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CHAPTER SIXTEEN
Quality of AM implants
in biomedical application
M.J. Mirzaalia, Nasim Shahriarib, J. Zhoua, and A.A. Zadpoora
aDepartment of Biomechanical Engineering, Faculty of Mechanical, Maritime, and Materials Engineering,
Delft University of Technology (TU Delft), Delft, the Netherlands
bDepartment of Mechanical Engineering, Brest National School of Engineering, Brest, France
1. Introduction

The expanding and aging population has resulted in a continuous
increase in the prevalence of bone tumors and skeletal deformities, and con-

sequently, the world has experienced rapidly increasing demands for bone

implants [1]. Bone implants are categorized as the bioimplants that are

implanted into the human body, usually for more than 30days, to be inte-

grated into the human body to fix, support, reproduce, or improve the func-

tions of human tissues [2]. Although bone is known for having self-healing

abilities, interventions, such as autografts or allografts, are necessary to

restore the bone tissue, if the affected tissue is completely destroyed or

degenerated by inflammatory or age-related diseases, and if the bony defect

cannot heal itself without surgical intervention. In autograft, a bone taken

from the same person’s body is used, while in allograft, a bone is taken from

a deceased donor. These bone grafts suffer from major limitations, such as

the need for multiple operations, donor-site morbidity in the case of auto-

grafts, and the risk of infectious diseases from the donor in the case of allo-

grafts. Furthermore, allografts are dependent on the availability of the donor

and logistics. Therefore, the concept of synthetic bone substitutes has

emerged to address these limitations [1,3,4].

An ideal bone substitute offers biocompatibility and mechanical proper-

ties close to those of the native bone in order to provide sufficient mechan-

ical support while avoiding stress shielding. It presents a fully interconnected

porous structure to serve as a temporary template to aid the diffusion of

nutrients and oxygen to allow for bone ingrowth and excretion of the met-

abolic wastes from the cells. It degrades in the human body over time as the

bone regenerates. Developing a porous biomaterial that can fulfill all these

requirements has been challenging [1,3].
Quality Analysis of Additively Manufactured Metals Copyright © 2023 Elsevier Ltd.
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Additive manufacturing (AM), also referred to as 3D printing, is an

advanced technique used to manufacture objects with complex geometries

through sequential addition of material in a layer-by-layer fashion [5,6].

Computer-aided design (CAD) based on patient-specific anatomic data

has been utilized in a quest for new developments in the design of bone

implants with specific geometry, porosity, pore sizes, and other topological

features. Then, the designed implant is manufactured by using one of the

AM technologies [3]. The primary principle of all AM technologies is based

on slicing a solid model into multiple layers, building the object via layer-by-

layer addition of material, and using a heat source (e.g., laser, electron beam,

or electric arc) and feedstock (i.e., metal powder or wire) following the

sliced model data. This principle makes AM a promising technology for

manufacturing objects with structural complexities that are otherwise diffi-

cult or impossible to fabricate with conventional manufacturing techniques

that require formative (molds) or subtractive (machining) material

processing in multiple steps [7].

Recently, a variety of polymers, ceramics, and metals have been devel-

oped for bone substitutes. However, not all these biomaterials are suitable

for the 3D printing of bone implants [1]. As with anything, there are pros

and cons to each of these biomaterial categories. Although polymer-based

biomaterials have great flexibility in the design of tailored biodegradation

behavior and offer a multitude of routes to biofunctionalization, they have

low mechanical properties. Ceramic-based biomaterials are, on the other

hand, biodegradable and superiorly osteoconductive. However, the main

drawback concerns their brittle nature. Finally, the high mechanical strength

and fracture toughness of metals, together with their significant energy

absorption capacity, especially those with proper biodegradability, make

them themost suitable candidates for load-bearingorthopedic implants [1–3].
Three main types of metal AM techniques have been applied to the fab-

rication of AM porous implants, namely directed energy deposition (DED),

powder bed fusion (PBF), and binder jetting (BJ). DED and PBF are clas-

sified as direct metal printing techniques since they do not need post-AM

treatments, typically debinding and sintering. In the PBF processes, the

energy is delivered to the build area through the source (e.g., laser or elec-

tron beam), leading to sintering or melting of powder to build up an object,

and as such, they can be further categorized with regard to the heat source

into selective laser melting (SLM), selective laser sintering (SLS), and elec-

tron beam melting (EBM). The PBF processes are capable of producing

complex geometries with internal passages at high resolutions [8]. However,

they have a restricted build envelope, and changing the feedstock material is
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often complicated, which results in using only single material per part during

manufacturing in most AM technology implementations [9]. Nevertheless,

in-situ synthesis of materials from powders is possible in certain cases, which

means that different feedstock materials with different compositions are fed

into the melt pool simultaneously to create objects with desired composi-

tions even at desired locations [10].

SLM is a popular PBF technique to manufacture metallic medical

implants since it allows efficient use of raw materials with minimal waste

and uses a focused, high power-density laser to melt and fuse metallic pow-

ders (Fig. 1A). Moreover, this technique is capable of manufacturing objects

with satisfactory geometry accuracy, complex internal features, and passages,

and robust mechanical properties that cannot be otherwise produced by tra-

ditional manufacturing processes, such as casting or injection molding

[1,11,12].
Fig. 1 (A) Schematic illustration of the SLM process. (B) The different steps of AM part
manufacturing from a CAD model to the final part. ((A) Reprinted from G. Liu, et al., Addi-
tive manufacturing of structural materials, Mater. Sci. Eng. R. Rep. 145 (2021) 100596,
https://doi.org/10.1016/j.mser.2020.100596. Copyright (2022), with permission from
Elsevier.)

https://doi.org/10.1016/j.mser.2020.100596
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Powder particle sizes in the SLM process are usually in a range of 10 to

60μm, and the operation is under an inert atmosphere [13]. Moreover, to

better manage the thermal gradients, the powder bed may be heated up

to 250°C, which will decrease the adverse effects of thermal stresses

[13,14]. The principle of the SLM process is also based on 3D CAD data.

In order to process successive layers, slice thickness is required to be in a

range of 20 to 100μm. Due to the diversity of intermediate software pack-

ages, in order to facilitate the communication with chosen software, at some

point, CAD designs are transformed into the standard tessellation language

(STL) format to create the input for the software package installed on the

SLM machine. Afterward, the designed AM object is manufactured by set-

ting up the corresponding process parameters and the design of support

structures. The aforementioned steps are schematically illustrated in

Fig. 1B. In addition, a vector-based approach can be used for printing some

objects, particularly the lattice structures that do not need any intermediate

STL file and the laser scanning lines are directly related to the geometry of

the object that is going to be printed [15].

The quality of SLM products may be measured in different ways, for

example, surface roughness, geometrical and dimensional accuracy, physical,

chemical, and mechanical properties, depending on the product specifica-

tions and intended applications. The overall quality of AM products is first

directly related to the quality and characteristics of the raw material loaded

into an AMmachine, as well as its physical properties such as melting point,

evaporation temperature, heat conductivity, absorptivity, and emissivity. In

the case of SLM for metals, powder particle morphology, particle sizes, size

distribution, impurities, surface roughness, and the possible presence of sur-

face (hydro)oxides all affect the powder packing density, interactions

between the powder bed and laser and consequently melt pool dimensions

and porosity [16]. In addition, implant design is of critical importance, as it

can decide the production success or failure, product quality, and overall

costs. Rules of thumb are all known. Guidelines of design for AM must

be implemented while making full use of the design freedom and process

capacities of AM. The overall quality of AM products is also affected by

the build orientation, thermal stresses, possible defects, and microstructure,

which are in turn affected by the SLM process parameters often represented

by energy density that is a function of laser power, scan speed, powder bad

layer thickness, and hatch distance. In the selection of build orientation and

SLM process parameters, consideration must be given to the thermal history

of the object being built up during the SLM process, which is associated with
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the interactions between the powdered material and laser, as well as aniso-

tropic heat conduction along the build direction, in addition to the geomet-

rical features, such as wall thickness, holes, layer marks and overhanging

structures. Highly dynamic and complex physical events take place during

the SLM process, including melting, possible evaporation, fluid flow, Mar-

angoni flow, heat transfer, phase change, balling, curling, mass transfer, and

consolidation. These may lead to residual stresses, delamination, cracking,

distortions, porosity, rough surfaces, and thus influence the quality of AM

implants. Themechanical properties, particularly dynamicmechanical prop-

erties, such as fatigue resistance, are particularly sensitive to residual stresses,

porosity, and the nonequilibrium phases formed due to rapid solidification

involved in SLM, as well as grain morphology and crystallographic textures.

To ensure product quality and reproducibility, it is essential to perform real-

time process monitoring and in-process inspection of exact dimensions and

develop a closed feedback control system, which is still a huge challenge

[17]. In addition to the development of in-situ sensing devices, machine

learning to treat and extract crucial information from the captured data

has been considered indispensable. To improve the quality of AM products,

post-AM processes may be necessary to improve the surface quality, dimen-

sional accuracy, and mechanical properties by means of mechanical or (elec-

tro)chemical surface treatments, heat treatments including hot isostatic

pressing (HIP), and conventional machining. Considering the distinct

AM process features and implant characteristics, the standards commonly

used to assess the quality of conventionally fabricated implants may not

be suitable and, therefore, need to be either developed or adopted. New

material and test standards for AM have been under development, as well

as the guidelines on how to adopt existing standards to the unique charac-

teristics of AM implants [18].

In this chapter, we elaborate on the effects of SLM process parameters

and postprocessing on the quality of AM products. Particular focus is placed

on purpose-designed bone implants, typically with highly porous structures,

for biomedical applications. Special attention is given to the mechanical and

physical properties of AM bone implants in relation to geometrical design,

SLM process parameters, post-AM treatments, and material type.

2. Implant design

Fig. 2 presents the hierarchical structure of human bone at different
length scales. An ideal bone substitute should possess mimicking geometries



Fig. 2 The hierarchical structure of human bone. (Reprinted from X. Wang, et al., Topological design and additive manufacturing of porous
metals for bone scaffolds and orthopaedic implants: a review, Biomaterials 83 (2016) 127–141, https://doi.org/10.1016/J.BIOMATERIALS.2016.
01.012. Copyright (2022), with permission from Elsevier.)

https://doi.org/10.1016/J.BIOMATERIALS.2016.01.012
https://doi.org/10.1016/J.BIOMATERIALS.2016.01.012
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to better mimic the functionalities and mechanical properties of the human

bone. As it can be seen in Fig. 2, the porosity of all types of human bones

greatly changes from a compact outer cortical shell toward the spongy inner

cancellous tissue [1]. The SLM technique provides the opportunity to man-

ufacture purpose-designed, often patient-specific scaffolds and bioimplants

of desired shapes and sizes and even with varying porosities and mechanical

strengths. To take full advantage of this opportunity, it is essential to select

the most accurate pore shape, pore sizes, and porosity to have an appropriate

design for a porous metallic bioimplant. These structural characteristics affect

the mechanical properties of porous metallic biomaterials and significantly

influence biological performance, such as cell adhesion, proliferation, nutri-

ent transportation, and bone ingrowth [1,6]. Although the SLM process is in

general able to offer form-freedom, there are still some design constraints

that must be considered, including the maximum/minimum feature size

(e.g., wall thickness, edge, and corners), the build direction, the orientation

of the lattice with respect to the build direction, and the need for support

structures and their removal [19].
2.1 Geometrical design
The effect of the geometrical design of a metallic porous bioimplant can be

studied in four domains, namely, mechanical properties, biodegradation

behavior, biocompatibility, and bone formation. First, from the mechanical

properties point of view, the geometrical design has a strong influence on the

porous material, since the yield strength and elastic modulus of a chosen

material are dependent on its relative density. Furthermore, the unit cell type

should be considered, as it determines both the mechanical properties of the

AM porous material and the failure mode of the structure under compres-

sion. It has been shown that the geometrical design influences the fatigue

behavior of AM porous biodegradable implants as well [1]. Second, the

influence of the geometrical design can be studied on the biodegradation

behavior of the metallic porous implants due to their location-dependent

biodegradation behavior. Space for fluid flow should be considered in

implant design to prevent flow stagnation and localized biodegradation.

In terms of biocompatibility, the porosity and pore size have significant

effects on cell responses and it has been found that they affect the nutrient

and waste flow through the scaffolds. Moreover, the geometry can influence

cell responses by affecting the biodegradation behavior of the scaffolds.

Finally, from the bone formation point of view, the geometrical design,
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particularly pore size, is of critical importance, as it can influence the bone

ingrowth into the scaffolds [1]. The following sections will more specifically

describe the effect of the geometrical design on bioimplants.
2.1.1 Library-based designs
Basically, there are two possible microarchitectures for the lattice structure

that may be either regular or irregular. Regular lattices are usually made by

repeating one or more types of unit cells in different spatial directions.

Beam-based and sheet-based types are the twomajor unit cell designs.Togive

an idea, the sheet-based type includesminimal surface designs, such as gyroid,

Schwartz P (primitive), and SchwartzD (diamond), usually has reduced qual-

ity of the manufactured structure, since it has at least some struts that have a

perpendicular orientation to the building direction [1]. In the case of irregular

or random lattices, however, there are no specific repeating unit cells. Differ-

ent categories of lattice structure designs are presented in Fig. 3.
2.1.1.1 Strut-based unit cells
The beam-based designs have been the most studied metallic lattices to

date, in which the basic unit cell is created by spatially arranged beam-like

structural elements (i.e., struts) (Fig. 3A, B, E, and F). The dimensions and

spatial arrangements of struts are used for the determination of the geom-

etry and topology (e.g., connectivity) of repeating unit cells, the morpho-

logical parameters of lattice structures (e.g., pore size, relative density), and

the overall physical and mechanical properties of the resulting porous mate-

rials [23]. Cubic, dodecahedron, and diamond are categorized as the beam-

based type that can be further divided from the mechanical point of view

into two subcategories of bending-dominated structure that has the ability

to absorb a larger amount of energy and stretch-dominated structure that

exhibits higher stiffness and yield strength [24,25]. It is however very dif-

ficult to achieve pure stretching-dominated or pure bending-dominated

lattices, as there is usually a combination of bending and stretching in a unit

cell. The Maxwell number can be considered as a criterion in order to

determine whether a beam-based unit cell is bending-dominated or

stretch-dominated:

M ¼ s� 3n + 6 (1)

where s is the number of struts and n is the number of joints (i.e., strut

intersections).



Fig. 3 The beam-based (A, B) and sheet-based (C, D and G, H) CAD designs [20] for the
design of microarchitectures of AM lattices. The laser-based PBF process can be used for
themanufacture of beam-based structures such as Ti alloys (e.g., Ti6Al4V) (E, F) [21]. Opti-
mization approaches can be applied to the design of the microarchitectures that lead to
functionally gradedporous structures (I, J). (K) a patient-specific implant fabricatedbased
on computed tomography (CT) images taken from spongy bone [22]. ((I, J) Reprinted from
E. Garner, H.M.A. Kolken, C.C.L. Wang, A.A. Zadpoor, J. Wu, Compatibility in microstructural
optimization for additive manufacturing, Addit. Manuf. 26 (2019) 65–75, https://doi.org/10.
1016/J.ADDMA.2018.12.007. Copyright (2022), with permission from Elsevier.)
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For bending-dominated unit cells, the Maxwell number isM<0, while

for stretch-dominated ones, M �0 [26].
2.1.1.2 Sheet-based unit cells
Surfaces (shells) are the structural elements constituting sheet-based unit cells

and they may be defined using mathematical equations. One specific class of

sheet-based unit cells that provide a high level of flexibility in the design of

lattice structures [27] are called triply periodic minimal surfaces (TPMS). As

TPMS are fully interconnected, they are appropriate scaffold designs to be

https://doi.org/10.1016/J.ADDMA.2018.12.007
https://doi.org/10.1016/J.ADDMA.2018.12.007
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used in tissue engineering [27–31]. Moreover, the mean surface curvature of

TPMS-based porous structures is zero, which is considered a unique prop-

erty [32,33]. However, achieving TPMS-based porous structures with high

surface quality is complicated. This presents challenges in manufacturing

high-quality TPMS geometries with an AM technique and limits the avail-

able TPMS designs to those with limited porosity. I-WP, gyroid, Neovius,

and diamond are some examples of TPMS geometries (Fig. 3C, G, and H).
2.1.1.3 Nonuniform designs
Nonuniform lattice structures can be created by the changes in both the type

and dimensions of unit cells. Functionally graded structures are examples of

disordered structures, in which pore sizes vary within the lattices. AM of

graded porous structures has in recent years received a lot of attention, since

it can prevent stress concentrations by evenly distributing the stresses in the

object and also fulfill the contradictory design requirements [31,34]. Despite

the challenges in AM of functionally graded lattice structures, especially the

ones with highly stochastic or disordered design features, such structures

possess several advantages in comparison to the uniform lattice structures.

Fig. 3D presents a stochastic network scaffold.

Their first advantage is that they offer a broader range of properties than

the ordered ones, which makes it possible to change the properties more

smoothly. For instance, mechanical properties such as Poisson’s ratio and

elastic modulus can be independently and separately tuned due to the ratio-

nal design of the microstructures [15,25]. Furthermore, thanks to the sto-

chastic nature of random networks, they are less susceptible to the

local defects that arise out of the AM process. Finally, it is easier to combine

various types of unit cells such as stretch-dominated ones with

bending-dominated ones in random network designs, in comparison to

ordered ones.
2.1.1.4 Isotropy/anisotropy
The theoretical upper and lower limits of 2D and 3D lattices are defined in

terms of elastic modulus (E) and Poisson’s ratio (ν) as 0 < E νð Þ
3 1�2νð Þ < C1,

0 < E νð Þ
2 1 + νð Þ < C2 [35] where C1 and C2 are provided by Eqs. (2) and (3),

respectively. An increase in the theoretical upper limits of anisotropic lattices

can be achieved and such anisotropic structures can be utilized to increase

the load transfer efficiency of the lattice structures in specific directions.
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C1 ¼ Eb

1

3 1� 2νbð Þ +
1� ϕ

1�2νbð Þ 1 + νbð Þϕ
1�νbð Þ � 3 1� 2νbð Þ

0
@

1
A, (2)

C2 ¼ Eb

1

2 1 + νbð Þ +
1� ϕ

4 4�5νbð Þ 1 + νbð Þϕ
15 1�νbð Þ � 2 1 + νbð Þ

0
@

1
A (3)

where Eb and νb are, respectively, the elastic modulus and Poisson’s ratio of

the base material, and ϕ is defined as the volume fraction of the lattice

structure [36].
2.1.2 Topology optimization
Theoptimummaterial distributionwithin adesign space is obtainedby apply-

ing a powerful approach called topology optimization thatmakes use of com-

putational andmathematical models to design the optimized arrangements of

the microstructure of porous structures to obtain desired and optimal prop-

erties while satisfying certain conditions [37]. One of the developed optimi-

zation approaches is called the “inversive homogenization” technique,which

allows the finding of a spatial arrangement of unit cells in 3D space to provide

unusual properties, such as negative thermal expansion coefficient and neg-

ative refraction index [37–39]. The conventional manufacturing process is

often too complex and costly to manufacture topologically optimized struc-

tures, while AM can address these problems by its “complexity-for-free”

characteristic. AlthoughAMcan realize a wide range of geometries, it cannot

print long overhangs without internal support structures.

AM lattices can be designed by using a variety of objective functions,

such as maximizing the specific stiffness (stiffness to mass ratio), which

may lead to the lattices with trabecular bone-like microarchitectures

[40–42]. Bone substitutes are designed by using optimization models based

on bone tissue adaptation processes (Fig. 3I and J) [43–46]. Furthermore,

strain energy can be utilized as some other objective functions. To optimize

multiple objective functions simultaneously, the algorithms of multiphysics

topology optimization can be used. To this end, the maximum bulk mod-

ulus or elastic modulus can, for instance, be merged with specific values of

permeability [47–49]. Optimization techniques for finding the optimized

topology of lattice structures with multifunctional properties include evolu-

tionary structural optimization (ESO) [50], solid isotropic material with

penalization (SIMP) [51,52], bi-directional evolutionary structural
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optimization (BESO) [53,54], and level-set algorithms [54]. TOSCA,

Pareto works, PLATO [55], and freely available codes [55] are some of

the various optimization tools that can be utilized for design purposes. In

this connection, it can be mentioned that the integration of specific require-

ments of the AM processes into topology optimization algorithms is an

active research field, and optimizing the arrangements of support materials

for successful AM processes by algorithms is an example of such integration

(e.g., see [56,57]).

2.1.3 Patient-specific design
Diversity in the size, shape, and geometry of an individual’s bones has made

it essential to consider custom-made designs for patient-specific AM bioma-

terials and orthopedic implants, since no single design matches all the

requirements for each application [58–60] (Fig. 3K). In patient-specific

designs, the CAD model of the implant is based on the images obtained

mostly from magnetic resonance imaging (MRI) or computed tomography

(CT) [61].

2.1.4 Bio-inspired design
Bio-inspired design is an approach to designing lattice structures based on

natural cellular materials like bone [62]. Several key design elements have

to be taken into consideration in the design of such structures and they

can be translated into bio-inspired porous materials. Orthopedic implants

are the major applications of bio-inspired designs since it is essential to per-

form surgical procedures for facilitating bone healing in critical defects [63].

The bio-inspired designs act as alternatives to allograft and autograft implants

to address the challenges of using these biological materials, e.g., limited

availability and medical issues, as mentioned above [64].

The geometry of the biomimetic lattice structures that are expected to

help tissue reconstruction can be created by using CT, or MRI images

[65,66]. Patient-specific designs (Fig. 3K) are also considered bio-inspired

designs inasmuch, as their geometry and dimensions should match the anat-

omy of the patient. In addition, cancellous (or trabecular) bone is an example

of the bio-inspired cellular material that is made of hydroxyapatite crystals

and collagen molecules formed at several hierarchical levels, and actually,

it is a porous biological material [67]. The volumetric components (i.e., con-

necting rods and plates) of trabeculae constitute the cellular structure of the

cancellous bone and since the porosity is spatially distributed in the structure,

the trabecular bone can be seen as a functionally graded material [67].
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2.1.5 Metabiomaterials
Thanks to the advent of AM, the developments of newmaterials in materials

science have occurred in the domain of applied physics, in addition to

applied chemistry, and the novelty in materials properties has been achieved

by the “rational design” process. To establish the design-property relation-

ships in rational design, theoretical considerations, analytical solutions, and

computational modeling are all needed in the design of material with specific

properties at a macro scale by estimating the microscale spatial distribution

and topological design. Concerning the desired properties, metamaterials are

categorized into three groups of mechanical metamaterials, acoustic

metamaterials, or metabiomaterials that are shown in Fig. 4. This section

concerns the design of metabiomaterials [68].

In comparison with traditional composites, metamaterials refer to

engineered (composite) materials whose properties could be different from

those of the constituting phases such as negative Poison’s ratio, and negative

stiffness for mechanical metamaterials and acoustic cloaking for acoustic

metamaterials, which are not usual in natural materials. Moreover, in the

topological design of metamaterials, “voids” are considered as the second

phase constituent, when the metamaterial consists of one type of material

[42,68–70].
Metabiomaterials are the third type of metamaterials, whose biomedical

application is of interest. They are principally multiphysics metamaterials

and possess distinct topological, mechanical, and biological properties.

Moreover, metabiomaterials have two additional advantages. First, they

can be utilized in surface bio-functionalization applications since they have

a totally interconnected surface area, which is much larger than the solid

counterpart by several orders of magnitude. Second, they are capable of

accommodating drug delivery vehicles through their fully interconnected

pore space [32,33,71]. Recently, the bone-mimicking properties of met-

abiomaterials together with their potentially superior properties, which have

been developed by rational design and through topological design, have

made them capable of being used as either bone substitutes or components

of orthopedic implants for bone tissue regeneration and osseointegration

purposes and extending the implant’s life [68,72].

It is of great importance to make a distinction between the diverse types

of mechanical properties such as elastic modulus, Poisson’s ratio, and yield

strength. These properties will be discussed separately. In terms of elastic

modulus, the metabiomaterial should not have an elastic modulus greater

than that of the natural bone that is intended to be replaced, since it has been



Fig. 4 SLM Ti-6Al-4V samples of (A) various porous metabiomaterials and implants with
different functionalities for different applications. (B) Penta-mode mechanical
metamaterials known as meta fluids. (C) Triply periodic surfaces based on sheet-based
lattice structures. ((A) Reprinted from A.A. Zadpoor, Mechanical performance of additively
manufactured meta-biomaterials, Acta Biomater. 85 (2019) 41–59, https://doi.org/10.1016/
j.actbio.2018.12.038. Copyright (2022), with permission from Elsevier. (B) Reprinted from
R. Hedayati, A.M. Leeflang, A.A. Zadpoor, Additively manufactured metallic pentamode
meta-materials, Appl. Phys. Lett. 110(9) (2017) 091905, https://doi.org/10.1063/1.
4977561. Copyright (2022) with permission from AIP. (C) Reprinted from F.S.L. Bobbert,
et al., Additively manufactured metallic porous biomaterials based on minimal surfaces:
a unique combination of topological, mechanical, and mass transport properties, Acta Bio-
mater. 53 (2017) 572–584, https://doi.org/10.1016/j.actbio.2017.02.024. Copyright (2022),
with permission from Elsevier.)
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established that mechanical loading increases bone growth and remodeling.

The absence of loading on the surrounding bone will take place if the used

bioimplant is too stiff and this causes bone resorption and inhibits bone

regeneration. This is called the stress-shielding phenomenon. However,

the yield strength of the biomaterial is independent of the native bone

and a metabiomaterial can be considered ideal if it has a yield strength as

high as possible while its elastic modulus is close to that of the native bone

[68]. Since accurate measurement of elastic modulus is complicated in

https://doi.org/10.1016/j.actbio.2018.12.038
https://doi.org/10.1016/j.actbio.2018.12.038
https://doi.org/10.1063/1.4977561
https://doi.org/10.1063/1.4977561
https://doi.org/10.1016/j.actbio.2017.02.024
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comparison with the yield strength measurements and as there is a strong

correlation between these two properties in the most conventional mate-

rials, the (yield or ultimate) strength is often measured instead of the elastic

modulus. However, in some classes of metabiomaterials, the expected cor-

relations between yield strength and elastic modulus may not be valid, as

there are no a priori relationships between them and the strength cannot

be used as a surrogate measurement of elastic modulus. The reason is that

the mechanical properties of the metabiomaterials are structure-dependent

measurements rather than intrinsic properties and they measure the macro-

scale behavior of an architected material when the length scale of the struc-

ture is much larger than the small-scale designed repetitive unit cell’s

dimensions [68].
3. Effects of process parameters on the quality
of AM implants
Although the SLM process is able to manufacture implants with com-

plex geometries, the success of the process and the quality of the final printed

implant are dependent on the chosen process parameters. The quality, qual-

ity consistency, and reliability of AM materials are often achieved by

adjusting and controlling the process parameters. Three main criteria of suc-

cessful printing are as follows. First, the manufactured defectless AM implant

must have the same material composition as the parent counterpart. Second,

the geometry of the printed implant has to be the same as the CAD design.

Finally, the printed implant shouldmeet certain requirements in quality with

respect to surface roughness, microstructure, and mechanical properties. To

meet these criteria, the selection of SLM process parameters is of paramount

importance, as it can result in manufactured objects with similar or even bet-

ter mechanical properties than the conventionally manufactured ones [73].

Some of the effective SLM process parameters are laser energy power,

laser line spacing, laser diameter, laser scanning speed, scanning strategy,

and build-plate preheat temperature [11,74]. To solve multivariable optimi-

zation problems, various process maps have been developed to help with the

identification of optimum process parameters. Although the proposed maps

can indeed help with the proper selection of the SLM process parameters,

such as laser beam power and scan speed, it is often a money- and time-

consuming process to find them. Moreover, they are likely both

machine- and design-specific [74–77].
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3.1 Morphological properties and geometrical fidelity
To consider an AM process a successful one, the printed implant must have

the same geometry as the CAD design (geometrical fidelity). In addition, the

mechanical properties of AM lattices, such as fatigue resistance, are strongly

dependent on morphological designs. It is therefore of great importance to

quantify the deviations of the as-built implants from the as-designed implants

[78,79]. The extent of morphological deviations is largely determined by the

geometry complexity and the process parameters. Local variations in strut

thickness, waviness, and node sizes [80] can be measured by using a variety

of nondestructive methods, including scanning electron microscopy (SEM),

microcomputed tomography (μ-CT), and optical and confocal microscopies

(Fig. 5A–E). It has been found that the objects fabricated by the SLM process

have a more accurate geometry than that by the DED process [81]. Strut

cross-sectional irregularities (Fig. 5A) and microdefects resulting from the

unintended and accidental fusion of powder particles (Fig. 5B and C) are

the two kinds of defects generated in the printed implants during the

SLM process, which would result in micro porosity at the microstructure

of porous materials [40].
3.2 Surface quality
The surface quality of AM products is commonly measured by surface

roughness, regardless of the AM technique used. Different AM techniques

may result in a broad range of surface roughness values. For some biomedical

applications, the high surface roughness of AM implants or scaffolds is reg-

arded as an advantage as a rough surface tends to encourage cell attachment

[23]. An optical profilometer and SEM can be used to measure the surface

roughness and analyze the surface morphology, respectively [82]. In addi-

tion, the heights of peaks and valleys at different locations of a rough surface

of an AM object are quantified using some empirical equations [82]. The

achievable minimum surface roughness of SLM parts is typically 10μm,

unless micro-SLM is applied [83]. In many cases, mechanical and (elec-

tro)chemical posttreatment processes are needed to improve the surface

quality of AM objects, including machining, grinding, polishing, shot-

peening, and chemical etching [84,85].

In the SLM process, the layer thickness is typically 30μm. It is thinner, as

compared to the layer thickness typically used in the EBM process (70μm).

Moreover, the scanning speed is slower and fine powders are used in the

SLM process. Therefore, the products manufactured by the SLM process



Fig. 5 (A) The geometrical irregularities caused by the inappropriate selection of SLM process parameters. (B, C) The microporosity in the
struts of a lattice structure, (D, E) nondestructive imaging techniques for quantifying the morphological variations. ((A) Reprinted from
G. Campoli, M.S. Borleffs, S. Amin Yavari, R. Wauthle, H. Weinans, A.A. Zadpoor, Mechanical properties of open-cell metallic biomaterials man-
ufactured using additive manufacturing, Mater. Des. 49 (2013) 957–965, https://doi.org/10.1016/j.matdes.2013.01.071. Copyright (2022), with per-
mission from Elsevier. (B–E) are reprinted from A. du Plessis, S.M.J. Razavi, F. Berto, The effects of microporosity in struts of gyroid lattice structures
produced by laser powder bed fusion, Mater. Des. 194 (2020) 108899, https://doi.org/10.1016/j.matdes.2020.108899. Copyright (2022), with per-
mission from Elsevier.)

https://doi.org/10.1016/j.matdes.2013.01.071
https://doi.org/10.1016/j.matdes.2020.108899
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have a quite smooth surface in comparison to the other AM techniques such

as EBM or DED. For example, a fine particle size of <20μm in the SLM

process corresponded to a thinner layer and a product with a smoother sur-

face finish, although the production rate would be lower [12,86,87].

Furthermore, powder characteristics can have an effect on surface rough-

ness. For example, irregular powder particles with coarser surface textures

would result in high surface roughness. The powders manufactured by

the water atomization process would lead to AM products with high surface

roughness in comparison to the ones produced by gas atomization [88].

Moreover, the quality of the surface can also be affected by the quality of

re-used powders [89].

The features of the SLM process that can affect the surface roughness of

AM products are the balling phenomenon and defect formation. For exam-

ple, unmolten powder particles resulting from an inappropriate selection of

laser power energy and thus insufficient energy delivery to powder particles

would stick to the surfaces of AM products and increase surface roughness

[90–92].
The build rate is one of the process parameters that decide the surface

quality. As the surface quality and resolution have a contradictory relation-

ship with the build rate, the objects manufactured at a high build rate tend to

be subjected to post-AM treatments. It is worth noting that the mechanical

properties, particularly the fatigue behavior of AM products, vary with the

surface quality, as surface irregularities tend to act as stress concentration sites

and lead to crack initiation. This makes it essential to apply surface treat-

ments, such as mechanical or (electro)chemical polishing or machining,

to enhance the surface quality of AM products [93] in cases where fatigue

resistance is of particular importance, in addition to surface appearance

and low friction.
3.3 Microstructures
One of the most important factors that determine the mechanical and func-

tional properties of a 3D printed object is its microstructure. It is essential to

select proper SLM process parameters in order to manufacture AMmaterials

without any defects or unintended micropores. The developments of SLM

process windows can lead to manufacturing lattice structures with a mini-

mum number of defects, mostly micropores which can be measured by

defining the relative density (ρ). The relative density of a lattice structure

is one of the essential parameters to define its mechanical and physical
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properties and it is described as the portion of solid constituents in the nom-

inal volume of the porous body. Archimedes’ principle and microscopic or

μCT analysis are the commonly used methods to measure the relative den-

sity of porous structures. The measured values are often compared with

CAD design values to determine the deviations. The mismatch may be cau-

sed by the defects and irregularities that have been generated in AM lattice

structures [94,95].

For instance, the density of the energy delivered to and absorbed in the

melting material would strongly influence the generation of micropores by

having a direct effect on the gas/flow interactions and evolution of temper-

ature [96–98]. As a general principle, a too low power density would result

in insufficient melting and it would increase microporosity. On the contrary,

a too high power density might have some adverse effects on the melt pool

by keyhole pore formation that might cause the formation of a turbulent

melt pool, splash of the molten material, evaporation of alloying elements,

and formation of gas bubbles by entrapping inert gas as the material

resolidifies [99].

Insufficient melting by increasing the hatch spacing or the thickness of

the powder layer can on the one hand increase the surface roughness of struts

and deteriorate the fatigue resistance and other mechanical properties of

porous biomaterials. On the other hand, it can cause the formation of

unwanted micropores, especially in thick struts, which would affect the

functionality and mechanical properties of the printed lattice structure [99].

The cooling rate is another factor that may lead to either a finer or a

coarser microstructure and can be adjusted by the power and velocity of

the energy source and the substrate preheating temperature. For example,

laser PBF processing of Ti-6Al-4V can result in an α+β lamellar microstruc-

ture [76,100,101]. Furthermore, various AM microstructures can be

obtained from various solidification mechanisms. For instance, a metastable

phase can be formed due to rapid solidification involved in SLM, resulting in

AM products with higher mechanical strengths. Moreover, partially molten

particles can act as a preferred zone of nucleation and equiaxed grains can

heterogeneously nucleate on them, and/or parent grains can undergo epi-

taxial growth [94,102].

In addition, the homogeneity and microstructural banding of the SLM

materials are affected by the thermal history during the SLM process that

results from the layer-by-layer nature of the AM process. The repeated ther-

mal cycles cause various liquid-solid transformations in each deposition layer

and result in microstructural banding. Additionally, themicrostructures with
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preferred directionality (anisotropy) can be obtained from the temperature

gradient that results from directional heat flow [103–108].
The two strongly influential SLM process parameters that actually con-

trol the size and morphology of the microstructure are the scanning speed

and laser power. To give a rough idea about their influences, it can be men-

tioned that a higher scanning speed with a lower laser power creates a finer

microstructure. By contrast, a coarser microstructure is obtained from a

lower scanning speed combined with higher laser power. However, the final

microstructure can also be controlled through applying postprocessing tech-

niques, such as HIP and heat treatment [109,110].
3.4 Chemical composition
The mechanical properties of AM lattice structures are controlled by the

phase transformation occurring during the AM process and the as-built

microstructure of the AM product that is first determined by the chemical

composition of the material in the powder bed. Therefore, adding or omit-

ting any alloying elements, which might be intentional or due to environ-

mental factors, such as humidity or atmospheric conditions, such as the

oxygen level, can strongly affect the outcome. For instance, a large amount

of oxygen in the atmosphere would cause oxidation and the creation of an

oxide layer or inclusions in the product during the AM process, which

would cause decreases in mechanical properties [111]. As another example,

during compressive testing, some of the Ti-based cellular structures show

brittle behavior with no plateau region in their stress-strain curves, if large

amounts of interstitial atoms, such as O, N, and C, are entrapped in the crys-

tal structure. Moreover, alloying Ti with Nb or V would enhance the β
phase stability, and the β to ά (martensite) transformation would be restricted

so that the as-built lattice structure might have better ductility [112,113].

It is of great importance to control the AM process parameters, partic-

ularly the energy input and temperatures that can accelerate the chemical

degradation and oxidation of AM products, and to use an inert atmosphere

in order to minimize the amounts of impurities. The effect of pore-inducing

agents on the chemical composition of raw powders in the design process of

porous materials should be considered, since it may cause an increase in pore

formation during the AM process [114]. In addition, recycling of the pow-

ders from previous SLM runs may become a source of different chemical

compositions and powder characteristics in one specific powder material

and thus affect the mechanical properties of AM products and reproducibil-

ity [112,113].
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3.5 In situ residual stress relief
The occurrence of local and global thermal gradients during the 3D printing

process, due to rapid heating and cooling involved in the SLM process, leads

to the development of residual stresses in the lattice structure of AM

implants. In other words, the thermal history of AM materials largely deter-

mines the magnitude of residual stress. Residual stress may have diverse

effects on the mechanical performance and geometrical and dimensional

accuracy of AM products (Fig. 6A) [115].

The type and level of residual stresses in AMmaterials are mostly defined

by the SLM process parameters applied, typically the laser power, hatch dis-

tance, layer thickness, scanning strategy, and scanning speed. Furthermore,

the level of residual stress is influenced by the physical and mechanical prop-

erties of the powdered material itself, such as the thermal expansion coeffi-

cient, thermal conductivity, Young’s modulus, and yield stress [116,117].

In-situ residual stress relief may be applied to minimize residual stresses

by optimizing the SLM process parameters, such as preheating the substrate

or the previously deposited layer, using proper scanning strategy, and place-

ment of supports at appropriate places that leads to minimized distortions of

AM implants [75,118,119]. Preheating the substrate is particularly effective

in reducing the temperature gradients and cooling rates in the metal and thus

the magnitudes of shrinkage stresses. This is confirmed by the observation

that the implants fabricated by the SLM process typically have higher mag-

nitudes of residual stresses, as compared to those of EBM that includes sub-

stantial substrate preheating in the manufacturing process [9].
4. Effects of postprocessing on the quality
of AM implants
Porous materials manufactured with the SLM process may include

defects such as microporosity and lack of fusion (LOF), and powder particles

may adhere to their struts. Various post-AM processes, such as heat-

treatments at a high temperature combined with pressure, can significantly

change the mechanical properties, biodegradation behavior, biocompatibil-

ity, and bone formational behavior of AM materials by improving the

microstructure, relative density, and balance in mechanical properties.

Although these processes can result in achieving new functionalities and

reducing residual stresses, they may affect the cost-effectiveness of the

AM fabrication route [120].



Fig. 6 The residual stress and the effect of post-AM treatment, (A) the way in which the residual stresses created, (B) SEMmicrographs show-
ing the microstructures of SLM Ti6Al4V. From left to right: globular “reference,” lamellar structure of the SLM Ti-6Al-4V alloy and the effects of
thermomechanical treatment on themicrostructure of SLM specimens [30], (C) surface treatment applied to the tensile test specimen. The left
one is the as-built and the right one is the as-machined. ((B–E) are reprinted fromG. Kasperovich, J. Hausmann, Improvement of fatigue resistance
and ductility of TiAl6V4 processed by selective laser melting, J. Mater. Process. Technol. 220 (2015) 202–214, https://doi.org/10.1016/j.jmatprotec.
2015.01.025. Copyright (2022), with permission from Elsevier.)

https://doi.org/10.1016/j.jmatprotec.2015.01.025
https://doi.org/10.1016/j.jmatprotec.2015.01.025


711Quality of AM implants in biomedical application
4.1 Heat treatments
The microstructures of SLM products change by applying heat-treatment

processes through influencing their grain sizes and precipitates [119,121]

(Fig. 6B). The annealing process is effective in removing residual stresses

developed during the SLM process through intensified atomic diffusion at

elevated temperatures. Furthermore, the duration of the heat-treatment

process plays a role in determining the extent of microstructural changes

of AM products [119]. However, the same type of heat treatment can have

diverse effects on different materials. For example, for SLM WE43 magne-

sium alloy scaffolds, annealing was found to decrease their compressive

strength, while for SLM iron scaffolds a vacuum annealing process increased

their yield strength by causing grain refinement [1]. Moreover, raising the

heat treatment temperature for Ti6Al4V parts to above the ß transus tem-

perature would lead to coarsening the prior β-grains and dissolving the α
phase and thus reducing yield stress [122].

The global heat-treatment may not be an appropriate process for AM

implants since it can affect their geometrical accuracy and mechanical prop-

erties. To address this challenge and since the residual stress is spatially dis-

tributed in the AM object, local heat treatment can be used for these

implants. For this purpose, computational modeling can help with the deter-

mination of the exact place of residual stress in AM implants.
4.2 Surface treatments
Porous materials manufactured by using the PBF processes often have pow-

der particles adhered to their struts and therefore surface treatments are

essential for smoothening the surfaces of these AM materials [123]. There

are a variety of surface treatment processes that can be categorized into

mechanical (e.g., machining, and polishing (Fig. 6C)) and chemical (e.g.,

etching) processes [85,124]. Because of the change of surface characteristics,

the bioactivity, biocompatibility, corrosion resistance, and fatigue strength

of AM porous biomaterials can be enhanced. Sandblasting is one of the sur-

face treatments based on the physical erosion by abrasive materials. With this

surface treatment, excess powder particles that are adhered to the surfaces of

struts can be removed and a nanocrystalline thin film that covers the outer

region of them is formed. In addition, compressive residual stresses are intro-

duced to the superficial region of struts. Although this process can increase

the endurance limit of AM lattices, abrasive materials cannot reach the inner

layers and internal struts of the lattice structures [123].
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4.3 Hot isostatic pressing (HIP)
HIP is a process often used to close up the imperfections and micropores that

have been generated inside AM products during the manufacturing process.

During the HIP process, high pressure and high temperature are applied

simultaneously to the AM products, leading to increases in fatigue life

and quasistatic mechanical properties of AM biomaterials [125–128]. How-

ever, the degree of anisotropy may decrease in metallic lattices, and the yield

strength may decrease due to the rise in temperature and a certain level of

annealing during HIP [129].

The effect of the HIP treatment on the fatigue behavior of AM lattice

structures is still contentious. In some studies on Ti-6Al-4V [130] and CoCr

alloy [131] lattice structures, no enhancements in fatigue behavior have been

reported. The reason can be that the microstructural defects on the top sur-

faces, such as strut thickness variations and strut waviness, cannot be fixed by

the HIP treatments and as a result, such defects still act as preferred crack

initiation zones [130]. Fig. 6B presents the effect of the HIP process at

900°C and 100MPa on the microstructure of the AM Ti-6Al-4V. Due

to HIP, the martensitic structure drastically changed into elongated α grains

embedded in α/β-phase grain boundaries, in addition to a reduction in

microporosity, and tensile ductility and fatigue strength were improved at

the sacrifice of yield strength, as reported by other researchers [129,132,133].
4.4 Chemical treatments/biofunctionalization/coating
Chemical etching is a surface treatment method that is used for modifying

surface roughness. The etchant is able to reach internal struts and thus this

process can address the limitation of sandblasting. However, it may not

always have a positive effect on the fatigue performance of lattice structures,

which appear to be alloy-dependent [128]. Chemical surface treatment can

be categorized into two subcategories: light chemical surface treatment and

chemical surface treatment to induce specific (bio-) functionalization

(Fig. 7A–G). By applying light chemical surface treatments, unmolten pow-

der particles are eliminated from strut surfaces. As the fatigue performance of

a porous material is governed by surface roughness, residual stresses,

manufacturing defects, microstructure, and loading conditions, applying

some chemical surface treatments for the sake of bio-functionalization

may also improve the fatigue properties of porous biomaterials [131]. A

combination of surface treatments (e.g., chemical etching and sandblasting)

with HIP can surely improve the fatigue life of AM lattices [126]. In addition



Fig. 7 (A–F) Various post-AM treatments applied to AM biomaterials [134], and
(G) addition of specific particles such as silver and copper nanoparticles to activate
the self-defending ability of lattice structures [135].
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to improving fatigue performance, surface modification and surface coating

can enhance the bioactivity of AM porous biomaterials [126].

Surface bio-functionalization processes, including chemical and electro-

chemical surface treatments and coatings, improve the tissue regeneration

performance of AM metabiomaterials and can put a stop to implant-

associated infections. However, in some cases, the erosion and roughening

of struts of AM lattices for the sake of bio-functionalizationmay have adverse

effects on the mechanical properties and decrease them [23,136–138].
Sol-gel is one of the surface coating methods known for being a low-cost

process and able to create coating layers with uniform and homogenized

microstructures along with bioactive properties. During this process, an

oxide layer is applied to the surface of an AM porous biomaterial at a low

temperature [139,140]. In addition, alkali treatment, acid etching and anod-

izing are some other surface treatments that are based on the reaction

between the surface of AM porous biomaterials and a corrosive chemical

solution. However, the alkali-acid surface treatments and plasma electrolytic

oxidation have shown no effect on the fatigue life of AM lattices [141–146].
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5. Materials

A wide range of biomaterials has been developed. However, not all of
them are appropriate for 3D printing to fabricate bioimplants. Bioimplants

should be prepared withmaterials that have basic properties, such as low tox-

icity and good biocompatibility. Moreover, the adhesion of cells to the sur-

faces of biomaterials and cell proliferation should be easy. It is also important

for bioimplants to possess an appropriate wear resistance and biodegradabil-

ity, but not to release toxic elements in the human body due to wear or bio-

degradation. In addition, due to the variety of the locations in the human

body where these bioimplants can be used (e.g., bone, cartilage, and joints),

the application environment should be taken into consideration to meet the

specific requirements [2,4].

The chemical and physical properties of biomaterials together with their

mechanical properties have to be considered in material selection for 3D

printing to fabricate implants, particularly for load-bearing implants. Metals

have been found to be the most suited biomaterials for load-bearing implants

and are introduced in the following [2].
5.1 Metals and alloys
SLM is usually used for the 3D printing of implants made of metals or alloys.

For metallic porous implants, material type and alloying can affect the

mechanical properties of the bioimplant and the biological responses of cells

to the bioimplant. This section reviews some categories of metallic materials

that are appropriate candidates for the fabrication of metallic lattices by using

the SLM process [1,2].
5.1.1 Biomedical and biodegradable metals
The three basic criteria that any metal that is going to be used in biomedical

applications should have, are good biocompatibility, corrosion resistance,

and mechanical properties. It is however important to note that for a special

group of metallic biomaterials, their corrosion in physiological environ-

ments is positively utilized to allow their biodegradation over time. Such

biomaterials can be used in temporary bioimplants to support the healing

process and assist in the regeneration of native tissue. This special group

of biomaterials are called biodegradable materials. So far, the commonmetals
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and alloys that have been used for the 3D printing of biodegradable and non-

biodegradable implants include titanium and Ti-based alloys [147,148],

stainless steel, Co-based alloys, Mg and its alloys, Zn-based alloys, Zr,

Nb, Ta, and iron and its alloys.

5.1.1.1 Titanium and Ti-based alloys
High corrosion resistance, low elastic modulus, and good biocompatibility

are the main reasons for the use of Ti alloys as biomaterials. Ti-6Al-4V [149],

Ti-6Al-7Nb, and Ti-5Al-2.5Fe are the Ti-base alloys that have been used to

fabricate bioimplants. Ti-6Al-4V alloy implants have, for example, been fab-

ricated as mandibular, clavicular, dental, and hip implants, since the alloy has

high specific strength (strength to density ratio), excellent corrosion resis-

tance, and appropriate fatigue properties [150,151]. However, the release

of Al and V ions from these implants can cause side effects, including oste-

omalacia, Alzheimer’s disease, and other neurological disorders. To solve

this problem, V-free alloys, such as Ti-5Al-2.5Fe and Ti-6Al-7Nb, have

been developed for femoral prostheses, and V- and Al-free alloys, such as

Ti-2Mo-0.5Fe, Ti-3Mo-0.5Fe, and Ti-4.7Mo-4.5Fe, have shown better

biocompatibility than Ti-6Al-4V [152]. For certain applications, surface

modification and the addition of refractory metal elements, such as Nb,

are required to achieve better wear resistance [2,153]. In addition to SLM

of Ti-based alloys, SLM of porous pure Ti has become attractive, as the

material does not contain any possibly hazardous alloying elements and it

is very biocompatible. Although it has a lower specific strength, compared

to the Ti alloys, particularly Ti-6Al-4V, it is a biomaterial suitable for many

nonload-bearing or mild-load-bearing biomedical applications, such as

cranio- and maxillo-facial implants to take advantage of its excellent

in vivo performance, lower cost, higher ductility, and enhanced normalized

fatigue resistance [153–159].

5.1.1.2 Stainless steel (SS)
Stainless steel is one of the candidates of AM bioimplants for its biocompat-

ibility, low cost, and ease of fabrication by laser-based PBF processes. One of

the main considerations in AM of SS is the cooling rate that affects the final

microstructure and results in the presence or absence of the martensitic phase

in SS. For instance, in the case of comparing SLM and conventionally man-

ufactured 316L SS, the SLM 316L SS has been found to have a refined

microstructure by prohibiting the growth of the martensitic phase, leading

to enhanced tensile strength but reduced elongation [160,161]. Implantable
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medical devices, such as stents, bone plates, and artificial joints, are most

commonly fabricated from the austenitic 316 SS alloy containing 2% to

3% molybdenum (Mo). However, 316L SS cannot promote new tissue

growth. To address this shortcoming, a combination of this material with

hydroxyapatite (HAp) has been attempted to fabricate bioactive composite

implants by using the SLMmethod [162]. One of the major drawbacks of SS

alloys for implant materials is the localized corrosion effect that causes 24% of

implant failures [163]. In terms of corrosion resistance, particularly pitting

resistance in fluoride-containing environments such as in the human body,

317L SS alloy with 3% to 4%Mo is better than 316L [164]. In addition to the

modification of chemical composition, to improve the corrosion resistance

of SS, surface modification, coating, or surface texture modification at the

nanoscale can be adopted [2].
5.1.1.3 Cobalt-based alloys
Orthopedic implants are commonly fabricated from Co-Cr alloys, con-

taining Co, Cr, Ni, and Mo. Co-based alloys have better biocompatibility,

abrasion and corrosion resistance, and mechanical strength, in comparison

with SS [1,2]. The high cooling rate of the SLM process can create CoCr

alloy implants with higher yield strengths since it results in finer and more

irregular columnar dendritic microstructures [165]. Co-Cr-Mo and Co-Ni-

Cr-Mo are the two basic types of Co-Cr alloys in biomedical applications.

The Co-Cr-Mo alloys have been used for dental implants and artificial

joints, while the Co-Ni-Cr-Mo alloys have been used for heavy load-

bearing joints. It is worth mentioning that Co-based alloys release positively

chargedmetal ions, as they bond to the proteins and cells in the human body,

and biocorrosion is one of their major problems [1,2,166–171].
5.1.1.4 Magnesium and Mg-based alloys
Manymedical devices and degradable implants, namely bone screws, cardio-

vascular stents, and bone fixation devices can be made of biodegradable Mg

and its alloys. Pure Mg has a density of 1.74g/cm3 being quite similar to that

of natural bone with a value of 1.8 to 2.1g/cm3. Mg has an elastic modulus

of 45GPa, similar to that of cortical bone, and can inhibit the stress-shielding

effect, but its application in the human body is yet limited due to its quick

degradation that is higher than 300μm/year under the in vitro condition due

to rapid corrosion [1,2]. The elastic moduli and yield strengths of Mg-based

alloys are strongly related to their chemical compositions and can be
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improved through appropriate alloying. The yield strength of the SLM bulk

WE43 [168] magnesium alloy reaches a value of 296.3MPa.

Mg could be a suitable material for bone implants if the corrosion and

biodegradation rate (>300μm/year) can be controlled. Increasing the sur-

face area or alloying Mg with Zn, Ca, Si, and Sr can help with controlling

the biodegradation rate of pure Mg. Another challenge in using Mg alloys

for bioimplants is the release of hydrogen into the human body while Mg is

being corroded [1,2,172–176]. Furthermore, one of the most important fea-

tures in AM ofMg is the extremely inflammable characteristic ofMg that has

to be taken into consideration in setting up the operating condition for SLM

[172]. The low boiling temperature of Mg is another consideration in

choosing SLM process parameters.

5.1.1.5 Zinc and Zn-based alloys
Zn-based alloys have the most appropriate degradation rates in a range of 20

to 300μm/year in vitro and good biocompatibility, which makes them the

potential candidates for bioimplants [177,178]. Zn-based materials are

mainly manufactured by the SLM process that has a narrow process window

due to the low evaporation temperature of Zn [179,180]. As a result, highly

porous materials were often obtained from suboptimal SLM process param-

eters. In addition, the low strength of Zn has limited its biomedical applica-

tion. Alloying has been used to adjust the stiffness and yield strength of zinc

simultaneously. For instance, by comparing Zn-Mg alloys (1%, 2%, 3%, and

4% Mg) manufactured by the SLM method with the pure zinc counterpart,

it has been found that the elastic moduli and yield strengths of the SLMman-

ufactured Zn-Mg alloys have increased significantly [181].

5.1.1.6 Iron and Fe-based alloys
Iron and its alloys are another type of biomaterials that are biodegradable and

can be used for bone implants. However, their biodegradation rates are very

low (less than 50μm/year) in vitro [182]. These materials have a low hemo-

lysis ratio and excellent anticoagulant properties. Compared to Mg and its

alloys, Fe-based materials do not release hydrogen during biodegradation.

In addition, they have better mechanical properties than Mg-based alloys.

However, pure Fe has an elastic modulus of 211.4GPa, which is much

higher than that of pure Mg and 316L SS that have the values of 41GPa

and 190GPa, respectively. In order to reduce the magnetic susceptibility

of pure Fe and enhance its degradation rate, Fe is alloyed with a large amount

of Mn, carbon (C), Si, and Pd elements [1,2].
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5.1.2 Shape-memory alloys
Shape memory behavior is defined as the ability of the material to recover its

initial shape by an external stimulus, such as exposure to a high temperature

after being deformed. Shape memory alloys (SMAs) are promising candi-

dates for biomedical applications, thanks to their good biocompatibility,

good corrosion resistance, and high ductility. SMAs have been widely used

in surgical tools, cardiovascular devices, orthopedic implants, and orthodon-

tic wires [19,183].

Nitinol consisting of 50% Ni and 50% Ti is the most common type of

SMAs and recovers its initial shape by heat-stimulated phase transformation

between the martensite and austenite phases [184]. The elastic modulus of

austenitic NiTi is equal to 48GPa, which is remarkably lower than that of

Ti. Moreover, NiTi can exhibit shape memory behavior for large strains up

to 8% and recover its initial shape. It can withstand large strains while keep-

ing the stress unchanged [185,186]. Considering these characteristics, nitinol

is best suited for biomedical applications, e.g., surgical guide, orthodontic

wires, stents, and staples for bone fracture repair [185,187,188].

A special application of almost equiatomic Ni-Ti alloy lattice structures

has been found for bioimplants and microelectromechanical systems (Bio-

MEMs) since they show a distinctive combination of thermal and mechan-

ical shape memories, superelasticity, biocompatibility, and high corrosion

resistance [184,189]. However, Ni has been found to be a highly allergenic

element and may cause allergies in biomedical applications [190,191].

Therefore, in order to put this effect aside while maintaining the biocom-

patibility, alternative alloys, such as TiNbX (X can be Zr, Hf, or Ta), with an

approximate 4.2% elastic strain have been proposed. In addition, surface

modification techniques have been applied to NiTi and other SMAs to

reduce Ni release and to improve their functionality. The magnetron

sputtering method, for example, has been used to create carbon nitride,

diamond-like carbon, or titanium nitride film in order to inhibit Ni release

and improve tribological performance [192].

A number of challenges have been encountered in the manufacturing of

nitinol alloy implants with complex porous shapes, considering the fact that

they have low printability and high reactivity and the fact that their phase

transformation temperatures and mechanical properties are strongly depen-

dent on their exact chemical composition and microstructure which are

highly sensitive to SLM process parameters [193,194]. Attempts to use

AM techniques, particularly SLM as a laser-based PBF process, have been

made to address the challenges in fabricating Ni-Ti SMAs [194,195].
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SMA engineering designs that were previously unfeasible or exceedingly

demanding using conventional fabrication technologies have shown to be

realizable. In terms of the mechanical properties of AMNi-Ti SMA implants

in comparisonwith those of the conventionally manufactured ones, e.g., cast

counterparts [185], they have exhibited similar mechanical properties. With

the achievements of shape complexity and equivalent mechanical properties,

the laser-based PBF technique has shown the capability to be used to man-

ufacture Ni-Ti SMA lattice structures for a variety of biomedical applica-

tions [195–198].

5.1.3 Superalloys
Superalloys are a special group of alloys, mostly Co-, Fe-, and Ni-based

alloys, which exhibit unusual and superior properties, particularly resistance

against surface degradation at high temperatures. Superelasticity is one of the

examples of the superior properties of some superalloys, which means that

these materials are able to recover large deformations. Superelasticity is a

result of mechanical deformations that cause phase transformations. For

instance, Inconel superalloys such as Inconel 100, 625, 718, and 825 are a

class of Ni-based alloys that are appropriate for high-temperature applica-

tions in industries such as aerospace and automobile to make use of their

superior mechanical properties, together with their high creep and oxidation

resistances. Thanks to the advent of the laser-based PBF processes, lattice

structures with complex geometries can be made of the Inconel superalloys

that are great candidates for applications in critical components and implants

whose low weight and enhanced mechanical properties are of particular

importance. Moreover, the Ni-based superalloys can show enhanced elon-

gation in the vertical direction, due to the formation of columnar grains

without or with γ and γ0 eutectic at grain boundaries in their microstructures

during the AM process, depending on the process parameters employed

[199]. However, the subsequent HIP process can change the SLM columnar

grains into equiaxed grains as well as mechanical performance [196–198].
Ti-based superalloys, such as titanium-molybdenum-hafnium, are suited

for applications as medical implants, such as dental implants, intraosseous

implants, heart valves, artificial hearts, ventricular muscle devices, bone clips,

etc. [200]. The molybdenum-rhenium superalloy (Mo: 52.5% and Re:

47.5%) is a new superalloy for medical implants, as it combines high strength,

ductility, durability, and biological safety, which are unmatched by other

alloys [201]. SLM for such alloys to fabricate unique porous implants is

yet to be explored.
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5.1.4 In-situ alloying and synthesized composites
One of the advantages of AM techniques, particularly the SLM process, over

the other conventional manufacturingmethods is the ability to place selected

materials at desired locations within the structure, which would lead to

broadening the limits of complex geometry designs. The process of mixing

several feedstock materials with diverse compositions is called in-situ

alloying. During the SLM process, materials of different compositions are

fed into the melt pool simultaneously, resulting in customized properties

and functionalities from these mixtures [10].

The biofunctionalized Cu-containing Ti alloys and the SLM in-situ Ti-

26Nb alloy [202] are just two examples of in-situ alloying for biomedical

applications. In-situ AlSi12 alloy formation from elemental metal powders

during anchorless SLM [203] has been realized with diminished residual

stresses generated during the SLM process.

Generally, the aim of both in-situ alloying and, in most cases, adding

ceramic reinforcing particles to a metal matrix to form a composite material

is to accomplish optimized mechanical properties of the processed material,

in addition to biological functionalities. To give an idea, the hardness, stiff-

ness, and strength of the reinforcing component can be added to the intrinsic

properties and thermal/electrical conductivity of the metallic matrix

through the rule of mixtures. The reinforcing materials can be added to

the feedstock through either ex-situ or in-situ methods. The ball milling

process andmixing the alloying elements with the metal matrix are examples

of ex-situ and in-situ methods, respectively. One of the most important fea-

tures that have to be considered is the interactions between the matrix and

the alloying elements with the ex-situ elements. Accordingly, the SLM pro-

cess parameters, particularly laser power, should be properly adjusted to

ensure the complete melting of the feedstock to achieve themaximum inter-

actions between the metal matrix and the alloying elements. However, it has

to be mentioned that fabricating a perfect and defect-free composite lattice

structure is not an easy process, since several additional factors, such as weak

interface bonding, uncompleted reactions, inhomogeneous dispersion of

added particles, and interfacial cracks, would affect the quality of the man-

ufactured structure and have to be controlled. The Ti-TiB porous compos-

ite is an example of in-situ composite formation that results from the in-situ

reaction of TiB2 reinforcing particles with the Ti matrix [204].

It has already been reported that the SLM process is capable of producing

various metal matrix composites. This capability together with the ability to

produce lattice structures has presented a great opportunity to the biomedical
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industry to produce lattice or nonlattice structures basedonpurpose-designed

functionally graded composite materials, or functionally graded lattice struc-

tures with gradients in chemical composition. For example, metal-ceramic

composites combining partially stabilized zirconium dioxide with stainless

steel are the most widely used materials in prosthesis and bipolar scissors

[203,204].

6. Mechanical properties

AM materials are commonly subjected to tension, compression, frac-
ture toughness, hardness, fatigue, and creep tests for characterizing their

mechanical properties. Test specimens are prepared according to the stan-

dards, such as ASTM E8 or other comparable standards [205]. The results

of these tests give information about the mechanical properties, including

elastic modulus, yield strength, ultimate tensile/compressive strength, strain

at failure, hardness, facture toughness, fatigue resistance, and creep resistance

of AM materials. For SLM biomaterials, quasistatic compressive properties

and fatigue behavior are of particular importance and they are affected by

a variety of factors, including the characteristics of feedstock materials,

SLM process parameters, implant design, and other factors, such as the build

direction, the position of the implant within the building envelope, and the

isotropic or anisotropic microstructures [119,206]. For comparison pur-

poses, the building direction has to be reported along with the mechanical

properties of AM structures [92]. Aminimum number of unit cells per lattice

structure is required in order to develop an authentic relationship between

the “effective” mechanical properties of the lattice structure and the design

of repeating unit cells (e.g., a minimum of 10-unit cells per lattice structure

have been proposed in ISO 13314).

In the studies on the factors that influence the mechanical properties of

solid and lattice AMmaterials, the chemical composition and microstructure

together with crystallographic orientation are the most important ones. Fur-

thermore, laser power, scanning speed, and the quality and characteristics of

the power can also greatly influence the mechanical properties of SLMmate-

rials [42,81,92,119]. Functionally graded porous structures have unique

mechanical properties that are strongly location-dependent; typically, over-

all elastic moduli and energy absorption capacities are enhanced in compar-

ison to those of the uniform structures. If SLM process parameters are

properly chosen, the AM process can lead to materials with mechanical

properties equal to or even better than those of the materials fabricated
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by using conventional methods. It is however important to note that AM

materials can have lower ductility since they undergo high heating and

cooling rates that cause the formation of micropores, inclusions, and non-

equilibrium phases in their microstructures and the presence of residual

stresses [92,119]. Moisture, oxygen, and nitrogen concentrations in feed-

stock materials, particularly in titanium and Ti-based alloy feedstock mate-

rials, can strongly affect the mechanical properties of AM products [207].
6.1 Quasi-static mechanical properties
Geometrical characteristics of lattice structures define their mechanical

properties, including yield strength and elastic modulus through a power-

law relationship E¼aρb, where a and b are geometry-dependent coefficients

and ρ is the relative density (Fig. 8A and B) [206,209–212]. For stretch-
dominated unit cells, for instance, the value of b is close to 1, and for

bending-dominated ones, it is close to 2.

The factors that could cause differences between computationally

predicted mechanical properties and the ones that are predicted by the

power-law relationship are (i) the presence of residual stresses that have been

generated during the SLM process [213,214], (ii) the deviations in the exact

geometry of struts, and (iii) the presence of unmolten powder particles on

the surface of struts, which leads to an overestimation of the relative density

by applying Archimedes’ technique [215,216].

Although the mechanical properties of struts can be normalized with

regard to those of the bulk materials that struts are made of, the material type

and microporosity in struts (Fig. 5C) can cause remarkable changes in the

normalized values of elastic modulus and yield stress, as found out in a num-

ber of recent studies [217].

Diversity in postyield behavior has been observed in different metals due

to their diverse plastic deformation behaviors; for example, in the lattice

structure, a change in the bulk material might affect the plateau stress and

densification behavior of struts at the start of their self-contact [217]. How-

ever, for AM lattice structures, the geometrical design has a much more

remarkable effect on the normalized values of the quasistatic mechanical

properties than the type of the material [68,217].

In AM lattice structures, the type of unit cell can influence the macro-

scale failure mechanisms of biomaterials under monotonic mechanical load-

ing, while their microscale failure mechanism is independent of the

geometrical design [129,212,218]. In the comparison of failure mechanism



Fig. 8 The analytically predicted topology-property relationships for various beam-
based lattice structures. Despite the exactly the same relative density, the (A) elastic
modulus, and (B) yield strength might vary for these lattice structures [208]. The abso-
lute S-N curves of CoCr AM lattice structures based on (C) diamond unit cells that
increases with the relative density. However, (D) the S-N curve normalized with respect
to the yield stress of the lattice structure is less dependent on the relative density. ((C, D)
are reprinted from S.M. Ahmadi, et al., Fatigue performance of additively manufactured
meta-biomaterials: the effects of topology and material type, Acta Biomater. 65
(2018) 292–304, https://doi.org/10.1016/j.actbio.2017.11.014. Copyright (2022), with per-
mission from Elsevier.)
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between stretch-dominated and bending-dominated unit cells, stretch-

dominated ones tend to fail layer-by-layer and the entire rows collapse when

they are subjected to axial loading inasmuch as the struts and joints are too

stiff to bend [212,219]. By contrast, in bending-dominated unit cells, the

whole structure tends to collapse at once at 45° shearing bands, since they

can easily rotate at their joints while they are subjected to macroscopical

loads [105,218]. Another failure mechanism of unit cells that is related to

the local buckling of individual struts leads to the overall failure of AM lattice

structures and more brittle mechanical properties [218,219].

The typical stress-strain curves of bending-dominated and stretch-

dominated lattice structures have some distinct differences. Linear elastic

behavior is typically observed in a bending-dominated cellular structure

https://doi.org/10.1016/j.actbio.2017.11.014
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until the end of the elastic region where yield, buckle, or fracture initiates in

the walls or edges of unit cells. Then, the integrity of the lattice structure is

compromised around the plateau stress, σpl,and densification strain, εd. By
contrast, higher strength and elastic modulus typically occur in a stretch-

dominated lattice structure and it undergoes postyield softening. In the case

of biodegradable metals and alloys, the mechanical properties of AM lattice

structures deteriorate along with the biodegradation process. The yield stress

is muchmore affected by biodegradation than the elastic modulus [169,217].
6.2 Fatigue properties
Fatigue test is a cyclic test for characterizing the behavior of a biomaterial

under cyclic loading. AM porous orthopedic implants are aimed to perform

in bone-mimicking applications and the physical activities of the human

body apply repetitive loads to orthopedic implants, which could cause

fatigue failure of these materials. It is therefore important to conduct fatigue

tests on them [193,220–224]. The main parameters that have to be defined

in the fatigue tests are the loading frequency, maximum stress, minimum

stress, and stress ratio (i.e., the ratio of minimum stress to maximum stress)

[72,122,223,225–227]. It is worth noting that for determining the fatigue

strength of metallic specimens with and without notch in the fatigue regime

where the strains are predominately elastic, both upon initial loading and

throughout the test, the ASTM E466 standard is used [226].

Load-controlled fatigue tests at a constant stress amplitude and variable

stress ratio (in most cases �1 or 0.1) are the commonly performed fatigue

tests of AM materials. Although the tension and bending fatigue test modes

are quite sequential, compression-compression loading mode is the most

preferred one in the fatigue tests of porous AM materials for biomedical

applications [193,220–224]. Depending on the topological design of lattice

structures, some of the struts of AM porous biomaterials can go through

bending or stretching while they are subjected to compression loading.

Therefore, this might develop tensile stresses in the struts of porous mate-

rials, which would act as the main source of microcrack initiation and

propagation.

At the end of the fatigue tests, the results of different stress levels that have

been tested are plotted in a curve called the S-N curve that presents the

number of cycles to failure of each tested specimen. Fig. 8C presents an

example of an S-N curve of diamond unit cell for CoCr. The endurance

limit or fatigue strength is another output of this test that refers to the stress,

at which the specimen fails and cannot withstand more loading cycles [227].
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The fatigue behavior of AMmaterials can be influenced by many factors,

such as residual stresses, surface roughness, and geometrical parameters such

as relative density, and unit cell type [217,220,221,227]. Moreover, defects

generated during the SLM process can reduce the fatigue life; for example,

unmolten particles adhered to the surfaces of SLM materials could act as

stress concentration points and cause premature failure of 3D-printed bio-

materials. Additionally, as porosity increases, the fatigue life of lattice struc-

tures tends to decrease. Besides, as the fatigue life of AM porous structures is

dependent on the plasticity of the crack tips that control the initiation and

propagation of cracks, the low cycle and high cycle regions would have dif-

ferent fatigue life values [72].

Calculating the normalized S-N curve of a lattice structure by dividing

the stress levels by the plateau or yield stress is one of the approaches that are

used for removing the influences of the quasistatic mechanical properties

from the dynamic effects (Fig. 8D). It has been found that in determining

the fatigue life of a lattice structure the material type is more important than

the topological design, particularly in the high cycle regime. The fatigue

strengths of most AM lattice structures are in the range between 20% and

60% of their yield strengths, depending on their geometrical design and

material type [72,220,221].

It has been reported that there is a large overlap in the S-N curve of lattice

structures that have beenmade from the samematerial type and unit cell, and

their S-N curves are almost the same for the implants with various porosities

and thus they are not so much affected by the amount of porosity. Thanks to

this valuable finding, a single normalized S-N curve can be used for evalu-

ating the fatigue behavior of lattice structures with different amounts of

porosity and there is no need to conduct separate time-consuming fatigue

tests for every specimen. It has indeed been observed that the normalized

S-N curves of Ti-6Al-4V lattice structures as well as those of some other

alloys that have the same type of unit cell but different relative densities

all fall into one curve [221]. Additionally, in favor of the idea of conducting

fewer fatigue tests, it is worth noting that the fatigue crack propagation and

fatigue life of AMmaterials can also be predicted by applying computational

approaches.

In the case of studying the effect of the geometrical design of AM lattice

structures, e.g., the type of the unit cell, on the fatigue life, the amplitudes of

tensile stresses that are experienced in struts under compression-compression

loading are determined by the geometrical design [220,228]. Fatigue resis-

tance is enhanced in sheet-based lattice structures, as compared to that of

strut-based ones for two reasons [33]. First, the former is not as sensitive
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to defects and irregularities that have been formed in the AM implants dur-

ing the AM process, as strut-based lattices. Second, there is no point of stress

concentration in sheet-based lattice structures, since they have continuous

unit cells. Continuous redistribution of stresses has been found in function-

ally graded lattice structures due to their inhomogeneous microstructural

arrangements [129].

The tension-tension and tension-compression fatigue modes have also

been studied for AM lattice structures. The results have shown that there is

a decrease in the fatigue life of lattice structures in the tension-tension loading

mode, as compared to the compression-compression one. By contrast, the

tension-compression mode leads to enhanced fatigue life, as the number of

struts which experience tensile stresses is smaller than that of struts under ten-

sion in the tension-tension and compression-compression modes [128,229].

Some of the post-AM treatments can increase the fatigue life and strength

of AM lattice structures. For example, for SLMTi-6Al-4V lattice structures,

the use of HIP and surface treatments, such as sandblasting, can increase the

fatigue life, after they have been applied individually or in combination with

each other [124]. The HIP process can increase the fatigue limit by changing

the microstructure of Ti-6Al-4V to a more ductile combination of the α and
β phases and close up micropores that have been formed inside specimens

during the SLM process while sandblasting can introduce compressive

stresses onto the surfaces of specimens and struts of lattice structures and

smoothen the surfaces of specimens. As a combined result, the ductility

of pure Ti is enhanced and superelasticity of β-type Ti alloys is developed,
which leads to the increases in the fatigue strengths of AM lattice structures

[124,230].

The fatigue fracture surface and failure mode of porous specimens can be

observed and studied by using optical deformation-tracking techniques,

such as digital image correlation (DIC). These techniques can be used to

confirm whether the fatigue life predictions by computational models are

valid. For example, the SLM Ti-6Al-4V lattice structures based on diamond

unit cells have been investigated by using the DIC technique to study the

effect of stress ratio applied in the fatigue tests on the local deformation of

these structures [124].

7. Conclusion and future directions

It has been demonstrated that reliable and appropriate AM lattice
structures for biomedical applications can be manufactured by considering
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various factors, namely geometrical design, material type, feedstock material

characteristics, in-situ alloying, process parameters, and post-AM treat-

ments. The mechanical and physical properties of lattice structure are fore-

most determined by their geometrical design.

In recent years, the progress in the 3D printing technology, process

design and control, and selection of smart materials has led to a novel

manufacturing method, namely, 4D printing, that creates 3D-printed struc-

tures being able to change their functions and configurations dynamically

over time. This change can be triggered by an environmental stimulus, such

as mechanical stress, temperature, light, magnetic resonance, gas pressure,

pH level and so forth [229]. Apart from the choice of external stimuli,

the design of 3D-printed structures plays an important role in achieving

desired shapes over time. Origami and kirigami are two typical examples

of shape-morphing assemblies that can be used in fabricating 4D-printed

biomedical devices [230].

4D-printed medical devices may have numerous applications in the area

of biomedical engineering. Examples of their applications are stent insertion

[231] and drug delivery systems [232] with shape-morphing ability in the

dynamic environment of the human body [233]. Another important param-

eter affecting the design and performance of 4D-printed medical devices is

the type of stimulus-responsive smart materials. NiTi SMAs manufactured

byusing theSLMmethod areone typeof potential smartmetallic biomaterials

that can be turned into 4D-printed biomedical devices to take advantage of

theirmartensitic transformation that occurswith changing temperature [234].

Mechanical robustness, ductility, and resolution are some critical aspects of

shape-morphing materials that must be further investigated in order to

broaden their applications in the field of biomedical engineering [2,235,236].

Moreover, in order to expand the applications of 4D-printed smart

structures, it is of great importance to develop the materials that can respond

to more than one stimulus in different environments. This will equip these

materials with multiple functionalities while they are interacting with sur-

rounding environments [2,237].

Besides materials with programmable responses to external stimuli,

mechanical metabiomaterials are another innovative category of advanced

engineered materials that have recently been emerged. Their micro-

architectural design features enable them to have not only high structure-

related properties (e.g., low-weight-high-strength) but also high mass

transport-related properties (e.g., permeability and diffusivity) [238]. In pur-

suit of 4D-printed high-performance smart materials, the multiphysics
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theories and computational modeling are both needed to explore tailor-

made properties and functionalities.

The growing interest in AM lattice structures for tissue engineering and

other biomedical engineering applications have made it essential to study

different SLM process parameters (e.g., laser power and scanning speed),

and post-AM treatments, including mechanical surface treatments, chemical

treatments, heat treatments, and HIP on their mechanical and physical prop-

erties that are negatively affected by unwanted microstructural defects at

macro- and microscales. Despite the great efforts that have been made to

improve the quality of SLM products, the SLM process itself is still an active

field of study for the researchers to find out optimized process parameters

and more importantly cost-effective methods of process optimization in

order to minimize defects and ensure the quality, reproducibility, and prop-

erties of AMbiomaterials, particularly fatigue properties. For example, in the

case of disordered lattices, further investigations are needed to understand

their fatigue behavior by conducting tests under different loading modes,

namely compression-tension, tension-tension, bending, and torsion, con-

sidering the actual loading condition during the intended use.

The other recently emerged application of the AM technology concerns

its intrinsic potential for manufacturing multiple materials. The AM of mul-

timaterials enables the tailoring of materials to meet the local functional

requirements for orthopedic implants by providing varied mechanical prop-

erties and characteristics perfectly matching the native tissue. Some examples

of these new functionalities are controlled biodegradation and implementa-

tion of functionally graded materials for better mechanical integrity of the

bone implant with the adjacent tissue [239].

In addition, artificial intelligence including deep learning and machine

learning algorithms can be used as an alternative to the trial-and-error

method for the development of porous biomaterials by predicting the com-

plex relationships between chemical composition, process parameters, the

microstructure of processed materials, mechanical properties, and the geom-

etry of AMmetallic materials. Clearly, only when such relationships are well

established can the quality of AM implants and reproducibility be really

ensured.
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