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Additively manufactured porous metallic biomaterials
Amir A. Zadpoor

Additively manufactured (AM, =3D printed) porous metallic biomaterials with topologically ordered unit cells
have created a lot of excitement and are currently receiving a lot of attention given their great potential for
improving bone tissue regeneration and preventing implant-associated infections. This paper presents an
overview of the various aspects of design, manufacturing, and bio-functionalization of these materials from a
"designer material” viewpoint and discusses how rational design principles could be used to topologically
design the underlying lattice structures in such a way that the desired properties including mechanical
properties, fatigue behavior, mass transport properties (e.g., permeability, diffusivity), surface area, and
geometrical features affecting the rate of tissue regeneration (e.g., surface curvature) are simultaneously
optimized. We discuss the different types of topological design including those based on beam-based unit
cells, sheet-based unit cells (e.g., triply periodic minimal surfaces), and functional gradients. We also highlight
the use of topology optimization algorithms for the rational design of AM porous biomaterials. The topology—
property relationships for all of the above-mentioned types of properties are presented as well followed
by a discussion of the applicable AM techniques and the pros and cons of different types of base materials
(i.e., bioinert and biodegradable metals). Finally, we discuss how the huge (internal) surfaces of AM porous
biomaterials and their pore space could be used respectively for surface bio-functionalization and
accommodation of drug delivery vehicles so as to enhance their bone tissue regeneration performance
and minimize the risk of implant-associated infections. We conclude with a general discussion and by
suggesting some possible areas for future research.
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During the last decade, additive manufacturing (AM, =3D printing)
has evolved from a mere prototyping technique to a full-fledge
fabrication technique capable of producing functional parts
from a variety of materials including metals,"™ polymers,” ™"
and ceramics.”*'® AM has multiple advantages to offer for
fabrication of medical devices of which two stand out, namely
“batch-size-indifference” and ‘“complexity-for-free”."”” While
batch-size-indifference directly translates to the feasibility of
producing patient-specific biomaterials, implants, and surgical
instruments'® 2> that exactly match the complex and highly
variable anatomy® of individual patients, complexity-for-free
enables designers to use complex geometries that give rise to
favorable properties and advanced functionalities.”*°

One particularly useful class of geometrically complex bio-
materials is the class of topologically ordered porous biomaterials
that are designed by repeating one or more regular unit cells in
different spatial directions to create a lattice (cellular) structure
(Fig. 1). The type and dimensions of the unit cell determine the
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and biological (e.g., rate of tissue regeneration)***" properties of
AM porous biomaterials.

In this paper, we review the various aspects of topologically
ordered AM porous metallic biomaterials particularly those
aimed for application in orthopaedic surgery as temporary or
permanent bone substitutes (Fig. 1). As opposed to solid
metallic biomaterials that are up to 10-15 times stiffer than
bone, the elastic modulus of AM porous biomaterials could be
adjusted to mimic those of trabecular or cortical bone.**>***?
Moreover, the topological order and precise control over the
fabricated topology ensures a fully interconnected pore space
that could enhance integration of the implant in the host bony
tissue (osseointegration) and improve bone tissue regeneration
performance in the case of temporary bone substitutes. This
improved performance is partially due to the increased oxygenation
and nutrition of the cells migrating to the inner pore space.
In addition, the volume-porous nature of these materials tremen-
dously increases the surface area by up to several orders of
magnitude. This increased surface area could then be used for
bio-functionalization of biomaterials using either biochemical (e.g.,
pharmaceutics) or physical (e.g:, nanopatterns) means. Finally, the
large pore space in highly porous AM metallic biomaterials could
be used for accommodation of drug delivery vehicles.***®

This journal is © The Royal Society of Chemistry 2019
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Throughout this review, we will particularly focus on a few
major challenges facing orthopaedic surgeons including inadequate
bony ingrowth and osseointegration and lack of full regeneration in
critical size (segmental) bony defects on the one hand and implant-
associated infections on the other. We then discuss how the above-
mentioned features of AM porous metallic biomaterials could be
used to address both above-mentioned challenges.

Given the fact that the small-scale topological design of AM
porous biomaterials determines their large-scale properties, we
will start by reviewing the topological design approaches and
topology—property relationships. Then, various AM techniques
will be briefly discussed followed by a discussion of the effects of
material choice on the properties of the resulting materials. We
will then discuss the different ways in which surface bio-
functionalization approaches as well as drug delivery from the
pore space could be used for improving bone tissue regeneration
performance and preventing implant-associated infections. We
conclude by presenting a general discussion of the current state
of technological developments in this active area of research and
making some recommendations for future research.

2. Rational topological design of AM
porous biomaterials

“Rational design” is an emerging theme in materials science,*®™*

where mechanics and physics theories, computational models,
analytical solutions, and physical reasoning are used to devise the
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(topological) design of a material particularly at the “small-scale”.
As opposed to other design approaches such as “creative” or
“explorative” design processes, the designs originating from such
sound methodological approaches are guaranteed to meet the
design objective, as long as the underlying methodologies are
properly selected and applied. However, the topological designs
resulting from rational design approaches may be highly complex
and infeasible to fabricate using conventional techniques, which
is why the use of AM is required in practically all cases. Fabrica-
tion of topologically ordered lattice structures is one of the areas
where AM is the only feasible option and where rational design
approaches could play an important role in topological design of
the materials. It is important to realize that the type and dimen-
sions of the unit cell do not need to remain the same throughout
the entire implant, as graded designs could offer additional
freedom in meeting the design objectives particularly when one
is trying to meet competing objectives. For example, the compet-
ing needs for highly porous designs to allow for bony ingrowth
and sturdy designs to provide enough mechanical support could
be both met by positioning higher porosity unit cells in the
regions close to the boundaries of the implant where bony
ingrowth is the most important factor while gradually decreasing
the porosity towards the internal parts of the implant to provide a
solid core that is capable of carrying the applied musculoskeletal
loads.*® Many research groups are therefore studying the proper-
ties of graded designs and their potential in meeting competing
design requirements.>*>%">°

Regardless of the type of design used, one of the first
questions that we need to answer is “what are the design
requirements that AM porous biomaterials used as temporary or
permanent bone substitutes need to satisfy?” Once the design
objectives are well defined, a host of analytical and computational
techniques could be used to solve the inverse problem of finding
the topological designs that best satisfy the design objectives. There
is therefore a need for predictive models that establish the
“topology-property relationship”” and an optimization procedure
that uses the “‘topology-property relationship” to determine the
topological design that satisfies the design requirements. The
topology-property relationships may be established using either
analytical®®® or computational models.*”>%%67%°

2.1. Unit cell design paradigms: beam-based vs. sheet-based

Several topological design approaches have been used in the
literature to establish the topology-property relationships for
specific classes of AM porous biomaterials. Generally speaking,
two general types of repeating unit cells have used for the
design of porous biomaterials, namely beam-based (Fig. 2) and
sheet-based (Fig. 3) unit cells.

Beam-based unit cells are usually polyhedra whose edges are
made from structural elements with relatively large (i.e., >1)
length to diameter ratios that could carry both bending and
axial loads. When only one type of unit cell is used in the design
of the porous structure, the unit cell should be able to fully fill
the space when repeated in different directions. Such polyhedra
are called “space-filling” or “plesiohedron””®”" and are capable
of tessellating the three-dimensional space. From the five
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Fig. 1 A number of AM porous metallic biomaterials including the cylindrical specimens used for mechanical testing (a), a functionally graded porous
structure in the shape of the femur with different porosities (b), hip stems with external and internal porous structures (c), and multiple miniaturized
porous specimens (d). Most specimens are designed and fabricated from the titanium alloy Ti—6Al-4V at the Additive Manufacturing Lab (TU Delft).

platonic solids, only cube is space-filling.”* Among all convex regular
polyhdera, there are only four additional space-filling unit cells
including triangular prism, hexagonal prism, truncated octahedron,
and gyrobifastigium.”*””* However, a number of other convex regular
polyhedra could tessellate the space in combination with each
other,”* meaning that more than one type of unit cell should be
used in the design of the porous structure. Furthermore, a number
of slightly less regular unit cells such as rhombic dodecahedron
(Fig. 2) are also space-filling (note: regular dodecahedron is not
space-filling). Many irregular polyhedra could be designed to be
space-filling as well and are often used in the design of AM porous

4090 | J. Mater. Chem. B, 2019, 7, 4088-4117

biomaterials. The vast majority of the studies published to date have
used beam-based unit cells in the design of their porous structures.

The dimeters of the beam-like elements making up the unit
cell are usually assumed to be constant. However, interesting
properties such as fluid-like mechanical behavior (i.e., negligible
shear resistance and near-incompressibility) or decoupling of
the mechanical properties from the relative density could be
achieved with carefully designed variations in the shape of the
cross-sections of the beam-like elements (e.g., in pentamode
metamaterials).”> AM of such type of lattice structures is, how-
ever, extremely challenging.

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 A number of cylindrical specimens designed using different types of beam-based unit cells as well as a solid specimen (reprinted from ref. 101
with permission from Elsevier) (a). The beam-based unit cells could be very different in geometry but are usually some type of polyhedron. Subfigure (b)
presents a number of such unit cells particularly the ones for which analytical solutions regarding their elastic properties are available.

In powder bead fusion AM processes, the different beams
constituting the unit cell make different angles with respect
to the powder bed. It is known that the build qualities of
the beams with different angles with respect to the powder

This journal is © The Royal Society of Chemistry 2019

bed is not equal with a higher angle resulting in a higher
build quality.”® Horizontal struts are therefore usually of the
lowest quality while vertical struts are the easiest ones to
fabricate.

J. Mater. Chem. B, 2019, 7, 4088-4117 | 4091
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Fig. 3 Topological design based on four different types of TPMS (reprinted from ref. 35 with permission from Elsevier) (a) and actual specimens
fabricated using those topological designs (reprinted from ref. 35 with permission from Elsevier) (b). A catalogue of different types of minimal surfaces (c).

The images were created using the program Surface Evolver.282

Another category of structural elements that could be used
for the topological design of AM porous biomaterials is the
category of sheet-based unit cells. One advantage of sheet-based
designs is that they generally present superior mechanical
properties (e.g., fatigue strength) as compared to beam-based
designs.*>*® Moreover, the curvature of sheet-based geometries
is better defined as compared to beam-based geometries.
This is an important point given the fact that surface
curvature is a crucial parameter affecting the tissue regenera-
tion performance of AM porous biomaterials (Section 3.4).

4092 | J Mater. Chem. B, 2019, 7, 4088-4117

In the case of biomaterials used for tissue regeneration purposes,
the pore space should be fully interconnected to allow for cell
nutrition and oxygenation. A relatively small fraction of sheet-
based designs satisfies this requirement. Among those, the unit
cells based on triply periodic minimal surfaces (TPMS) (Fig. 3)
have received increasing attention due to their curvature proper-
ties (Section 3.4). There are many types of minimal surfaces that
have been studied since several decades ago in certain sub-
disciplines of mathematics including differential geometry and
computational geometry (Fig. 3c).”””° However, a relatively small

This journal is © The Royal Society of Chemistry 2019
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number of minimal surfaces including the gyroid, Schwartz P
(primitive), Schwartz D (diamond), and Schoen’s I-WP have
received the most attention (Fig. 3a and b).332%%°

While, in principle, it is also possible to combine beam-
based designs with sheet-based designs, not much research has
been performed in that direction and most AM porous bioma-
terials studied to date belong to one of the above-mentioned
categories.

The other important type of variation in unit cell design is
spatially varying the type or the dimensions of the repeating
unit cell so as to obtain different properties at different regions
of the implant, thereby satisfying competing design require-
ments or creating new advanced functionalities. These types of
designs are called “gradient structures” or ‘“(functionally)
graded structures”. The change in the type or dimensions of
the unit cell along specific spatial directions is in many (but not
all) cases gradual. Among other reasons, a gradual change in
the topological design minimizes the stress concentrations
caused by sudden geometrical changes.

There are many ways to change the type and dimensions of
the unit cell. The easiest way is to keep the type and size of the
unit cell constant and only change the diameter of the beam-
like elements or the thickness of the sheet-like elements. This
allows for creating a gradient in the porosity or pore size of the
porous structure through a procedure that is straightforward to
implement in design software. Indeed, most software packages
available for the design of lattice structures only allow for this
type of graded designs. The direction of the change could be
either axial or radial (Fig. 4a). The next step in designing
complex graded structures is to change the size of the unit cell
as well. More complex algorithms are needed for implementing
this type of graded designs, as transition from one size of the
repeating unit cell to another size is not always possible (certain
geometrical constraints need to be satisfied depending on the
topology of the unit cell). Two examples in which the sizes of
the unit cells are changing in axial and diagonal directions are
presented in Fig. 4b. Finally, the most difficult design problem
to automate would be to change the type of the repeating unit
cell. This is a particularly difficult design problem, as interfa-
cing different types of unit cells is neither straightforward or
even generally possible without adding additional interfacing
artifacts. This type of designs is relatively rare in the literature
(e.g., Fig. 4c) but could be very interesting, as they allow for
completely different types of behavior in different locations. For
example, a conventional porous structure (i.e., a porous struc-
ture with a positive Poisson’s ratio) could be combined with an
auxetic porous structure (i.e., a porous structure with a negative
Poisson’s ratio) to improve bone-implant contact and, thus,
implant longevity.*” Such changes in the type of the unit cells
are usually designed manually and with careful consideration
of the constraints imposed by the geometries of the different
types of unit cells.

2.2. Topology optimization

Topology optimization is a systematic way for the rational design
of AM porous biomaterials. In this approach, the topological

This journal is © The Royal Society of Chemistry 2019
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design is optimized in such a way that an objective function is
minimized. Traditionally, the objective function used in topology
optimization has often been the compliance of the structure.
Minimizing the compliance of a structure equals maximizing its
stiffness and, thus, load bearing capability. In the case of
orthopaedic implants made from metals, maximizing the stiff-
ness is usually not the best approach,*® as the metal itself is
already much stiffer than the surrounding bone, leading to the
stress shielding phenomenon. One way of formulating the
design problem would be to keep the compliance as the objective
function but restrict the material budget such that the local
density cannot exceed certain pre-determined values. The stiff-
ness of a lattice structure is related to its relative density through
a power law relationship.®*™#* Limiting the maximum relative
density limits the maximum stiffness of the lattice structure to
certain limits (i.e., Hashin-Shtrikman limit®*®). However, such a
formulation is not guaranteed to result in the least amount of
stress shielding. The least amount of stress shielding is achieved
when the change in the stress distribution of the bone before
and after implantation is minimized. The optimization problem
could therefore be formulated such that the difference between
the pre- and post-operative conditions is minimized. However,
such a problem does not easily lend itself to a lean implementa-
tion in terms of topology optimization algorithms, as it is highly
dependent on patient-specific aspects including such as bone
shape and musculoskeletal loading as well as the specific design
of the implant geometry. Moreover, minimizing the stress
shielding is not the only important criterion in the topological
design of AM porous biomaterials. Other important criteria such
as adjusting the fatigue behavior, mass transport properties, and
geometrical cues for tissue regeneration (e.g., curvature) should
be considered as well. Simultaneous consideration of all impor-
tant design criteria requires a multi-physics computational
model to establish the topology-property relationships and a
multi-objective optimization scheme to satisfy the different
requirements that are at times competing with each other.
New topology optimization algorithms or alternative approaches
may therefore be needed. In addition, the design freedom is
limited even in the case of AM, as not every topological design
can be printed without the need for elaborate and difficult-to-
remove support structures. One may therefore need to imple-
ment those manufacturability constraints in the optimization
algorithms to make sure the overall shape of the implants and
the small-scale design of porous biomaterials can be feasibly
manufactured using the currently available techniques and
materials. Finally, manufacturing imperfections will cause the
actual topology of the implant and the porous biomaterial to
deviate from the designed topology both at the micro-scale (due
to micro-scale manufacturing imperfections) and, if not properly
compensated for during the production stage, at the macro-
scale. The rational design approach should take such real-world
deviations of the topological design into account when optimizing
the design. For example, stochastic finite element models that
model the presence of manufacturing imperfections through ran-
dom processes could be used to obtain better predictions of the
properties of the actual material. Several studies (e.g., ref. 86) have

J. Mater. Chem. B, 2019, 7, 4088-4117 | 4093
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Fig. 4 Different approaches to the design of functionally graded AM porous biomaterials. In the first approach, only the diameter of the struts is
changed and the size and type of the unit are kept constant (reprinted from ref. 283 with permission from Elsevier) (a). In the second approach
(reprinted by permission from Springer??) (b), the size of the unit cell changes either axially (left) or radially (right) but the type of the unit cell is kept
constant. In the third approach®’ (c), the type of the unit cell is changed from auxetic (i.e., negative Poisson's ratio) to a convectional (i.e., positive

Poisson'’s ratio) (c).

shown that considering the manufacturing imperfections help
computational models provide more accurate predictions of
topology-property relationships.*®

Similar to what was discussed before (Section 2.1) regarding
the interfacing of different types of unit cells in gradient
designs, the compatibility of the unit cells resulting from
topology optimization algorithms needs to be respected as well.
One way of ensuring the computability of neighboring unit cells
is to enforce certain geometrical constraints.®” However, there
is no guarantee that such a constraint will be optimal from the
viewpoint of load transfer. Recently, an algorithm has been
proposed that guarantees the optimal interfacing of different

4094 | J. Mater. Chem. B, 2019, 7, 4088-4117

unit cells, as the computability conditions is directly imple-
mented in the topology optimization scheme.®” The resulting
unit cell connections (Fig. 5a) are therefore also optimal for
load transfer and could be used to design and AM functionally
graded implants (Fig. 5b and c).*” During the last few years,
there has been a surge of interest in the application of different
variations of (topology) optimization algorithms to AM in
general and to the problem of designing optimal lattice struc-
tures in particular.?’?®%%7 As a result of this fundamental
research, it is expected that optimal solutions and more mature
algorithms will emerge in the near future that could be also
benefit the topological design of AM porous biomaterials.

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Topology optimization of lattice structures while respecting the compatibility between neighboring unit cells (a). This approach can be used to
design (b) and AM (c) orthopaedic implants with functional gradients (reprinted from ref. 87 with permission from Elsevier).

3. Topology—property relationships

Given the fact that small-scale topological design determines
many properties of AM porous biomaterials at the macro-scale,
it is important to review the currently available evidence on how
topological design and different types of properties are related
to each other. Each of the following sub-sections of the current
section therefore review a specific type of topology-property
relationship.

3.1. Relationship between topological design and quasi-static
mechanical properties

The relationship between topological design of AM porous
biomaterials and their quasi-static mechanical properties have been
widely studied in the literature using analytical, computational, and

This journal is © The Royal Society of Chemistry 2019

experimental techniques. That is partially due to the fact that such
lattice structures are also of value in other domains such as the
design of lightweight structures in the aircraft and automotive
industries. A number of dedicated review papers have also appeared
recently.***® We will therefore limit our discussion to a brief
description of the most important conclusions.

The mechanical properties of porous biomaterials generally
decrease as the porosity of the lattice structure increases. In
general, there is a power law relationship between the relative
density of a porous structure and its elastic modulus (Fig. 6a
and b).**"®" The coefficients of the power law are strongly
dependent on the topological design of the unit cell.”*™*°*> An
important distinction is often made between bending-dominated
and stretch-dominated unit cells.*>'*~'°° For the same value of the
relative density, stretch-dominated lattice structures exhibit a much

J. Mater. Chem. B, 2019, 7, 4088-4117 | 4095
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higher stiffness as compared to bending-dominated ones. There is
a relatively simple way to determine whether a beam-based unit cell
is bending-dominated or stretch-dominated. A unit cell is bending
dominated, if the Maxewell’s metric, M, defined as M =b — 3j+ 6
(in two dimensions: M = b — 2j + 3) is negative.** Otherwise, the
unit cell is bending-dominated. In this definition,  is the number
of beams (struts) and j is the number of joints (i.e., strut junctions).
Bending-dominated unit cells could be modified to become stretch-
dominated by increasing the number of struts making up the
unit cell.

Most unit cells based on space-filling polyhdera tend to be
bending-dominated.®” However, this is not necessarily a major
problem in the case of AM porous metallic biomaterials, as one
usually tries to lower the stiffness of the bulk metal to the levels
comparable to those of the human bone.*® Multiple studies
have shown that with proper choice of topological design,
porous metallic biomaterials with mechanical properties in
the range of those observed for trabecular and cortical bone
could be manufactured even when the mechanical properties
of the bulk material from which the porous structure is made
(e.g., Ti-6A1-4V'?7) are several orders of magnitude higher than
those of the human bone.

It is well established that topological imperfections
caused by the AM process could substantially affect the mechan-
ical behavior of the resulting porous structures,®*'%® which is
why it is important to consider those imperfections when trying
to establish topology-elastic modulus and topology-yield stress
relationships using computational or analytical models. In
general, using idealized topologies (i.e., neglecting the manu-
facturing imperfections) results in an overestimation of the
actual mechanical properties of lattice structures.®

3.2. Relationship between topological design and fatigue
behavior

Topological design strongly affects the fatigue life of AM porous
biomaterials too. Similar to the case of the elastic modulus and
yield stress, a higher porosity results in a lower value of the
absolute stress corresponding to the same number of cycles to
failure.’®?*>* The S-N curves are otherwise similar to contin-
uous materials with a power-law nature (Fig. 6¢ and d).”>'971
It is customary to normalize the level of stress to the yield
(or plateau) stress of the porous structure and calculate the so-
called normalized S-N curve (Fig. 6¢ and d).>*>**** The normal-
ized S-N curves of porous biomaterials with different porosities
but the same type of unit cell and base material are generally
quite close to each other, although the level of differences is
dependent on the type of the unit cell.**?**3* This is an
important conclusion, as it implies that there is no need for
separate measurement of the S-N curve corresponding to each
porosity.

The S-N curves of AM porous metallic biomaterials can be
measured in compression-compression, compression-tension,
or tension-tension. Given the intended use of these materials
as bone substitutes and orthopaedic implants, compression—-
compression is the most relevant mode of loading, which is
why the majority of the studies on the fatigue behavior of AM
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porous metallic biomaterials use this loading regimen. Con-
tinuous materials rarely fail under compression-compression
cyclic loading, as purely compressive stresses cause crack
closure and arrest further propagation of the initiated cracks.
In the case of porous biomaterials, the architected nature of the
porous structures means that even when the macro-scale
stresses are purely compressive, tensile stresses could develop
at the level of individual struts and at strut junctions. Whether
or not tensile stresses develop in individual struts and the
magnitude of the tensile stresses determine the compressive
fatigue life of AM porous metallic biomaterials. For example,
the struts of an ideal cubic unit cell do not experience any
tensile stresses as long as the porous structure is loaded along
its orthogonal directions. In accordance with this theoretical
prediction, experimental observations have shown that the
compression-compression fatigue life of AM lattice structures
based on the cubic unit cell is infinite even for applied stresses
amounting to 80% of their yield stress.** Moreover, the normal-
ized compression-compression S-N curves of porous structures
based on different types of unit cells could be very different
from each other.>>* It is worth mentioning that, in addition to
topological design, the type of the material from which the
porous structure is made could affect the normalized S-N
curves to a great extent. For example, porous structures made
from a Co-Cr alloy showed much higher fatigue lives as
compared to those made from the titanium alloy Ti-6A1-4V.>°
As an indication, lattice structures based on beam-based unit
cells show a fatigue strength of 20-30% of their yield stress in
the case of Ti-6Al-4V but that could increase to 60% of the yield
stress when Co-Cr is used.?® Finally, there is growing evidence
indicating that sheet-based unit cells particularly those based
on TPMS result in fatigue strengths that are 2-3 times higher
than those achieved through beam-based unit cells (for the
same base material).*

Despite a growing interest in the fatigue behavior of AM
porous biomaterials including some studies that try to shed
light on the mechanisms of fatigue crack propagation,'*®'"”
the exact mechanisms relating the topological design and the
effects of the AM process to crack propagation at the microscale
and the S-N curves at the macroscale remain largely elusive.
More systematic research is therefore required to better under-
stand the mechanistic aspects.

3.3. Relationship between topological design and mass
transport properties

Permeability and diffusivity are two important parameters
describing the mass transport through porous biomaterials.'*®
While the permeability coefficient relates pressure gradient to
mass flux (Darcy’s law), diffusivity establishes the same kind
of relationship between diffusion flux and the concentration
gradient (Fick’s first law). The ease of mass transport determines
how easy it is for the cells residing in the inner space of the
porous structures to be oxygenated and nurtured and how easy it
is for the metabolic byproducts to be carried away. Permeability
and diffusivity are therefore some of the most important para-
meters strongly influencing the bone regeneration performance

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 The normalized elastic modulus (a) and yield stress (b) of different AM porous biomaterials made from different types of materials and based on
the rhombic dodecahedron unit cell (reprinted from ref. 31 with permission from Elsevier). The absolute S—N curves of AM porous titanium (commercially
pure) and its comparison in the normalized format with those of tantalum and a titanium alloy (Ti-6Al-4V) (reprinted from ref. 183 with permission from
Elsevier) (c). A comparison between the normalized S—N curves of Co-Cr and Ti—-6Al-4V with different types of unit cells (reprinted from re