the stiffness of the strut pro-
moting in fact a transition to a quasi-bending-dominated behaviour. The 
deviation of the cross-section shape and size for the design also has a 
strong effect on the elastic modulus both in the case of stretching- and 
bending-dominated structures because it changes the moment of inertia 
and the load-bearing area of the struts. The effect can both be to increase 
or decrease the modulus, depending on whether the section is bigger or 
smaller. In this context, the load bearing cross-sectional area is often 
smaller than the measured area due to the irregular surface condition 
and attached particles, most of which does not carry load (Fig. 19). Strut 
waviness decreases strength, although to a lesser extent than the elastic 
modulus. Variations in the shape and size of the cross-section strongly 

Fig. 20. Effect of strut orientation on strut morphology: (A) heat (arrows) is carried away more efficiently by vertical struts then horizontal struts, improving the 
surface appearance and geometrical accuracy compared to (B) horizontal and (C) inclined struts. The formation of the staircase effect is shown in (A) and (C) [(A) 
[163]; (B) [85]; (C) [167]]. 
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affect strength, increasing it or decreasing it depending on whether the 
as-built section is bigger or smaller than the designed section [35,58]. 
For these reasons, the possibility of compensating, at least partially, 
some of these geometrical imperfections has been extensively investi-
gated by the scientific community [121]. The beneficial effect of 
compensation in terms of better reproducibility of the expected prop-
erties of the lattice materials has been proven for geometric and static 
mechanical properties [121,162], but this has yet to be carried out for 
fatigue resistance. 

The effect of manufacturing defects is commonly to decrease the 
fatigue performance of the lattice, although it is difficult to identify 
general trends and the effect of defects should be analysed case by case. 
Since fatigue, contrary to the elastic modulus and other monotonic 
properties, is a highly localized phenomenon, it is very hard to devise 
analytical models able to predict the effect of geometrical inaccuracy on 
the fatigue strength. Local detailed inspections are therefore necessary 
to identify fatigue critical spots in the lattice materials. For this purpose, 
X-ray CT scanning is useful for checking the fidelity of the manufactured 
lattice structure by comparison to the design; this could be achieved, for 
example, by measuring the strut thicknesses, checking for warping or 
even identifying additional unmolten or partially molten material inside 

the lattice structure [161]. It is possible for unmelted powder to get 
stuck inside lattice structures, especially when the pore spaces are small, 
and post-process heat treatment might partially sinter this material 
making it impossible to remove; this can readily be identified, however, 
through micro-CT imaging. In addition to checking the manufactured 
part quality, micro-CT images can be used as a basis for simulations such 
as shown in Fig. 22. In this example, the stress concentrations from 
notch-like surface irregularities are highlighted. Such simulations using 
image-based inputs to model the real geometry, are useful for taking 
manufacturing irregularities into account in predictions of mechanical 
properties of lattice structures. For example, using multiscale X-ray CT 
and finite element modelling (FEM), the compression of lattice struc-
tures has been studied by incorporating the internal strut pores into the 
simulation [172]. Similarly, it has been shown how strut surface irreg-
ularities affect failure using CT scans during in situ compression testing 
[35]. In a detailed CT study of lattice structures, different forms of de-
fects relating to the designed cubic geometry were identified and used to 
improve FEM models for predicting the mechanical behaviour [173]. In 
subsequent work by the same authors, the fatigue performance was 
studied, including the role of rounded corners; in this study, poor 
properties were found specifically due to surface irregularities even for 

Fig. 21. (A) Examples of geometrical irregularities in an L-PBF lattice: strut waviness and strut cross-section variation on a horizontal strut [35]. (B) Example of 
filleted cubic lattice showing excess material accumulated on the downfacing surface of the horizontal struts. (C) Output of the image analysis that identifies and 
measures the main features of each picture (strut thickness, fillet radii and unit cell distortion) [171]. P.D. denotes the printing (building) direction. 

Fig. 22. Compressive load simulation applied to a cube-design lattice structure in (A) ideal geometry, and (B) as-built geometry from micro-CT scan. This highlights 
the local high stress concentrations in as-built surfaces, emphasizing the importance of the surface quality for lattice structures. Simulations were performed with 
identical parameters [172]. 
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hot-isostatically pressed (HIP) samples [36]. 
The geometrical errors associated with roughness, described above 

and in the previous section, may play varying roles in the fatigue 
properties – some of the details of this issue have been studied using 
numerical methods to investigate the relative effects of surface irregu-
larities, design and other factors on the fatigue strength and the fatigue 
power-law slope [97,174]. Specifically, it was found in these studies that 
such geometric errors, e.g., irregular thickness of the struts, can mark-
edly affect the fatigue strength. A computational approach to fatigue 
property prediction was used in [98]. This work revealed a strong in-
fluence of surface irregularities especially at low stresses (high-cycle 
fatigue); in particular, catastrophic failure was found to occur in diag-
onal shear failure after only 1% of struts had failed. This was as exten-
sion of previous work in the same group where surface irregularities 
were incorporated into the FEM models [94]. More recently, CT scans 

were utilized as an efficient modelling tool to predict mechanical 
properties; this approach modelled irregular struts as ellipses with 
varying diameter at a central location along strut direction, [175]. A 
similar concept employing CT scan inputs was used to incorporate actual 
node geometries and node defects into an efficient simulation approach 
[176]. 

4.3. Internal defects, CT scans and fractographic inspections 

In addition to surface roughness and geometric errors, internal de-
fects inside struts may occur. These include mainly pores, but micro-
cracks and inclusions are also possible depending on the material and 
process parameters. Porosity may occur due to many different reasons, 
and it is important to realize that the formation of porosity is interre-
lated with the issues of surface roughness and build quality discussed in 

Fig. 23. Experimental investigations on the 
role of internal defects on the fatigue behaviour 
of lattice materials. (A) fatigue crack nucleated 
from surface defects, internal flaws are visible 
only on the final ductile fracture surface [37]. 
White arrows indicate crack growth direction, 
the dashed line separates the fatigue fracture 
surface from the final fracture. (B) Multiple 
surface crack initiation observed in Inconel BCC 
lattice materials followed by crack coalescence 
[184]. (C) Internal defect triggering fatigue 
crack initiation. Final fatigue fracture, however, 
is dominated by a surface main crack [128]. (D) 
Multiple crack initiation on several lattice 
nodes. The top part of the figure compares SEM 
and CT inspections of the same lattice node 
[119]. The bottom part reports similar SEM 
observations on diamond lattice materials 
[110]. (E) SEM (top) and optical (bottom) mi-
crographs showing surface crack initiation 
regardless of the presence of internal porosity in 
the immediate vicinity [123].   
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the previous sections. 
One major cause of porosity is improper process parameters 

[177–179]. Keyhole porosity occurs due to high laser power relative to 
scan speed resulting in an unstable vapour cavity which collapses and 
leaves rounded pores in the solidified material. Too low laser power, 
high scan speed, too large layer height setting or too large hatch spacing 
all can create lack of fusion porosity. Lack of fusion porosity is irregu-
larly shaped and is known to be more detrimental especially to fatigue 
properties, as for example shown in a recent study of gyroid lattices 
[180]. Optimized parameters are available for minimizing porosity in 
most materials, but the local meltpool conditions during the building of 
lattice structures can vary from those in bulk solid parts, which may 
require additional or separate optimization processes. The optimal 
process parameters for lattice structures may therefore be different from 
that for bulk material and may depend on the lattice geometry [181]. 
Process parameters are not the only reason for porosity; the overlap of 
contour and hatch tracks is often a source of porosity that leads to 
subsurface porosity near the edges of parts, an issue that might become 
problematic in lattice structures, especially when only short hatch tracks 
are used. This type of porosity was observed in sheet based gyroid lat-
tices in a study by Kelly et al. [106]. In their work, the process param-
eters were specifically optimized to improve this, resulting in better 
fatigue performance for the specially optimized parameters. Addition-
ally, the powder feedstock may contain pores which are entrapped into 
the solidified material during melting. A variety of other unexpected 
errors may also create unexpected porosity, despite the best efforts at 
optimized parameters. Overall, the effects of pores on mechanical 
properties are such that near-surface pores are most detrimental to fa-
tigue performance [182,183]. It is pertinent to note in this regard that in 
cellular structures, all pores are effectively near-surface. 

The main experimental technique to investigate the role of defects on 
fatigue damage is post-mortem SEM inspections. Fig. 23 illustrates some 
notable examples of the fracture surfaces of cellular lattice materials 
tested under fatigue loading. Looking at Fig. 23A, it is evident that crack 
initiation originated from the outer surface of the struts of the cubic cells 
[37] due to the irregular and rough surface morphology. Internal 
porosity is clearly visible but only on the final ductile fracture of the 
strut cross-section. Fig. 23B [184] shows the fracture surface observed in 
a BCC Inconel lattice structure. Surface defects here led to multiple crack 
nucleation, followed by coalescence into a single main crack. Zhao et al. 
[128] are among the few to report fatigue crack initiation at an internal 
defect (Fig. 23C), even though the main crack leading to eventual 
fracture nucleated on the surface. The micrographs collated in Fig. 23D 
(top image taken from [119], bottom part published in [110]) indicate 
that the lattice nodes predominantly represent the critical locations for 
the fatigue of lattice cellular materials. Note that in [119], CT scans and 
SEM observations of the same critical fatigue location were combined to 
reveal fatigue cracks emanating from the strut junction, as shown in the 
top part of Fig. 23D. This outcome was further confirmed by fracto-
graphic inspections (Fig. 23E) on AlSi7Mg cubic lattice structures [123], 
where crack initiation was found to occur on the strut surface regardless 
the presence of internal porosity in the immediate vicinity. 

4.4. Residual stresses 

Residual stress is a concern in metal additive manufacturing due to 
the fast heating and cooling during melting and solidification by a fast- 
moving laser source. Compressive and tensile residual stresses may form 
in different locations, which is difficult to predict, especially in complex 
geometries [185]. Residual stresses may be reduced by appropriate 
scanning strategies, for example using island or stripe strategies. These 
strategies act to melt regions, by jumping to different locations on the 
layer, in order to allow a solidified region to cool down before continued 
melting and solidification takes place alongside it. This helps to prevent 
excess heat accumulation. Another strategy is to use bed pre-heating 
which reduces residual stress, as is employed in vacuo with E-PBF. 

However, as many studies [36,37,129], on the properties of lattice 
structures make use of as-built samples, this makes it difficult to separate 
the possible effects of residual stress from other factors. 

Post-process heat treatment has been used with great success to 
eliminate most stresses. For Ti6Al4V alloys for example, this requires the 
platform with parts to be heat treated at ~600 ◦C for 2− 3 hours in an 
argon or vacuum environment, prior to cutting them from the baseplate. 
This leads to parts with excellent performance, as demonstrated in 
[186]. 

The measurement of residual stress in additively manufactured 
metals is usually performed by X-ray diffraction [185] but this is difficult 
to realize in complex lattice structures due to the size of the features. To 
our knowledge, neither X-ray nor neutron diffraction has been applied to 
date to evaluate the residual stresses in lattice structures. However, the 
residual stresses in a lattice structure has been measured using tradi-
tional micro-hole drilling techniques, coupled with digital image cor-
relation (DIC) in an SEM [36]. This method is not widely used as it is 
limited to areas that can be probed and is partially destructive. Never-
theless, the work demonstrated that some tensile residual stress can be 
retained even in stress-relieved specimens. 

As residual stress depends on thermal conditions during the 
manufacturing process, the lattice geometry likely plays a role in the 
build-up of such stresses. For example, thicker struts would dissipate 
excess heat more easily to the baseplate than thinner struts, but at the 
same time, thinner struts are less likely to build up the same amount of 
heat. Thermal build simulations may play a key role here in under-
standing the importance of lattice design to minimize these stresses. 
Another key factor here is the solid-lattice interface which creates a 
possible discontinuity; building a solid part above a lattice might result 
in excess heat which cannot be dissipated efficiently, leading to residual 
stress and warping. 

4.5. Microstructure 

The nature of the L-PBF process, with its fast cooling rates, results in 
fine-grained microstructures with elongated grains oriented along the 
build direction. The manufacturing of lattices may influence this grain 
structure, as discussed in [187], with grains attempting to follow the 
lattice struts at nodes. However, vertically oriented grains likely inter-
sect diagonal or horizontal strut edges more often, causing possible fa-
tigue crack initiation and poorer performance for these struts compared 
to vertical struts. In the context of vertical struts, it should be noted that 
a comparison of lattices with and without additional vertical pillars (e.g., 
BCC and BCC-Z) were studied in [74], where the addition of Z-pillars to 
the architecture was found to result in stretch-dominated mechanical 
behaviour, with increased elastic modulus and yield strength. 

For Ti6Al4V lattice structures, heat treatment, HIP and chemical 
etching were studied in [110] in an attempt to improve fatigue perfor-
mance. It was found that brittle fracture occurred in all samples but the 
fatigue properties were improved to a comparable degree after both heat 
treatment and HIP, as compared to the as-built state, which could be due 
to the α ‘phase being transformed to α + β. In the chemical etched 
samples (after HIP), further improvements were attributed to the 
smoother surface. 

A recent study, comparing CP-Ti and Ti6Al4V for two designs of 
cellular structures, showed superior fatigue behaviour in the topology 
optimized design and better performance by the CP-Ti [108]. The 
improved fatigue properties of CP-Ti, compared to Ti6Al4V, was 
attributed to its higher ductility; the superior fatigue properties of the 
topology optimized design was simply attributed to improved design. 

The beneficial fatigue properties achieved following HIP processing 
can be attributed to the improved ductility as well as the reduction of 
porosity. This effect was demonstrated in work on lattice structures 
where the reported normalized fatigue strength was 0.65 [188]. Fig. 24 
illustrates a cube-design lattice structure, which was manufactured by 
L-PBF in two build orientations as indicated by the red arrows [189]. The 
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microstructural grains are oriented along the build direction, which may 
affect the mechanical properties of the structure when loaded along the 
vertical direction in the image. 

5. Design and technological measures to improve the fatigue 
behaviour 

All the manufacturing errors and imperfections in the metal additive 
manufacturing process conceivably play a role in reduced mechanical 
performance and especially in reliability of the structures produced. For 
this reason, it is crucial to find ways to mitigate these errors, improve the 
quality of the parts produced, and to design parts to limit the influence of 
the manufacturing errors. This section highlights some ways to improve 
quality to specifically enhance fatigue performance. 

5.1. Process parameters for lattice materials 

As is known from the additive manufacturing of bulk material, the 
process parameters for L-PBF must be optimized and refined to produce 
the best quality defect-free parts. Despite the understanding of this 
concept and the availability of optimal process parameters for specific 
materials, even small variations in the build conditions can influence the 
meltpool conditions; for example, a locally increased temperature may 
create a deeper penetration, but stronger meltpool dynamics, to cause 
more entrapped pores and more spatter formation. As shown in [190], 
the formation of porosity varies with process parameters and never truly 

reaches absolute zero – some small pores are always present even in the 
most optimized case. 

As lattice structures typically require only a few tracks alongside one 
another in individual layers to be melted, this can create significantly 
different conditions from the bulk manufacturing situation. In addition, 
since less material is typically present below the solidified material, 
thermal energy may be more difficult to dissipate, which entirely 
changes the local thermal properties for the next layer; this then affects 
the residual stresses, microstructure development and the possible for-
mation of small porosity. For these reasons, a detailed analysis of lattice 
structures is essential, and process parameters, compared to bulk 
manufacturing, may need modification for the generation of lattices. 

An example of this was presented by Kelly et al. (Fig. 25) who 
showed with micro-CT scans the presence of extensive porosity inside 
the walls of sheet-based TPMS cellular structures. By refining the process 
parameters, these authors demonstrated far less such porosity in the 
walls of samples produced using the refined parameters. Indeed, their 
optimized parts displayed improved mechanical properties, with a 
specific improvement for samples with thicker walls in both static and 
fatigue tests; thin-wall samples, however, showed no difference, likely 
due to the overriding effect of their surface condition [106]. 

In addition to optimized process parameters, the use of contour 
tracks can serve to improve the surface quality. This was studied and 
optimized by process parameter variations for the contour tracks, 
independently of the hatch tracks, in [142]; this work demonstrated the 
realization of improved fatigue properties as a consequence. The 

Fig. 24. Cube-design lattice structure shown in (A), manufactured in Ti6Al4V and shown with physical cross sections indicating the microstructure in vertically built 
(B) and diagonally built (C) samples. There is grain growth along the build direction (indicated by red arrows) [189]. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article). 
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influence of process parameters, contour scans and skywriting strategies 
were also studied in relation to upskin and downskin surface roughness 
on inclined surfaces in [189]. In a recent study of gyroid lattice struc-
tures, one set of parts was manufactured without contour tracks, 
resulting in poorer mechanical properties [180] due to the rougher 
surface resulting from not employing contour tracks. 

5.2. Improving geometrical accuracy 

From the discussion presented in Section 4.2, it is clear that ideally 
the lattice should be manufactured as close as possible to that of the 
design and the surface quality should be carefully considered. In part, 
this translates to a design problem; specifically, the manufacturability of 
the design and the associated design rules must be kept in mind [191]. 
For example, long slender struts may easily trigger manufacturing errors 
or may require supports, defeating the purpose of using a cellular design 
(as support structures cannot be removed from inside a lattice structure). 
For these reasons, self-supporting lattice structures are particularly of 
interest [15]. One category of lattices which have emerged with these 
properties is the class of triply periodic minimal surfaces (TPMS), see 
Fig. 6B and C.In a comparison study of the morphologies of sheet-based 
and strut-based TPMS lattice structures reported in [190], it was shown 
how mean sheet thicknesses of 150− 250 μm correlate to strut 

thicknesses of 300–700 μm for equivalent structures (at the same den-
sity). In a different study comparing sheet based and strut based lattices 
[192], poor fatigue performance of the sheet-based designs was attrib-
uted to notch-like surface defects prevalent in the sheet structures, but 
failure still occurred at nodes and junctions in both sheet and strut based 
designs. 

Other design rules would be avoid the minimum feature size of the 
system by selecting thicker struts that can be manufactured with better 
geometrical accuracy. Since the mechanical properties (stiffness and 
strength) of metamaterials depend on the ratio between characteristic 
dimensions of the unit cell, an increment in strut thickness can be ob-
tained without altering the design properties of the metamaterial only 
by upscaling the unit cell, i.e., with a larger unit cell with the same 
density would have a thicker strut. In a recent investigation, Dallago 
et al. [37] compared the fatigue strength of cellular lattice specimens 
made up of filleted cubic cells with different cell sizes. Strut thickness 
and fillet radius were adapted to obtain the same apparent density and 
resulting elastic modulus of 3 GPa. The results are shown in Fig. 26. 
Increasing the cell size from 1.5 mm to 3 mm resulted in an improved 
manufacturing accuracy of the lattice and consequently in a significant 
fatigue strength enhancement (by a factor of 2). Another difference for 
this improvement in fatigue performance was presumed to be the 
different building direction used to fabricate the thinnest struts 

Fig. 25. Porosity in struts of gyroid sheet lattices in the 2019 study by Kelly et al. [106]. Imaging by micro-CT cross sections reveal that the effect of porosity can 
result in much reduced fatigue strength and enhanced fatigue life scatter, depending on the location of the porosity in the structure. 

M. Benedetti et al.                                                                                                                                                                                                                              



Materials Science & Engineering R 144 (2021) 100606

24

(indicated by white arrow in Fig. 26). Although more work is still 
needed to fully understand this behaviour, we can argue the existence of 
a manufacturability threshold, below which the fatigue properties de-
clines considerably. For an acceptable fatigue design, it is therefore 
essential to identify whether such manufacturability threshold exists for 
each selected cell topology and AM process/material. 

Moreover, the orientation of the struts has to be taken into account; 
struts oriented in the direction of the applied load provide a higher 
contribution to the overall mechanical performance of the lattice. In 
other words, the defects on these struts have a stronger influence than 
those affecting struts that carry a lower fraction of the load [137]. As a 
general rule, struts laying in the building plane (horizontal struts) 
should be avoided because, especially if they are oriented in the loading 
direction, they can considerably alter the mechanical properties of the 
lattice [151]. This is, however, not straightforward, as different cell 
topologies have different amounts of vertical features and even different 
strut or wall thicknesses for the same total density of the structure. As a 
rule of thumb, the fatigue designer should opt for cell architectures that 
allow all the struts to be manufactured at a sufficiently high angle (>30◦

[38]) with respect to the printing direction. For instance, this occurs in 
cubic (if printed along the cell diagonal) and diamond cells [130]. If the 
required type of unit cell does not apply to this building criterion, it is of 
paramount importance to quantify the fatigue strength of the struts as a 
function of their orientation with respect to the building plane. In this 
regard, Persenot et al. [193] investigated the effect of the building di-
rection on the fatigue strength of single struts, and showed that 
geometrical inaccuracies mainly affected the struts built parallel to the 
printing plane, leading to a dramatic reduction in fatigue strength. The 
building direction dependent fatigue characteristics of the single struts 
were then incorporated by Burr et al. [133] into a numerical framework 
which provides a means to predict the fatigue strength of a complex 
lattice structure composed of octet-truss unit cells. 

5.3. Filleted nodes 

Nodal regions at which struts intersect in strut-based lattice materials 
are known to be critical locations that can dictate their structural 
integrity. Indeed, in the vicinity of the nodes, stresses are the highest 
because of two concomitant effects: (i) the axial loads transmitted 
through the struts must be transmitted through nodes where the load 
bearing area is lower because of the overlapping strut volume; (ii) 
changes in cross-section at strut intersections invariably lead to local 

stress concentrations, especially when the struts are loaded in tension 
[95]. For these reasons, the majority of investigations carried out on the 
fatigue of lattice metamaterials (and reviewed in Section 4.3) attested 
that fatigue crack initiation occurred at, or near, strut intersections. In 
particular, the conclusions of ref. [123], which are summarized in 
Fig. 27, are of note. Fatigue cracks were found to nucleate close to lattice 
nodes on the outer surface of horizontal struts (Fig. 27A, B, C), which, as 
discussed in Section 4.2, are more severely affected by geometrical im-
perfections. From the FEM simulations shown in Fig. 27D on the base of 
a CT reconstruction of the real geometry, it can be argued that the stress 
concentration effect at the nodes acts synergistically with local 
geometrical imperfections, such as reentrant notch-like corners, surface 
roughness and satellite powder particles [123,129,130,133,194]. 
Conversely, internal defects, even if located in the nodal regions, play a 
marginal role in triggering the fatigue damage [123,129,133,173], but 
nevertheless they still might play a role in changing the local stress 
distribution. 

From the above discussion, it is clear that design measures able to 
mitigate the stress concentration near nodes are of paramount impor-
tance to devise fatigue resistant cellular materials. An effective way to 
achieve this goal is to employ gradual transitions in strut cross-section 
area, such as those obtained with the use of fillets to eliminate discon-
tinuities in the tangent along the cell’s outer boundary surfaces that lead 
to stress singularities [195]. By estimating the stress concentration fac-
tor in planar square cell lattices as a function of the fillet radius at the 
nodes, Dallago et al. [196] showed the attenuation of the stress peak 
near the lattice nodes with increasing fillet radius. Further investigations 
by Dallago et al. [197], Refai et al. [198], Savio et al. [199] and Latture 
et al. [95] demonstrated that the presence of filleted and spherical nodes 
increases the nodal stiffness and therefore affects the orthotropic elastic 
constants of the metamaterial. The resulting stiffening effect must be 
then included in the design of the cellular materials, not only to achieve 
the highest fatigue strength but also to satisfy stiffness requirements 
[196]. Khalil Abad et al. [200] observed that fillets, which remove the 
discontinuity in the outer surface tangent (surface first derivative), but 
not that in the curvature (surface second derivative), are affected by 
stress peaks at the location of the curvature discontinuity. Therefore, 
these authors devised continuous curvature hexagonal and square lat-
tices with improved fatigue strength with respect to lattice counterparts 
with conventional circular fillets. Unfortunately, no experimental vali-
dation has as yet been provided to confirm their design solution. 

Fig. 28 shows the outcomes of a recent fatigue testing program 

Fig. 26. Effect of cell size on the normalized fatigue strength of cellular lattice specimens made up of filleted cubic cells [37,129]. White arrows indicate the building 
direction, red arrows the fully-reversed fatigue loading direction. σe is the fully-reversed fatigue strength at 106 cycles, σy the yield strength. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article). 
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carried out on cubic lattice materials, which were designed either with 
(Fig. 28C) or without (Fig. 28E) filleted strut junctions [37]. The 
resulting S/N curves are compared in Fig. 28A in terms of the homo-
geneous (global) axial stress where a marked beneficial effect of intro-
ducing filleted nodes is evident; in fact, the high fatigue strength is 
improved by a factor of nearly 2. As noted above, fatigue crack initiation 
occurred near, but not at, the node in the case of filleted nodes 
(Fig. 28D), presumably at the point of curvature discontinuity, whereas 
with the sharp junctions, fatigue cracks nucleated at the location of the 
sharp edge between intersecting struts (Fig. 28F). Interestingly, if the 
S/N curves are normalized with respect to the yield stress of the lattice 

material, the two curves nearly overlap. This suggests that filleted nodes 
are not only beneficial to the fatigue strength but also to the monotonic 
mechanical properties such as the strength [95]. 

Very recently, Savio et al. [201,202], applied a subdivision surface 
modelling approach based on Catmull and Clark’s recursive algorithm 
[203] to generate cubic lattice structures with continuous shape varia-
tion as the limit of a sequence of successive refinements of a mesh. 
Fig. 29A compares three different node topologies at the intersection 
among circular struts: non-filleted node (CY), node with conventional 
fillet surfaces (CYF, surface continuity class C1), and node obtained after 
3 iterations of the Catmull-Clark subdivision scheme (CC, asymptotic 

Fig. 27. Fatigue cracks in FCC lattices made of 
AlSi7Mg [123]. (A), (B), (C) Optical micrograph 
showing crack initiation in a horizontal strut at 
a geometrical imperfection located in the vi-
cinity of the node. (D) stress distribution esti-
mated from FEM simulations of the real lattice 
geometry reconstructed via CT scans. Hot spots 
(red coloured regions) are located in the vicin-
ity of lattice nodes. (For interpretation of the 
references to colour in this figure legend, the 
reader is referred to the web version of this 
article).   

Fig. 28. Results of fatigue experiments performed on cubic lattice materials designed with filleted (C) and sharp (E) strut junctions. S/N curves are expressed in terms 
of homogeneous (A) and (B) normalized axial stress. The fatigue fracture surface near the filleted junction (D) and at the sharp edge between intersecting struts 
(F) [37]. 
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surface continuity class C2). In [202], cellular lattice specimens with the 
above-mentioned three cell topologies were fabricated by AM of a 
polyamide polymeric material in order to conduct tension-tension fa-
tigue tests. The results are summarized in Fig. 29B in terms of the 
improvement in fatigue strength (defined at 105 cycles to failure) with 
respect to that of the non-filleted cell architecture CY. The beneficial 
effect of conventional fillets (CYF) is here confirmed (8% fatigue 
strength increment). Interestingly, the cell topology with the continuous 
shape variation (CC) outperforms the CYF, with a two-fold fatigue 
strength increment (nearly 16 %). However, further investigations are 
needed to assess the beneficial effect of this design strategy on the fa-
tigue strength of metallic materials, as fatigue and ductility properties of 
metals are entirely different from those of the polyamide material 
investigated in [202]. 

Triply periodic minimal surface (TPMS) designs can be considered an 
extension of the concept of continuous curvature nodes introduced 
above. They are however designed mathematically in either skeletal 
(cellular) or sheet-based varieties (Fig. 6, [77]). The skeletal versions, 
such as the skeletal gyroid, resemble strut-based lattices with continuous 
curves. The curvature of these structures serves to improve their man-
ufacturability and hence their conformance to CAD design, surface 
quality and fatigue performance. An example of a skeletal gyroid man-
ufactured in Ti6Al4V by L-PBF is shown in Fig. 30 in a cropped micro-CT 
view of one unit cell of a larger structure. The colour-coding shows the 
local stress distribution in a linear elastic compression loading 

simulation on the actual geometry. Stresses are highest between “nodes” 
on the down-facing surfaces. Sheet-based structures have been studied 
extensively due to their potential for implant applications, as reported in 
[49,106]. Despite their potential, the minimum sheet thickness is a 
practical manufacturing issue for sheet-based TPMS designs. For 
example, comparing skeletal and sheet-based gyroids, for the same 
density structures with the same unit cell sizes, the sheet thickness is 
much lower than the skeletal gyroid “strut thickness”, as pointed out in 
[190]. In this latter work, the measurement of pore sizes and strut 
thickness is also discussed in detail - it is important to realize that pore 
sizes and strut thickness varies within a structure and multiple pore sizes 
and strut thicknesses exist depending on the geometry. However, the 
TPMS designs (both sheet and skeletal) show more homogeneous 
thickness distributions, compared to strut-based designs. 

5.4. Topology and simulation optimized lattices 

Regular repeated unit cells of fixed size, which are tessellated to fill a 
given 3D design space, represent a simple solution to lattice generation, 
although it is not always be the optimal solution. If one considers real 
objects with complex curved geometries, latticing specific regions will 
lead to edge effects whereby parts of the lattice unit are “cut off” arbi-
trarily at the ends. This leads to unexpected and unwanted edge effects, 
which can be overcome by creating lattices with varied sizes to fit the 
space, e.g., conformal lattice geometries stretched to match the exterior 

Fig. 29. (A) Cubic unit cells without fillet (CY), with conventional fillet (CYF) and with continuous shape variation (CC) [202]. (B) The increment in tension-tension 
fatigue strength with respect to the CY node topology. The fatigue strength data were taken from [202], where the cellular lattice samples with cell topologies 
indicated in (A) were AMed using polyamide. 

Fig. 30. Micro-CT image of real geometry of skeletal gyroid lattice with compression load simulation, showing the highest stresses in downward facing surfaces with 
irregular morphology, between “nodes”. 
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geometry. Conformal lattice generation is possible by stretching unit 
cells near the edges to match the geometry or topology of the exterior of 
the part. Related to this is the concept of gradient lattices which vary 
their density locally across the structure; these have been investigated 
widely recently for their potential application in implants [204]. 

Topology optimization (also termed “generative design”) in general 
refers to simulation-driven design of the optimal material distribution 
for a structure, assuming specific load cases. This method is now popular 
in additive manufacturing to provide lightweight parts with optimized 
stiffness, as discussed in detail in [12,13,205]. What is not widely uti-
lized yet is the capability to design lattice structures using the same 
concepts. Using a given set of loads and boundary constraints, a target 
mass fraction and a design set of strut thicknesses and length ranges, it is 
possible to design an arbitrary simulation-optimized lattice structure. 
This has the potential to further implement manufacturing constraints 
such as specific build angle limits and slenderness ratios (e.g., too long 
and thin struts excluded from the possibilities). Topology optimization 
itself may also be used in the design of the unit cells of lattice structures, 
and has been implemented with some success, as described in 
[206–208]. All the above-mentioned optimized designs implement some 
form of reduction of stress concentration, which should lead to improved 
fatigue performance. 

5.5. Thermo- chemo- mechanical treatments 

Section 4 showed that metallic cellular metamaterials fabricated by 
powder bed fusion processes are affected by a fine and anisotropic 
microstructure (resulting from the high cooling rate, especially in L- 
PBF), high surface roughness, internal porosity and residual stresses [28, 
209]. All these factors can adversely impact ductility and fatigue 
strength [30]. Post-build treatments are often necessary to mitigate or 
eliminate such detrimental effects [28,30,146], to achieve final appli-
cation readiness. 

In general, a post-heat treatment is necessary to relieve residual 
stresses, prevent distortions and restore a minimum material ductility. 
This is generally performed at low temperatures to not affect the fine 
microstructure, which is acicular martensitic in non-austenitic steels 
[210] and α and α+β Ti-alloys [146]. In case the microstructure is not 
suitable for the final application, post-heat treatments are carried out at 
higher temperatures to recrystallize and homogenise the microstructure 
as well as to eliminate dendritic structures [211]; this very often results 
in a noticeable increment in material ductility [212]. For aluminium 
alloys [213] and maraging steels [214], the post-build solution treat-
ment can be then accompanied by an ageing treatment to promote 
precipitation hardening and improve the mechanical properties. In 
general, post heat treatments resulting in a ductility increment are 
beneficial to the fatigue strength as well [146,215], even though the 
heat treatments aimed at maximizing the fatigue strength must in gen-
eral achieve the highest possible gain in ductility without excessive loss 
in tensile strength [216]. 

Hot isostatic pressing (HIP) is a powerful thermo-mechanical treat-
ment aimed at closing internal pores and improving the microstructure 
of parts [217,218], significantly improving the fatigue properties of fully 
solid AMed components [40,146]. Although this process usually does 
not affect the surface, it was recently shown that when near-surface 
porosity is present, this may be exposed by the HIP process, leaving 
effectively deep notches in the surface [219], which can negatively 
affect fatigue performance. The best solution to prevent this is to ensure 
defect-free manufacturing parameters, using HIP only to eliminate the 
few remaining pores and to improve the microstructure. The effects of 
surface roughness and porosity in combination with HIP and other post 
processing is discussed in [220] with respect to fatigue properties. The 
effectiveness of such treatments in improving the fatigue strength of 
AMed cellular metamaterials will be discussed in the following sections. 

Other popular forms of post-processing which may affect the surface 
quality includes mechanical machining or polishing, laser shock peening 

or shot peening, and chemical treatment. Mechanical processing is 
simplest and offers the best improvement in the surface condition [40] 
but is not possible in complex geometries such as cellular structures. 
Shot peening and laser shock peening has the effect of introducing a 
surface compressive stress and surface smoothing, both of which are 
good for fatigue properties [146,221,222], but this requires direct line of 
sight access for processing, which is not possible inside cellular struc-
tures. Conversely, sand-blasting, employing a very fine abrasive medium 
proved to be quite effective in improving the fatigue strength of cellular 
lattice samples [116], sometimes in combination with a preliminary HIP 
post treatment [181]. Chemical treatment provides an alternative [146] 
and has been demonstrated with some success in cellular structures 
[163,223], with the only disadvantage being the removal of material. It 
is possible to take this into consideration in the design phase and 
manufacture the lattices with thicker struts, but the material removal 
must be further investigated [110]. The influence of roughness and its 
correlation with fatigue properties improvement by chemical etching in 
lattice structures was recently reported in [223] using X-ray tomography 
evaluation of the surfaces. Chemical etching may, however, vary in ef-
ficiency depending on the lattice geometry and its permeability prop-
erties. It proved to be particularly effective in enhancing the fatigue 
strength of cellular metamaterials when applied in combination with a 
HIP post treatment [116,181]. Another surface finishing possibility is 
abrasive flow machining, demonstrated to improve the surface inside 
conformal cooling channels in [224], but this has not yet been applied to 
lattice structures. 

To provide the reader with a quantitative assessment of the fatigue 
strength improvement made possible by the aforementioned post-build 
treatments, Fig. 31E summarizes the average fatigue strength increment 
with respect to the as-built condition reported in the literature for 
several post treatments applied to cellular metamaterials made up of Ti- 
6Al-4 V [103,110,111,116,181]. Heat treatments below β-transus 
(~1000 ◦C, HTsub) enhance the fatigue strength by about 15 %. The 
majority of AMed materials are operated in service in this condition. A 
higher fatigue increment is achieved by heat treatments above β-transus 
(HTsup) [215]. Sand-blasting (SB) alone induces a fatigue strength 
comparable to HTsub, which can be mainly ascribed to the removal of 
satellite powder particles (compare Fig. 31A with B). Interestingly, HIP 
treatments allow for average fatigue increments comparable to those 
induced by thermal treatments only. This relatively modest increment in 
fatigue strength, in comparison with HIPed fully solid components [40, 
217,220], confirms the observations made in Section 5.3 about the 
predominant role played by surface geometrical imperfections in 
dictating the fatigue strength of cellular metamaterials. Consequently, 
the beneficial effect exerted by HIP is ascribable mostly to the 
improvement in microstructure and ductility and only marginally to the 
elimination of internal porosity. This latter beneficial effect is evident 
only if HIP is accompanied by a surface treatment, like sandblasting or 
chemical etching (CE), as shown in Fig. 31C, E. Chemical etching in 
particular is able to improve the surface quality of struts and nodes and 
to eliminate brittle α-case [36], which is sometimes caused by HIP due to 
inevitable oxygen contamination of the argon atmosphere in which the 
treatment is conducted (see white arrows in Fig. 31D). 

5.6. Novel materials 

Before concluding this section devoted to design measures aimed at 
improving the fatigue strength of cellular metamaterials, it is worth 
emphasizing that the important role played by the base material should 
not be overlooked and needs to be further investigated. This is partic-
ularly evident looking at Fig. 15, viz. the very different normalized fa-
tigue strengths displayed by metamaterials with nominally identical cell 
architecture and porosity but with a different base material. Interest-
ingly, the lower band of the plot is occupied by the cellular meta-
materials made of the metallic alloy that is so far the most investigated in 
the literature for this application, namely Ti-6Al-4 V. Accordingly, the 
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normalized fatigue strength is well below 0.4, a threshold that is typical 
of fully-solid metallic materials [135]. For bulk Ti-6Al-4 V, this 
threshold is even higher, ~0.6 [225]. The reason for this dramatic 
reduction in normalized fatigue strength is not fully clear as yet, but it 
can be argued that Ti-6Al-4 V suffers from limited ductility when 
fabricated via PBF and this impacts detrimentally on the fatigue strength 
of cellular metamaterials carrying a plethora of stress raisers. Another 
explanation is related to a lower geometrical error and surface condi-
tion, which may affect cellular materials more than the bulk material, 
especially in this material. For these reasons, the scientific community is 
now researching alternative metallic materials with improved ductility 
and manufacturability. Pure metals in general tend to display higher 
ductility than their alloyed counterparts [68]. Indeed, looking at Fig. 15, 
cellular metamaterials made of pure metals generally exhibit superior 
normalized fatigue strength. A careful reader might object that pure 
metals display also a lower yield strength and this fact must be taken 
into account when looking at the absolute values of the fatigue strength. 
Nevertheless, Wauthle et al. [68] demonstrated that pure titanium 
metamaterials show higher high-cycle fatigue strength than their 
Ti-6Al-4 V counterparts, which conversely display higher static and 
low-cycle fatigue properties. Popular metal alloys that can be manu-
factured by additive manufacturing and which have high ductility are 
Co-Cr [114,226], stainless steel [38] and Inconel [74]. These can be 
good candidates for manufacturing fatigue-resistant metamaterials, but 
the existing literature is very limited, even though the preliminary re-
sults plotted in Fig. 15 are quite promising. Ni-Ti (Nitinol) deserves also 
to be mentioned, even though lattice cellular specimens made of this 
material displayed a fatigue strength on the lower band of the plot re-
ported in Fig. 15. This alloy is very prominent in the biomedical filed due 
to its superelastic properties and exceptional corrosion resistance. Its 
fatigue behaviour, however, is complex due to the in situ presence of a 
stress-induced phase transformation from a tetragonal to monoclinic 
structure, both of which have differing fatigue properties [227]. Perhaps 
a better comprehension of the fatigue mechanisms along with an 
improvement in the fabrication accuracy of the cellular lattice material 
might lead to a significant enhancement in their fatigue strength [228]. 
Finally, high-entropy alloys (HEA) are a new generation of metallic al-
loys, some of which have unprecedented mechanical properties [229, 
230]. Investigations on their manufacturability via PBF are still under-
way [231–233]. Cellular metamaterials made of HEAs have not been 
reported in the literature yet, but we are sure they will belong to the 
metamaterials of the future. Auxetic lattices [234,235], are another 
emerging class of metamaterials with the appealing characteristic of 
displaying a negative Poisson’s ratio conferred by the particular cell 

architecture (Fig. 6). Preliminary investigations suggest a beneficial ef-
fect of such elastic properties on their fatigue performance [236]. 

6. Fatigue verification and design of architected cellular lattice 
materials 

In previous sections, the common lattice architectures and the 
experimental aspect of fatigue analysis of cellular structures were 
reviewed and discussed. As a successful tool to gain a better under-
standing of fatigue failure mechanisms and to incorporate the key 
influencing factors in design against fatigue, theoretical and numerical 
techniques can be utilized. In conventional manufacturing technologies, 
a given material with specific and well-known material properties is 
often used for subtractive production of the mechanical parts. In this 
scenario, given the known material properties, the mechanical behav-
iour of the part can be evaluated using the available theoretical models 
in the literature. In contrast, while using AM as the manufacturing 
technology, the material properties depend highly on the fabrication 
process and the input geometry of the part. AM parts may contain spe-
cific small porosities, can be anisotropic, and have inherent rough sur-
faces, all related to the underlying fabrication strategy, which in turn 
depends on the geometry of the part. In this scenario, designers can face 
a dilemma. On the one hand, AM technology is able to produce parts 
with complex geometries which were previously not possible to pro-
duce. On the other hand, the processes are complex, often resulting in 
poorly known material properties of AM parts, making their failure 
prediction under complex loading conditions a difficult task. 

To develop a theoretical interpretation of structural integrity of these 
geometrically complex components under monotonic and cyclic loading 
conditions is then a fundamental step for taking advantage of AM 
technology in structural components. Until now, few design protocols 
have been proposed in the literature, taking into account accurate 
microstructural features as well as specific mechanical behaviour as a 
function of the input geometry and fabrication routine. Hence, as a 
strategic point, it is important to fill this knowledge gap to allow future 
designers and customers to take full advantage of the unique charac-
teristics of AM, making it an integrated every-day manufacturing 
technique. 

Although the majority of engineering structures are subjected to the 
loads which result in elastic stress/strains under normal conditions, the 
presence of geometrical discontinuities can lead to local yielding of the 
material under cyclic loading. Hence, a cyclic load will invariably have a 
detrimental effect on the mechanical resistance of a lattice structure. 
Various factors such as alternating and mean stress, loading frequency, 

Fig. 31. Effect of post-build treatments on the 106 cycles compression-compression fatigue strength of cellular metamaterials made of Ti-6Al-4 V. SEM micrographs 
of (A) as-built, (B) sand-blasted and (C) HIPed and chemical etched diamond lattice [116]. (D) Optimal micrograph of the microstructure of HIPed cubic lattice; 
arrows indicate brittle α-case [36]. (E) increment in fatigue strength with respect to the as-built conditions. HTsub: heat treatment below β-transus (~1000 ◦C). 
HTsuper: heat treatment above β-transus. SB: sand blasting. HIP: hot isostatic pressing. HIP + SB: HIP followed by sand blasting. HIP + CE: HIP followed by chemical 
etching. Error bands refer to 1 standard deviation. 
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environmental conditions, and the macroscopic and microscopic 
morphology of the structure, specifically the overall geometry of the 
lattice part and the geometry of its unit cell, all govern fatigue failure 
[200]. Performing fatigue tests are usually time consuming and costly; 
accordingly, through consideration of the various key factors in defining 
the outcome of the design, such as relative density and cell size, 
numerous fatigue tests should be performed to develop a clear under-
standing of the designed lattice structure. In this regard, supplementing 
these experimental measurements with a theoretical/numerical package 
to evaluate the fatigue behaviour of lattice structures prior to fabrication 
is undoubtedly beneficial. 

6.1. Fatigue prediction methodologies 

Numerous efforts since the 1950s have been made to predict me-
chanical behaviour of lattice structures under monotonic loading [237]. 
The prediction of mechanical behaviour has been recently improved by 
adoption of advanced finite element (FE) methods. Despite the signifi-
cant number of proposed methodologies for failure prediction under 
monotonic loading, limited corresponding efforts have been made to 
evaluate the structural integrity of these structures under cyclic loading. 
This is possibly due to the rather large number of participating factors 
which will make systematic fatigue analysis of lattice structures 
expensive and time-consuming. However, since fatigue is invariably the 
most prominent degradation mechanism in actual structures and com-
ponents, this is a situation that must be rectified. To this end, several 
fatigue prediction techniques have been proposed for lattice structures. 
These can be categorized into four main groups which are described 
below. 

6.1.1. Global failure 
Dealing with the compression fatigue loading condition, McCullough 

et al. [238] proposed a simple model based on the creep model of Gibson 
and Ashby [47] which takes into account the accumulation of ratcheting 
strain during fatigue loading (Eq. (6)). Using the material properties of 
the base material and global stress applied to the lattice, this model 
proposes that the fatigue life of a porous structure can be predicted using 
the expression given below [238]: 

1
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εy

0.6
n + 2

[
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]n( ρ
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2

(6)  

where Nf is the fatigue life, C3, p, and σ0 are material constants, R is the 
stress ratio, |σ|max is the maximum loading stress (i.e., the fatigue 
strength), and εy is the monotonic yield strain. By combining the pre-
vious equations for a given number of cycles, it is then possible to obtain 
relationships between the fatigue strength, relative density, and 
modulus of the porous structure. Since the proposed formulation is 
based on plastic deformation accumulation at an early stage of fatigue 
cycling prior to fatigue crack propagation, it is expected to provide more 
accurate results when the fatigue mechanism of the lattice structure is 
dominated by cyclic ratcheting during cyclic deformation [105]. Indeed, 
Eq. (6) has been shown to successfully predict the fatigue life of certain 
AM porous structures [65]. 

Li et al. [109] performed experimental analysis on Ti-6Al-4 V lattice 
structures produced by electron beam powder bed fusion and reported 
that both cyclic ratcheting of the lattice struts and fatigue crack initia-
tion and propagation through the struts play important roles in the fa-
tigue damage of the structure. Following the suggestions of Lemaitre 
et al. [239] for cyclic damage, dD/dN, based on cyclic ratcheting strain, 
εc, and cyclic plastic strain, εp, they reported the following equation for 
fatigue life prediction in AM lattice structures as: 
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in which εf is the ductility of the material, and C4, α, and β are ma-
terial constants. The mentioned formulas provide an estimation of fa-
tigue life based on the overall mechanical properties and loading 
condition. However, they do not specifically consider the sole influence 
of geometrical discontinuities in their formulation. In this regard, Yang 
et al. [103] suggested replacing the maximum loading stress in Eq. (7) 
with the local maximum stress |σ|max, thus converting the analysis more 
toward a local evaluation of fatigue with the help of numerical analysis. 

6.1.2. Local failure (stress and strain) 
Due to the local nature of fatigue failure, especially in geometrically 

complex components, numerous fatigue failure approaches have been 
presented in the literature for fatigue prediction by means of local 
evaluation of a key parameter (e.g., stress, strain, strain energy, etc.) at 
the notch root [240]. Getting inspiration from these classic fatigue 
assessment techniques, researchers in this field have evaluated the 
stress/strain distribution in the lattice model using numerical tech-
niques such as FEM. The local stress and strain values at the vicinity of 
stress concentration were then considered as input for fatigue assess-
ment based on stress-life approaches such as the Basquin S/N [120] and 
strain-life approaches such as Coffin-Manson law [102] to predict the 
fatigue failure in the high-cycle fatigue (HCF) and low-cycle fatigue 
(LCF) regimes. The overall approach presumes that the fatigue life of 
cellular structures can then be predicted based on the mechanical 
properties of the base material. 

Numerous research studies have evaluated the geometry of connec-
tions (local notches) in lattice structures to reduce the stress concen-
tration in the area close to the junctions, with the objective of improving 
the fatigue life of the designed lattice [200,241,242]. In these studies, 
minimizing the linear elastic stress at the notch root was the goal. 
Furthermore, the use of a gradient of unit cell porosity within the lattice 
structure was reported to improve its overall stiffness compatibility in 
the case of biomedical applications [243]. 

On the question of lifetime prediction, Lipinski et al. [122] reported 
more accurate estimations of fatigue life by incorporating a stress 
gradient in their fatigue analysis. They performed theoretical and nu-
merical analysis on porous implant models and reported notch sensi-
tivity relations as a function of the lattice geometry. Peng et al. [244] 
performed parametric analysis on four different architectures of lattice 
structures. Following the procedure shown in Fig. 32, they obtained 
stress-life curves of the studied structures through the use of the 
Brown-Miller theory [245] (Eq. (8)). According to approach, the 
maximum fatigue damage is modelled to occur on the plane which ex-
periences the maximum shear strain amplitude, such that: 

Δγmax

2
+

Δεn

2
= 1.65

σ’
f

E
(2Nf )

b
+ 1.75ε’

f (2Nf )
c (8)  

where Δγmax is the maximum range of the shear strain, Δεn is the 
maximum range of the normal strain, σ’

f is the fatigue strength coeffi-
cient, ε’

f is the fatigue ductility coefficient, b is the fatigue strength 
exponent, c is the fatigue ductility exponent, and 2Nf is the endurance in 
terms of stress reversals. In addition to a comparative study of different 
architectures, by performing more than 400 analyses, the detailed de-
pendency of the fatigue behaviour to the scale, presence of geometrical 
imperfections, and relative density of the lattice structures was evalu-
ated [244]. 
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With respect to the issue of the effect of mean stress effect on the 
fatigue life of lattice structures, Jamshidinia et al. [246] performed 
experimental and numerical analyses on a dental implant produced by 
EB-PBF. According to their numerical results, the Soderberg model 
provided more accurate predictions of fatigue life compared to 
Goodman and Gerber models. See Section 2.3 for more information 
about these mean-stress models. 

6.1.3. Fatigue crack growth life 
According to fracture mechanics approach, the fatigue failure of 

lattice structures can be divided into two stages of microcracking and 
macrocrack propagation, characterized by continuous reduction of 
stiffness of cellular structures [107,123,246]. Under cyclic loading, the 
material deterioration results in creation of microcracks in the struts of 
the structure. Propagation of these microcracks follows the equation also 
known as the Paris law. According to the Paris law, the fatigue crack 
growth rate, da/dN, of microcracks can be expressed as [247]: 

da
dN

= A
(

1.683ΔPl
̅̅̅̅̅
πa

√

t2

)m

(9) 

in which A and m are empirical material constants, ΔP is the cyclic 
concentrated force range per unit thickness of the strut, l and t are the 
length and thickness of the strut, and a is the length of microcrack. 

Propagation of the microcracks in the weakest strut will eventually 
result in its failure. At this point, the fatigue crack is presumed to 
propagate to the neighbouring cell with the growth rate of this micro-
crack, of a length equal to the width of the cell, a*, can be written as: 
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in which A∗
1 is a function of strut length and relative density of the 

cellular structure and ΔK∗
1 = Δσ∗

̅̅̅̅̅̅̅
πa∗

√
(Δσ∗ is the cyclic stress range on 

cellular structure). The same formulation was then extended for the case 
of high-cycle and low-cycle fatigue failure of 2D lattice structures by use 
of the Basquin equation and the Coffin-Manson law, respectively [247]. 
Using this formulation, Huang et al. evaluated the fatigue behaviour of 
periodic cellular solids (honeycombs and foams) under uniaxial [247], 
in-plane multiaxial [248] and general multiaxial [249] loading condi-
tions. Based on the proposed methodology, the fatigue behaviour of 
cellular material with a desired density can be predicted if experimental 
data on the fatigue of one particular density of the cellular structure with 
the same cell architecture and the same bulk material is known. They 
reported a dependency of fatigue crack growth behaviour to the cyclic 
stress-intensity range, the cell geometry, relative density of cellular 
material, and fatigue properties of the bulk material. In these studies, the 
cell walls were assumed to bend similar to a beam. However, according 
to Simone and Gibson [250], since beam elements cannot accurately 
capture the real stress distribution in the lattice wall, their application 
(instead of continuum elements) can lead to unrealistic results that 
possibly will limit the use of these methods for fatigue design. 

6.1.4. Damage accumulation 
Another strategy in theoretical fatigue prediction of lattice structures 

consists of using the stress-life curve for single struts to predict the 
overall fatigue behaviour including the chronology of local failures 
occurring in the lattice structure. In this scenario, the progressive stress 
redistribution within the unbroken struts of the lattice and the local 
damage in each strut during the whole cyclic process should be taken 
into account. From this perspective, some research studies have relied 

Fig. 32. An overview of the research in [244]; (A) Geometries of Simple Cubic (SC), Body Centered Cubic (BCC), Simple Cubic Body Centred Cubic (SCBCC) and Face 
Centred Cubic (FCC) lattice unit cells; (B) Numerical algorithm to determine the S/N curve; (C) S/N curve for different lattice structures with a relative density of 
0.45; (D) Normalized S/N curve for different lattice structures with a relative density of 0.45. 
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on a damage-mechanics approach, such as using a damage accumulation 
relationship based on Miner’s rule [251]. 

According to Miner’s rule [251,252], applying ni cycles with a stress 
amplitude Sa,i and corresponding fatigue life of Ni is equivalent to 
consuming a portion of Di = ni/Ni of the total fatigue life. Fatigue failure 
occurs when 100 % of the fatigue life is consumed (Eq. (11)), or some 
fraction of it based on the use of a safety factor. Restricting this analysis 
to the fatigue crack initiation life of small specimens, Miner proposed 
the mentioned rule by the assumption that the total fatigue life until 
failure is approximately the same as the fatigue crack initiation life [34]. 
This relationship was later further modified to consider non-linear 
damage function and challenging loading conditions such as the effect 
of periodic overloads [253–255]. 
∑

Di =
∑ ni

Ni
= 1 (11) 

To apply Miner’s rule specifically for lattice structures, one approach 
is to sum the resulting damage within the struts at the different applied 
stress levels to provide an estimation of the total fatigue life. 

Hedayati et al. [98,256], analysed the fatigue resistance of three 
different elementary cells namely diamond, rhombic dodecahedron, and 
truncated cuboctahedron by considering the stiffness drop due to dam-
age in the struts prior to fatigue failure. Using the material properties (i. 
e., monotonic elastic-plastic constitutive law and S/N data) of the parent 
material (and not the struts), they proposed an iterative algorithm 
(Fig. 33) in which each FE simulation cycle represented a number of 
loading-unloading cycles, Δni. This increment of cycles evolves 
depending on the failure events occurring during cycling. To account for 
the effect of stress concentrations, a single stress concentration factor, kf, 
was used for each type of lattice structure. This stress concentration 
factor was obtained using trial-and-error correction to obtain numerical 
fatigue life close to the experimental data. The effect of stiffness 
reduction in the model was then taken into account through the use of 
the following relationship:  

Ei,j=E(1− Di,j)                                                                               (12) 

where Ei,jis the elastic modulus of strut i and Di,j is the accumulated 
damage to strut i obtained from Miner’s rule (both corresponding to the 
simulation cycle j). The elements with a larger damage value than unity 
were removed from the model during the numerical simulation. Com-
parison of the numerical results, with and without stiffness degradation, 
revealed that the models with a stiffness degradation present a smoother 
change in the maximum displacement model as well as the elastic 
modulus of the lattice structure during cyclic loading. In this case, the 
damage process started earlier and ended later than the model without 
stiffness degradation resulting in longer predicted fatigue lives. Further 
studies are required to evaluate the accuracy of these two procedures in 
simulating the progressive damage in the lattice structures. However, 
the proposed methodology by Hedayati et al. [98,256], does result in 
acceptable failure predictions when the load level does not exceeding 60 
% of the yield strength. 

By neglecting the stiffness change due to damage and considering the 
progressive fatigue damage to be governed solely by a series of succes-
sive failures in struts, Zargarian et al. [97,174], proposed a numerical 
method through the use of a linear elastic FE analysis to predict the 
fatigue life of lattice structures (Fig. 34). These authors used the material 
properties of single struts from experimental data in the literature and 
claimed that by doing so their model is capable of taking into account 
residual stress, crystalline grain size variations, and stress concentration. 
The geometrical irregularities in the AM lattice structures were 
modelled by assigning a random cross-section to each element of the 
strut along its length (Fig. 34B). Using Basquin’s equation applied to 
single struts and considering the mean stress correction formula, they 
were able to simulate fatigue failure under a specific cyclic macro-stress 
(i.e., stress applied to the whole lattice structure). Unlike the relatively 
continuous damaging process in the work of Hedayati et al. [98,256]. 

Zargarian et al. considered a discontinuous damage process that is only 
updated once a strut has failed (i.e., the strut reaches its fatigue life 
under a given maximum stress). Using an iterative algorithm, the strut(s) 
with the lowest fatigue life was removed in each simulation cycle and 
the induced damage due to failure of that strut was implemented in 
fatigue calculations using Miner’s rule. Summation of the fatigue lives of 
the weakest struts after cyclic simulation was then introduced as the 
total fatigue life of the lattice structure. It is worth mentioning that a 
similar simulation procedure was previously proposed by Demiray et al. 
[257] for open-cell foams. 

In the aforementioned damage accumulation techniques, a unique S/ 
N curve of the constitutive material was used for the fatigue behaviour at 
the scale of individual struts, meaning that all the struts had identical 
fatigue properties. However, due to geometrical and microstructural 
inconsistencies of AM parts, a relatively large scatter has been reported 
for the experimental fatigue results of single struts [133]. To study the 
effect of scatter in the S/N data and the spread of strut radius size dis-
tribution on the accuracy of life predictions, Burr et al. [133] used the 
methodology proposed by Zargarian et al. [97,174]. They assigned a 
radius and an S/N curve to every strut of the lattice structure and per-
formed statistical analysis on the effect of these two key parameters on 
the fatigue life. According to their findings, for their studied as-built 
cases, the radius distribution seems to have a larger impact on the ac-
curacy of the fatigue life predictions compared to the S/N curve distri-
bution (i.e., the scatter in fatigue data). An increase in both strut radius 
size distribution and dispersion of the S/N curve distribution resulted in 
a fatigue life reduction [133]. Although the fatigue predictions using 
these analyses were in relatively good agreement with experimental 
results, the effect of radius variation along the strut length, possible 
bending contribution to stress in struts, and geometrical singularities 
were not accurately taken into account in their method and must 
therefore be considered as possible sources of error. 

As mentioned earlier, damage accumulation leads to stress redistri-
bution in the lattice structure up to the moment of final failure. By 
utilizing a functionally graded lattice structure, one can in principle 
control the damage propagation and postpone the fatigue failure and 
consequently increase the fatigue life of the lattice structure. Zhao et al. 
[105] reported superior fatigue properties for functionally graded 
Ti-6Al-4 V lattice structures compared to ordinary uniform lattice 
structures. According to their findings, the crack propagation in lattices 
with higher strength was retarded by the stress redistribution in lattices 
with lower strength. This eventually resulted in a variation in the cyclic 
ratcheting rate in the lattice structure. They qualitatively correlated the 
damage accumulation to their experimental observations. Further 
studies should be performed to evaluate the applicability of the available 
fatigue prediction methodologies for functionally graded lattice 
structures. 

7. Advanced fatigue design of AM cellular lattice materials 

Closer inspection of the literature on lattice materials shows that the 
majority of the fatigue design methods rely on experiments, which are 
customized to handle selected lattice architectures and materials. This is 
time-consuming and often expensive. The available theoretical ap-
proaches, on the other hand, seem to lack accuracy, mainly because of 
their simplified methodology which might fail to capture the real stress 
distribution in the lattice structure [200]. In the absence of residual 
stresses, the sources of variability that may affect the fatigue behaviour 
of lattice structures can be categorized as surface roughness, geometrical 
accuracy, and local microstructure [132]. The surface roughness of AM 
parts involves a large number of local defects (also known as 
micro-notches) which act as stress raisers and are considered as poten-
tial locations for fatigue crack initiation. To incorporate a more detailed 
topology of the lattice structures in the fatigue prediction routine, in-
spection techniques such as X-ray tomography can be used. 

In this framework, FE analysis has been recently used on the real 
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Fig. 33. The numerical algorithm proposed in [254,255], for micro-scale fatigue assessment of lattice structures.  
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geometry of a lattice structure to compare the stress-state in real and the 
nominal CAD geometries in order to qualitatively correlate the numer-
ical results to the experimental fatigue data [112,139]. FE analyses of 
stress distributions at the strut junctions revealed higher stress concen-
tration in the model with the as-built geometry acquired with a 
micro-CT scan of a specimen; however, these values were still lower than 
the expected stress concentration from the experiments (see Fig. 35 for 
the FE models) [36]. This was reported to be due to the smoothening 
procedure, performed for meshing the FE model, that resulted in 
decreased severity (to a certain degree) of the surface notches, although 
the presence of residual stresses in the structure, even after stress relief 
heat treatment, could also markedly influence the accuracy of the 

numerical analyses [36]. 
Under uniaxial fatigue loading, the presence of localized stresses in 

the struts will result in a multiaxial, non-symmetric, and non-uniform 
state of stress in the lattice. Therefore, a fatigue criterion that is 
capable of addressing stress multiaxiality in the presence of a mean 
stress and a stress gradient should be employed for these complex 
structures [123]. The primary results of a fatigue prediction strategy 
addressing these specific points was reported by Boniotti et al. [123]. 
After performing stress analysis on the FE model constructed by a 
micro-CT scan of the lattice, the theory of critical distance (TCD) was 
employed for fatigue life prediction. In order to address the multi-
axiality, the stress amplitudes were calculated based on the equivalent 

Fig. 34. (A) Numerical algorithm proposed in [97,174], (B) Details of the meshing in single struts with variable radius along the strut length, (C) Comparative fatigue 
data obtained from numerical simulation and experiments. 
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von Mises stress proposed by Sines [258]. In this scenario, for each node, 
the average equivalent stress amplitude was determined in a spherical 
control volume around it. The radius of the control volume was set to 
El-Haddad’s size parameter [259] obtained from fatigue assessment of 
the same material [260]. Fatigue crack initiation was then expected to 
occur in the FE model when the local equivalent stress amplitude is 
greater than the fatigue strength of the material. Using this methodol-
ogy, successful fatigue life, and failure location prediction were 
reported. 

In general, the size effect has been recognized to be mainly related to 
the geometrical scale (e.g., specimen thickness/diameter) and the 
microstructural scale (e.g., grain or phase size in the material) 
[261–265]. In order to address a combined effect of these two scales, an 
aspect ratio (t/d) of the specimen thickness/diameter, t, to the grain size, 
d, can be introduced. This ratio was proven to have a significant impact 
on the mechanical properties when the values of t and d are in the same 
order [266]. The scale and thickness effect on mechanical behaviour of 
conventional materials has been previously studied using experimental 
and theoretical studies [267–269]. The experimental results on 
conventionally fabricated metallic materials show that when t/d » 1, 
both LCF and HCF strengths are controlled by the grain size d. When 3 <
t/d < 25, the fatigue life depends on the crack propagation life, while for 
t/d < 3 it depends on the crack initiation life. For small scale specimens 
(20 μm < t < 200 μm), both the LCF and HCF strengths are governed by 
the specimen thickness and independent of t/d. However, there is still a 

knowledge gap in this regard in the field of AM components. In AM 
parts, the microstructure, internal defects, and surface condition are 
dependent on both process parameters and the geometry and scale of the 
part. To the best of the authors’ knowledge, the studies on this aspect are 
only limited to the experimental aspect of scale effect on microstructures 
[270–275], tensile properties [274,275], and fatigue properties [154, 
275]. By considering the mentioned factors, the scale and build thick-
ness effect may not follow the rule derived from conventional materials 
and still needs to be elucidated. 

An appropriate fatigue prediction methodology should be capable of 
addressing intrinsic factors associated with microstructures (t, d, t/d) but 
also the extrinsic factors related to defects (internal defects and surface 
roughness) [269]. To capture the effect of intrinsic factors, 
microstructure-sensitive fatigue models (e.g., multiscale fatigue model 
[276,277]) can be used. As for the extrinsic factors, defect-sensitive fa-
tigue models such as the

̅̅̅̅̅̅̅̅̅
area

√
(the square root of the equivalent defect 

area projected onto the loading plane) model and Kitagawa-Takahashi 
diagram have been shown to successfully predict the fatigue life of 
certain AM parts [220,278,279]. 

In general, it is still a difficult task to incorporate all the aforemen-
tioned models together in a suitable fatigue model to capture material, 
geometry, and scale-dependent properties of AM components. Hence, a 
more practical fatigue prediction methodology can rely on the combi-
nation of a large amount of experimental data, theoretical computations, 
and machine learning [269]. 

Fig. 35. (A) Results of statistical analysis on the point cloud obtained by a micro-CT scan of a regular cubic cellular lattice produced by L-PBF (t0: strut diameter), (B) 
FE models based on nominal CAD and real geometries, (C) von Mises contour plots obtained from the FE analyses. The FE mesh was chosen to be close to that of the 
resolution of the micro-CT spatial. The unit cell FE models based on real geometry were selected randomly from the micro-CT scan of the lattice [36]. 

M. Benedetti et al.                                                                                                                                                                                                                              



Materials Science & Engineering R 144 (2021) 100606

35

Finally, it is noteworthy that over the last decade, a large amount of 
literature has emerged in the context of machine learning algorithms 
and data driven approaches [280]. Modern machine learning algorithms 
are able to learn highly complex nonlinear relationships between pre-
dictor and target variables, even in highly stochastic environments. Very 
recent applications of machine learning to additive manufacturing have 
been developed focusing on different aspects, such as quality detection 
during or post-manufacturing, optimisation problems around build 
process parameters and final design assessment [281–285]. Data-driven 
approaches and their applications to fracture mechanics problems are 
nowadays a hot research topic which is being investigated by top re-
searchers in the field [286–291] and is beginning to show an impressive 
potential for future applications. This immense knowledge currently 
under intense development will be surely useful in the future to better 
correlate and assess the fatigue performances based on process param-
eters, geometrical desired features and topological optimization. Data 
driven approaches will take advantages of the recent developments and 
findings on the influence of defects and porosities on the fatigue strength 
[292–299]. This will be coupled with the full understanding of 
three-dimensional effects in presence of geometrical discontinuities 
[300–304] and the application of proper local advanced fatigue criteria 
which is nowadays a field of active research with continuous progress 
[305–316]. This will allow to create the appropriate domain knowledge 
for a proper and efficient application of data-driven approaches. 

8. Summary and outlook 

AM processes are now increasingly employed in different strategic 
fields such as aerospace, automotive and medical industries because of 
many unique possibilities of producing value added components that 
could not be easily produced by traditional manufacturing processing. 
There are several synergistic factors for the expansion and continuous 
growth and development of additive manufacturing processes. Among 
these factors there is the continuous improvement of computational 
means and the valuable knowledge of metallurgy and fusion welding. 
However, several technological challenges are now affecting AM prod-
ucts quality and costs. This includes defects in parts such as pores, lack of 
fusion, poor surface finish, residual stresses and distortion. These chal-
lenges need to be addressed to allow the commercial employment of AM 
at large scale. The full control of the mechanical properties both under 
static and cyclic loading is the key of the future success. This requires a 
deep understanding of AM processes and the final impact on the pro-
duced parts. A substantial progress for better understanding the inter-
action between AM processes and the final structural integrity of the 
realized parts will be the key to avoid common defects and to tailor the 
structure and the desired final properties. In addition an increased level 
of standardization and control will be required to assure repeatable 
processes and to fabricate parts with consistent properties. 

The rapid growth in advanced manufacturing processes has led to the 
emergence of mechanical metamaterial lattice structures. These light 
and high-performing structures have quickly spread out in several 
leading industrial sectors, and their full-scale employment is only a 
matter of time. Speeding up their use in real applications requires an 
intelligible understanding of their relevant parameters and the devel-
opment of advanced approaches that allow to assess their mechanical 
properties and their failure response under different loading conditions. 
In fact, the functionality of the lattice structures is profoundly affected 
by process-induced defects. Optimization of the process parameters and 
post-heat treatments can highly improve the microstructure and the 
mechanical performances. 

The many advantages of additive manufacturing and the control that 
it provides for economically creating metamaterial lattice structures 
with optimal shapes for specific components, coupled with such prop-
erties as lightweight, stiffness, and strength, etc., is undeniable, but fa-
tigue is invariably the prime degradation mechanism in the vast 
majority of critical structures, oftentimes coupled with high 

temperatures (creep-fatigue) or adverse environments (corrosion fa-
tigue). Unlike the global properties of stiffness and strength, premature 
fatigue failure is driven by local factors like defects, microstructural 
imperfections, surface roughness, and as this review has highlighted 
strut junctions in lattice structures; thus designing and manufacturing 
these materials with adequate fatigue resistance and with the ability to 
reliably predict their safe lifetimes represents a grand challenge. 

The present critical review has summarised a significant amount of 
lattice structure-based literature in order to identify the potential and 
main limitations of these structures with specific emphasis on when they 
are subjected to cyclic fatigue loading. Our intent is to contribute to 
“filling the void” in the overall understanding of this critical feature in 
lattice structures – how fatigue can severely degrade their overall 
structural integrity and to provide a complete and updated state-of-the- 
art on how this problem can be addressed. The manufacturing of lattice 
structures using conventional manufacturing methods seems to be very 
prohibitive and accordingly, AM can play a fundamental role in this 
field. Lattice structures can be designed or tailored for achieving specific 
structural functionality and performance requirements. They are quite 
attractive because of their large surface area, low mass, regular repeated 
structure and open interconnected pore spaces. The advantage of addi-
tively manufactured lattice structures is the full and accurate control of 
the micro-architecture or even multi-scale structure. However, defects 
and imperfections cannot be completely removed and eliminated. Fa-
tigue life can be significantly increased with ad-hoc post-heat treatments 
of the lattices due to the homogenization of the surfaces and the possi-
bility of improving the ductility of their structure. 

This review has also shown that substantial improvements have been 
achieved to better understand the structural behaviour of lattice struc-
tures, their overall properties and the possibilities of building final parts 
for real-life applications. This growing knowledge will allow to produce 
parts free of defects and reproducible at large scale. The capacity of fully 
assessing with precision the lifetime of lattice structures will be a 
fundamental step. The current rapid developments of data-driven ap-
proaches and the possibility of easily managing a large quantity of data 
in a structured way together with the capacity of topological optimizing 
a structure almost in real-time will lead to new possibilities and to a wide 
diffusion of AM lattice structures for the fabrication of commercial 
products. 
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[112] A. Yánez, M.P. Fiorucci, A. Cuadrado, O. Martel, D. Monopoli, Int. J. Fatigue 138 
(2020) 105702, https://doi.org/10.1016/j.ijfatigue.2020.105702. 

[113] S. Amin Yavari, et al., J. Mech. Behav. Biomed. Mater. 43 (2015) 91–100, https:// 
doi.org/10.1016/j.jmbbm.2014.12.015. 

[114] S.M. Ahmadi, et al., Acta Biomater. 65 (2018) 292–304, https://doi.org/10.1016/ 
j.actbio.2017.11.014. 

[115] N.W. Hrabe, P. Heinl, B. Flinn, C. Körner, R.K. Bordia, J. Biomed. Mater. Res. - 
Part B Appl. Biomater. 99 B (2) (2011) 313–320, https://doi.org/10.1002/jbm. 
b.31901. 

[116] S.M. Ahmadi, et al., Acta Biomater. 83 (2019) 153–166, https://doi.org/10.1016/ 
j.actbio.2018.10.043. 

[117] J. de Krijger, C. Rans, B. Van Hooreweder, K. Lietaert, B. Pouran, A.A. Zadpoor, 
J. Mech. Behav. Biomed. Mater. 70 (2017) 7–16, https://doi.org/10.1016/j. 
jmbbm.2016.11.022. 

[118] Y. Li, et al., Corros. Sci. 156 (2019) 106–116, https://doi.org/10.1016/j. 
corsci.2019.05.003. 

[119] Y.J. Liu, et al., Acta Mater. 126 (2017) 58–66, https://doi.org/10.1016/j. 
actamat.2016.12.052. 

[120] O.H. Basquin, Soc. Test. Mater. Proc. 10 (1910) 625–630. 
[121] Z.S. Bagheri, D. Melancon, L. Liu, R.B. Johnston, D. Pasini, J. Mech. Behav. 

Biomed. Mater. 70 (2017) 17–27, https://doi.org/10.1016/j. 
jmbbm.2016.04.041. 

[122] P. Lipinski, A. Barbas, A.S. Bonnet, J. Mech. Behav. Biomed. Mater. 28 (2013) 
274–290, https://doi.org/10.1016/j.jmbbm.2013.08.011. 

[123] L. Boniotti, S. Beretta, L. Patriarca, L. Rigoni, S. Foletti, Int. J. Fatigue 128 (2019) 
105181, https://doi.org/10.1016/j.ijfatigue.2019.06.041. 

[124] L.P. Lefebvre, E. Baril, M.N. Bureau, Sci. Mater. Med. 20 (11) (2009) 2223–2233, 
https://doi.org/10.1007/s10856-009-3798-x. 
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