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ARTICLE INFO ABSTRACT
Keywords: Metal additive manufacturing (AM) has led to an evolution in the design and fabrication of hard tissue sub-
Additive manufacturing stitutes, enabling personalized implants to address each patient’s specific needs. In addition, internal pore ar-

Metal implant
Porous scaffold
Tissue engineering
Biomaterials

chitectures integrated within additively manufactured scaffolds, have provided an opportunity to further develop
and engineer functional implants for better tissue integration, and long-term durability. In this review, the latest
advances in different aspects of the design and manufacturing of additively manufactured metallic biomaterials
are highlighted. After introducing metal AM processes, biocompatible metals adapted for integration with AM
machines are presented. Then, we elaborate on the tools and approaches undertaken for the design of porous
scaffold with engineered internal architecture including, topology optimization techniques, as well as unit cell
patterns based on lattice networks, and triply periodic minimal surface. Here, the new possibilities brought by
the functionally gradient porous structures to meet the conflicting scaffold design requirements are thoroughly
discussed. Subsequently, the design constraints and physical characteristics of the additively manufactured
constructs are reviewed in terms of input parameters such as design features and AM processing parameters. We
assess the proposed applications of additively manufactured implants for regeneration of different tissue types
and the efforts made towards their clinical translation. Finally, we conclude the review with the emerging di-
rections and perspectives for further development of AM in the medical industry.

1. Introduction from poor integration with the host tissue, leading to more advanced
complications including implant failure and rejection, which eventually

Traumatic injuries, congenital defects, and cancer are increasingly raise the need for burdensome revision surgeries. The advent of additive
growing the need for hard tissue replacements each year [1]. The manufacturing (AM) has opened new avenues towards patient-specific
standardized conventional metal implants are currently used for the implants to meet the customized needs of individual patients [2]. The
fixation and replacement of those tissue types. These implants suffer AM-based approaches enabled manufacturability of multifunctional
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complex-shaped implants with the engineered osteoconductive inter-
connected porous architectures which could not be fabricated through
the traditional methods. These properties have led to the quick growth
of AM in the areas of dental, craniofacial, spinal cord, and skeletal bone
regeneration. In these applications, AM techniques aim to mimic the lost
bone tissue more precisely in terms of physical, mechanical, chemical,
and biological properties. The AM techniques offer versatility in terms of
material choice. Metallic biomaterials such as titanium (Ti), tantalum
(Ta), cobalt-chromium, etc. have been adopted for the fabrication of
surgical tools and medical implants due to their biocompatibility [3],
high fracture toughness [4], tunable stiffness for matching with the host
tissue, high wear and corrosion resistance [5]. Hence, an ongoing effort
is made to advance multiple aspects of AM in biomedical sectors
including AM technology development, physical and chemical bioma-
terial design for AM, as well as optimization of quality control and
structural performance of the AM parts.

Many studies have focused on the synergy between design optimi-
zation and AM processes. Recent advances have resulted in topology
optimization procedures for AM to address multiple physical and bio-
logical design criteria for successful bone regeneration and tissue inte-
gration within porous implants [6,7]. The mismatch between
mechanical properties of the host tissue and fabricated implants, known
as stress shielding, causes serious issues such as osteopenia and implant
loosening [8]. With the aid of topology optimization methods, metallic
implants are aimed to mimic physical properties of the host tissue by
introducing designed macropores within the solid implants [9]. The
design of internal pore architecture in porous implants not only enables
engineering of the physical and mechanical performance but also con-
trols biopermeability for cell integration [10]. Due to the contradictory
design criteria for mechanical enhancement and biopermeability, a
surge of interest has been directed towards functionally graded micro-
porosity as a potential solution to mechanobiological design problems
[11].

Manufacturing defects drive another class of research towards
improving the structural quality of the medical AM parts. Geometrical
deviations or microstructural imperfections may be induced in addi-
tively manufactured parts [12]. These imperfections are originated from
improper AM process parameters or metal powder impurity. The AM
defects can deteriorate the mechanical properties of the implants
including decreased fatigue life and diminish the impact performance of
the implant. Hence, quality control techniques for inspecting the man-
ufactured parts for any defects as well as in situ monitoring during the
AM process are necessary [13,14]. In addition, physical and chemical
surface characteristics of the AM parts govern the cell interactions, and
thereby, they have been paid significant attention in the recent litera-
ture. Surface engineering principles and processing techniques have
been conducted in multiple examples for improving bone regeneration
and cell adhesion to the AM medical parts [15]. To meet the
above-mentioned requirements simultaneously, proper material selec-
tion, design optimization, and advanced manufacturing techniques
should be implemented which requires a deep multidisciplinary insight
into the structure-property relationships from both physical and bio-
logical perspectives.

With this picture in mind, the current review comprehensively dis-
cusses the latest literature engaging the metal AM techniques for the
development of functional implants. First, we focus on the fundamentals
of the well-known AM techniques and metallic biomaterials employed
for this purpose. Then, various design procedures used to define internal
pore shapes in additively manufactured porous implants are highlighted
in the context of their mechanical and biological responses. The typical
structural defects observed in the additively manufactured implants and
the implant’s responses in various physiological conditions such as fa-
tigue and impact are discussed. Then, applications of various types of
implants in regenerative medicine as well as the clinical translation
approaches are discussed. Finally, we conclude the review and elaborate
on the future perspectives and opportunities for improvement.
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2. Metal additive manufacturing technologies

The AM technologies for the fabrication of metallic structures rely on
the local binding of metal powders (using a binder, or via sintering ap-
proaches) in a layer-by-layer fashion. The metal AM techniques have
been capable to form fine features at certain levels for biomedical pur-
poses. Those features, as defined during the computer-aided design
(CAD) modeling, are the basis for the selection of a suitable technique
for implant fabrication. The CAD models prepared in a proper AM
format, such as stereolithography (STL), are converted to 2D slices to
determine the scanning toolpath for local solidification. Subsequently,
AM processes can be used to manufacture the designed models. In the
following sections, the most widely used AM techniques for the fabri-
cation of metallic biomaterials are introduced.

2.1. Powder bed fusion

Powder bed fusion (PBF) is one of the most popular classes widely
used in the fabrication of implants. The PBF processes can produce
excellent dimensional accuracy at high relative densities [16,17] often
with high surface roughness and acceptable repeatability [18]. In this
process, the powder left over from the process can be recycled for further
use. Some of the major limitations of PBF processes include high residual
stresses, generally anisotropic properties, difficult depowdering, espe-
cially when it comes to small size channels, powder agglomeration in-
side small conformal channels, and long print time [19]. There are two
popular AM processes under PBF: laser PBF and electron-beam PBF.

2.1.1. Laser powder bed fusion

Laser powder bed fusion (LPBF), also known as selective laser
melting (SLM) or direct metal laser sintering (DMLS), is the most
frequently used AM technique for fabrication of the metal implants
(Fig. 1A). The LPBF process begins with spreading a thin layer of powder
over the build area by a powder layering system called re-coater, and a
high power-density laser that selectively scans over the powder layer
and locally melts the powder particles in a layer-by-layer fashion [20].
The process is implemented in an inert gas chamber, usually argon or
nitrogen, to remove the condensate, reduce oxidation throughout the
process, and prevent the potential explosion of powders due to high
localized temperature. The AM quality can be tuned by the processing
parameters including laser power, scanning speed, hatching spacing,
layer thickness, post exposure, pre-exposure, and many more parame-
ters [21] which entails an optimization process depending on the target
application to obtain the desired mechanical properties, surface
roughness, and geometrical accuracy [22,23]. The minimum geomet-
rical feature size formed by the LPBF process ranges between 40 and
200 pm [24]. The microstructure of metallic parts alloys produced by
LPBF for materials such as Ti may consist of the columnar grains grown
epitaxially from the previously solidified substrate. In some of the metal
powders (e.g., Ti alloys), rapid solidification due to high laser scanning
speeds and small melt pool sizes may lead to a fine microstructure
morphology entailing a cellular structure inside the columnar grains.
High thermal cyclic gradients and fast cooling rates during the melting
and solidification stages result in significant residual stresses [25]. The
geometrical features of the fabricated parts consist of agglomerated
powder particles partially solidified at the vicinity of the melting pool,
which results in unwanted surface roughness in the order of a few par-
ticles size. It should be noted that the rough surface finish of these im-
plants can stimulate bone growth compared to those of conventionally
manufactured counterparts because of the higher available surface area
and cell entrapment in the free gaps between the particles [26]. A
controlled surface roughness may promote cell adhesion and osteo-
conductivity. Although the LPBF process offers flexibility and precision
in manufacturing complex implants, some limitations necessitate more
improvements in terms of low production rate (for implant mass pro-
duction), difficult switching between metal powder types, and restricted
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(B) Electron beam powder-bed fusion (EPBF)
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Fig. 1. The most widely used metal additive manufacturing processes for fabrication of metal implants. (A) Laser powder bed fusion (LPBF), (B) electron
beam powder bed fusion (EPBF), (C) Directed energy deposition (DED) with blown powder, and (D) binder jetting (BJ) process.

specifications for selecting the metallic powder to be compatible with
the AM systems [27]. These limitations hinder the manufacturing of
multi-material AM parts using LPBF technique.

2.1.2. Electron beam powder bed fusion

The electron beam powder bed fusion (EPBF), also known as electron
beam melting (EBM), operates similarly to the LPBF technology. This
process employs high-energy electron beams for melting metal powder
particles (see Fig. 1B). As opposed to LPBF where the 3D printing is
performed under inert gas, EPBF requires a high vacuum to prevent the
smoking phenomenon, contamination, and powder oxidation [28]. The
vacuum condition in this process is necessary due to the oxygen sensi-
tivity of metals [28]. In this process, a defocused electron beam is
initially irradiated to raise the temperature (from ~300 to 1100 °C).
This pre-heating process is required to minimize the smoking phenom-
enon due to the electron charge dissipation. In addition, a partial sin-
tering of the particles during this process locally enhances powder
integrity before the main electron beam scanning [22]. Various types of
metallic biomaterials can be additively manufactured using the EPBF
process such as 316L stainless steel, cobalt-based superalloys,
nickel-based superalloys, and Ti-based alloys [29]. Preheating is also
required before scanning each layer. Arcam, founded in 1997, pioneered
the manufacturing of the EPBF systems [30]. The EPBF system, as shown
in Fig. 1B, consists of three main parts including the electron beam unit,
powder delivery mechanism, and the build chamber. In the electron
beam unit, the electrons are emitted from different sources such as
tungsten (W) filament, lanthanum hexaboride (LaBg) and field-emission
gun (FEG), which can be controlled via magnetic lenses. The metal
powders are delivered through a hopper and then spread by a powder
layering system over the build plate [31]. The typical range of layer

thickness for this technology is between 40 pm and 200 pm, depending
on the powder material [32]. Each layer of powder bed is scanned,
preheated, and melted by the electron beam and the build plate is
lowered to allow for spreading another powder layer. This process
continues until the part is entirely 3D printed. The above-mentioned
limitations for the case of LPBF (i.e., difficult switching between the
different powder types and limited opportunity for integrating
multi-material fabrication systems) are also applied to the EPBF.
Nevertheless, EPBF is still extensively used for the fabrication of medical
implant prototypes from Ti alloys due to their excellent stiffness and
proper metallurgical quality.

2.2. Directed energy deposition

Directed energy deposition (DED) with different heat sources such as
laser, electron beam, plasma, and lasers, has been used for the fabrica-
tion of implants. This method is also known as laser metal deposition
(LMD), or laser energy net shaping (LENS), or laser cladding (LC), and is
classified as one of the laser-based AM processes [33]. In this process,
the metal material is either in powder or wire form that is fed through a
nozzle and melted simultaneously using a focused laser beam (see
Fig. 1C) to form the melt pool. In most DED systems, the overhead nozzle
moves upward in a layer-by-layer fashion, whereas in other metal AM
systems the substrate is repositioned downward with a stationary nozzle
[32]. Besides, the melt pool is not surrounded by the powder bed, so the
process could be more cost-effective than e.g., LPBF and EPBF, as a lower
amount of waste material is left for recycling. The DED process utilizes a
high-power laser of up to 4-10 kW. The oxygen level during the 3D
printing process could be lowered (<10 ppm) inside an inert chamber to
prevent oxidation of the material [34]. One of the advantages of DED
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compared to LPBF is the high build rate and volumes [32]. The
maximum building rate >300 cm®/h has been reported depending on
the process parameters (including scanning speed, laser power, laser
beam diameter, and layer thickness). The layer thickness is normally in
the range of 40 pm to 1 mm [35,36]. The amount of energy needed for
melting depends on the powder material and powder feed rate. As the
powder feed rate decreases, less energy is required for melting the
feeding material, and thereby, a deeper melt pool is formed. The powder
feed rate depends on the material type; for instance, the feed rate for the
deposition of Ti-6Al-4V is in the range of 4 g/min to 30 g/min [37]. The
laser beam diameter ranges from 0.3 mm to 3 mm [38] and the laser
scan speed varies between 150 mm/min and 1.5 m/min. The shielding
gas, which is also fed through the nozzle, provides higher control on the
deposition by increasing the cooling rates [39]. The DED process can be
integrated into sophisticated robotic systems to increase the motion
degree of freedom. In this way, the need for support structures that are
required in LPBF and EPBF is minimized. The DED process can be
employed for surface repairing and modification [40]. A wide range of
metallic biomaterials such as that of cobalt (Co) alloys [41], Ti alloys
[42], Ta [43], and nickel titanium (NiTi) [44] has been successfully
fabricated using the DED process. Other advantages of DED include easy
switching between materials enabling multi-material printing, high
density, improved mechanical properties as high as wrought or casting
materials, high build rate, and printability of larger parts compared to
PBF [45]. The use of powder with a larger particle size compared to PBF
leads to lower costs. This process can also be used for coating or
repairing applications. Major limitations of DED however, are residual
stresses, shrinkage, and deformation because of local temperature var-
iations, lower-dimensional resolution, and higher surface roughness
compared to PBF, limited complexity of parts, and need for
post-processing [45]. Nevertheless, this technique has demonstrated the
capability for manufacturing porous biomedical implants and func-
tionally graded materials [41,46]. Recent studies have demonstrated the
DED fabrication of load-bearing implants. For instance, Marattukalam
et al. [44] studied the effect of DED process parameters on the corrosion
properties and microstructure of NiTi alloy for bone implant application.

2.3. Binder jetting

Binder jetting (BJ) is a powder-based AM process that employs a
liquid binder, instead of a laser or electron beam source, for locally
binding the powders and forming the complex metallic, polymeric, and
ceramic structures [24]. This technology was first developed in 1993 at
the Massachusetts Institute of Technology [47] and ExOne, ZCorp, and
Xoxeljet have led to the manufacturing of this technology [48]. Fig. 1D
demonstrates the schematic of the BJ process. In this process, a roller
spreads the metal powder over the build plate and a liquid binder is
selectively injected by a printhead (similar to the printhead on a paper
printer). Then, the subsequent layers are added until the part is fully 3D
printed. The 3D printed part, which is typically referred to as the “green
part”, is removed from the build plate and then depowdered. Then, the
green part is placed in a furnace to burn out the binder. At this stage,
void and microporosity are formed in the structure. Since the green part
is fragile, a secondary step including infiltration and/or sintering is
required to strengthen the structure [49] where a powder with
low-melting temperature (e.g., bronze) is infiltrated into the voids using
the capillary effect to decrease microporosity. Through the sintering/-
heat treatment process, the “green part” is placed in a high-temperature
furnace, so that not only the binder burns out, but also the metal powder
is partially melted and bound together to produce the so-called “brown
part” [50,51]. The sintering process aid in filling the voids by the
powders that eventually enhance the final density [52].

One major advantage in this process is that support structures are not
required for complex geometries. In addition, due to the low cooling
rate, the residual stress is significantly decreased. As opposed to the
LPBF process, BJ enables the manufacturing of high reflectivity
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materials [53]. Some of the other advantages of BJ include a lower cost
compared to the abovementioned methods, high scalability, and a broad
range of applicable materials [54-56]. However, the major limitation
associated with BJ is that despite the sintering process, the final products
have more voids (microporosity) compared to the e.g., LPBF counter-
parts [57]. Moreover, the post-printing steps are necessary, which makes
the total manufacturing process time-consuming and costly. Among the
other disadvantages of BJ are high shrinkage, relatively low density, and
low mechanical properties [54-56].

Powder-binder system compatibility is enhanced in BJ-based sys-
tems. Fabrication of the non-metallic biomaterial powders with BJ
technology (such as poly (i-lactide) (PLLA) [58], calcium phosphate
[59], calcium silicate [60], and hydroxyapatite (HA) [61]) has been
extensively demonstrated. In this class of biomaterials, chloroform, pure
water, water-polymer solutions, and acid-based binders [61] have been
used as the binding agent. Metal BJ for biomedical applications, how-
ever, has been paid less attention as the current binding processes fail to
form strong structures as the other technologies such as LPBF and EPBF.

2.4. Other techniques

Besides the abovementioned widely used techniques for the fabri-
cation of metal implants, other AM methods have been evolved to enable
their biomedical application. Metal sheet lamination, known as lami-
nated object manufacturing (LOM), is a relatively inexpensive 3D
printing technique for metallic and ceramic materials [62]. In this
technique, instead of using metal powders or wires as a feedstock, rolled
metallic sheets coated with sticky substances are utilized to fabricate 3D
structures [63,64]. The first layer of metallic sheet is rolled over the
building platform and a beam of laser or a razor cuts through the metal
sheets according to a CAD model. Then, the building platform is lowered
along the z-direction allowing the 3D printer to feed the second layer,
and the process continues until the final part is formed. The thickness of
the metal sheets is usually between 0.07 and 0.20 mm [65]. The metal
sheets are commonly glued together; however, other techniques such as
hot pressing, clamping, and ultrasound irradiation can also be used [66].
The LOM technique has a variety of benefits compared to other AM
methods. The LOM process does not need supporting materials. More-
over, LOM can be easily used for 3D printing of multi-metal parts by
simply alternating the sheets in each layer [67]. Although LOM offers
several benefits, a large amount of waste materials, and low printing
speed (especially for complex objects [63,68]) are among the limiting
factors for its scalability. In addition, the likelihood of layer delamina-
tion in printed components used in a harsh environment is high.

Extrusion-based metal AM, also known as atomic diffusion AM
(ADAM), is a 3D printing technique with a similar process as fused
deposition modeling (FDM) wherein thermoplastic polymers are melt-
extruded to build layers [69,70]. The filament in ADAM is usually a
composite of metallic nanoparticles in thermoplastic polymer matrices
(as binding agents), which can be extruded at high temperatures. Here,
subsequent sintering processes can be implemented to sinter the metal
nanoparticles [68,71]. The main advantages of the ADAM technique
involve simplicity, high controllability, and the ability to fabricate
metallic composite biomaterials. The ADAM process is slower than laser
scanning-based AM [68]. Extrusion-based metal AM has not been widely
applied to biomedical applications yet. Recently, XJet Co. introduced a
novel jetting-based metal AM using a technology similar to the con-
ventional material jetting systems. Metal nanoparticles are dispersed in
an engineered liquid and loaded into a cartridge. Then, thousands of
printheads jet the small droplets (pico-liter volume range) of build and
support materials simultaneously. The liquid is rapidly evaporated at
high temperatures, thereby metal nanoparticles are sintered into the
dense parts, followed by the support removal process.
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3. Metallic biomaterials for additive manufacturing

Various types of metal alloys have been integrated with AM plat-
forms. Table 1 summarizes the most common metallic biomaterials in
AM along with their applications, advantages, and limitations. The latest
advances made thus far to adapt those materials with AM are also dis-
cussed in the following subsections.

3.1. Titanium alloys

Titanium (Ti) alloys are among the most biocompatible candidates
for the fabrication of metal implants where high strength, lightweight,
as well as corrosion resistance, are demanded [72]. A titanium oxide
(TiOy) layer is usually formed on the surface of Ti-based implants that
protects the Ti alloy from the surrounding harsh chemical environment
and corrosive bodily fluids (such as blood) [73]. The TiO layer is also
associated with improved cell proliferation. The Ti alloys, however,
have poor tribological properties (e.g., in comparison with Co-Cr alloys)
due to their lower hardness and are not the best choice when high wear
resistance is needed [34].

Conventional methods for fabrication of the Ti-based implants (e.g.,
machining, forging, and milling) are associated with multiple chal-
lenges: (i) tool fracture and chattering is common during the
manufacturing process (due to the low thermal conductivity of Ti), (ii)
those methods are often costly since they are subtractive-based and lead
to a significant amount of material waste. (iii) Tool trajectory generation
for computer numerical control (CNC) manufacturing of implants is a
costly and time-consuming process. (iv) Manufacturing processes can
introduce microcracks on the metal surface which can deteroriate me-
chanical function of the implants. (v) It is extremely costly to fabricate
patient-specific implants using conventional methods such as forging.
Hence, AM of Ti-based implants is an excellent alternative
manufacturing route towards the efficient fabrication of customized
implants for hard tissue replacements [74]. The bulk Ti has a higher
Young’s modulus of 110 GPa compared to natural bone (cancellous bone
~0.5-1 GPa and cortical bone ~20 GPa). This mechanical mismatch can
cause stress shielding, bone weakness, and implant loosening compli-
cations. With the aid of AM techniques, ordered porous Ti implants aim
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to lower stiffness closer to that of natural bone [75].

A well-known medical grade Ti alloy, ie., Ti-6Al-4V has been
extensively used for biomedical applications. From a metallurgical
standpoint, the microstructure of the as-built LPBF processed Ti-6Al-4V
alloys is acicular martensitic or @ phase structure with high dislocation
density because of the high cooling rates [76]. This microstructure type
could be changed to lamellar (« + p) phases after heat treatment and hot
isostatic pressing (HIP) [77]. The higher strength of the LPBF manu-
factured Ti-6Al1-4V samples in comparison with their wrought coun-
terparts is due to the altered microstructure during the manufacturing
process [78]. High thermal gradients and high cooling rates in the
fusion-based metal AM process often result in a very fine microstructure
and columnar grains, especially in Ti alloys [79]. These Columnar grains
can lead to anisotropic mechanical properties in the additively manu-
factured parts [35]. Zhang et al. [80] studied the anisotropic behavior of
additively manufactured Ti alloys. They fabricated two different ge-
ometries perpendicular to (horizontal) and parallel to (vertical) the
build direction under two different heat treatments. All samples showed
similar columnar p grains and very different « laths. Horizontal samples
indicated stronger strength and inferior ductility than the vertical
samples. In another study, Wu et al. [81] characterized anisotropy in
terms of impact toughness for Ti alloys. The horizontal specimen was
found to have ~96% higher impact energy compared to the vertical
specimen. It has been reported that hardness at the X-plane (refers to the
cross-section perpendicular to the direction of laser motion) was about
20% lower than Y- and Z-planes [82]. Post-annealing of the additively
manufactured parts has been proposed as a solution to reduce aniso-
tropic properties in these structures [83]. It should be noted that addi-
tively manufactured Ti-6Al-4V parts are more susceptible to thermal
distortion and composition changes compared to stainless steel 316
[84]. Nevertheless, Ti-6Al-4V (as well as stainless steel 316) alloys are
less vulnerable to the lack of fusion defects.

Among the safest alloying elements for biocompatible Ti alloys are
Nb, Ta, and Zr, which are non-allergic and non-toxic [85]. To address
the safety and manufacturing issues and to reduce the stress shielding
effect, low modulus beta Ti alloys with non-allergic and non-toxic
alloying elements have been produced. Zhang et al. [86] additively
manufactured near full density (>99%) Ti-24Nb-4Zr-8Nb (Ti2448)

Table 1
Summary of the metallic biomaterials used for additive manufacturing of implants.
Biomaterial Advantages Limitations Applications References
Titanium (Ti) Biocompatible, high specific strength, high Poor hardness and tribological properties Many of the metallic implants such as [34,72,75,
alloys corrosion resistance, lightweight, less lack of compared to some other alloys (e.g., Co—Cr), joints, cranial, dental implants, etc. 85]
fusion defects stress shielding issues (can be improved by
defining porosity within implant)
Tantalum (Ta) Biocompatible, high corrosion resistance, high ~ High cost and density, Stress shielding issues Small implant components, porous [88,89,91]
alloys strength and elastic modulus, bioactivity (higher elastic modulus compared to Ti) implants, coating for implants to enhance
osseointegration properties
Ferrous alloys Acceptable biocompatibility, high tensile Potential inflammatory responses due to long- ~ Mostly for short-term implants and screws [93-95]
strength and elastic modulus, low fabrication term degradation and release of alloying as well as surgical tools. Applications as
costs, availability, toughness, higher thermal elements. The release of Fe can have dental and orthopedic implants as well as
conductivity and consequently finer surface detrimental effects on cells surgical instruments are also reported
finish compared to Ti alloys
Cobalt-Chrome Biocompatible, high hardness, wear, and Most Co-Cr alloys include Ni that can cause Mostly as short-term implants, dental [34,78,100,
(Co—Cr) corrosion resistance allergic reactions replacements and implants which are 102,128]
alloys excessively used such as hip and knee
substitutes
Magnesium Biocompatible, adjustable biodegradation, Printing challenges related to high surface Mostly used as temporary bone substitutes ~ [106-108,
(Mg) alloys biomechanical compatibility with bone, energy and electronegativity as well as 114,129,
density and elastic modulus compatible with oxidation when exposed to oxygen, mechanical 130]
bone, cell ingrowth acceleration and faster properties not sufficient for load-bearing
bone formation applications
Smart alloys Biocompatible, recovering original shape upon Release of Ni ions due to corrosion may cause Cardiovascular stents, orthodontic wires, [115,116,
applying external stimuli, near body safety issues and implants may fail in long- and dental braces 121-125]

transformation temperature, near bone elastic
modulus

term, precise control over the composition and
AM parameters, as well as post-processing
conditions, is necessary to assure both shape
memory effect and printability
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acetabular hip cup scaffolds using LPBF with a yield strength of 563 MPa
and Young’s modulus of 53 GPa. The higher ductility of these alloys
ensures the required toughness and prevents fracture.

3.2. Tantalum alloys

Most metallic implants such as Ti alloys are bioinert and lack suffi-
cient osseointegration, which postpones integration with host tissue and
implant fixation [87]. Tantalum (Ta) alloys are gaining attention due to
their unique corrosion resistance, mechanical properties, and bioactivity
to stimulate bone regeneration. An attractive feature of the Ta implants
is bone-like apatite layer formation on their surface in presence of
simulated body fluids that lead to strong implant-bone bonding [88].
High hardness and ductility of Ta hamper using the traditional sub-
tractive manufacturing techniques for fabrication of the complex-shaped
implants [89]. Complex Ta implants can be manufactured by AM pro-
cesses while the mechanical properties and bioactivity can be tuned by
mixing with other metallic powders, design optimization, and adjusting
the printing parameters. Because of the promising biological properties
of Ta and the efficient manufacturing of large-scale Ta implants with AM
techniques, the Ta alloys have been paid increasing attention during the
past decade [43]. However, due to the high cost and density, pure Ta
application has been limited to small implant components. The bulk Ta
has an elastic modulus in the order of Ti alloys which is significantly
higher than natural bone (cancellous bone ~0.5-1 GPa and cortical
bone ~20 GPa). Hence, efforts have been made to produce Ta implants
with mechanical properties close to the host tissue. Balla et al. [43] used
LENS technology to manufacture porous Ta implants with various
porosity levels (27%-55%) and a wide range of mechanical properties,
yield strength (100-746 MPa), and Young’s modulus (2-20 GPa), which
were close to that of human bone. In other studies [90], it was observed
that Ta-coated surfaces contribute to a higher cell density and adhesion
compared to Ti surfaces. Note that the porous Ta implants cannot sub-
stitute those made of Ti due to the high density, cost, and high melting
point that makes Ta more challenging to process [91]. Mixing Ta alloy
with Ti alloys has been undertaken as a strategy to take advantage of
both material types. Sing et al. [92] manufactured Ti-50Ta structures
with a high yield strength (882.77 MPa) and low modulus (75.77 GPa)
using the LPBF process [92]. Since the superior biocompatibility,
corrosion resistance, and improved Young’s modulus, Ti-50Ta was a
promising alloy for biomedical applications.

3.3. Ferrous alloys

The ferrous alloys were traditionally used as biomedical implants
and stents, but the release of Fe can trigger reactions with peroxides and
produce radicals. Interaction of these radicals with lipids, proteins, DNA
and eventually living cells can cause detrimental effects such as heart
failure, liver failure, shock, coma, and even death [93,94]. Stainless steel
316L is considered as a subclass of ferrous alloys that contains chromium
(Cr) and nickel (Ni) and is one of the well-known food and drug
administration (FDA) approved ferrous metals vastly used for dental and
orthopedic implants as well as surgical instruments [94]. Surgical grade
316L stainless steel has been used in the total hip arthroplasty and
load-bearing implants due to the corrosion resistance, excellent me-
chanical properties, tensile strength, and biocompatibility. Note that Ti
alloys have shown similar strength while having ~50% lighter weight
and higher resistance to repeated cyclic loadings. Long-term degrada-
tion of implants in the physiological environment and release of alloying
elements such as Ni in stainless steel causes inflammatory responses,
allergies, and consequently failure of the implant [95]. However, due to
their low-cost fabrication, availability, toughness, and acceptable
biocompatibility stainless steel remains a popular temporary implant
option. Recent efforts to address the Ni release and improve the
biocompatibility of stainless steels led to the development of Ni-free
stainless steels with high nitrogen content [96,97]. Stainless steel
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316L has a lower fusion point compared to the Ti-6Al-4V that can be
explained by the higher thermal conductivity of 316L which leads to the
finer surface finish of the additively manufactured 316L parts. Aniso-
tropic properties are also inevitable in ferrous alloys. Jeon et al. [98]
investigated the microstructural and mechanical anisotropy of 316L
stainless steel fabricated via LPBF by performing tension and compres-
sion tests. The results revealed that there is significant anisotropy in
terms of yield strength and strain hardening under compression. They
demonstrated that the shape of pores and the boundary of the molten
pool are the main causes of mechanical anisotropy. Yu et al. [99]
compared mechanical anisotropy of additively manufactured Ti-6Al-4V
alloys with 304 stainless steel. The Ti-6Al-4V samples showed a larger
anisotropic behavior compared to 304 stainless steels. The yield
strengths and ultimate tensile strength of the horizontally printed
Ti-6A1-4V and 304 stainless steel samples were higher than those of
vertically printed tensile test parts. Heat treatment as an effective
method to eliminate columnar structures and thus reduce mechanical
anisotropies was demonstrated. However, the ductility and microhard-
ness of the samples were reduced after the heat treatment process.
Therefore, more efforts are required to avoid anisotropic behavior in
additively manufactured metal parts without compromising their me-
chanical properties.

3.4. Cobalt-chrome alloys

The cobalt-chrome (Co—Cr) alloys have been used for dental implants
due to biocompatibility as well as superior hardness leading to prom-
ising wear and corrosion resistance [34]. Among various Co-Cr alloys,
cobalt-chromium molybdenum (Co-Cr-Mo) has been widely processed
by AM techniques [46]. The Co alloys have shown greater ductility and
wear resistance in comparison to Ti alloys and stainless steel [100]. In
the Co-Cr-Mo alloys, the Cr element protects the implant from the
corrosive environment by forming a thin continuous oxide layer on the
surface and Mo improves the bulk strength and corrosion resistance
[101]. The Co—Cr alloys contain Ni that can cause allergic reactions as of
the stainless steel [102]. This problem is addressed by introducing an
ASTM F799 alloy that is a Ni-free Co-28Cr-6Mo wrought alloy [85]. It
has been shown that the wear resistance of Co-Cr-Mo alloys is highly
microstructure-dependent. The martensitic transformation is known to
be effective in the reduction of the wear rate by introducing the hex-
agonal close-packed (HCP) e in the microstructure of low carbon
Co-Cr-Mo from a metastable face-centered cubic (FCC) phase [103].
Hence, Co-Cr-Mo alloys are considered to be suitable candidates for hip
implants under excessive wear due to their promising wear resistance
properties [78]. Comparative in vitro study of the LPBF processed and
cast Co-Cr alloy demonstrated that LPBF processed structures show a
significantly lower ion release to the surrounding fluid. Moreover, the
LPBF processed structures showed higher cell proliferation than their
casted counterparts indicating higher biocompatibility of parts fabri-
cated by AM [104]. Stress shielding problems may be expected due to
the much higher elastic modulus of Co-Cr alloys compared to bone.
Hence, novel design strategies for developing meta-biomaterial struc-
tures with interconnected porosities should be developed for Co-Cr
implants [105].

3.5. Magnesium alloys

Metal implants are non-biodegradable and remain stable in vivo.
Magnesium (Mg) and a number of its alloys have been recently recog-
nized as promising candidates for fabricating biodegradable metallic
orthopedic scaffolds that can be completely degraded over time to be
replaced with the newly formed tissue [106,107]. The biodegradation
rate of the implants can be tuned by manipulating the composition of the
alloys to assure gradual degradation at the same rate as bone healing.
Mg alloys offer superior biomechanical compatibility with bone
compared to the other metallic biomaterials. The released ions from
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Mg-based implants (Mg>") can accelerate cell ingrowth and bone for-
mation. The Mg?" can act as a compelling catalyst to activate more than
300 required enzymes in the human body [108].

Comprehensive studies have been undertaken to moderate the
degradation rate of Mg in three different manners and enable wide-
spread clinical applications. For instance, Li et al. [109] added rare earth
elements to Mg to fabricate LPBF processed biodegradable scaffolds with
lower degradation rates. The results showed that around 20% of the
volume of the scaffold was degraded after ~4 weeks. Generally, alloying
Mg with different elements or incorporating it with some polymers such
as polylactide-co-glycolide (PLGA)/tricalcium phosphate (TCP) en-
hances strength and lowers the degradation rate [108,110]. Xie et al.
[111] suggested that alloying Mg with manganese (Mn) can decrease the
biodegradation rate mostly due to the formation of a Mn oxide film on
the surface (acting as a protective layer). Incorporating Mn into Mg al-
loys decreased the metal grain size that can be attributed to the
enhanced number of nucleation sites. The LPBF processed alloy showed
antibacterial properties and cytocompatibility for application as bone
implants. Coatings and surface treatment are the other alternatives to
control corrosion of the Mg [112]. The AM of various Mg alloys (e.g.,
AZ91D, Mg-9%Al, ZK60, and WE43) has been demonstrated using LPBF
technology [113]. However, there are several challenges associated with
the 3D printing of Mg powder mostly due to its high surface energy and
electronegativity as well as oxidation when exposed to oxygen. The Mg
powder can also be integrated within a polymeric matrix to develop a
printable paste for 3D printing via extrusion-based techniques [114].

3.6. Smart alloys

Smart alloys (also known as shape memory alloys) are a unique
category of metals that can remember and recover their original shape
upon applying external stimuli such as light, heat, magnetic field,
electrical field, and exposure to chemicals [115]. Nickel-titanium
(Nitinol) is the most well-known shape memory alloy for medical ap-
plications that contain nearly equal concentrations of Ni and Ti [116,
117]. Nitinol alloy can recover its original shape upon heating after
undergoing plastic deformation. The shape memory effect happens due
to phase transition in solid-state form martensite (the low temperature
phase) to austenite (the high temperature phase), and vice versa, known
as martensitic thermoelastic transformation [118,119]. Nitinol can be
processed by metal AM techniques; however, the content of Ni is of high
importance for the processability of the material. This is because the
temperature of martensitic thermoelastic transformation is significantly
increased with a decrease in the Ni content. Increasing the Ni element
above a specific point (depending on the other components) may not
result in the shape memory effect. Hence, precise control over the
composition and AM parameters as well as post-processing conditions is
necessary. Various AM techniques including LPBF, EPBF, and LENS have
been used for 3D printing of nitinol, each of which have their own
challenges and limitations. Since EPBF has a higher energy density and
consequently higher powder temperature, a higher temperature of
martensitic thermoelastic transformation is observed. In the LENS
technique, a mixture of Ni and Ti can be directly fed to the nozzle, which
has been shown to form high-quality alloys at the expected phase
transformation temperature [119]. Thermal post-processing is mostly
utilized to decrease the temperature of martensitic thermoelastic
transformation after the AM processes [119]. Further evolution in the
processing of the shape memory alloys should be directed toward
four-dimensional (4D) printing of the medical implants with spatial
controlled thermal history [120].

Nitinol alloys have been studied for implants, cardiovascular stents
[121] orthodontic wires [122,123], and dental braces [124] due to their
near body transformation temperature, near bone elastic modulus,
corrosion resistance, and biocompatibility [125]. Nonetheless, the
release of Ni ions due to corrosion can cause safety concerns, and nitinol
implant may fail in long-term implementation. However, TiO, coating
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on nitinol structures could reduce Ni ion leaching. Constant et al. [126,
127] studied nitinol degradation in biological and physiological fluids
and evaluated the corrosion resistance of nitinol along with surface
morphology. Here, Ni and Ti release from the specimen was recorded
over six months of incubation in synovial fluids.

4. Design methodologies for implant additive manufacturing

The topological design of implants has gained increasing attention as
AM technologies enable the manufacturing of complex-shaped metal
structures. Pore characteristics in porous scaffolds have been particu-
larly employed to tune the mechanical and biological responses. These
architectures are classified as stochastic [131] and ordered geometries.
There are multiple approaches towards the design of implants at micro-
and macro-scales, each of which is based on specific design algorithms.
Objective functions in topology optimization techniques are defined to
attain final design through iterative design processes. In addition,
patterned periodic porous structures are designed based on a large li-
brary of unit cell types. These pore shapes have been well-established
and studied in the literature based on lattice networks and mathemati-
cally defined surfaces (i.e., triply periodic minimal surface (TPMS)-based
architectures). Advanced design procedures develop functionally porous
gradient structures where pore characteristics spatially vary to obtain
multiple target functionalities in the scaffold design. In the following
sections, the above-mentioned categories of design methodologies are
discussed in detail.

4.1. Topology optimization of implants

Topology optimization aims at obtaining the optimal structural
layout of a design for a set of objectives under certain constraints [132].
Optimization processes continuously take place in the natural organs of
the body. Bone remodeling is the core aspect of bone tissue engineering,
adapting the bone’s internal structure to the external loading conditions.
This process entails reorienting the principal stress paths to maximize
mechanical efficiency leading to an optimal structure [133]. Another
emerging utility of the topology optimization techniques is to mitigate
the anisotropic behavior of the porous structures. Using the curvature
wall thickness adjustment algorithms, in combination with finite
element methods, anisotropic architectures could be reshaped to their
isotropic equivalents [134,135].

Most topology optimization algorithms are based on a pseudo-
density design variable (considering the mechanical modulus of the
material); hence, they can be readily tailored for bone scaffold and
implant design. The resulting topologies often consists of intricate fea-
tures, which are difficult or impossible for production by conventional
manufacturing processes. Fortunately, AM processes are capable of
producing parts with complex features as long as certain manufacturing
constraints are adhered to. Therefore, there exists a synergistic part-
nership between topology optimization and AM that enables flexible
design solutions.

Over the years, several efforts show that most designs using topology
optimization for AM have focused on implants for the head and pelvic
regions, as summarized in Table 2. There are a variety of topology
optimization methods or approaches, such as the bi-evolutionary
structural optimization (BESO), solid isotropic material with penaliza-
tion (SIMP), and the level set methods (LSM) [136]. Among those
methods, SIMP is by far the most used in the literature due to its
robustness, decent range of application to several physics, and relative
simplicity in implementation. It is also observed that most efforts
employed the polymer-based materials extrusion AM technology, e.g.,
FDM, mostly for prototyping and visualization.

A common adverse phenomenon in bone-implant interaction is stress
shielding where a much stiffer implant compared to surrounding bone
regions causes inaccurate or inefficient bone remodeling [137]. Topol-
ogy optimization is an excellent mathematical tool to achieve such
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Table 2
Design of medical implants and devices using topology optimization tailored for
additive manufacturing.

Implant type Topology Implant AM Reference
optimization material technology
approach
Subperiosteal SIMP Ti-6A1-4V Metal AM (no [138]
implant specific
process
mentioned)
Generic implant- SIMP Ti-6A1-4V SLS [139]
to-trabecular and porous
model tantalum
(Ta)
Lumbar fusion SIMP (global Ti-6Al-4V Direct metal [140]
cage and local laser
topology sintering
optimization) (DMLS)
Osteosynthesis Not mentioned Ti—-6A1-4V EPBF [141]
plates
Bone plates SIMP Ti-6A1-4V EPBF [142]
Trabecular bone SIMP Not SLS [143]
mentioned
Hip prosthesis SIMP with Implant LPBF [144]
lattice structure ~ head:
design Cobalt-
chromium
alloy
Implant
stem:
Ti-6Al-4V
Mandibular SIMP Ti-6Al-4V LPBF [145,
implant and 146]
bond analog
Pelvic prosthesis SIMP Ti-6A1-4V EPBF 9]

implant solutions because popular approaches are based on minimizing
compliance (maximizing stiffness) while significantly reducing material
volume.

Most of computational platforms developed in the literature define
their objective functions based on mechanical responses. In the
following sections, the main topology optimization approaches
demonstrated for biomedical applications are introduced, and their
principles are discussed in detail.

4.1.1. Solid isotropic material with penalization

As mentioned above, the solid isotropic material with penalization
(SIMP) method is the most widely used approach for topology optimi-
zation in biomedical applications. The SIMP approach is a gradient-
based approach that utilizes a power-law relationship to establish the
material properties as functions of a pseudo-density design variable. The
design domain is discretized to finite elements with a pseudo-density
design variable assigned to every element. The collective pseudo-
density variables become the design variables. In essence, the number
of finite elements in the discretized model defines the number of design
variables. Most algorithms are based on minimizing the compliance
(maximizing the stiffness) of the structure while placing a constraint on
the material volume. Mathematically, the problem can be expressed
according to the following definitions:

Objective function (Equation (1)):

minimize C=F"U = UTKU = ZEg(pe)uTkou (€8]
e=1
Finite element or structural analysis (Equation (2)):
K(p)Ulp)=F 2
Volume constraint (Equation (3)):
e Vip,) <1 3)
e
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Pseudo-density variable constraint (Equation (4)):

0<p, <1 @
where C, F, U,E, K, V, f, and, p are the compliance, force, displacement
response, Young’s modulus, stiffness, volume, volume fraction, and
pseudo-density design variables of the design problem, respectively.
Here, V; is the original/initial material volume, ky is the stiffness of a
finite element assuming a uniform and homogenous mesh strategy is
utilized, u is the elemental displacement, subscript e identifies an
elemental parameter while n signifies the number of elements in the
discretized domain.

The Young’s Modulus of every element is given by a power-law
expression in Equation (5):

E.(p,) = Epin + P2(Eo — Epin) )

where Ej, Enin, and p are Young’s modulus values of the solid material
and “void” material, and the SIMP penalty value, respectively. Ep, is
adopted to avoid singularities in the displacement response computa-
tion. The sensitivity of the objective as well as constraint functions must
be obtained in order to solve the optimization problem. The sensitivity
functions are simply the first-order derivatives given in Equations (6)
and (7):
Compliance derivative (Equation (6)):

dc _
dp

dK

%U(/’)

U'(p) )

Volume derivative for a mesh with constant elements’ volumes
throughout the optimization (Equation (7)):

dv(p)

)

dp
These derivatives are obtained either by direct method [147] or
adjoint method [148] and are used by an optimizer to update the
pseudo-density design variables. After they are updated, the change in
their values between the current iteration and the previous one is
compared with a convergence value, and if the criterion is met, the
post-processing is initiated. Otherwise, the displacement response is
computed again usually by the finite element method. Since the basic
framework of topology optimization has been established, several
methodologies that have been implemented to topologically optimize
implant designs are introduced below.

4.1.2. Weighted multi-objective topology optimization

Many implants are subjected to a variety of mechanical loads under a
biological-mechanical environment as a result of the several daily ac-
tivities carried out by the associated physiological region [9]. Each load
is taken as a load case that results in unique strain energy or compliance
function. Therefore, there are as many strain energy functions as there
are loads in this algorithm. To optimize these implants for the loads, a
weighted multi-objective topology optimization enables assigning
different weights to the strain energy functions with a greater weight
given to a load associated with higher functionality. The compliance
function in (1) can be rewritten as a consolidated function [9,149-151]
(Equation (8)):

minimize (c— > wiCi= Zw,FfU,) i=1,2,3,...,n

w; is the weight factor for every load i. The sensitivity function can be
written as Equation (9):

(3

dc . dK
—=— U (p)——U; 9
dp= 2l 0) g, Ulp) ©
A multi-objective topology optimized pelvic prosthesis is shown in
Fig. 2A for four different resection types. The Figure shows the extracted
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(A) Weighted multi-objectvive topology optimization
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Resection Type-I| Resection Type-I+II

Extracted surfaces

Resection Type-II+IIl

Virtual Assemblies |Optimized Implants

Fig. 2. Topology optimization approaches utilized for design of bone replacements. (A) Topology optimized pelvic prosthesis for four resection types.
Reproduced with permission from Ref. [9]. Copyright 2019, Elsevier. (B) Stress-based topology optimized temporomandibular prosthesis showing different sections
of the design. Reproduced with permission from Ref. [152]. Copyright 2017, Scientific Research Publishing (C) Venous-like topologies after applying perimeter
control constraint. Reproduced with permission from Ref. [137]. Copyright 2018, Elsevier.

surfaces, optimized implants, and virtual assemblies of all optimized
prostheses.

4.1.3. Stress-based topology optimization

In some instances, the optimization is done by minimizing the im-
plant’s worst-case state which is failure [152]. Besides, because stress
singularity is a possibility when optimal topologies are derived using a
different objective function, a stress-based approach can be attractive.
Considering the theories of elastic failure, several researchers have
attempted to use the maximum distortion energy theory (von Mises) to
describe the failure criterion (Equation (10)):

1
Oy :E \/(Ux - 6}')2

Obtaining the derivative of Equation (10) with respect to the pseudo-
density variable is non-trivial. Additionally, it is very computationally
expensive to compute the stress derivative and/or constraint on every
element for practical or industrial type designs [30]; therefore, the
problem minimization is done on an aggregated maximum stress vari-
able derived by a p-norm function as expressed in Equation (11) [152]:

Oym

(562))

The objective function and pseudo-density design variable definition
of the stress minimization topology optimization problem can then be
formulated as Equations (12) and (13):

+(o—0) + (o —a)+6( +2 +2)  (0)

oP—norm —

vm

1D

minimizeo?, "™ 12)

222

st. 0<p<l1 13)

ob "™ is the p-norm function of the aggregated maximum stress in
the discretized domain, o,,,,; is the maximum allowable stress and q is
the p-norm power where a higher power results in a more accurate
maximum value but at a significant computational cost. The sensitivity
function is given in Refs. [152,153]. A temporomandibular prosthesis
designed by a stress-based topology optimization model is shown in
Fig. 2B.

4.1.4. Infill and perimeter control strategies

In a bid to model the venous and porous nature of bone structures, a
topology optimization algorithm can be modified by either reformulat-
ing the problem statement and/or introducing some constraints. Wu
et al. [143] introduced a per-voxel local volume constraint (infill
constraint) given in Equations (14) and (15):

maximizeve P,)~p, = <2€:ﬁg> a4
where
B

here, Equation (12) can be rearranged into
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(57) =

In Equation (13), p, is the percentage of solid voxels over a given
region, while a is the local volume constraint in that region. As
mentioned in the previous section, the constraint is a p-norm function
that aggregates the maximum local density over the discretized design
domain. This function replaces the volume constraint in the

(16)

(A) Connecting random points in 3D volume

(i) Fill a volume with
a random distribution desired connectivity
of points

(B) Voronoi-Tessellation sterategy

(i)

(ii) Connect points with a (iii) Generate build file with
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conventional problem statement and ensures that the local volume in a
specified region is no more than the prescribed local volume, a. In turn,
it generates vein-like features throughout the optimized topology. In a
similar approach, Park et al. [137] introduced a ‘perimeter control’
constraint such that a lower bound is placed on the perimeter of every
feature. The perimeter function P(p), is given in Equation (17):

(iv) Manufacture part

selected scan strategy

Contour strategy

iContoursto | iPointstobe
/i be traced by = e 51 d
/g ) lexposedor
| the laser B pulsed by the
1 1
1 laser
T
|
S ! "
() Eor: J
1
N s p— '_ l---. v
R LT
€p=-F=R ==
1
e 02

Fig. 3. Design strategies for the scaffolds with stochastic structures. (A) Porosity design based on connecting random points in the design volume. Reproduced
with permission from Ref. [165]. Copyright 2018, Elsevier. (B) Voronoi-tessellation diagrams in (i) two-dimension (2D) and (ii) three-dimension (3D). Reproduced
with permission from Ref. [167]. Copyright 2021, Elsevier. (iii) Design steps based on 3D Voronoi-Tessellation and (iv) controlling irregularity of the random ge-
ometries. Reproduced with permission from Ref. [172]. Copyright 2018, American Chemical Society.
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P(p) :/|Vp\d§2 an
Q

the lower bound on the perimeter is expressed as Equation (18):

P Z Pmin (18)

where P, is the minimum perimeter value allowed in the final topol-
ogy. Similar to the local volume constraint, the perimeter control
function is added as a constraint, and the derivative is obtained for the
optimizer. The resulting topologies after applying local volume
constraint and perimeter control constraint are shown in Fig. 2C.

In many efforts, the use of the conventional topology optimization
approaches either by the SIMP method [142,154-156] or other methods
[133,157] have been demonstrated. It is important that the adopted
method incorporates the biomechanical considerations of the
implant-bone interaction to uphold the relevance of the optimal topol-
ogy obtained.

4.2. Scaffold internal pore architecture design

Porous structures can be classified based on their pore inter-
connectivity (as open and closed pores) as well as the regularity of their
pore topology and size (as stochastic and non-stochastic) [158-160].
Ordered pore shapes satisfy the interconnectivity required for cell
ingrowth facilitating integration with the host tissue. The porous
structures with non-stochastic design involve lattice and TPMS based
unit cells [161-164]. To satisfy mechanobiological conformation and
reliable integration of the porous implant with host bone tissue, opti-
mization of physical characteristics such as pore shape, pore size,
porosity, pore interconnectivity, and micro-topological surface features
are required [11]. In the sections below, different types of pore shapes
and the relevant tools employed to meet the design requirements for
those topologies in metal scaffolds are discussed.

4.2.1. Stochastic topologies

A stochastic porous structure (known as foam), involves the pores
with random shape and size distribution such as those formed using
conventional techniques (e.g., salt-leaching and gas-foaming) [160].
Despite their random pore distribution, manufacturing parameters could
be used to control the pore shape and pore size. Stochastic structures
have also been designed for AM via computer modeling and mathe-
matical algorithms. Networked stochastic constructs are defined by a
framework consisting of a random joint distribution in a volume. The
points are then connected to obtain a connective network and scanned
either based on point/pulsing or contour strategy (Fig. 3A) [165]. Vor-
onoi tessellation diagrams as shown in Fig. 3Bi, ii [166,167] is another
tool for generating stochastic material structures. In this method, a set of
points (known as seeds) are randomly distributed in the design volume.
The space is then partitioned into discrete regions called Voronoi cells
[168,169]. Subsequently, a thickness is specified for the edges to form a
3D model [170,171]. The design process for the 3D Voronoi diagram is
represented in Fig. 3 Biii. Here, the irregularity of the random geome-
tries can be controlled by a tuning factor ¢ in the range of 0-1 (Fig. 3Biv)
[172].

Note that the native bone microstructure comprises of struts with
various thicknesses and nonuniform pore diameters. To better mimic the
natural structure of bone, many studies have focused on designing
functionally graded heterogeneous stochastic implants by spatially
changing unit cell size, strut thickness, and porosity [167,172,173]. To
design stochastic models with controlled properties, a new Voronoi
method is introduced based on a top-down design approach and prob-
ability spheres. In the proposed models the porosity of the stochastic
structure could gradually change laterally, which was illustrated by the
graded distribution of pore spheres [168,172,174]. Gradient mechanical
properties can also be achieved by varying the laser parameters during
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the AM process resulting in struts with various thicknesses distribution
[175]. Bone-like stochastic structures can also be inspired by the native
bone tissue. In a study, the 3D STL model of the implants was recon-
structed from the computed tomography (CT) scanning data of the sto-
chastic bone tissue and imported to a 3D printing system for prototyping
[176]. Finding the optimal distribution of the seeding points based on
the CT data from bone tissue is the main objective of this class of
research.

4.2.2. Lattice networks

Lattice structures are defined as complex architectures containing an
array of interconnected struts or plates that are repeatedly aligned in the
3D space [177,178]. Incorporation of lattice structures within the metal
implant structures has enabled constructs with mechanical properties
close to surrounding bone tissue. Besides, lattice structures pose an
interconnected pore architecture allowing for cell ingrowth and better
tissue integration. Examples of well-known lattice topologies include
cubic, octahedron, and truncated as demonstrated in Fig. 4A. Lattice
structures with simple geometries have been manufactured using
traditional fabrication techniques such as water jet cutting, casting,
electroless plating, and electrodeposition [179]. Though, these tech-
niques are very time-consuming, costly, and unable to fabricate
high-resolution complex structures. Whereas, using metal AM tech-
niques, one can fabricate thin struts and lattice geometries in high res-
olutions and complex shapes with a lower cost and time [158]. Although
there are some limitations in metal AM of very small features (e.g., less
than 100-150 pm in case of LPBF), the deviation of the manufactured
structures from the CAD models are usually low enough to be ignored or
compensated with post-processing and usually the experimental data
can be reliably validated by simulation [11,180]. Lattice structures can
be modeled by various CAD software such as Solidworks, Meshmixer,
MATLAB, etc., to generate STL files for AM [181,182]. Modeling of
lattice networks allows the design of scaffolds across the full range of
relative density (zero to 100%) without losing interconnectivity. How-
ever, poor flexibility in designing highly merged lattice structures with a
large number of patterned unit cells is computationally expensive.
Likewise, the lack of compatible finite element software for analysis of
models with large unit cell repeats (especially for element/mesh gen-
eration), as well as limitations in developing optimized topologies is a
major challenge in the design and analysis of lattice-based AM implants.

The physical properties of lattice-based structures strongly depend
on the design of pore characteristics (i.e., pore size, pore shape, and
relative density) as can be seen in the example of Fig. 4B [183]. Several
studies have been conducted to illustrate the effect of geometrical pa-
rameters on the mechanical properties and permeability of lattice
structures. In terms of porosity, it is evident that the permeability is
enhanced with porosity, whereas compressive strength and elastic
modulus are inversely proportional to porosity [184]. Optimization
approaches and design maps are required to address such conflicting
design requirements. The mechanical properties of lattice struts are
correlated to their mechanism of failure. For instance, cube and trun-
cated cube unit cell types are classified as stretching-dominated struc-
tures where compressive failure is dominated by a layer-by-layer
collapse mechanism. In these structures, the internal linkages are ori-
ented along with the loading direction. On the contrary, unit cell types
such as diamond consist of diagonal struts angled relative to the loading
direction. These structures are referred to as bending-dominated archi-
tectures wherein the compressive failure is typically originated from
progressive shear bands across the porous structure (Fig. 4Ci,ii). In
general, bending-dominated pore shapes are characterized with lower
elastic modulus and compressive strength compared to that of
stretching-dominated structures (Fig. 4 Ciii) [185]. This behavior is
attributed to the generally larger strength of metals under axial versus
shear deformations. The larger strength of cubic pore share relative to
the diamond was also confirmed both experimentally and numerically
using finite element simulations on Ti-based scaffolds [186]. The fluid
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permeability of lattice networks (a representative of cell ingrowth
capability of the scaffold) has been extensively characterized in the
literature. It was shown that the permeability of the porous structures
with lower relative densities was more sensitive to the pore shape [11].

Note that conventional bulk materials as well as most lattice struc-
tures, are typically characterized with a positive Poisson’s ratio. A recent
trend in the literature emphasizes the auxetic metamaterials (negative
Poisson’s ratio), where the structure transversely shrinks when sub-
jected to compressive loads. Auxetic porous structures have provided
many opportunities for the design of porous implant structures. In a
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study by Kolken et al. [187], they demonstrated that at the same relative
density, auxetic structures fabricated using LPBF, show higher
pre-fracture stress and higher ultimate compressive strength compared
to that of conventional structures (Fig. 4D).

4.2.3. Triply periodic minimal surfaces

Triply periodic minimal surfaces (TPMS) are smooth infinite tortuous
surfaces with zero mean curvature dividing the 3D space into two co-
continuous phases [189]. Similar to lattice architectures, TPMS-based
designs allow for tuning the mechanical properties to match the
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implant with the host tissue, and also tissue ingrowth for better integrity
and durability. Various pore shapes, porosity, and unit cell sizes can be
mathematically defined and applied to each unit cell, which can be
patterned along the global axes [190]. The TPMS geometries can be
defined by the generalized Equation (19):

L M

I'(r)= Z Zylm cos (27, (P] r)) =C

=1 m=1

19)

where Py, = [am, by, cm]” shows the basis vector in 3D space, r = [x,y,2]"
indicates the location vector, x; and y;, represent the scale parameter
and periodic moment, respectively. The left side of Equation (1) dictates
the topology of the unit cells. The constant C (offset value) in the right-
side of the equation controls the relative density (in the case of solid
network TPMS structures) [191]. To design scaffolds, ¢ < C or ¢ > C
defines the solid phase for solid network TPMS types. One major limi-
tation in solid network TPMS structures involves the lack of inter-
connectivity at the extreme design relative densities as the TPMS
structures lose their continuousness at those ranges of offset values (C)
[192,193]. The surface discontinuation threshold depends on the TPMS
pore shape. Sheet networks however can be defined either by thickening
the TPMS surfaces or defining -C < ¢ < C as the solid phase (Fig. 5A)
[194] and the full range of relative density is accessible in design via the
thickening parameters. Based on the above general equation, the
equations corresponding to P-, D-, and G-surface topologies can be ob-
tained as I'p(r) = cos x + cos y + cos z = C and I'p(r) = cos X cOs y cOS Z —
sin x sin y sin z = C, and I'g(r) = sin X cos y + sin y cos z + sin z cos X,
respectively (Fig. 5Bi). The typical commercial modeling software such
as SolidWorks, and CATIA lack specific modules for modeling mathe-
matically defined patterned surfaces. Modeling massive TPMS structures
containing a high number of unit cells is also computationally expensive.
Hence, the CAD design of TPMS scaffolds has entailed auxiliary com-
puter programs that work based on point clouds, and image processing
approaches [195].

Similar to lattice networks, not only pore shape, but also relative
density and specific surface area can be engineered to tune the me-
chanical properties in TPMS designs, as represented in Fig. 5 Bii, iii
[196]. As discussed for lattice networks, TPMS solid networks also can
be classified as stretching-dominated (such as P-surface) and
bending-dominated (such as G-surface and D-surface). Accordingly, the
failure mechanism of the TPMS structures can be characterized by either
45° shear band formation (mostly in bending dominated structures) or
layer-by-layer collapse (mostly in stretching dominated structures)
[197,198] as shown in Fig. 5Ci. Typical compressive stress-strain curves
for these structures follow that of typical porous materials where it be-
gins with an elastic linear region followed by fluctuations corresponding
to the progressive failure of the internal layers (Fig. 5 Cii).

The cubical strut-based lattices with straight struts and sharp turns
and corners (without uniform transition surfaces) show poor manufac-
turability in the AM processes (especially for the horizontal struts in
large unit cell sizes and low volume fractions). These features can also
result in thermal deformation in long overhanging features. TPMS
structures enhanced additive manufacturability due to their smooth
surfaces and uniform curvatures that can allow their self-supporting
manufacturing [199]. Besides, cubical strut-based lattices with sharp
corners show higher stress concentration compared to TPMS scaffolds
with smooth curvy surfaces [200,201]. The superior mechanical and
biological properties of the TPMS structures compared to that of lattice
structures have been reported in the literature [202-205]. In a study by
Davar Ali et al. [206], TPMS-based scaffolds showed higher perme-
ability compared to lattice structures and the maximum wall shear stress
(WSS) was attributed to the lattice structures. Besides, the in vitro studies
confirmed that the open, interconnected TPMS structures show
improved cell ingrowth compared to the scaffolds fabricated by tradi-
tional salt leaching (stochastic design) [196,207].
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4.3. Functionally gradient scaffolds

The distribution of pore characteristics in AM-processed porous
structures can be either uniform or non-uniform based on the target
function. Uniform scaffolds include unit cells with the specific shape and
porosity periodically patterned in 3D space, while non-uniform
(gradient) scaffolds involve unit cell arrays where pore characteristics
spatially vary across the design space to achieve one or more function(s)
in a scaffold [158]. Defining gradient models is particularly simple for
TPMS-based scaffolds by defining the constants of TPMS equations (such
as offset value C for porosity gradients) as a function of space vectors
(Equation (19)) [209]. Gradient implants have been recently utilized to
address multiple conflicting design requirements [208]. In the following
sections, major trends and opportunities enabled by the advanced
gradient scaffolds are thoroughly reviewed.

4.3.1. Porosity and cell size gradients

Among the design parameters, the porosity of the scaffold is
considered as a key parameter to locally control mechanical properties
and permeability [11]. Porosity gradients are a main feature of the
natural bone internal structure. Interestingly, the local pore character-
istics vary dynamically to keep its structure the most robust and me-
chanically optimal according to the person’s specific patterns of daily
activities. Hence, one approach for the design of optimal scaffolds is
based on the learned lessons from bone porosity distribution itself. For
this purpose, the relative density of the bone at different sections is
studied using CT imaging, and their local stiffness is determined based
on the density-stiffness relationships. The thickness of the struts at the
corresponding sections of the scaffold can be designed accordingly as
shown in Fig. 6A. A similar method can be used to fabricate the graded
scaffolds by Voronoi-Tessellation via changing the size of the probability
spheres to mimic the host tissue (Fig. 6B). Han et al. [210] showed that
pore size and porosity can be engineered in gradient TPMS-based scaf-
folds to mimic the internal architecture of the natural bone tissues for an
improved bone tissue growth.

With the aid of gradient design, the conflicting requirements can be
met via combining functions of different pore characteristics in one
scaffold structure. For instance, it is evident that high relative density is
required for high strength; however, bone ingrowth and scaffold inte-
gration is favored at the low relative density. It has been reported that
high porosity (or high permeability) promotes bone formation, whereas
cartilage formation occurs at a lower porosity [211]. One potential so-
lution to achieve both mechanical function and high peripheral
permeability is based on radial gradient patterns where a low relative
density at the implant/tissue interface gradually increases towards the
center of the scaffold to reinforce the structure along the axis of loading.
The computational and experimental studies on the cylindrical scaffolds
[11,212] suggest that radially graded porous TPMS scaffolds show
enhanced fluid biopermeability compared to uniform porosity coun-
terparts. Al-Saedi et al. [213] illustrated that the relative plateau
strength in graded aluminum-based lattice structures is ~two times
larger than that of uniform-based structures. Besides, the graded lattice
structures showed a lower relative Young’s modulus that mimics better
with the native bone tissue [213,214].

Apart from relative density, the unit cell size has been designed to
gradually change to mimic natural bone structure (Fig. 6C). Liu et al.
[215] used LPBF technology to fabricate graded G and D porous scaf-
folds using Ti-6Al-4V powder. According to the micro-CT and scanning
electron microscopy (SEM) technology, they indicated that gradient
structures were accurately formed with an acceptable manufacturing
fidelity. Vijayavenkataraman et al. [196] fabricated functionally graded
sheet-based G-surface scaffolds with various thicknesses to mimic the
stiffness demanded by different tissue types (Fig. 6D). Li et al. [216]
showed that bone regeneration in P-surface topologies with graded
porosity was about three times higher compared to those of non-porous
scaffolds. This was further confirmed by higher push-out forces observed
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in porous scaffolds (Fig. 6E). The promoted performance of the scaffolds
with graded porosity in osteochondral reconstruction was also
confirmed by in vitro and in vivo studies [215,217,218].

4.3.2. Pore shape gradients

Spatially-varying pore topology is naturally present in porous tissue
structures such as trabecular bone. The smooth changes of pore shape
enable local control on micro- and macro-scale properties that may not
be feasible in uniform topologies. The TPMS designs can be employed
for designing multi-pore shape structures with sharp and/or smooth
transitions over the pore shapes (Fig. 7A) [194] by defining the
weighing functions in the TPMS constitutive equation (Equation (19)).
Topology optimization techniques can also be employed to design
functionally graded scaffolds with varying pore shapes [219]. Several
studies have discussed the effect of scaffold pore shape on tissue
ingrowth and vascularization [220,221]. Di Luca et al. [222] fabricated
a 3D scaffold with pore shape gradient and analyzed its influence on
human-derived mesenchymal stem cells (hMSCs) for osteochondral tis-
sue regeneration applications. This study revealed that rhomboidal
pores can facilitate the osteogenic differentiation of hMSCs whereas
cubic pores are favored for chondrogenic differentiation. In a recent
study, the loosening of hip replacement implants was addressed with a
graded pore shape design. Implant loosening primarily arises from the
microscale deformations frequently disintegrating implant from the
natural bone. Conventional and auxetic pore topologies were designed
at the compressive and tensile regions of the hip implant, respectively, to
prevent retraction from the host bone during the physiological activities
[187]. The designed hybrid implants have been shown to promote
integration at the bone-implant interface by generating compressing
force onto the bone on both sides of the implant (Fig. 7B).

4.3.3. Material gradients

To mimic the physiological properties of native tissue, scaffolds are
required to pose the physical and chemical cues of the native tissue
[223-227]. The scaffolds with gradients in the physical and chemical
properties have shown promise in mechanical and biological perfor-
mance [227,228]. For example, it was demonstrated that the scaffolds
with functionally graded material distribution could accelerate healing
the osteochondral (OC) defects compared to those composed of single
and multiphasic material types that individually support bone and
cartilage formation [229]. Multimaterial 3D printing is one of the
well-known methods for fabricating scaffolds with physical and
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chemical properties gradients; however, it is mostly used for ink-based
3D printing of multi-material non-metallic implants [230].
Laser-directed energy deposition is the most popular method for
multi-material 3D printing of metals. Li et al. [231] used the laser
melting deposition method to fabricate a functionally gradient com-
posite of Ti-6Al-4V reinforced with TiC particles while the concentra-
tion of TiC was gradually varying from 0% to 50% from bottom to top
(Fig. 8A). The amount of unmolten powder and internal microporosity
of the structures increased with TiC concentration. The results revealed
that increasing TiC particles enhanced the hardness of TiCp/Ti-6Al-4V
composites up to 94%. The tensile properties were improved by adding
up to 5% TiC while exceeding this amount led to diminished tensile
properties. Zhang et al. [232] Fabricated a compositionally graded
structure including layers of Ti-6A1-4V, Al;03, and Ti-6Al-4V + Al;03
using LENS process (Fig. 8B). Microhardness and elemental composi-
tions varied over the different layers. Also, taking advantage of LENS
fabrication method, Gualtieri et al. [233] manufactured a composi-
tionally gradient structure of vanadium carbide (VC) and stainless steel
304. Various ratios of VC from 5 to 100 wt% were mixed with stainless
steel 304 to achieve a wide range of wear resistance and hardness.

5. Characterization of additively manufactured implants

Additively manufactured implants have been studied from different
perspectives via a variety of numerical and experimental methods to
evaluate their performance in terms of quality control, mechanical
robustness, as well as a biological function. In the following sections,
those aspects of implant characterization that are taken as objective
functions in the implant design process, and the approaches followed to
meet the requirements are highlighted.

5.1. Structural defects

The AM defects are deviations and manufacturing imperfections
raising the risk of failure under physiological loadings. Those defects are
due to the inherent layer-by-layer deposition process in the additively
manufactured metal implants. The presence of defects can lead to the
complete pore occlusion that impedes bone ingrowth or diminish the
mechanical strength and lead to implant failure [234]. Therefore, sig-
nificant attention has been directed at producing defect-free products.
There is also a vast literature focused on the types and sources of defects
formed during the AM process to understand ways for minimizing defect
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Fig. 8. Examples of the material gradient in metal additive manufacturing (AM) of biomedical structures. (A) Laser melting deposition of Ti-6Al-4V rein-
forced with TiC particles with various TiC concentrations from 0% to 50% from bottom to top. Reproduced with permission from Ref. [231]. Copyright 2017,
Elsevier. (B) Laser-engineered net shaping of multi-material structure with layers of pure Ti-6Al-4V, Ti-6Al-4V + Al,O3, and pure Al,O3. Reproduced with

permission from Ref. [232]. Copyright 2018, Elsevier.
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terms of their sources, components affected, and their effects.

formation. The AM defects are classified into geometric and micro-
structural imperfections. As shown in Fig. 9, each imperfection type may
occur at the nodes or struts and can be sub-categorized based on their
effect, source, and the structural elements affected. According to the
critical role of the defects in the implant failure and mechanical prop-
erties, this section yields a comprehensive review of different aspects of
those defects as well as their formation mechanisms in additively
manufactured metallic implants.

5.1.1. Geometrical imperfections

Geometric deviations of the AM-made structures from the CAD
model can be related to the shrinkage, induced anisotropic residual
stresses, and surface roughness (Fig. 10B). These imperfections may
happen due to improper process parameters, thermal distortion, and
unsuitable laser trajectory [235]. Structural failure and depowdering
failure are the most common types of geometrical defects in metal AM of
porous scaffolds. The former happens in the case of delicate and tiny
features that fail to form completely and the latter is due to clogging of
the internal pores that hinders depowdering process (Fig. 10A).

The dimensional accuracy of implants is an important requirement
for implant fixation and bone regeneration [235,236]. In lattice struc-
tures, dimensional inaccuracies are observed either on the struts or
nodes. The strut defects can be classified as strut waviness, strut thick-
ness variations, strut cross-section eccentricity and shape mismatch,
strut over-and-under size, and missing/interrupted strut (Fig. 10Ci-iii)
[237]. The geometrical deviation of struts because of parasitic mass can
cause localized stress concentration [234]. These inconsistencies
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primarily depend on the orientation of the struts with respect to the
building direction. Overhanging struts are affected by accumulation of
molten material, regarded as over melting. In the EPBF processed lattice
structures, the dimensional errors were generated due to the unopti-
mized input energy especially around the horizontal strut [238]. They
also stem from low heat transfer between solid struts and their
circumferential powder [239]. This effect increases the as-built thick-
ness of the struts and offsets the barycenter of the cross-sections from the
visionary axis of the struts, thereby leading to waviness, varying thick-
ness, and cross-sectional deviation (circular to ellipsoidal) [240]. Ara-
bnejad et al. [241] demonstrated that the strut diameter is highly
influenced by the strut orientation. The vertical struts up to 45% smaller,
and the horizontal struts by over 100% larger than the design models
were reported. Dimensional inaccuracies on the nodes include two cases
of node oversizing and missing nodes. The node oversizing can be
attributed to mass agglomeration due to the balling phenomenon and
partially molten particles during the AM process which is more obvious
in scaffolds at higher relative densities. Fig. 10Civ shows SEM images of
mass agglomeration and parasitic mass at the node. This changes the
strut geometry from a cylindrical shape to an hourglass [234,242,243].

The surface finish of additively manufactured implants is of utmost
importance due to its cell behavior regulatory effect and is primarily
engineered at the post-processing steps [242]. In the AM processes,
surface roughness is influenced by process type, process parameters,
powder size, geometry, and strut inclination angle. Inclination angle
affects upward-and-downward facing surfaces and incurs a
stair-stepping effect on diagonal struts. The surfaces facing the build bed
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Reproduced with permission from Ref. [243]. Copyright 2020, Cambridge University Press. (v) Heat transfer in the laser powder bad fusion (LPBF) process resulting
in powder bonding defect in the hanging features. Reproduced with permission from Ref. [252]. Copyright 2018, Multidisciplinary Digital Publishing Institute. (E)
X-ray tomography of the LPBF processed structure showing the trapped keyhole micropores within the solid phase. Reproduced with permission from Ref. [208].
Copyright 2021, American Chemical Society. Defects in the structures due to the (ii) entrapped gas porosity, (iii) incomplete melting, (iv) lack of fusion (LOF), and (v)
cracks. Reproduced with permission from Ref. [246]. Copyright 2019, Wiley-VCH.

are called downward-facing surfaces, and the surfaces with normal scaffolds with gyroid architecture fabricated by LPBF were loosely
vectors away from the bed are called upward-facing. Upward-facing attached while the particles on upward-facing surfaces adhered more
surfaces are fully exposed to the electron/laser beam during the AM rigidly. Besides, the SEM images in this study were indicative of the
process and the heat can be dissipated by the underneath layers; considerable influence of surface orientation on the surface roughness in
consequently, powders are fully molten. The downward-facing surfaces the AM processed gyroid structures. In the oriented struts, the thermal
with no underneath support structure touching the powder bed, over- gradient leads to a slower heat transfer compared to those of vertical
heat due to the poor heat transfer by the unmolten powders. Therefore, struts (Fig. 10Dv). Therefore, unmolten particles could adhere to the
when the melt pool solidifies, the unmolten powders adhere to the underside surface. Another surface defect that happens due to the
downward-facing surfaces and augment the surface roughness (almost layer-wise fabrication of additively manufactured parts is the
two times higher than the upward-facing surfaces), as shown in stair-stepping effect. This effect depends on the factors like the amount
Fig. 10Di-iii. Increasing the inclination angle of the downward-facing of inclination angle and layer thickness. Several studies have reported
surface leads to a smoother surface [235,238]. Yang et al. [244] found that the stair-stepping effect is less prominent in the surface-based
that the particles on the downward-facing surfaces of Ti-6Al-4V porous structures (e.g., TPMS-based scaffolds) due to their continuous
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topology [238]. In a recent study on LPBF processed lattice structures
[243], surface defects such as powder particles bounded to the surface
due to the unstable melt pool, spherical surface pores with an average
diameter of 80 ym, and stair-stepping effect around the fabricated lat-
tice’s nodes were reported (Fig. 10Div). One other type of
process-induced surface roughness which is related to the insufficient
volumetric energy density is the discontinuous bulging melt track called
balling phenomena. Balling effect leads to the formation of spherical
beads which cause a rough surface [245]. The surface roughness can
impact the fatigue performance, static strength, frictional behavior, fluid
flowability, as well as heat transfer in the implant. Therefore, the poor
surface quality of the internal struts can diminish the mechanical per-
formance of the porous structures [236]. Nevertheless, certain levels of
surface roughness can be biologically favored since the surface rough-
ness has been demonstrated to promote bone growth and osseointe-
gration on the implant surface.

5.1.2. Microstructural imperfections

Internal voids and undesired closed porosities are the defect types
that commonly happen in additively manufactured metal structures and
must be avoided or minimized to restrict their detrimental effects on
mechanical properties. Different types of undesired porosities can be
classified based on their origin into (i) feedstock-related pores and (ii)
processing-induced pores [246]. These undesired porosities are
observed in both bulk and porous structures. Feedstock-related pores are
referred to as the pores that originally exist in the feedstock or are
created in feedstock due to oxidation [247]. A substantial fraction of
internal pores is considered to arise from gas pores that are small
spherical pores entrapped in the feedstock. These pores are mobile in the
melt pool, and then they are transferred to the as-built parts during
metal powder manufacturing [248]. Processing-induced pores can be
classified into the following categories: (i) Metallurgical pores (less than
100 pm) with a spherical shape are generated due to rapid solidification
during the melting process. They are usually formed along the struts due
to the entrapped gases during the manufacturing process [242]. (ii)
Lack-of-fusion (LOF) is known as incomplete melting during the AM
process. Zhang et al. [236] assigned the formation of the irregular LOF
defects to: (i) internal pores from the feedstock powder, (ii) the unstable
melt flow, (iii) evaporation of chemical elements, and (iv) insufficient
melting between successive layers because of the high scan speed or low
laser power. In one study on Al-Si-10Mg alloys [238], the formation of
oxide layers was reported to reduce wettability, hinder the flow of melt
pool, and thereby incomplete fusion defects. (iii) Keyholes are recog-
nized with large and rounded shapes with sizes of more than 100 pm
(Fig. 10Ei). They are usually formed close to the nodes due to rapid
solidification of metals that fail to fill the gaps because of high laser
power or the low scan speed [242]. The formation of keyholes is
attributed to the interactions of solid-liquid-gas phases during the AM
process in the melt pool [249]. At the temperatures higher than the
powder boiling point, the metal elements can evaporate and push the
melts away from the melting zone. Then, a recoil pressure is formed, as a
result of which the vapor capillary driven keyhole is developed. Du
Plessis [247] reported that LOF is more detrimental than metallurgical
and keyhole pores in the structures. Internal pores create stress con-
centration that has a destructive effect on fatigue properties.
Morphology of the microporosities formed due to the trapped keyholes
within the solid phase is illustrated in Fig. 10Eii-v. This type of imper-
fection also depends on the geometrical properties of the structure. Yan
et al. [250] showed that, at a constant design relative density, by
increasing the unit cell size from 2 mm to 8 mm, the relative density of
the manufactured structures reduced by ~9%. The lower relative den-
sity of manufactured scaffolds was attributed to the micropores formed
during the printing process since the larger printing area led to longer
scanning vectors and longer cooling time, thereby forming more
micropore void defects. As a result, it was reported that the yield
strength and Young’s modulus was also decreased with unit cell size due

232

Bioactive Materials 15 (2022) 214-249

to those defects.

Attenuation of the material properties due to AM process is also a
type of imperfection in porous implants. The material properties can be
affected by the AM process parameters, and building orientation. Elmi
et al. [243] studied the effect of AM defects such as surface, micro-
structural, as well as material property imperfections on the mechanical
properties of lattice structures fabricated via the LPBF process. Their
results suggest that the nodes demonstrate the largest average local
Young’s modulus (~6% more than diagonal struts and ~13% greater
than horizontal struts). This phenomenon was attributed to the strong
material texture and molecular bonding at the node sites. The formation
of thermal hotspots in the additively manufactured implants can also
lead to uncontrolled and spatially gradient properties throughout the
product. The regions with such local heat accumulations experience
grain nucleation and growth for more extended periods, leading to
different crystalline properties than the surrounding areas. This also
leads to residual stresses that cause part distortions and failure sites at
the structural scale [251].

5.1.3. Defect prevention

The defect minimization methods can be classified into (i) process
parameter optimization, (ii) post-processing methods, (iii) design stra-
tegies, and (iv) defect simulation [238] (see Fig. 11). Optimization of
AM process parameters can effectively reduce the defects as many
studies have been targeting to study the role of process parameters on
defect formation. For instance, Sing et al. [253] demonstrated that the
LPBF process parameter effects such as hatch space, spot size, scanning
speed, laser power, and layer thickness have a significant impact on the
porosity, dimensional accuracy, yield strength, as well as the elastic
modulus of the as-built lattice structures. In another study, to reduce the
dimensional inaccuracy, Maconachie et al. [235] suggested using a laser
scan vector that could shift ~50% of laser spot size inwards. Besides, the
melt pool size was reduced by decreasing the laser power as well as
increasing the scan velocity. In addition to parameters related to the
volumetric energy density, powder morphology and size distribution
could affect the structure fidelity. Alomar [242] indicated that
employing fine metallic powders could improve the surface quality of
the additively manufactured structures.

Various post-processing techniques have been introduced to reduce
defects. Zhang [236] indicated that hot isostatic pressing (HIP) could
heal gas pores, LOFs, and large internal pores; however,
surface-connected pores may remain after HIP. For complex geometries
such as lattices, chemical treatments (e.g. chemical etching, chemical
polishing, etc.) are more effective than mechanical treatments because
they are highly confined by the part’s geometry [254]. To satisfy the
biological requirements and tailor the interactions of metallic AM
Ti-6A1-4V implants with bone, researchers have used hydroxyapatite
coatings to reduce surface roughness and improve bioactivity [19].
During the post-processing step, the bonded metal powders are elimi-
nated, and the surface quality excels the original surfaces [255].

Another approach to mitigate AM defects is to design strategies to
compensate for deviation from the CAD model. In this regard, Bagheri
et al. [239] introduced a design-oriented strategy to reduce strut size
deviations in Ti-6Al-4V porous biomaterials manufactured by LPBF.
They first built a spider web geometry model by LPBF and after
analyzing the errors, established a thickness compensation relation as a
function of the strut orientation. Afterward, they applied this strategy to
fabricate a tetrahedron-based topology structure. The results exhibit a
reduction in thickness deviation of 60%-3% for horizontal struts. Be-
sides, it was illustrated that setting constraints related to the over-
hanging features can significantly improve the surface roughness and
reduce the defects. Calignano et al. [256] illustrated that to minimize
the stair-stepping effect, the minimum overhang angle (relative to the
bed) in strut-based lattices should be ~30° for LPBF processed
Al-S-10Mg and Ti-6Al-4V samples.
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5.1.4. Numerical analysis of manufacturing defects

Introducing defect effects in the numerical modeling techniques re-
duces the error between numerical and experimental results. This
approach enables quantifying the deviations in order to calculate
compensation factors [235,257,258]. Various methods exist in the
literature for numerical modeling of imperfection effects. For instance,
using several beam elements to capture thickness variation defects in
struts is one of the potential approaches [258]. Image-based finite
element modeling is another method to define defects into numerical
models. In this technique, micro-CT analysis is used to capture the
fabricated morphology and build a continuum element-based finite
element model by the micro-CT results. Since the
micro-CT-reconstructed models are computationally expensive, recent
studies used the stochastic finite element method (SFEM) to insert de-
fects with their respective statistical distribution. Adopting SEFM in
place of the deterministic finite element model enables considering the
randomness of the system which leads to higher efficiency [242,259].
Lozanovski et al. [259] used a combination of Markov chains, Monte
Carlo simulation (MCS), and finite element analysis to investigate the
mechanical properties of lattices that suffer from surface roughness and
strut varying thickness defects. They employed CT data to obtain the
as-built strut dimension data. Afterward, these digital realizations were
applied in the MCS method to calculate the strut thickness distribution
and explore the mechanical response of the structure. Liu et al. [234]
investigated a combined approach of experiment and numerical simu-
lation to develop a beam-based model with the statistical representation
of defects to determine the influence of morphological mismatch be-
tween as-designed and as-built lattice structures. Dallago et al. [260]
investigated the effect of geometrical AM defects as well as the resulting
residual stress on the static and fatigue resistance of the Ti-6Al-4V al-
loys via statistical and finite element simulation. As the impact of defects
on the mechanical properties and optimum design of the lattices were
indicated earlier, researchers established techniques to implement to-
pology optimization with imperfect unit cell models to do a more
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accurate investigation. For example, Moussa et al. [257] used probabi-
listic density distribution of defects to introduce geometric and material
uncertainties in the numerical models and formulated a gradient-based
topology optimization problem to investigate the influence of
process-induced defects on the mechanical properties and density dis-
tribution of optimally graded lattices. It was shown that the mechanical
properties, unit cell anisotropy, and optimized relative density distri-
bution can be affected by the geometrical defects. For instance, they
reported a 23% and 25% difference between the Young’s modulus of
as-designed and as-built tetrahedron-based structures at an angle of 60°
with respect to the build direction and octet-truss structures at an angle
of 45°, respectively.

5.2. Elastic mechanical match

Most of the current metal implants have much higher Young’s
modulus compared to the native bones. The elastic modulus of the
cortical bone is in the order of ~20 GPa. Trabecular bone has a signif-
icantly lower elastic modulus of ~2 GPa [261,262]. Most bulk metals
however, have an elastic modulus of 1-2 orders of magnitude larger
than native bone. This mismatch between the mechanical properties
would lead to stress shielding, bone weakening, and implant loosening
that necessitate follow-up surgeries [263]. After the implantation of the
metal implants, most of the physiological loading is carried by the
metallic implant and not the host bone tissue. In this process, bone
continuously resorbs and loses mass, which causes implant loosening
[261]. The orthopedic implants with functionally graded porosity sug-
gest improved biological and mechanical properties. Introducing graded
porosity to the solid metallic implants has been introduced as an
approach to reduce the local stiffness of the implants at the tissue
interface and to mechanically mimic the host tissue. Consequently, this
method can prevent stress shielding thereby promoting osseointegration
[264]. This approach has motivated many numerical and experimental
research studies to enhance long-term stability by optimizing the
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gradient parameters [261,263].

5.3. Surface properties

The physical and chemical surface properties of the metallic implants
have played a crucial role in osteointegration and stability of the im-
plants. Hence, several studies have suggested surface treatment methods
to tailor the cell behavior in response to implantation. To improve
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osseointegration and suppress the relief of possible cytotoxic compounds
such as Al or V in Ti-6Al-4V, the implant surface can be modified with
stable oxides to improve integration between bone and implant [265]. It
is shown that micro-oxidation of the additively manufactured
Ti-6Al-4V leads to the formation of a homogenous thin layer of
microporous TiOy as well as calcium-phosphate. The in vivo studies
showed that in the case of treated scaffolds, bone was formed over the
entire scaffold’s surface and entangled within the porous features, while
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Fig. 12. Fatigue and impact responses in metal implants. (A) Lattice structure (i) after the fatigue test and (ii) the location of the fatigue crack initiation.
Detection of fatigue crack propagation in Ti2448 lattice structure using scanning electron microscopy (SEM)-based electron backscatter diffraction (EBSD) technique
showing (iii) morphology of single p grains and (iv) EBSD analysis of the struts along the building direction. Reproduced with permission from Ref. [268]. Copyright
2017, Elsevier. (B) Failure modes in (i) P, I-WP, gyroid, and diamond under (ii) static compression loading and (iii) fatigue test. The shear lines are represented in
purple. Barreling and diagonal collapsing of layers are highlighted in green. Reproduced with permission from Ref. [270]. Copyright 2017, Elsevier. (C) The hip
implant setup for (i) distraction, (ii) fatigue. (iii) Reaction force on the implant’s neck. (iv) Crack initiation and fracture locations in the solid hip implant. Reproduced
with permission from Ref. [274]. Copyright 2016, Wiley-VCH. (D) Dental implant (i) assembly and (ii) fatigue test setup. (iii) Crack region on the screw thread of the
dental implant after fatigue test. (iv) External load-fatigue life (F-N) data for the dental implants under various screw tightening torques. Reproduced with permission
from Ref. [275]. Copyright 2020, Multidisciplinary Digital Publishing Institute.
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in the untreated scaffolds, bone formation was limited to the periphery
of the scaffolds [266]. It was demonstrated that coating Ti-6Al-4V
porous scaffolds with polydopamine-hydroxyapatite can enhance the
adherence and proliferation of mouse preosteoblast cells (MC3T3). The
improved osteointegration, osteogenesis, and cell differentiation were
further approved by in vivo studies through implantation in a rabbit
femoral defect [15]. Bacterial infection at the tissue interface is one of
the main complications after implantation. It was shown that the LPBF
processed components such as Ti-6A1-4V-xCu with 4 and 6 wt% Cu have
robust antibacterial properties and outstanding cytocompatibility with
bone marrow cells [267]. Another major concern for implant rejection is
debris particles releasing at the bone and implant interface and their
contribution to promoting macrophages that trigger osteoclasts [263].
As mentioned earlier, one of the primary defects in additively manu-
factured implants is poor surface roughness due to the presence of
unmolten and partially molten powders that loosely adhere to the im-
plant’s surface and cause osteolysis, which is one reason for implant
failure due to aseptic loosening. Therefore, surface finish is a necessary
step before implantation [262].

5.4. Fatigue performance

Physiological loading applied to the implants during the daily ac-
tivities is dynamic and repetitive. These types of loads often lead to fa-
tigue crack initiation, propagation, and eventually failure. Fig. 12A
demonstrates SEM-based electron backscatter diffraction (EBSD) images
of the fatigue fracture surface for a Ti2448 lattice structure, wherein f
grains (including columnar and equiaxed grains) are surrounded by fa-
tigue cracks. Here, the crack deflections observed in the columnar grain
zone are attributed to the misorientation of the neighboring grains.
Fatigue cracks cause major deflections in both equiaxed grain zones and
the coarse columnar grain zones [268].

Additively manufactured metals are generally characterized by a
shorter fatigue life compared to those of bulk counterparts fabricated by
conventional techniques. This mechanical decay is primarily due to the
internal defects as well as high surface roughness in additively manu-
factured structures which can accelerate the crack initiation process.
Thus, the fatigue strength of the AM processed metal structures can be
partly improved by implementing proper surface finish procedures
[269] along with the processes mentioned in section 5.1.3. The sharp
regions with the maximum local stress concentration are the most sus-
ceptible for fatigue crack initiation and propagation. Hence, lattice
nodes in the porous scaffold structures are the most critical components.
In this respect, TPMS-based scaffolds offer smooth curvatures, and
thereby, they can improve fatigue durability. The fatigue behavior of
TPMS structures was studied by Bobbert et al. [270]. In terms of failure
mechanism, the static compressive tests demonstrated barreling,
layer-by-layer collapse, and 45° shear bands for different pore types
(Fig. 12Bi,ii). Fatigue tests results, however, resulted in the formation of
45° shear bands for all pore shapes (Fig. 12Biii). The fatigue life of the
structures was in the range of 30,000 to 700,000 cycles where the P
topology experienced the shortest fatigue life compared to G, I-WP, and
diamond counterparts (despite P structure is known to be a strong
stretching dominated architecture compared to the other bending
dominated pore architectures). Lietaert et al. [271] designed Ti-6A1-4V
lattice scaffolds with radial porosity gradient and studied quasi-static
tension, tension-tension, compression-compression, and
tension-compression fatigue responses. The fatigue life in
tension-tension mode was found to be significantly lower than
compression-compression mode. Zhang et al. [272] studied the low
cycle fatigue (LCF) performance of additively manufactured Ti-6Al-4V
constructs processed via LPBF and EPBF technologies. The results
showed that compared to LPBF, the EPBF process led to a better fatigue
performance at low strain amplitudes but a weaker LCF performance at
high strain amplitudes.

Customized fatigue test setups are required for fatigue testing of the
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implant with complex external geometries. For instance, based on the
ISO 7206-4 standard [273], the hip implants are required to be oriented
in specific angles while the lower portion of the implant is embedded in
a cement-based casting material [274] (Fig. 12Ci, ii). Fatigue cracks in
hip implants usually initiate at the modular neck due to the highest
stress concentrations in this region (Fig. 12Ciii, iv). The fatigue testing of
dental implants is also standardized by ISO 14801 [275]. Fatigue cracks
in dental implants usually initiate in the valley of the threads. The fa-
tigue tests on the implants tightened with various screw tightening
torques illustrated that although some of the dental implants may fail at
the screw head, still, most of the failures relate to the thread section
(Fig. 12D).

5.5. Impact performance

Metal implants are commonly exposed to various dynamic impact
loads due to physiological movements or external loadings [276].
Similar to fatigue behavior, the intrinsic defects of the additively man-
ufactured constructs lead to their weaker impact resistance compared to
that of bulk biomaterials [277]; hence, defect minimization approaches
are necessary to enhance the impact response of the implants. The
impact resistance and dynamic response of implants can be investigated
by operating a direct impact Hopkinson pressure bar system [276]. A
high-speed imaging system aligned with the Hopkinson bar can be used
to observe the progressive collapse and shock effects in real-time with
stress-time data [278]. Harris et al. [279] studied the out-of-plane
compression of stainless-steel cellular materials fabricated using LPBF
and compared the impact response of two different square honeycomb
structures (solid wall and lattice wall). It was shown that the honeycomb
structures with lattice walls have a greater energy absorption efficiency
at the medium impact velocity (100 ms ). In another study [280], the
mechanical performance of the additively manufactured Ti-6Al-4V
lattice structures with uniform and functionally graded porosity under
strain rates up to 1000 s~! were investigated by an electronic universal
machine and Split Hopkinson Pressure Bar system. The results showed
that the specific energy absorption in the graded structures is about 28%
higher than the uniform structures. It was also demonstrated that by
increasing the strain rate from 0.001 s~! to 1000 s, the collapse
strength of the graded lattices elevates by ~25%. Radford et al. [281]
specified three features playing role in the dynamic response of square
honeycomb structures of the stainless steel samples. These features
include rate sensitivity of the material, inertial stabilization of buckling
phenomena, and plastic wave propagation effects. When the impact
velocity increased (from 0 to 50 ms_l), the two first features resulted in
the front and back face stresses. However, by raising the impact velocity
above 50 ms™!, the third feature was dominant in the front face stress
while back face stress was relatively independent of speed.

5.6. Mass transport and permeability

Mass transport plays a crucial role in the effective exchange of nu-
trients and wastes required for cell proliferation and differentiation
[282,283]. To facilitate this process, porous scaffolds are required to be
highly interconnected thereby supporting biofluid flow from inside the
pores. Permeability and diffusivity are important design criteria, by
which the pore characteristics (such as pore shape, porosity, and pore
size [284]) are evaluated in terms of their potential for conducting in-
ternal fluid flow to quantify the tissue ingrowth capability of the scaffold
[285,286]. In essence, permeability and diffusivity represent how easy it
is for the cells inside the porous implants to be nurtured and oxygenated,
and the wastes or metabolic byproducts to be carried away. Many
studies have declared significant correlations between permeability and
biological characteristics of the scaffolds. According to Darcy’s law, the
permeability coefficient (k) relates pressure gradient to mass flux ac-
cording to Equation (20) [287]:
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where Q, i1, L, A, and AP represent flow rate, the dynamic viscosity of the
fluid, sample length, cross-section area, and pressure drop within the
scaffold, respectively. Based on Fick’s first law, the diffusivity also re-
lates diffusion flux to the concentration gradient according to Equation
(21) [288].
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where D is the diffusion coefficient of penetrant and % represents the
concentration gradient along the x-direction. Computational fluid dy-
namics (CFD) is a popular design tool for predicting the microscale flows
and analysis of permeability [282]. In addition to permeability, fluid
dynamics-induced shear stress plays an important role as mechanical
stimuli for cell growth. Accordingly, cell nutrition, cell oxygenation, and
eventually, cell proliferation and differentiation are strongly interre-
lated with the analysis of fluid-solid interactions in scaffold structures
[283,289].

Recent studies have emphasized matching scaffold permeability to
that of natural bone tissue [284]. Zhang et al. [290] studied the
permeability of graded Ti-6Al-4V scaffolds over a wide range of
porosity (38-75%) and pore size (250-450 pm). Their findings suggest
that the permeability of graded scaffolds (0.129 x 1072 m2-0.491 x
10~° m?) was in the range of human bone. Li et al. [282] assessed the
mass transport properties of porous lattice structures with diamond,
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octet truss, and rhombic dodecahedron unit cell types. The diamond
structure was characterized with a more homogeneous shear stress
distribution compared to octet truss and rhombic dodecahedron, offer-
ing a better environment for tissue regeneration and improved fixation.
However, octet truss and rhombic dodecahedron exhibited higher
maximum velocity compared to diamond structure. Ali et al. [291]
studied cubic gyroid and lattice-based scaffolds with various porosities.
The results of CFD analysis suggested that high porosity leads to the
decreased wall shear stress and increased permeability for both archi-
tectures. However, at the same porosity, gyroid models showed a lower
permeability and higher wall shear stress compared to those of
lattice-based architectures. Shuai Ma et al. [284] evaluated the re-
lationships between permeability and cell ingrowth in the gyroid scaf-
folds with various porosities (75.1-88.8%) and pore sizes (500-1300
pm) (Fig. 13B). To measure experimental permeability, a piezometric
pressure sensor was used to measure the pressure drop between the two
ends of the samples and permeability at different flow rates was calcu-
lated based on the experimental setup shown in Fig. 13Bi. The measured
permeability for the samples ranged in 0.29 x 10~ to 3.91 x 10~ m?,
which was close to trabecular bones. Permeability decreased with flow
rate specially in the case of scaffolds with larger macropores (Fig. 13Bii).
Additionally, the pressure and velocity fields were studied using CFD
simulations (Fig. 13Biii-v). The in vitro studies here showed that
permeability plays a key role in cell proliferation as the highest cell
numbers was observed in scaffolds with the largest porosity (~88%)
after 7 days of cell culture.
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Fig. 13. Permeability analysis of porous metal additively manufactured scaffolds. (A) (i) Permeability setup for measuring the permeability of triply periodic
minimal surface (TPMS) cubic scaffolds with P, G, and D topologies at different (ii) unit cell sizes and (iii) porosities. The value beside P, G, and D illustrate the
porosity of the scaffolds and P0.25-0.75 represent the scaffolds with gradient macroporosity. Reproduced with permission from Ref. [208]. Copyright 2021,
American Chemical Society. (B) Permeability analysis of TPMS scaffolds with G topology. (i) The schematic diagram of permeability setup. (ii) Permeability changes
with flow rate for the scaffolds with various pore sizes. The samples labeled with C05, C07, C09, C11, and C13 have pore sizes of 500, 700, 900, 1100, and 1300 pm.
(iii) Pressure distribution, (iv) velocity distribution, and (v) velocity distribution within vertical and horizontal cross-sections of the scaffold. Reproduced with

permission from Ref. [284]. Copyright 2020, Elsevier.
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6. Applications in regenerative medicine

Recent studies have demonstrated the capability of additively man-
ufactured metal implants at promoting tissue integration through
various in vitro and in vivo studies [292]. In addition, metal AM has led to
enormous success in advancing customized medicine and personalized
prostheses [293] as well as quick operation planning of surgical guides
[294] by integrating different bioactive materials as discussed in section
3. For instance, Ti alloys are the most popular medical grade metallic
materials mainly due to superior biocompatibility and corrosion resis-
tance, making them a great candidate for cranial replacements, dental
implants, joint replacement, etc. Besides, Ta has a high biocompatibility
and corrosion resistance comparable to Ti, although the higher elastic
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modulus and density can increase the risk of stress-shielding issues.
Incorporating porosity within Ta implants enables their application in
bone implants. Ta can also be used as a coating for bone/implant
interface due to their osseointegration properties [295]. Co-Cr alloys
not only offer high corrosion resistance, but also enhance hardness and
strength compared to Ti alloys. Hence, they are mostly used as dental
substitutes and knee replacements [128]. Ferrous alloys such as stainless
steel have lower corrosion resistance compared to Ti and Co—Cr alloys,
so they are mostly suitable as temporary implants and screws, as well as
surgical tools. While the implants fabricated from metallic alloys are
usually non-biodegradable, Mg alloys enable biodegradation to allow
bone regeneration [129]. Due to the unique shape memory performance
of smart alloys, they are mostly used for making actuators, stents, and

(D)

Conventional

Auxetic

(E)

Fig. 14. Application of metal additive manufacturing (AM) for skeletal bone implants. (A) Metallic pelvic prosthesis fabricated by electron beam powder bed
fusion (EPBF) technology. Reproduced with permission from Ref. [308]. Copyright 2019, Springer Nature. (B) Fracture fixation in the pelvis by an additively
manufactured metallic prosthesis. Reproduced with permission from Ref. [308]. Copyright 2019, Springer Nature. (C) Functionally graded porous metallic hip
implant for biopermeability (higher designed macroporosity at the periphery) and enhanced mechanical strength (lower macroporosity at the center) can be in-
tegrated with cell-laden gelatin methacryloyl (GelMA) due to its high peripheral permeability. Reproduced with permission from Ref. [208]. Copyright 2021,
American Chemical Society. (D) Hybrid hip implants including conventional and auxetic lattice topologies to prevent implant retraction from the bone. Reproduced
with permission from Ref. [187]. Copyright 2018, Royal Society of Chemistry. (E) Deformable orthopedic implants architected with conventional lattice design at
various relative densities. Reproduced with permission from Ref. [185]. Copyright 2021, Elsevier.
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shape memory wires or springs for cardiovascular applications. In the
following sections, the latest contributions of AM in addressing the
needs for regeneration of different tissue types are elaborated.

6.1. Skeletal bone

Skeletal bone is the essential internal framework that performs vital
functions, including supporting, moving, protecting, and storing min-
erals. Events such as accidents, trauma, war casualties, obesity, and even
aging, may cause significant bone loss, raising the need for bone and
joint replacements (Fig. 14A and B). Natural bone consists of an aniso-
tropic complex internal microstructure. Replicating such delicate fea-
tures requires advanced AM techniques [296,297]. The common AM
materials for implants include Ti-based blends, Co—Cr-based com-
pounds, NiTi shape memory alloys, firm stainless steels, and Ta [298].

Next-generation implants are aimed to customize these implant
structures according to the patient needs with engineered internal
porosity for tissue integration. The high stiffness of the bulk Ti alloys
such as Ti-6Al-4V (Young’s modulus of 17-20 GPa and yield strength of
131-224 MPa) compared to natural bone, is one of the main reasons for
long-term bone resorption [299-301]. Gradient pore designs can be
applied to implant structures to provide mechanical matching at the
tissue interface. Fig. 14C represents a functionally graded porous hip
implant with higher porosity at the periphery (tissue interface) for
enhanced biopermeability and reduced stiffness closer to natural bone,
as well as less porosity at the center for improved mechanical strength.
Kolken et al. [187] manufactured a hybrid meta-implant including
negative (auxetic) and positive Poisson’s ratios materials, which could
prevent implant retraction from the adjacent bone upon physiological
loadings (Fig. 14D). In another study [185], they designed an acetabular
cup including outer lattice layers with different relative densities
(Fig. 14E). The porous layer could deform upon movements leading to
the improvement in stability and fixation of the implant. The other ad-
vantages of the designed porous implants include reduction of stress
shielding and maintaining bone density (osteopenia). Attar et al. [302]
fabricated porous composite specimens based on Ti-TiB with various
porosities of 10%, 17%, and 37% using LPBF. It was observed that elastic
modulus, yield, and ultimate strengths were reduced with porosity in
specimens. A 37% porous Ti-TiB compound showed an elastic modulus
and yield strength similar to the human skeletal bone [303]. Li et al.
[304] proposed Ti-Nb-Ta-Zr compounds with stiffness of about 48-55
GPa (almost half of Ti-6A1-4V) for the fabrication of metal implants. To
further push the elastic modulus close to that of cortical bone, the
Ti-45Nb alloy with 13% porosity and compressive elastic modulus of
about 11 GPa was made by the LPBF technique [305].

Biodegradable metal alloys have also been reported as load-bearing
skeletal bone implants for temporary applications to support bone
regeneration [286]. Carluccio et al. [306] proposed an LPBF processed
Fe-35Mn bone implant with mechanical properties suitable for
load-bearing applications. The implants were characterized by
biocompatibility, cell adhesion, and biodegradation properties. Shuai
et al. [307] used a mechanical alloying technique to prepare a super-
saturated solid solution. The newly developed alloy could improve the
degradation rate of the Fe-Mg LPBF processed implants to mimic the
bone regeneration rate.

6.2. Spinal cord

Spinal cord injury (SCI), also known as the central nervous system
(CNS) disorder, is a major burden to the healthcare system. It has been
reported that in the United States alone, near 450,000 patients struggle
with this disease each year. Although significant progress has been made
thus far in clinical treatments, still therapeutics are failed to completely
recover the nerve functions [309]. Biomimetic 3D scaffolds have been a
potential solution as an alternative approach to restore the damaged
nervous system. Additive manufacturing of spinal cord implants for
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repairing damaged spinal cords has been a potential solution. Many
requirements should be met in the scaffold design for the treatment of
SCI. Biocompatibility is an essential factor for axonal growth since
axonal regeneration is promoted by contact-mediated guidance by the
scaffolds. Functionalizing the surface of the scaffolds with biological
molecules, such as full-length proteins enhances axonal growth and
mimics a natural extracellular matrix [310,311]. Moreover, the bio-
stability (refers to stability in response to the physiological environ-
ment) of the spinal implants is crucial along with choosing the optimal
material with proper mechanical characteristics [312]. The Ti-based
alloys are well-known in AM of metallic implants for the treatment of
spinal cord injuries due to their attractive properties such as biocom-
patibility and corrosion resistance [313]. Various types of additively
manufactured metallic prostheses have been introduced for recon-
structing anterior column and vertebral defects (Fig. 15). Girolami et al.
[314] illustrated the anterior column reconstruction using a customized
metal prosthesis fabricated by EPBF technology. The prosthesis included
a lattice design at the center of the implant (mimicking cancellous bone
structure) and a fine shell to resemble the cortical bone (Fig. 15A).
Willemsen et al. [315] developed a customized 3D printed prosthesis to
bridge the unstable parts to the nearest stable vertebra. As demonstrated
in Fig. 15B, the implant involved a solid main cylindrical part, proximal
protrusion (supporting the inferior endplate) as well as a distal protru-
sion (supported on the superior endplate).

Additively manufactured fusion cages can be utilized for the treat-
ment of cervical spondylotic myelopathy (CSM) by cervical corpectomy
which is common in individuals older than 55 years and patients with
cervical spondylosis [316]. Yang et al. [317] implemented an in vivo
study on the artificial vertebral body (AVB) developed by the EPBF
technique. They illustrated that the mechanical properties of the man-
ufactured implants with interconnected porosity were comparable to
that of cancellous bone and can be effective in minimizing the
stress-shielding effect (Fig. 15D). The porous ultrastructure of the AVB
could encourage osteoinduction. In a case study by Chung et al. [318], a
large vertebral defect was substituted with a 3D printed Ti cage fusion
for a patient who had a car accident and whose thoracic spine was
injured. It was concluded that 3D-printed implants can be adequate
options for the treatment of severe spinal injuries.

6.3. Craniofacial bone

The craniofacial skeleton plays an essential role in supporting over-
laying facial soft tissue including muscles, nerves, and blood vessels.
Traumatic head injuries, congenital defects, and cancer are the common
conditions that lead to loss of craniofacial bones and arise the need for
craniofacial surgeries and bone substitutions [1]. Although autografts
and allografts have been the first choices for the treatment of craniofa-
cial defects, they have some disadvantages such as limited resources and
fitting with the shape of the defected tissue. The precise design of the
craniofacial substitutions and mimicking the shape of the defected tissue
is critical due to the essential role of the craniofacial bones in eating,
vision, airway, audition, speech, brain function, facial symmetry, and
social stigmatization [319].

New imaging technologies in combination with metal AM have
enabled personalized solutions. Bone defects can be scanned by a CT
scanner to generate the CAD model of the defected area. Bone sub-
stitutions then can be designed in accord with the patient’s bone to-
pology. Finite element analysis can be integrated with these platforms
for the mechanical design of bone constructs. The human skull is
composed of 22 bones each of which has different physical properties.
Cranium implants should be fabricated of tough materials to assure
effective protection of the brain from intense stresses. Orbital floor
bones, however, do not require as high strength as the cranium. The Ti
alloys are the most common metallic substitutions used in craniofacial
surgeries, among which Ti-6Al1-5V is well-known as a biocompatible
metal widely used in AM cranium fixation components (e.g., screws,
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Fig. 15. Applications of metal additive manufacturing (AM) in spinal cord tissue regeneration. (A) Anterior column reconstruction using a customized metal
prosthesis fabricated by electron beam powder bed fusion (EPBF) technology. The prosthesis includes a lattice design at the center of the implant that mimics
cancellous bone and a fine shell to resemble the cortical bone. Reproduced with permission from Ref. [314]. Copyright 2018, Springer Nature. (B) Customized 3D
printed prosthesis to bridge the unstable parts to the nearest stable vertebra. Reproduced with permission from Ref. [315]. Copyright 2019, Elsevier. (C) Recon-
structing large vertebral defects using a 3D printed metal prosthesis. Reproduced with permission from Ref. [318]. Copyright 2019, Elsevier. (D) Porous
self-stabilizing vertebral body prosthesis. Reproduced with permission from Ref. [317]. Copyright 2014, Lippincott Williams & Wilkins.

plates, and meshes) [319]. Fig. 16Ai summarizes the cranial implant
design procedure. First, a 3D model of the skull is obtained through CT
imaging. Then, the model is divided via the mid-plane. The healthy side
is then used to reconstruct the defective area. Fixation lips i.e., tapered
holes for the screws are also introduced to the implant model for stable
attachment and fixation of the implant to the target zone. After deter-
mining design volume, internal porous designs are conducted by
patterning unit cells into the generated implant solid model (Fig. 16Aii).
Before the development of the final metallic implants, plastic models of
the skull and implant can be fabricated by desktop plastic 3D printers to
evaluate the fitting and precision of the design (Fig. 16Aiii) [320].
Various types of customized 3D-printed metallic cranial implants and
surgical guides for non-human primates have been introduced in the
literature (Fig. 16B) to fix specific chambers or guides for access to
different regions of the brain. Mandibular reconstruction has been
addressed by metal AM technologies (Fig. 16C and D). Yan et al. [321]
developed a porous Ti-based prosthesis for whole mandible replace-
ment. After X-ray imaging and reconstruction of the 3D model of the
human mandible, the proper porosity and pore size for the reliable
strength were calculated using finite element analysis, and the
customized mandibular prosthesis was additively manufacturing using
EPBF technology (Fig. 16Di). It was demonstrated that the strength of
the manufactured prosthesis enhances and reaches the strength of the
native mandible after 12 months from implantation (Fig. 16Dii, iii)
[321].

6.4. Dental

Dental implants are used to replace damaged or missing teeth and are
considered a routine treatment for mouth rehabilitation. However,
complications such as peri-implantitis and marginal bone loss remain
major challenges [324,325]. Ehlers-Danlos syndrome affects the
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connective tissues such as those in the mouth and jaw. This disease limits
the process of oral construction and healing of edentulous patients
[326]. Hence, to improve the quality of life for patients, a vast number of
studies have been conducted to address these concerns and increase the
duration, aesthetics, and functionality of implants [327].

Biomaterials used for dental applications should be considerately
selected. These materials must be strong enough to withstand cyclic
forces. The average of the axial bite forces for normal humans varies in
different areas of the jaw and may reach 500 N in the canine area, 600 N
in the premolar area, and 800 N in the molar area [328]. The p-type Ti
alloys with high wear resistance and low elastic modulus closely mimic
human bone and its composites are shown to effectively inhibit the stress
shielding effects [329]. In addition, Co—Cr metallic alloys are also widely
used in dental implants. Bassoli et al. [330] studied the mechanical
properties of Co-Cr-Mo, and Ti—6Al-4V alloys processed by LPBF. The
elongation at break, tensile strength, densification, and hardness of the
two alloys mentioned in this study were in close agreement with the
values reported in the datasheets for the dental application, regardless of
their built orientation. In another study, Revilla-Leon [331] investigated
the effects of surface roughness, chemical composition, as well as the
ceramic shear bond strength of metal frameworks fabricated with sub-
tractive and AM processes for the Co-Cr dental implants. Meaningful
changes in topographical properties and surface roughness were
observed due to their different chemical compositions and AM proced-
ures [332]. The metal-ceramic shear bond strength in the Co—Cr alloys
was not found to be sensitive to manufacturing parameters [331]. The
bonding strength of porcelain to LPBF manufactured Co-Cr alloys was
~67 + 15 MPa, which is acceptable for dental applications [333,334].
Khan and Dickens [335] used a 24-carat gold powder to additively
manufacture dental crowns for providing adhesion for
porcelain-fused-to-metal implants. Xiong et al. [328] developed a
porous Ti-6Al-4V scaffold with dense cores of varying diameters for
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Fig. 16. Applications of metal AM in craniofacial implants and maxillofacial reconstructions. (A) Design steps for (i) bulk cranial implant and converting to
(ii) porous implant. (iii) 3D printed metallic cranial implant on the skull. Reproduced with permission from Ref. [320]. Copyright 2017, Elsevier. (B) Customized
models of cranial implants and guide for non-human primates. Reproduced with permission from Ref. [322]. Copyright 2017, Elsevier. (C) Customized V-shaped
craniomaxillofacial 3D-printed metallic implant. Reproduced with permission from Ref. [323]. Copyright 2020, Elsevier. (D) (i) Designing 3D human mandible
porous model. (ii) Metal 3D printed mandibular scaffold. (iii) Mechanical characterization of the mandibular scaffold after implantation. After 12 months from
implantation, the strength of the implant was about the strength of the native mandible. Reproduced with permission from Ref. [321]. Copyright 2018,

Springer Nature.

dental implants (Fig. 17A). They examined the fatigue performance and
mechanical properties of the additively manufactured structures and
investigated osseointegration responses through in vitro and in vivo tests.
It was demonstrated that designing a dense core in a porous structure
can significantly enhance the mechanical properties while maintaining
the desired porosity for osseointegration. Among different specimens,
PT-1.8 (porous Ti structure with a 1.8 mm diameter solid core) showed
the best mechanical properties. A clinical study investigated the
manufacturing of a metal-based denture using LPBF for the treatment of
the Ehlers-Danlos syndrome (Fig. 17B) [336]. It was shown that metal
bases are useful in the production of dentures with limited restorative
space. Fig. 17C illustrates the most common techniques used in dental

240

implant production to develop bioactive surfaces while combining
antimicrobial activity to maximize healing and antibacterial capacities
and consequently improve osseointegration [337].

7. Clinical translation

Metals have been used to manufacture body implants since the 1950s
[338]. Traditional manufacturing techniques have been utilized for
fabricating prostheses during the last decades and yet, they fail to meet
fundamental requirements such as long-term stability and tissue inte-
gration. Since the late 1980s, AM techniques were used to prototype
biomedical models and devices for application in tissue regeneration.
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Nevertheless, the AM implants have not achieved full approval for Inflammation, trauma, and tumors may cause mandibular defects and
clinical implantation in many countries [330,339]. Significant efforts necessitates reconstructive surgical operations. Conventional surgical
have been made towards clinical translation of additively manufactured approaches rely on reconstruction Ti plates and autograft bone sub-
implants to address challenges in orthopedic surgery not only for stitutions. Patients going through the operation utilizing conventional
manufacturing the implants and medical tools but also for producing replacement methods suffer from complications such as joint pain, lower
training tools. Being able to simulate a complex surgery provides sur- mouth opening range, asymmetric facial contour, and implant loosening
geons with valuable experience before performing the actual procedure [341,342]. To improve surgical outcomes, the use of AM for fabricating
[340]. The medical industry has been using digital imaging for a long mandibular prostheses has been researched. Xia et al. [342] conducted a
time. Mating those imaging technologies and CAD with the advanced case study where additively manufactured metal prostheses in mandible
metal AM techniques has motivated a surge of interest towards clinical surgery were evaluated and compared to that of conventional methods.
translation of personalized medicine approaches for tissue regenerative In this study, a total of 20 patients were selected. Customized 3D printed
applications [341]. implants were inserted for 4 patients and conventional methods were

Mandible reconstruction surgery is an extremely invasive procedure. applied to the remaining 16 patients. Lower operative time and
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increased post-operative recovery were the two most significant ad-
vantages in the case of additively manufactured implants. Grecchi et al.
[343] additively manufactured a full mandibular customed prosthesis
and implanted it in a 67-year-old patient. Traditional reconstruction
techniques were difficult due to the state of the patient’s mandible. The
AM was especially useful since the complexity of the design could not
allow its manufacturing via the traditional techniques. As expected, Ti
alloys, especially Ti-6Al-4V, play an important role in manufacturing
customized mandibular implants.

In the medical industry, AM is the most accepted in dental applica-
tions [344]. Metal AM methods enable manufacturing dental implants
such as crowns and bridges. Different materials have been studied to
determine the suitability of different metallic biomaterials such as gold,
titanium, chromium, and their alloys [335,344,345] for commercial
implementation. Using the conventional methods, it takes up to 2 weeks
for the dental crowns to be manufactured for a temporary crown
placement [345]. To reduce the manufacturing time and problems
related to this delay, AM has been suggested as an alternative
manufacturing technique.

Overall, the AM technologies have seen a greater acceptance in
medical applications over the last few years. In 2007, only 2 research
articles were published regarding AM medical implementation whereas,
in 2017, the number of published articles increased to 68 [340]. This
increasing interest has provided clinicians with better information on
the advantages of such technological advancements. The AM is revolu-
tionizing the medical industry, but some are yet skeptical since
long-term effects on patients have not been yet proved even in the dental
industry where AM has the most acceptance [346]. Great advantages are
clear when applying AM to medical such as the ability to manufacture
complex designs, less waste material, and better prosthesis acceptance
by the body. On the other hand, important disadvantages and un-
certainties are still present. High cost, long-term effects, and government
regulations represent some of the most important challenges of AM
[340,344]. In the years to come, AM is expected to gain more attention
in medical applications.

Several additively manufactured metal implants have been FDA-
approved for commercialization. The iFuse porous titanium implants,
developed by SI-BONE Inc. for sacroiliac (SI) joint treatment, demon-
strated better bone fixation at the clinical trials [347]. Osseus Fusion
Systems have introduced their patient-specific porous spinal implants
that could be manufactured in demanded sizes and shapes based on the
surgeon’s needs. The high porosity of the manufactured implants (i.e.,
~80%) has led to products with mechanical properties close to natural
bone [348]. Stryker developed additively manufactured porous Trita-
nium® TL curved posterior lumbar cage with pore shapes mimicking
that of cancellous bone [349]. The FDA-approved craniofacial titanium
implants designed by BioArchitects and processed by EPBF technology
are lightweight and possess greater tensile strength over their conven-
tional counterparts where separate attachments and brackets are used to
fix the plate in place [350]. Recently, the first customized talus 3D
printed cobalt-chromium implant for the ankle joint was approved by
FDA [351]. Furthermore, NGMedical introduced a Ti cervical implant
based on a honeycomb structure, namely BEE cage design, approved
recently for better bone proliferation [352]. An ongoing effort is
currently under progress by the orthopedic companies to obtain FDA
approval for additively manufactured metal implants.

8. Conclusions and future perspectives

Metal AM techniques have revolutionized the design and processing
of implantable biomaterials, in particular, for hard tissue regeneration.
Those techniques have opened new opportunities towards personalized
treatment plans for the regeneration of a wide range of tissue types such
as bone, cartilage, and dental components. Simultaneously, CAD
methods have advanced to facilitate modeling processes based on the
imaging data obtained from the patients to address their specific needs.
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Complex design problems, however, require expensive computational
tools. The STL models of porous scaffolds (particularly those comprising
of a large number of unit cells) have a large file size, and therefore, it is
often difficult to import them into the commercial AM machines. Be-
sides, post-processing and modification of those STL files are time-
consuming if not impossible. Given the augmented interest in porous
unit cell topologies, the current commercially available CAD software
still lacks proper toolboxes for direct modeling of mathematically
defined TPMS-based unit cells. Likewise, more user-friendly modules are
required for defining lattice-based unit cell networks. Toolpath gener-
ation algorithms can be further adapted specifically for scaffolds with
repetitive unit cells. Current design models are often unnecessarily large
as they replicate data of the same unit cell to define the final geometry;
hence, efficient CAD file formats and computational modeling processes
may be developed for efficient design and toolpath generation for metal
AM implants by eliminating that repetitive information. With the aid of
machine learning (ML) tools in combination with metal AM techniques,
many obstacles in adopting AM for the industries that need high-
throughput high-precision parts can be addressed. Due to the
complexity of the metal AM and the multitude of processing parameters,
metallic AM parts usually deviate from the designed model. Integrating
ML in different stages of fabrication, from design to process optimiza-
tion, post-processing, and quality control can improve the quality of the
end part. The ML algorithms can be trained by previous datasets to
predict the optimized process parameters and consequently minimize
the inconsistency of the AM parts [353,354]. Since incorporating ML in
metal AM is a new approach, there is still space for generating
high-quality supervised and unsupervised ML algorithms and adopting
active learning to further improve prediction accuracy.

The current AM technologies have shown great flexibility for inte-
gration with different metal biomaterials. However, switching the
powder material in AM machines is a difficult process and requires an
expert operator. This issue necessitates further attention to AM tech-
niques such as DED for their further expansion in biomedical applica-
tions. Although the currently high manufacturing times using AM do not
present a major obstacle for personalized treatments, the slow AM
process hinders industrial mass production of metal implants and solu-
tions for production rate is of high demand. Furthermore, more efforts
are required to identify approaches to prevent anisotropic properties in
the additively manufactured components while the heat treatment and
topology optimization methods are evolving to address this issue.

The AM machines can be further advanced in many ways to add more
functionalities to the implant structures. In situ monitoring of the 3D
printing process for instance, is one emerging way of improving quality
control. Self-training algorithms can be developed to eliminate the
structural defects in AM biomedical products. Likewise, artificial intel-
ligence can help automate the entire AM process for instance, by setting
the printing parameters according to the design topology and metal
biomaterial type. It is envisioned that enabling the current metal 3D
printers to produce multi-material structures, can lead to a paradigm
shift towards smart self-sensing implants. In this scenario, in situ struc-
tural health monitoring of the implants may be pursued by co-3D
printing of the implant structure with sensing elements, as well as en-
ergy harvesting piezoelectric materials [355-359]. Those sensing ele-
ments may enable the long-term monitoring of physical failures and
evolutions, as well as chemical changes around the implant structures (e.
g., to monitor the release of metal ions or detached metal particles).
Simultaneous printing of biological components in composites with
biopolymers (such as hydrogels) [360,361] along with metals has not
been touched in the literature due to the harsh and incompatible
printing conditions demanded by metals. Feasibility studies on the heat
transfer characteristics of melt pool for potential integration of those
biological moieties (and hydrogels [362]) within the metallic structures
can also open up new directions for research and development. In
addition, advanced metal 4D printing approaches can be pushed for-
ward to adapt the implant structures with long-term physiological
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changes of the natural bone. Likewise, more understanding of the
degradable metallic biomaterials and development of predictive models
for their overtime changes in physical properties and biological re-
sponses are necessary.

Porous internal architecture design has been recently paid significant
attention in the literature due to its critical role in achieving long-term
integration in vivo. While topology optimization techniques continue
to address mechanobiological requirements of tissue scaffolds, a surge of
interest has been directed at the ordered porous structures based on the
different unit cell designs. The state-of-the-art research is currently
emphasizing the capability of gradient designs to meet the conflicting
needs in scaffold design and thereby, the in vitro and in vivo character-
ization of gradient scaffolds are under rigorous investigation. The
research progress on graded scaffolds thus far has primarily addressed
the implant retraction-induced loosening, stress shielding effects, as well
as strength-permeability design conflicts. Further research is encour-
aged to recapitulate the natural gradients such as bone-cartilage inter-
face for their regeneration. The overall success achieved by additively
manufactured metal implants from both biological and physical per-
spectives suggests the promising potential of metal AM techniques as an
alternative to traditional manufacturing methods for the development of
functional and durable implant structures.
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