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Partially due to the unavailability of ideal bone substitutes, the treatment of large bony defects remains
one of the most important challenges of orthopedic surgery. Additively manufactured (AM) biodegrad-
able porous metals that have emerged since 2018 provide unprecedented opportunities for fulfilling the
requirements of an ideal bone implant. First, the multi-scale geometry of these implants can be cus-
tomized to mimic the human bone in terms of both micro-architecture and mechanical properties. Sec-
ond, a porous structure with interconnected pores possesses a large surface area, which is favorable for
the adhesion and proliferation of cells and, thus, bony ingrowth. Finally, the freeform geometrical design
of such biomaterials could be exploited to adjust their biodegradation behavior so as to maintain the
structural integrity of the implant during the healing process while ensuring that the implant disappears
afterwards, paving the way for full bone regeneration. While the AM biodegradable porous metals that
have been studied so far have shown many unique properties as compared to their solid counterparts,
the unprecedented degree of flexibility in their geometrical design has not yet been fully exploited to op-
timize their properties and performance. In order to develop the ideal bone implants, it is important to
take advantage of the full potential of AM biodegradable porous metals through detailed and systematic
study on their biodegradation behavior, mechanical properties, biocompatibility, and bone regeneration
performance. This review paper presents the state of the art in AM biodegradable porous metals and is
focused on the effects of material type, processing, geometrical design, and post-AM treatments on the
mechanical properties, biodegradation behavior, in vitro biocompatibility, and in vivo bone regeneration
performance of AM porous Mg, Fe, and Zn as well as their alloys. We also identify a number of knowl-
edge gaps and the challenges encountered in adopting AM biodegradable porous metals for orthopedic
applications and suggest some promising areas for future research.

© 2020 Acta Materialia Inc. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

1.1. Background

fects remains one of the primary challenges of orthopedic surgery.
Although bone is known to have self-healing abilities, large bony
defects cannot heal by themselves, if left untreated. Interventions,
such as bone-grafting are, therefore, necessary to restore the bony

The world is experiencing a rapidly increasing demand for bone
implants due to an expanding and aging population, which in-
creases both the rate and number of such incidents as trauma,
bony tumors, and skeletal deformities [1]. Implants for the treat-
ment of critical-sized bony defects are particularly sought after,
as such defects seriously affect the quality and length of patients’
lives [2]. However, as of today, the treatment of large bony de-
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tissue [3]. Every year, more than two million bone-grafting op-
erations are performed all over the world [4]. The clinically ap-
plied bone grafts include autografts (bone taken from the same
person’s body), allografts (bone tissue from a deceased donor), and
xenografts (bone tissue from an animal). Among those, autografts
are superior because of their lower risks of eliciting foreign body
response and transmitting diseases while offering improved osteo-
genesis [5]. However, even autografts suffer from major limitations
of which limited supply, the need for multiple (lengthy) opera-
tions, and donor-site morbidity are the most prominent ones [6].
To address those limitations, the concept of synthetic bone substi-
tutes has emerged. Apart from being biocompatible, an ideal bone
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substitute offers mechanical properties close to those of the na-
tive bone in order to provide sufficient mechanical support on the
one hand and to avoid stress shielding on the other [7], present
a fully-interconnected porous structure to allow for bony ingrowth
[8,9], and degrade in the human body at an appropriate rate as the
bone regenerates [10]. However, it has been so far challenging to
develop a porous biomaterial that can fulfill all these requirements.
The quest for an ideal bone substituting material is, therefore, still
at full swing [11].

1.2. Choice of materials

A variety of bone-substituting porous biomaterials based on
polymers, ceramics, and metals have been developed in re-
cent years [12]. Among the three categories of biomaterials,
polymer-based biomaterials have great design flexibility for tai-
lored biodegradation behavior and offer a multitude of routes
to biofunctionalization [13]. Ceramic-based biomaterials are, on
the other hand, well known for their favorable biodegradabil-
ity and superior osteoconductivity [14]. The main drawback of
polymer-based biomaterials is their low mechanical properties,
while ceramic-based biomaterials are brittle in nature [4]. On the
contrary, metallic porous biomaterials, because of their remark-
able strength and significant energy absorption capacity, are con-
sidered to be the most suitable candidates for load-bearing or-
thopedic implants [15]. Traditional metallic biomaterials are made
from metals with high corrosion resistance. Therefore, they per-
manently remain in the human body, impeding full bone tissue
regeneration and creating the risk of implant-associated infection
due to the colonization of their surface by biofilm-forming bac-
teria [16]. Bio-inert implants may also cause long-term endothe-
lial dysfunction, permanent physical irritation, and chronic in-
flammatory local reactions [17]. Metallic biomaterials with proper
biodegradability are, therefore, of great potential utility for ortho-
pedic and trauma surgeries. It is, of course, important to care-
fully design and analyze such biodegradable metallic biomateri-
als to make sure they only release biodegradation products that
are biocompatible and can be metabolized by the human body.
Consequently, the major elements constituting a biodegradable
metal are often the essential trace elements that naturally oc-
cur in the body. To date, magnesium, iron, and zinc as well as
their alloys have been considered to be the most appropriate
candidates [18].

1.3. Geometrical design

It is well known that the human bone has a highly hierar-
chical structure at different length scales, including macroscale,
microscale, sub-microscale, nanoscale, and sub-nanoscale (Fig. 1a)
[19]. At the macroscale level, bone can be classified as being ei-
ther cortical or trabecular with varied porosities and mechanical
properties. To better mimic the mechanical properties and func-
tionalities of the human bone, ideal bone substitutes need to pos-
sess bone-mimicking geometries. Moreover, an appropriate design
of a porous metallic biomaterial requires careful selection of pore
shape, pore size, and porosity. Those characteristics can not only
affect the mechanical properties of porous metallic biomaterials
[20] but can also significantly influence their biological perfor-
mance, such as cell adhesion and proliferation, nutrient transporta-
tion, and bone ingrowth [9,21].

14. Fabrication

To realize the complex geometrical designs that are deemed
necessary for an ideal bone substitute, much effort has been spent

on developing biodegradable porous metals through casting, sin-
tering, foaming, and chemical vapor deposition [22-56]. However,
such conventional techniques can neither precisely control the ge-
ometry nor achieve the appropriate level of mechanical properties
[57]. The advent of and recent progress in additive manufactur-
ing (AM) technique has provided an unprecedented opportunity to
tackle the dilemma of free-form design and manufacturing feasi-
bility encountered in fabricating an ideal porous metallic bioma-
terial. Up until now, three main types of metal AM techniques,
namely directed energy deposition (DED), powder bed fusion (PBF),
and binder jetting (BJ) have been applied to the fabrication of AM
porous implants (Fig. 1b-e) [58]. DED and PBF are considered to
be direct AM metal printing techniques, while B] needs post-AM
treatment, typically debinding and sintering. According to the heat
source (i.e., laser (L) or electron beam (EB)), DED and PBF can be
further categorized as DED-L (Fig. 1b), DED-EB (Fig. 1c), selective
laser melting (SLM) (Fig. 1d), and electron beam melting (EBM)
(Fig. 1e). While DED is mostly used for the fabrication of large
rough parts, PBF is considered to be the most appropriate method
for building complex porous structures [58], typical of metallic im-
plants.

A large number of AM bio-inert metallic materials have been
investigated, such as titanium [59] and its alloys [60-62], stainless
steel [63], tantalum [64], and cobalt-chromium [65]. A combina-
tion of a high level of interconnected porosity and bone-mimicking
mechanical properties has been achieved for several of those
biomaterials [62,64]. However, as mentioned in SubSection 1.2,
those biomaterials do not biodegrade over time, meaning that
bone regeneration cannot be completed. Only AM biodegradable
porous metals have the great potential to meet all the require-
ments for ideal bone implants. However, unlike AM bio-inert ti-
tanium or cobalt-chromium, AM biodegradable metals particularly
Mg and Zn have low boiling temperatures and high chemical ac-
tivities, which pose a set of new challenges in fabrication using
the PBF processes [57]. The challenges include both those associ-
ated with the safety of the manufacturing processes, particularly
in the case of Mg, and those pertaining to the quality of the re-
sulting biomaterials. Under sub-optimal processing conditions, de-
fects, such as voids, lack of fusion, rough surface, severe resid-
ual stresses, and distortions may occur. Even for Fe, evaporation
has been found to play an important role in densification dur-
ing laser melting [66]. Precise process planning and control are,
therefore, required for the successful application of AM techniques
for the fabrication of geometrically-ordered biodegradable porous
implants.

1.5. Objective and focus

Since there have already been several papers reviewing the
AM of biodegradable metals mainly from the materials processing
viewpoint [67,68], the present review paper focuses on the me-
chanical properties, biodegradation behavior, cell responses, and in
vivo performance of such biomaterials with an emphasis on the
effects of the material type, chemical composition, processing, ge-
ometrical design, and post-AM treatments on the overall perfor-
mance of AM biodegradable porous metals. We will also identify
the relevant gaps in the available knowledge and the challenges
encountered in adopting AM biodegradable porous metals for or-
thopedic applications.

2. Mechanical properties

AM biodegradable porous metallic bone implants need to pro-
vide sufficient mechanical support during the bone healing pro-
cess, which is often taken to mean that they should exhibit bone-
mimicking mechanical properties. The mechanical properties of
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Fig. 1. The hierarchical structure of the human bone [19] (a) and schematic illustrations of the AM processes relevant for the fabrication of AM biodegradable porous metals

including (b) DED-L, (c) DED-EB, (d) PBF (SLM or EBM), and (e) binder jetting.

trabecular bone (e.g., yield strength and stiffness) differ greatly
from those of the human cortical bone. The trabecular bone has a
compressive yield strength in the range of 2-12 MPa and an elas-
tic modulus value between 0.1 and 5 GPa, while the cortical bone
has a compressive yield strength between 170 and 193 MPa and an
elastic modulus value that may be as high as 20 GPa [3]. In addi-
tion, the mechanical properties of AM biodegradable porous met-
als must be retained at a level high enough to provide mechanical
support for 12-24 weeks [69], as biodegradation takes its course.
In addition to quasi-static mechanical properties, the fatigue be-
havior of AM biodegradable porous metals is of particular impor-
tance, as load-bearing orthopedic implants experience millions of
loading cycles per year [62]. Corrosion fatigue behavior is espe-
cially relevant to biodegradable metals, as biodegradation tends
to shorten their fatigue life [70]. Here we review the mechanical
properties of AM biodegradable porous and bulk metals (Table 1)
and discuss the effects of various relevant factors.

2.1. Material type and alloying

Among biodegradable pure metals, AM pure iron has the high-
est yield strength and elastic modulus (200-352 MPa and 188-
215 GPa, respectively) [71-73]. These values are much higher than
those of the human cortical bone, leaving ample space for intro-
ducing porosity to AM pure iron. AM pure magnesium has a simi-
lar elastic modulus value (27-35 GPa) [74,75] to the human cortical
bone, but a lower yield strength (51 MPa) [76]. Since introducing
porosity decreases both elastic modulus and strength, it is sensible
to develop AM bulk magnesium for cortical bone fixation and AM
porous magnesium for trabecular bone substitution. Conventionally
manufactured pure zinc has an elastic modulus (70-140 GPa) [77],
which is higher than that of the human cortical bone. The elastic
modulus (12-32 GPa) [78,79] of AM pure zinc is, however, much
lower than that of the traditionally manufactured pure zinc, partly
due to the presence of defects even when state-of-the-art AM tech-



Table 1
The mechanical properties of AM biodegradable metals.
Material Composition Fabrication method Porosity Unit cell Testing method Yield strength Elastic modulus Ultimate strength Elongation  Hardness Ref.
% MPa GPa MPa % HV
cortical 3-5 tensile 124-174 (L*) 7-19 (L) 1-3 390-770 MPa  [3]
53 (T) 10-11 (T) (40-79 HV) [19]
20-27 (R)
compression 170-193 (L) [39]
131 (T)
bending 160
shear 54-65
trabecular up to 90 2-12 0.1-5
Mg pure SLM indentation 27-33 590-950 MPa [74]
pure SLM indentation 33-35 770 £+ 80 MPa [75]
AZ91D SLM tensile 254 296 2 85-100 [90]
WE43 SLM tensile 296 +3 46+2 308 12 [81]
Mg SLM compression 51 38 [76]
Mg1Sn 62 49
Mg3Sn 76 55
Mg5Sn 81 63
Mg7Sn 75 66
Mg-Zn-Zr Binderless 3DP compression 22 260 +6 [169]
tensile 71 +1 0.7+ 0.1
ZK60 compression 132+4 81+2 [139]
ZK60-0.2Cu 144 88
ZK60-0.4Cu 158+5 95
ZK60-0.6Cu 155 101
ZK60-0.8Cu 148 105+3
CNTs/AZ31B tensile 245 286 + 13 94+5 [170]
AZ31 compression 377 £ 29 64 to 71 [171]
tensile 183 +£ 8 212 £ 34 8+3
Mg-1Zn SLM tensile 148 11 50 [172]
Mg-2Zn 71 2 46
Mg-4Zn 60 3 58
Mg-6Zn 45 1 65
Mg-8Zn 44 2 78
Mg-10Zn 63 2 76
Mg-12Zn 74 3 80
Fe pure SLM tensile 305 +£20 215 £ 20 412 £ 25 10 [72]
pure SLM tensile 256 + 17 208 + 16 357 £ 22 9 128-155 [71]
SLM-+anneal 352 + 21 188 + 10 401 + 23 15 168-190
pure SLM compression 200 157 [73]
Fe-2Pd-2.5bredigite SLM compression 161 £ 7 125 [138]
Fe-2Pd-5bredigite compression 147 130
Fe-2Pd-10bredigite 137 115
Fe-4Pd-2.5bredigite 175 132
Fe-4Pd-5bredigite 164 140
Fe-4Pd-10bredigite 163 120
Zn pure SLM tensile 108-122 14-32 132-138 8-12 42 [78]
pure SLM tensile 122 £3 20+ 6 138 £ 2 8+1 46 + 2 [114]
pure SLM compression 99+22 [73]

(continued on next page)
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Table 1 (continued)

Material Composition Fabrication method Porosity Unit cell Testing method Yield strength Elastic modulus Ultimate strength Elongation  Hardness Ref.
% MPa GPa MPa % HV
pure SLM tensile 93-110 117-133 3-8 [92]
pure SLM compression 146 37 [80]
Zn-2Ag 200 55
Zn-4Ag 217 80
Zn-6Ag 293 81
Zn-8Ag 267 79
Zn SLM tensile 43 +3 12+2 61 +5 1.7+01 50+6 [79]
Zn-1Mg 74+4 19 126 +4 3.6+0.2 93+8
Zn-2Mg SLM tensile 117+£5 25 162+6 41+0.2 138+7
Zn-3Mg 152+ 5 48 + 4 222+ 8 72+04 177+9
Zn-4Mg 132+38 58+5 166+ 7 31+03 199+10
Zn-2Al 121-171 142-192 10-12 57-65
porous Mg WEA43 SLM 76 lattice compression 15 [116]
WE43+PEO 70 31
WE43+PEO 76 23
WE43+PEO+HT 76 13
WE43+21d collapse
WE43+PEO+21d 21
WE43+PEO+21d 5
WE43+PEO+HT+21d 1
WEA43 SLM bending 20-23 [173]
WE43 SLM 67 diamond compression 23 0.8 27 [95]
WE43 +28d 14 0.8 14
Mg-5.9Zn-0.13Zr Binderless 3DP 27 compression 40+1 18.4+0.1 174+3 [174]
porous Fe Fe SLM 67 £2 cubic compression 70 £ 4 135+5 [85]
Fe-25Mn sheet compression 137 + 8 222 + 11
Fe-35Mn SLM 42 89 +2 34+2 304 + 7 [84]
Fe SLM 85 diamond compression 1 1 [99]
70 29 1
70 31 2
59 54 3
Fe+28d 8 1
26 1
24 1
48 2
Fe SLM 73 diamond compression 24 2 [93]
Fe+28d 22 2
Fe binder extrusion 66 mesh compression 141 1 [118]
Fe+HA 110 1
Fe30Mn inkjet 3DP 36 tensile 106 + 8 32+5 116 £ 1 0.7 £0.2 [96]
Fe-Mn Binder-jetting 3DP 39 + 2 tensile 228 + 11 39+ 1 190 + 26 [97]
Fe-Mn-1Ca 53+1 297 + 46 16 £ 21
porous Zn Zn SLM 73 +£2 diamond compression 4 04 [100]
69 + 2 6 0.5
62 + 3 diamond 1 0.8
Zn+28d+d 7 0.3
10 0.5
14 0.9
Zn+28d+s 6 0.3
8 0.5
12 0.8
Zn 3DP+casting 20 mesh compression 1 0.2 [175]
60 6 0.1

*L, T, and R represent longitudinal, transverse, and random.
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nologies are applied. Moreover, the yield strength of AM pure zinc
is relatively low (43-150 MPa) [73,78-80], limiting its application
for cortical bone substitution.

Alloying can be used to adjust the mechanical properties of AM
biodegradable porous metals for orthopedic applications. Although
the elastic modulus of Mg-based alloys is relatively insensitive to
their chemical compositions [10], the yield strength can be sig-
nificantly improved through appropriate alloying. SLM bulk WE43
magnesium alloy reaches a yield strength of 296.3 + 2.5 MPa [81],
which is comparable to the human cortical bone. As for zinc, al-
loying seems to be able to tune its stiffness and yield strength si-
multaneously. For instance, an SLM Zn-Mg alloy has been found to
possess significantly increased elastic modulus and yield strength
as compared to the pure zinc counterpart [79]. Interestingly, the
addition of aluminum to zinc has been found to decrease the stiff-
ness but increase the yield strength [82]. However, the addition of
aluminum limits the biomedical applications of the alloy given the
cytotoxicity of this element. Recently, Yang et al. [83] have found
that Li and Mg in extruded zinc play a more effective strengthen-
ing role, as compared with other alloying elements with increased
biocompatibility. Similarly, an SLM Fe-Mn alloy has shown a signif-
icantly higher yield strength than SLM pure iron [84,85].

The fatigue behavior of AM porous metal is largely dependent
on the type of materials. With a similar geometrical design, AM
porous pure iron and zinc have been found to show higher fatigue
strengths than an AM porous magnesium alloy (WE43) [86-88].
Remarkably, AM pure iron and zinc did not show a catastrophic
failure similar to the AM porous WE43 magnesium alloy during
their fatigue tests (Fig. 2a), which was attributed to the highly duc-
tile mechanical behavior of pure iron and zinc.

2.2. AM processing

The mechanical properties of porous metals are largely deter-
mined by the specific PBF process applied during their fabrication.
Internal pores, inclusions, and cracks inside the struts of a scaf-
fold can deteriorate the mechanical properties of AM porous met-
als (Fig. 2b) [67]. As discussed in SubSection 2.1, the elastic mod-
ulus of AM zinc is much lower than its conventionally manufac-
tured counterparts, with the manufacturing defects accounting for
the differences. The manufacturing defects in AM zinc can act as
crack initiation sites, shortening its fatigue life [89]. As observed in
the case of SLM AZ91 [90], optimizing the energy density can im-
prove the densification process during SLM, thereby enhancing the
mechanical properties of the resulting material.

Different SLM process parameters lead to different grain sizes
and grain orientations (Fig. 2c), both of which can affect the me-
chanical properties of AM porous metals [91,92]. SLM biodegrad-
able porous metals normally have much finer grain sizes than the
conventionally manufactured counterparts, which can improve the
strengths of those materials according to the Hall-Patch relation-
ship [93-95]. Moreover, the different types of AM processes lead
to very different mechanical properties even when the base mate-
rial is the same. For instance, BJ or extrusion often results in the
presence of internal pores. A post-AM treatment, such as sintering
is, therefore, needed for material consolidation [96-98]. Without
applying hot isostatic pressing (HIP), it is even more challenging to
produce a fully densified part via sintering, as compared with PBFE.

2.3. Geometrical design

Unlike AM bulk materials, the mechanical properties of porous
materials are strongly dependent on their geometrical design, in-
cluding their porosity and unit cell type. Similar to AM bio-inert
porous metals, the yield strength and elastic modulus of AM
biodegradable porous metals are directly related to their relative

densities [99,100]. As for the unit cell types, there are two ma-
jor types of designs, namely beam-based (e.g., cubic, diamond, and
dodecahedron) and sheet-based (e.g., minimal surface designs in-
cluding gyroid, Schwartz P (primitive), and Schwartz D (diamond)
[101]). The structures designed using beam-like elements can be
further divided into bending-dominated and stretch-dominated
structures. Normally, a bending-dominated structure has a higher
energy absorption ability, while a stretch-dominated structure has
a higher stiffness and yield strength [20,102]. For example, SLM
porous iron based on the cubic unit cell has been found to have
a higher yield strength than that based on the diamond unit cell
[85,93]. Lietaert et al. [103] compared the mechanical properties
of AM porous zinc based on the diamond, dodecahedron, FCC,
Kagome, and octet truss unit cells. Among those, the scaffolds
based on the Kagome unit cell showed the highest yield strength
for the same value of the relative density. Surprisingly, however,
the strength of the scaffolds based on the octet truss cells (a
stretch-dominated structure) were found to be the lowest, which
was explained by the lower manufacturing quality of the octet
truss scaffolds with strong particle attachment and dross formation
on the horizontal struts. All the beams of a bending-dominated
unit cell like the diamond unit cells are tilted at around 35° rel-
ative to the building direction. However, stretch-dominated lattice
structures usually have at least some struts whose orientation is
perpendicular to the building direction, reducing the manufactur-
ing quality of those structures [104]. Furthermore, the unit cell
type not only determines the mechanical properties of AM porous
metals but also decides the failure mode of the scaffolds under
compression. It has been shown that the abrupt diagonal shear of
SLM Ti-6Al-4 V lattice can be changed to progressive layer defor-
mation or barreling depending on the unit cell type [62,105].

All types of the human bones (i.e., long, short, flat, or irregular)
show a gradual change in their porosity from a compact outer cor-
tical shell towards the spongy inner cancellous tissue. Long bones
(e.g., femoral head and neck region or distal radius) are some typ-
ical examples of bone structures with porosity and directionality,
both highly graded and dependent on the local values of the me-
chanical stimuli (e.g., strain energy density) [106-110]. It is, there-
fore, imperative that AM porous biomaterials should mimic the
natural gradual structures of the human bones, particularly given
the fact that they will be eventually surrounded by pockets of
bony tissue with graded micro-architectures [111] and biomechan-
ical performance [112]. Li et al. [99,100] have shown that AM func-
tionally graded porous iron and zinc with precisely controlled ge-
ometries could be successfully fabricated by using SLM and achieve
mechanical properties that are comparable with those of the hu-
man trabecular bone (Fig. 2e).

The geometrical design has also been shown to influence the
fatigue behavior of AM porous biodegradable implants. For exam-
ple, for the diamond unit cell, fatigue cracks tend to initiate at the
junctions between the two struts where tensile stress concentra-
tion occurs under compression [86-88]. Once more, functionally
graded designs could play an important role in improving the me-
chanical performance of AM porous biodegradable implants. For
example, Li et al. [87] found that graded structural designs could
increase the fatigue strength of SLM porous zinc. Similar results
have been obtained for EBM functionally graded porous Ti-6Al-4 V
[113]. There is currently limited data available regarding the fatigue
behavior of stretch-dominated AM biodegradable lattice structures
as well as that of sheet-based structures, such as those based on
minimal surfaces.

2.4. Post-AM treatments

All as-built AM biodegradable porous metals have powder par-
ticles adhering to their surface. Chemical etching or sandblasting
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Fig. 2. The mechanical properties of AM biodegradable porous metals: (a) different fatigue failure modes dependent on the material type [86-88], (b) the manufacturing
quality of the struts of scaffolds [86-88], (c) the effects of an SLM process parameter on the grain structure of AM zinc [92], (d) the functionally graded designs of AM porous
iron [99], and (e,f) the changes in the mechanical properties of the AM magnesium, iron, and zinc scaffolds with in vitro biodegradation time [93-95].

has, therefore, been used to polish the surface of AM biodegrad-
able scaffolds [78,93,95,114]. Chemical etching has been found to
have only minimal detrimental effects on the compressive me-
chanical properties of AM biodegradable scaffolds [93,95]. Since
sandblasting has been found to improve the fatigue resistance of
AM porous titanium [115], it may be used to improve the fa-
tigue resistance of AM biodegradable porous metals as well. Heat
treatment can also influence the mechanical properties of AM
scaffolds. The compressive strength of SLM WE43 scaffolds was
shown to decrease after annealing [116], while SLM iron scaf-
folds exhibited a higher yield strength after vacuum annealing, as

a result of grain refinement [71]. As HIP has been used to im-
prove the ductility and fatigue resistance of AM porous Ti-6Al-4 V
[104,117], it is interesting to study the effect of HIP on the me-
chanical properties of AM biodegradable porous metals. Although
coatings on porous biomaterials are normally not aimed for im-
proving mechanical properties, it is necessary to study the ef-
fects of coating as well. Plasma electrolytic oxidation (PEO) has
been shown to increase the compressive strength of SLM WE43
scaffolds [116]. On the contrary, hydroxyapatite (HA) coating has
been found to not significantly affect the mechanical properties
of binder-extruded iron scaffolds [118]. It is more relevant to
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evaluate the performance of coating under cyclic loading in future
studies.

2.5. Biodegradation

The mechanical properties of AM biodegradable porous metals
change as the biodegradation process progresses. As expected, SLM
porous biodegradable magnesium and iron had decreased yield
strengths and stiffnesses after 28 days of in vitro degradation in
the revised simulated body fluid (r-SBF). However, SLM porous
zinc showed even increased mechanical properties as compared
to its as-built counterpart after 28 days of in vitro biodegradation
(Fig. 2e, f) [93-95]. The formation of biodegradation products on
SLM zinc scaffolds was found to be responsible for the increase of
the mechanical properties, as the biodegradation products were 5
times harder than the base metal (i.e., AM pure Zn) [94].

Biodegradation has a significant influence on the fatigue behav-
ior of AM biodegradable porous metals. Biodegradation has been
shown to decrease the fatigue life of SLM porous magnesium and
iron [86,88]. Interestingly, the fatigue life of AM porous zinc was
even higher after immersion in the r-SBF than in air, which was
again attributed to the formation of biodegradation products and
their good bonding with AM zinc [87].

As bone implants may be subjected to complex loading condi-
tions in the human body, they need to be tested under a variety
of loading regimens including tension and bending. The currently
available studies have, however, only focused on the compressive
quasi-static mechanical properties and compression-compression
fatigue behavior of AM porous biodegradable implants and how
biodegradation may affect those.

2.6. General discussion on mechanical properties

Up to now, most AM biodegradable porous metals have
shown lower mechanical properties than the human cortical bone
(Table 1), making them more suitable for trabecular bone substi-
tution. There are several approaches that can be adopted to im-
prove the mechanical properties of AM porous biodegradable met-
als. First, for bulk metals, the commonly used strengthening mech-
anisms include work hardening, solid solution strengthening, pre-
cipitation strengthening, grain boundary strengthening, and trans-
formation hardening. Work hardening is mainly attributed to the
increased dislocation density mostly through cold working. How-
ever, as AM is a net-shape manufacturing technique, only surface
hardening, e.g., by means of sand blasting, may be applied to im-
prove the mechanical properties of AM porous metals. In solid so-
lution strengthening, solute atoms can cause lattice distortions that
hinder dislocation motion. Alloying can be used to introduce so-
lute atoms to improve the mechanical properties of AM biodegrad-
able metals. Once the concentration of an alloying element is be-
yond its solid solubility, second-phase particles will form, which
can work as pining points for dislocations as well. According to
the Hall-Petch relationship, the yield strength is inversely related
to the grain size. In the case of SLM, rapid solidification involved
in the process leads to the formation of fine grains. The grain size
can be adjusted by controlling the thermal history of each layer.
Transformation hardening is mainly used for steel, as the level of
strength can be controlled by the amount, morphology and struc-
tural characteristics of the martensite phase. Hence, it might be
useful for AM iron-based alloys, rather than for magnesium- and
zinc-based alloys.

Secondly, as the state-of-art AM biodegradable metals still have
some internal defects, densification approaches, such as AM pro-
cess optimization and post-AM heat treatment, are important to
improve the mechanical properties of AM biodegradable porous

metals. However, it is a significant challenge to identify the op-
timal process parameters as the final material properties of parts
made via SLM are very sensitive to the powder characteristics and
physical properties (e.g., powder particle shape, flow characteris-
tics, apparent porosity, laser absorptivity, etc.), the geometry of the
object, the material composition, and the power source parame-
ters (e.g., beam size, power, scan rate, etc.) [119]. Moreover, reliable
printing quality requires real-time monitoring of the melt pool and
powder bed in situ. Machine learning offers a route to predict the
process—property relationships and effectively identify the defects
[120,121].

Thirdly, lattice structures designed using stretch-dominated unit
cells or minimal surfaces should be applied in scaffold design. Cur-
rently, most of the PBF biodegradable scaffolds are designed using
bending-dominated unit cells (e.g.,, the diamond unit cell). Func-
tionally graded structures that combine different unit cell types
and unit cell sizes need to be developed and studied as well. Con-
sidering the fact that there are many different types of unit cells
and that the bone structure that needs to be replicated is quite
complex [19], it is important to build a database for the mechani-
cal properties of the different porous structures and apply machine
learning techniques to relate all the relevant aspects of the design
and fabrication processes, including the geometry, process param-
eters, and the mechanical properties of the resulting objects.

From the mechanical performance viewpoint, AM porous im-
plants should be designed not only with the aim of achieving
initially bone-mimicking mechanical properties but also with a
proper consideration of how those properties change with time
as the biodegradation and bone regeneration processes progress.
Printability and the fatigue behavior of such complex structures are
the other important considerations. The mechanical design of AM
porous biodegradable metals, therefore, requires a much more so-
phisticated approach than simple mechanical testing according to
the standard procedures that are often used in the development of
biomaterials.

3. Biodegradation behavior

Given the natural duration of the healing mechanism of the hu-
man bone, AM biodegradable implants should provide sufficient
mechanical support for 12-24 weeks and be fully absorbed within
1-2 years, depending on the implantation site [69,122]. While it
is accepted that bone fixtures are required to have a biodegra-
dation rate < 0.5 mm/year [10], there is no single value that
could be used as a criterion for the design of scaffolds. The ideal
biodegradation rate of bone substitutes should match the location-
dependent rate of bone regeneration [69], which calls for the abil-
ity to control the biodegradation rate of porous metals. For AM
biodegradable porous metals, the biodegradation behavior can be
controlled not only by material type, chemical composition, and
microstructure, but also by the geometrical design of the scaffolds.
As magnesium generally degrades too fast and iron too slowly,
most of the recent research efforts have been directed towards
decreasing the biodegradation rate of magnesium and increasing
the biodegradation rate of iron. Furthermore, the influence of the
loading conditions on the biodegradation behavior of the scaffolds
should be considered as well. In the following subsections, we will
review and discuss the biodegradation behavior of AM biodegrad-
able bulk and porous metals (Table 2).

3.1. Material type and alloying

The electrode potential values of pure magnesium, iron, and
zinc are respectively —2.37 V, —0.44 V, and -0.76 [69], which
means that the highest and lowest biodegradation rates respec-
tively belong to magnesium and iron, with zinc occupying an



Table 2

The biodegradation behavior of AM biodegradable porous metals.

Material Composition Fabrication method Unit cell Porosity Pore size Testing medium Control Duration Weight loss CRI CRE Ref.
% um % mm/year uA/cm?

Criteria bone fixture < 0.5 bone fixture [10]
stent < 0.02 stent [176]
bone substitute unknown

Mg Mg SLM SBF 10 13 [76]
Mg-1Sn 8
Mg-3Sn 15
Mg-5Sn 19
Mg-7Sn 23
AZ61 SLM 6 1-3 [177]
ZK60 SLM SBF 7 2 44 [139]
ZK60-0.2Cu 2 60
ZK60-0.4Cu 3 85
ZK60-0.6Cu 17 486
ZK60-0.8Cu 30 828
ZK30 SLM SBF 131 £ 14 [123]
ZK30-1Al 68 £ 6
ZK30-3Al 24+ 6
ZK30-5A1 156 + 26
ZK30-7Al 340 + 28
Mg-6Zn-0.5Zr SBF 28 16 £0.2 36 £2 [79]

Fe Fe SLM HANKS 6.2 + 0.1 [178]
Fe-2Pd-2.5bredigite SLM SBF 21 0.2 18 [138]
Fe-2Pd-5bredigite 21 0.4 32
Fe-2Pd-10bredigite 21 0.5 40
Fe-4Pd-2.5bredigite 21 0.4 35
Fe-4Pd-5bredigite 21 0.6 50
Fe-4Pd-10bredigite 21 0.8 63

Zn Zn SLM HANKS 21 0.04 2-4 [92]
Zn SLM SBF 21 0.08 8 (80]
Zn-2Ag SBF 21 0.09 5
Zn-4Ag SBF 21 0.11 1
Zn-6Ag SBF 21 0.11 10
Zn-8Ag SBF 21 0.13 14
Zn-2Al SLM SBF 14 0.13-0.16 7-12 [136]
Zn SLM SBF 28 0.18 + 0.03 9+1 [79]
Zn-1Mg SBF 28 0.14 + 0.01 6+1
Zn-2Mg SBF 28 0.13 + 0.03 5+1
Zn-3Mg SBF 28 0.10 + 0.02 4 +1
Zn-4Mg SBF 28 0.11 + 0.04 4+1

(continued on next page)
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Table 2 (continued)

Material Composition Fabrication method Unit cell Porosity Pore size Testing medium Control Duration Weight loss CRI CRE Ref.
porous Mg WE43 SLM 76 1131 DMEM CO, 21 40 [116]
WE43+PEO 70 919 DMEM 21 5
WE43+PEO 76 1131 21 15
WE43+PEO+HT 76 1131 21 39
WE43 SLM HANKS bioreactor 3 25 [173]
WE43 SLM diamond 67 600 r-SBF 28 21 0.2 21-61 [95]
porous Fe Fe SLM cubic 67 SBF 28 5 0.09 + 0.02 7+3 [85]
Fe-25Mn 13 0.23 + 0.05 51 +8
Fe 3D printing mold+ truncated octahedron 81 1580 + 40 SBF 28 5 61 £2 [98]
pressureless
microwave sintering
60 1450 + 40 4 88 +2
46 1170 + 30 6 141 £ 2
cubic 51 1190 + 20 6 94 +3
Fe35Mn SLM sheet 42 400 HANKS CO,&dynamic 28 0.42 £+ 0.03 69 £ 2 [84]
Fe SLM diamond 85 800 r-SBF bioreactor 28 17 0.2 [99]
70 10 0.14
70 9 0.17
59 400 5 0.11
Fe SLM diamond 73 r-SBF 28 3 0.03 103 £ 19 [93]
Fe binder extrusion mesh 66 1000 aMEM 28 [118]
Fe+HA
Fe30Mn inkjet 3-DP 36 HBSS 58 + 17 [96]
Fe-Mn Binder-jetting 3DP 39 HBSS 28 0.03 22+04 [97]
Fe-Mn-1Ca 53 0.14 29 +£05
porous Zn Zn SLM diamond 73 700 r-SBF bioreactor 28 12 0.17 [100]
69 graded 8 0.14
62 600 7 0.13
73 700 static 5 0.07
69 graded 3 0.06
62 600 4 0.07
Zn SLM diamond 62 600 r-SBF 45 £ 2 [94]
Zn 3D printed 20 900 Hank’s 0.13 [175]
templates + casting
60 2000 0.15
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Fig. 3. The biodegradation behavior of AM biodegradable porous metals (Mg, Fe, and Zn): (a) the morphologies of samples after in vitro immersion tests at different time
points [93-95], (b-c) the microstructures of AM iron and cold-rolled iron (b), and a comparison between the biodegradation behavior of the different materials based on the
results of electrochemical tests (c) [93], (d) the flow distributions in uniform and functionally graded structures according to CFD modeling, and (e) the effects of geometrical

design on the biodegradation behavior of AM porous iron [99].

intermediate position. Li et al. [95] showed that, after 28 days of
in vitro biodegradation, AM WE43 scaffolds had lost ~ 20% of their
weight. Within the same time period, AM zinc and iron exhibited
8% and 3% of weight loss, respectively (Fig. 3a).

Alloying is frequently used to tune the biodegradation behavior
of AM scaffolds. On the one hand, alloying can lead to grain refine-
ment, which can improve the biodegradation resistance of magne-
sium. On the other hand, alloying can generate second phase(s) or
cause grain boundary segregation, which can accelerate galvanic
degradation. In one study, for example, the biodegradation rate
of SLM magnesium decreased when it was alloyed with 1% Sn,
while a higher percentage of added tin increased the biodegrada-
tion rate of the material [76]. This is due to the fact for Sn con-
tents exceeding >1%, the influence of second phase(s) overshadows
that of grain refinement. Similar results have been obtained for
SLM ZK30 alloy added with aluminum [123]. For iron, Shuai et al.
[85] and Carluccio et al. [84] have shown that an AM FeMn alloy

had a higher biodegradation rate than AM pure iron, because of
increased galvanic degradation. For zinc, the addition of silver in-
creased the biodegradation rate, while added magnesium increased
the biodegradation resistance [79,80], which was attributed to the
different impacts of grain refinement and second phases in each
case.

3.2. AM processing

As discussed above in SubSection 2.3, AM processes lead to
the formation of some unique defects and microstructures, which
can affect the biodegradation profile of the resulting material. Li
et al. [93] found that SLM iron with fine grains had a much higher
biodegradation rate than cold-rolled iron with a larger grain size
(Fig. 2b, c), which is contrary to AM magnesium. Ralston et al.
[124] suggested that the relationship between the grain size and
the rate of biodegradation is dependent on the level of passivity
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on the metal surface. Different AM process parameters lead to dif-
ferent grain structures, which can also affect the biodegradation
rate, as shown in the case of SLM zinc fabricated using different
scanning speeds [92]. To date, only two studies have been con-
ducted regarding the effects of the grain size on the biodegrada-
tion rate of zinc. The corrosion rate of zinc has been found to
increase when the grains are refined, which is a result of higher
grain boundary densities [92,125], while nanocrystalline zinc has
shown good biodegradation resistance [126]. AM-related residual
stress can also affect the biodegradation rate of AM porous metals.
Considering different AM approaches, as binder extrusion creates a
porous structure within the struts, it is expected that the scaffolds
made with binder extrusion will show a higher biodegradation rate
than those made with PBF techniques.

3.3. Geometrical design

Unlike bulk biodegradable metals, AM biodegradable porous
metals show a strong location-dependent biodegradation behav-
ior. After 28 days of in vitro degradation, AM porous magnesium
showed more localized biodegradation in the center than on the
periphery of the scaffolds [95]. The accumulation of biodegrada-
tion products between the struts created relatively narrow spaces
that could lead to limited diffusion of Mg ions in the center, lead-
ing to crevice-like corrosion. AM porous zinc has been found to
exhibit localized biodegradation at the bottom of the specimens,
where they were in contact with the beaker [94]. The localized
biodegradation was attributed to the flow stagnation caused by the
narrowness of the space available for fluid flow. For AM porous
iron, however, in vitro degradation occurred more on the periph-
ery of the scaffolds than in the center [93]. Li et al. [99] used ge-
ometrical design to control the biodegradation rate of AM porous
iron (Fig. 2d, e). It was found that the biodegradation rate of AM
porous iron is correlated with the scaffold porosity and that func-
tionally graded designs could be used to tune the biodegradation
profile of the scaffolds. Similar observations have been made for
AM functionally graded porous zinc [100].

3.4. Post-AM treatments

Surface roughness is believed to affect the biodegradation rate
of biodegradable metals [127]. As PBF specimens normally have ad-
hered powder particles on their struts, smoothening the surface
can change the corrosion profile of such biomaterials, especially at
the beginning when the specimens come in contact with a (sim-
ulated) physiological solution for the first time. The polishing pro-
cedures applied so far, including chemical etching, electrochemical
etching, and sandblasting, have not been successful in achieving
homogeneous, smooth surfaces on the periphery and in the cen-
ter of the scaffolds [93,95]. Inhomogeneous surface finish within
a scaffold may lead to different location-dependent biodegradation
profiles. Moreover, as discussed in SubSection 2.4, sandblasting can
induce stress concentration, which can affect the biodegradation
rate as well.

Other more advanced (electro)chemical treatments could also
be used to adjust the biodegradation profile of AM porous met-
als. For example, Kopp et al. [116] found that application of PEO
treatment to AM WE43 scaffolds could significantly decrease their
biodegradation rate, while heat-treated specimens showed im-
paired biodegradation performance. HA coating on AM iron scaf-
folds are found to decrease the release of Fe ions during in vitro
biodegradation tests [118].

3.5. Mechanical loading

Dynamic loading significantly increases the biodegradation
rates of AM biodegradable porous magnesium, iron, and zinc
[86-88]. The biodegradation products formed on the surface of the
scaffold struts could fall off under cyclic loading, particularly given
that their mechanical properties are very different from those of
the metallic substrate. In addition, dynamic loading could increase
the possibility of pitting occurring to AM biodegradable porous
metals [86,88]. The extrusion and intrusion of persistent slip bands
occurring during cyclic loading could break up the corrosion prod-
uct layer present on the surface of the specimens [128]. In addi-
tion, pitting potentials have been found to be much smaller under
cyclic loading than those without an imposed stress [129-132]. Fi-
nally, the pitting potentials decrease with an increasing stress level
[129-132]. As a result of those mechanisms, the biodegradation
rate has been found to increase with the loading force [86-88].

3.6. General discussion on biodegradation behavior

It is currently unclear whether the biodegradation rates of AM
biodegradable porous metals measured using in vitro test protocols
are too high or too low, as there is no in vivo data available and the
correlations between the in vitro and in vivo data are unknown. For
bulk magnesium, in vitro degradation rates are normally 1-4 times
higher than the values obtained in vivo, depending on the alloy and
the in vitro testing conditions [133]. Despite the absence of in vivo
data for AM biodegradable porous metals, it is still meaningful to
understand how the in vitro biodegradation behavior is affected by
the chemical composition, microstructure, geometrical design, and
surface conditions of the porous structures. Such an understanding
would enable the development of effective approaches for adjust-
ing the biodegradation rates of AM porous metals, when needed.
Given the fact that there are so many variables that may affect
the biodegradation behavior of AM biodegradable porous metals,
it may be more efficient to create a biodegradation database and
apply machine learning techniques to predict the biodegradation
rates of various types of designs in the future [134]. In general,
when evaluating the biodegradation behavior of AM biodegradable
porous metals, it is useful to report the biodegradation rates in
terms of weight loss percentages in addition to expressing them in
terms of mm/year. The unit mm/year is normally applied to bulk
biodegradable metals. For porous structures, the ratio of the sur-
face area to weight is much higher than their bulk counterparts.
Moreover, this ratio changes all the time as the biodegradation
process progresses.

4. Biocompatibility

The in vitro biocompatibility of bulk biodegradable metals has
been extensively studied. AM biodegradable porous metals have
microstructures and geometrical features that are different from
their bulk counterparts. This can affect their cell responses both
directly and indirectly by influencing the biodegradation behavior.
Up to now, only a few studies have been conducted on the in vitro
biocompatibility of AM biodegradable porous metals (Table 3).

4.1. Material type and alloying

Li et al. [93-95] determined the cytocompatibility of AM
biodegradable porous metals in vitro using MG63 cells and 10X di-
luted extracts. AM porous WE43 magnesium alloy and zinc respec-
tively showed < 25% and < 15% non-viable cells (i.e., level 0 cyto-
toxicity) after 72 h of in vitro biodegradation. In comparison, the
cytotoxicity of AM porous iron reached 40% (i.e., level 1 cytotoxic-
ity) after 72 h (Fig. 4a). Witte et al. [135] showed that AM porous
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Table 3
The biocompatibility of AM biodegradable porous metals.
Biocomp- Staining/
Compos- Fabrication Unit Porosity  Cell atibility SEM
Material ition method cell line Ref.
Area to
volume concen-  Duration Viability
% ratio tration (Day) (%) method results
Mg ZK60 SLM MG63 1.25 cm? 100% 1 102 [139]
ZK60- mL-! 103
0.2Cu
ZK60- 101
0.4Cu
ZK60- 100
0.6Cu
ZK60- 98
0.8Cu
ZK60 SLM 5 95
ZK60- 92
0.2Cu
ZK60- 90
0.4Cu
ZK60- 82
0.6Cu
ZK60- 79
0.8Cu
Fe Fe-2Pd-  SLM MG63 1.25 cm? 100% 3 127 well plate High cell densities after 5 days. [138]
2.5bredigite mL-! The number of live cells slightly
Fe-2Pd- 106 decreased as the Pd content
Sbredigite increased.
Fe-2Pd- 93
10bredigite
Fe-4Pd- 81
2.5bredigite
Fe-4Pd- 93
Sbredigite
Fe-4Pd- 94
10bredigite
Fe Fe-2Pd-  SLM 5 127
2.5bredigite
Fe-2Pd- 107
Sbredigite
Fe-2Pd- 90
10bredigite
Fe-4Pd- 85
2.5bredigite
Fe-4Pd- 91
Sbredigite
Fe-4Pd- 108
10bredigite
Zn Zn-2Al SLM MG63 1.25 cm? 100% 1 67 well plate [136]
mL-! 4 78
7 86
50% 1 81
4 89
7 92
Zn SLM MG63 1.25 cm? 100% 1 66 well plate Favorable cell spreading and [79]
Zn-1Mg mL-! 68 proliferation until day 3, more
Zn-2Mg 67 cells on Zn-Mg alloy.
Zn-3Mg 74
Zn-4Mg 75
Zn SLM 100% 5 76
Zn-1Mg 83
Zn-2Mg 86
Zn-3Mg 91
Zn-4Mg 92
Zn SLM 50% 1 85
Zn-1Mg 91
Zn-2Mg 92
Zn-3Mg 93
Zn-4Mg 94
Zn SLM 50% 5 91
Zn-1Mg 98
Zn-2Mg 110
Zn-3Mg 123
Zn-4Mg 121

(continued on next page)
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Table 3 (continued)
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Material Compos- Fabrication Unit Porosity ~ Cell Biocomp- Staining/ Ref.
ition method cell line atibility SEM
% Area to concen-  Duration Viability method results
volume tration (Day) (%)
ratio
porous WE43 SLM hOB 100% 3 100 [173]
Mg WE43 SLM diamond 67 MG63 10% 1 75 specimen Few viable (green) cells were [95]
2 97 detectable on WE43 after 1 day.
3 88
porous FeFe SLM cubic 67 MG63 1.25 cm? 100% 1 79 Few dead cells were observed [85]
mL-! 3 84 and adhered cells on scaffold
5 92 clearly increased from day 1 to
Fe-25Mn 100% 1 69 day 3.
3 71
5 75
Fe-25Mn 50% 1 79
3 85
5 92
Fe 3D printingtruncated 81 mouse 2.5 cm?  100% 1 89 specimen After 24 h, only a limited [98]
mold+ octahedron 60 fibroblast mL~! 88 number of cells were found.
Pressure- 46 3T3 84 There is an effect of geometry
less cubic 51 86 variation on cell viability.
Microwave truncated 81 fibroblast 100% 3 60
Sintering octahedron 60 3T3 55
46 44
cubic 51 49
truncated 81 fibroblast 50% 3 95
octahedron 60 3T3 92
46 83
cubic 51 86
Fe35Mn  SLM sheet 42 MC3T3-E1 1.25 cm? 1 114 specimen After 4 h, filopodia were formed [84]
(Pre- mL-! 3 103 and attached on the scaffolds
Fe SLM diamond 85 osteoblast 0.2 g/ml  10% 1 78 specimen 24 h after seeding, well-spread [99]
70 79 polygonal cell morphology with
70 82 cytoplasmic projections were
59 87 observed.
85 3 43
70 47
70 50
59 46
Fe SLM diamond 73 0.2 g/ml 1 75 specimen After 24 h, viable cells were [93]
3 40 hardly detectable on iron
Fe binder mesh 66 rBMSCs 100% specimen All cells dead after 1 day [118]
extrusion
Fe+HA A higher density of live cell
attachment after 3 days
Fe30Mn  inkjet 3DP 36 MC3T3-E1 0.2 g/ml 100% 1 46 specimen Higher cell density in day 3 [96]
3 81 than day 1.
10% 1 82
3 99
Fe-Mn Binder- 40 MC3T3 0.2 g/ml  100% 3 81 specimen Higher cell density in day 3 [97]
jetting 50% 115 than day 1. Substantial cell-cell
3DP 10% 117 junctions and cytoplasmic
Fe-Mn-1Ca 53 100% 3 116 extension.
50% 132
10% 112
porous Zn SLM diamond 73 MG63 10% 1 99 specimen After 1 d, most of MG-63 cells [100]
Zn 69 97 were viable.
62 98
73 3 91
69 88
62 85
Zn SLM diamond 62 MG63 0.2 g/ml 10% 1 95 specimen After 1 d, most of cells were [94]
2 95 viable. Far-stretching
3 85 filopodia-like protrusions.
Zn SLM diamond hTERT- specimen After 13 d, no indication of cell [103]
MSCs attachment and growth
Zn 3D printed 20 MC3T3-E1 1.25 cm? 100% 1 10 specimen After 1 d, flat morphology with [175]
tem- mL-! 5 2 numerous filopodia extensions
plates + casting (outside  10% 1 95
dimensions) 5 88
60 100% 1 10 Slightly round morphology and
5 3 cell nuclei with elongated cell
10% 1 80 bodies
5 71
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Fig. 4. The in vitro biocompatibility of AM biodegradable porous metals: (a) the indirect cytotoxicity tests of AM biodegradable porous metals using MG63 cells after 72 h
[93-95], (b) the direct live/dead staining tests performed using the MG63 cells after 24 h [93-95], (c) the fluorescence micrographs of the actin stress fibers of MC3T3 pre-
osteoblast cells cultured on austenitic stainless steel with different grain sizes after 48 h of culture [141], and (d) the live/dead staining of rBMSCs cells after 1 and 3 days of

culture on AM porous iron [118].

WE43 magnesium alloy exhibited high degrees of cytocompatibil-
ity with up to 100% viability of human osteoblasts (hOB) even
with undiluted extracts were used. Shuai et al. [79] used MG63
cells to study the cytocompatibility of AM bulk zinc after 5 days
of biodegradation and found > 75% and > 90% cell viability with
undiluted and 2X diluted extracts, respectively. However, Lietaert
et al. [103] have reported a low degree of compatibility (i.e., viabil-
ity) of human telomerase reverse transcriptase mesenchymal stem
cells (hnTERT-MSCs) with AM zinc scaffolds. The cytocompatibility
of AM porous iron is uncertain too. Shuai et al. [85] found that, in
the case of AM porous iron, the viability of MG63 increased with
culture time and reached values > 90% after 5 days. On the other
hand, Yang et al. [118] found that most of the rabbit bone marrow
mesenchymal stem cells (rBMSCs) were dead on AM Fe scaffolds
after 3 days. Similar result has been presented by Li et al. [93] who
found most of the MG63 cells are dead directly after seeding on
AM Fe scaffolds.

Alloying with different elements has had varied effects on the
biocompatibility of AM biodegradable porous metals. For exam-
ple, AM Zn-3Mg has shown improved cell viability as compared
with pure Zn [79]. AM Zn-2Al has also shown >85% viability with
MG63 cells after 7 days [136]. Manganese is the most commonly
used alloying element for AM porous iron. Most of the studies
have shown that AM Fe-Mn alloys exhibit good biocompatibility,
although Shuai et al. [85] found that Mn slightly decreased cell
viability when compared with AM pure iron [84,97,137]. AM Fe-
Pd-bredigite composites [138] have shown increased biocompati-
bility with higher bredigite content, but decreased biocompatibil-
ity with higher Pd content. Fe-Mn-Ca also showed >100% viability

with MC3T3-E1 cells after 3 days [97]. A small amount of Cu added
to AM bulk ZK60 decreased its biocompatibility as measured us-
ing the viability of MG63 cells but created an antibacterial effect
against Escherichia Coli [139].

The indirect cytotoxicity of a material is related to the ion con-
centrations of the elements involved. Hong et al. [140] compared
the viability of the osteoblastic cell line MC3T3-E1 with Fe, Mn,
Ca, and Mg salt in culture medium at 0.1, 1, and 10 mM concentra-
tions after 7 days of culture and found that Fe and Mn had >75%
cytotoxicity for a concentration as little as 1 mM. It can, thus, be
inferred that one of the reasons for the inconsistent results con-
cerning the cytocompatibility of AM porous metals is the differ-
ences in the released ion concentration. It is, therefore, proposed
that in future indirect cytocompatibility tests, ion concentrations
be determined and reported.

Direct cytotoxicity tests of AM porous metals generally provide
a harsher environment for cells, as the local pH and ion concen-
trations can be much higher than those of the culture medium.
Indeed, Li et al. [93] found that most of MG63 cells were dead on
AM porous pure iron and few viable cells were detectable on AM
porous WE43 alloy after 24 h (Fig. 4b). Similar to the indirect cyto-
toxicity tests, inconsistent results have been reported by different
research groups with the same material type and the same cell
lines. Shuai et al. [85] showed that only a few dead MG63 cells
were detected on AM porous iron and the cell density even in-
creased from day 1 to day 3. AM porous zinc showed good direct
biocompatibility with MG63 cells after 1 day [94], while the low
viability of hTERT-MSCs on Zn scaffolds was confirmed by their
low rate of lactate production and the DNA measurements [103].
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Round-robin tests and different cell types are, thus, needed in the
future to more rigorously and conclusively evaluate the in vitro bio-
compatibility of AM porous metals.

4.2. AM processing

AM processing can affect cell activity through different path-
ways. As the chosen AM process and processing parameters affect
the grain sizes and grain structure of a 3D printed material, AM
processing logically plays an important role in mediating cell re-
sponses [141]. Saha et al. [142] found that both proliferation and
differentiation of MC3T3 cells improves when the grain size of
magnesium is reduced. Sunil et al. [143] observed that biomineral-
ization, cell adhesion, and proliferation on the AZ91 magnesium al-
loy was improved through grain refinement, because the improved
wettability of the alloy with refined grains could promote protein
adsorption, which in turn helped cell attachment and proliferation.
Nie et al. [144]| showed that nanocrystalline pure iron stimulated
the proliferation of fibroblast cells and promoted endothelializa-
tion, while effectively inhibiting the viability of vascular smooth
muscle cells (VSMCs). Similar results have been obtained for Ti-
6Al-4 V and Co-Cr-Mo alloys (Fig. 4c) [145], in which enhanced
osteoblast performance has been attributed to enhanced protein
adhesion. However, unlike bioinert metals, grain refinement also
affects the biodegradation rate of biodegradable metals, making it
challenging to deconvolute the biological effects of biodegradation
rate and grain size and the eventual cell response. More systematic
studies are needed to elucidate the fundamental mechanisms that
govern the responses of cells to biodegradable metals with differ-
ent grain sizes. This would allow for modifying the cytocompati-
bility of AM biodegradable porous metals through the adjustment
of grain sizes.

4.3. Geometrical design

The effect of geometrical design on the cell responses to AM
porous titanium has been extensively studied. The porosity and
pore size have been found to significantly affect the cell response.
Pore size has been shown to influence the flow of nutrients and
waste and, thus, cell activity in the center of the scaffolds. More-
over, it has been found that a smaller pore size can cause cell
clogging within the porous structure of the scaffold during the ini-
tial time period after the start of cell culture, thereby disrupting
cell growth [146]. Pore shape could also affect cell proliferation
for Ti-6Al-4 V scaffolds, with triangular pores showing enhanced
cell proliferation as compared to hexagonal and rectangular pores
[147]. For biodegradable metallic scaffolds, AM porous iron and
zinc have shown different cell seeding efficiencies with different
porosities [99,100]. To date, no study has been performed to in-
vestigate the influence of geometrical design on the responses of
cells to AM biodegradable scaffolds. As compared with the bioin-
ert metals discussed above, there is another mechanism to con-
sider in the case of biodegradable metals: Geometry can also af-
fect the biodegradation behavior of the scaffolds, thereby influenc-
ing their cell responses. Future studies should consider the effects
of porosity, pore size, and pore shape on the cell responses of AM
biodegradable porous metals both in their own right and in rela-
tion with the effects that those parameters have on the biodegrad-
ability of such biomaterials. Such an understanding is essential for
optimizing the geometrical design of biodegradable porous struc-
tures.

4.4. Post-AM treatments

Surface treatment can influence the cytocompatibility and gen-
eral cell response of AM biodegradable scaffolds. For example, cal-

cium phosphates (CaPs) coatings have similar compositions to the
bone mineral component, which is why they afford magnesium-
based scaffolds with excellent osteoconductivity and bioactivity
[148]. Similarly, HA coating has been found to improve the biocom-
patibility of AM porous iron (Fig. 4d) [118]. A similar observation
has been made for ZnP coating applied to zinc [149]. To date, only
a few researchers have investigated the effects of coatings on the
biocompatibility of AM biodegradable porous metals. Many organic
and polymeric coatings can be developed to further improve the
biocompatibility of AM biodegradable porous metals. Being differ-
ent from bulk biodegradable metals, it is challenging to make the
coating homogeneous throughout AM biodegradable porous met-
als, especially in the center.

4.5. General discussion on biocompatibility

In vitro biocompatibility tests are useful for material screening
before in vivo tests in the animal model are performed. AM porous
metals generally have much higher surface area and, thus, higher
biodegradation rates than their bulk counterparts. When choos-
ing the volume of the cell culture medium, considering the sur-
face/volume ratio makes more mechanistic sense than basing the
calculation on the weight/volume ratio, especially for direct bio-
compatibility tests. Although in vitro cell responses to AM mag-
nesium, iron, and zinc ions are mainly affected by the released
ion concentrations and pH, it is necessary to consider the total re-
leased ions per day. The recommended daily allowances of magne-
sium, iron, and zinc for human are 420, 8, and 11 mg, respectively
[150].

5. Bone formation

Given that AM biodegradable porous metals have appeared in
the literature very recently, only a few in vivo studies have been
carried out so far. Here, we summarize and discuss the results re-
ported to date in relation with the material type, geometry, and
post-AM treatments.

5.1. Material type

Witte et al. [43] found that AZ91 magnesium scaffolds could
promote both peri-implant bone formation and bone resorption
in a rabbit model, leading to a higher bone mass and more ma-
ture bone around the degrading magnesium scaffolds than autol-
ogous bone. In a different study, 3D printed PLGA/TCP/Mg scaf-
folds showed 56.3% higher mean bone volume than the PLGA/TCP
group (Fig. 5a) [151]. With the incorporation of Mg, PLGA/TCP/Mg
scaffold not only offered suitable template for vessel creeping but
also promoted neoangiogenesis. Furthermore, open porous LAE442
(Mg-4%Li-3.6%A1-2.4%RE) scaffolds have shown comparatively bet-
ter osseointegration with more trabecular contacts than La2 scaf-
folds [152].

SLM iron-manganese scaffolds have been found to exhibit os-
teointegration after 4 weeks in rat cranial bone, where bone ap-
position was found on the scaffold (Fig. 5b) [84]. Micro-CT showed
new bone formation in the scaffolds. Although there is currently no
information available regarding the in vivo performance of porous
zinc, bulk zinc has shown good biocompatibility in vivo [153-155].
Xiao et al. [156] found new bone formation after implanting Zn in
the femoral shaft of a rabbit for 12 weeks. Li et al. [157] showed
that Zn-1X (X = Mg, Ca, Sr wt%) pin in the femora of mice had sig-
nificantly larger new bone thickness than the sham control group
after 8 weeks.
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Fig. 5. The in vivo performance of AM biodegradable porous metals:

surface of the scaffolds [84], (c)

JDBM-DCPD

) the representative radiograph and 3D micro-CT images of new bone formation within bone tunnel
at 4, 8, and 12 weeks after the implantation of AM PLGA/TCP/Mg scaffold [151], (b) a histological image of AM porous Fe-35Mn in bone and new bone formation on the

micro-CT 2D (the red arrows refer to the newly formed bone) and 3D reconstruction models showing the status of de novo bone formation

(white in color) 16 weeks after the implantation of Mg scaffolds, (d) a histomorphometrical analysis of new bone formation in the initially created defect zones when they
were left empty or were treated through the implantation of Fe, FeSr, or FeBiP scaffolds [161], (e) the micro-CT images of de novo bone after 4 and 24 weeks of surgery for

blank, Mg-DCPD, and JDBM-DCPD scaffolds [41], (

f) a 3D reconstructed model of the bone tissue and the implant 10 weeks after the surgery (white: bone, violet: specimen)

and following the implantation of HA-, HA/PEI-, and HA/(PEI-15% SiO,)-coated porous Mg [50].

5.2. Geometrical design

Pore size has been shown to influence bone ingrowth into
bioinert scaffolds, although the effect is still controversial in the
literature [19]. Braem et al. [158] observed new bone formation in
a microporous titanium coating implanted in the compact bone of
rabbit tibiae with a pore size < 10 pm. Bai et al. [159] suggested
that the upper limit of pore size for vascularization was 400 pm
beyond which increased pore size showed no significant difference.
However, Naoya et al. [160]| have found that, in rabbit tibia, tita-
nium scaffolds with a pore size of 900 pm demonstrate signifi-
cantly higher bone ingrowth than 300 pm scaffolds. Only a few
studies have reported the effects of the geometry of biodegradable
porous metals on bone formation. With the same porosity, magne-
sium scaffolds with a larger pore size were found to promote vas-
cularization and led to higher bone mass and more mature bone
formation in a rabbit model (Fig. 5¢) [27]. It is, therefore, important

to consider the influence of geometrical design on the biodegra-
dation rate and the formation of biodegradation products of AM
biodegradable porous metals.

5.3. Post-AM treatments

Post-AM treatments could affect the bone regeneration per-
formance of biodegradable metals. For example, dual coating on
magnesium scaffolds, particularly the SiO, hybrid dual coating
has been reported to stimulate bone regeneration at the defect
site (Fig. 5f) [50]. In another study, fluoride-pretreated AZ31 scaf-
folds were more biocompatible and induced significantly more
new bone formation in vivo than the same scaffolds without a
MgF, coating [46]. Moreover, the Brushit (DCPD) coating has been
shown to significantly increase the vascular regeneration ability of
Mg-Nd-Zn-Zr (JDBM) scaffolds, which was also accompanied by
more bone growth and bone integration (Fig. 5e) [41]. In yet an-
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other study, Ray et al. [161] have reported that iron scaffolds with
a FeSr coating result in significantly increased bone formation as
compared to a FeBiP coating and bare iron after 6 weeks of im-
plantation in rat femur (Fig. 5d). Finally, Yang et al. [162] have
reported that the addition of HA to zinc results in improved os-
teogenic performance with prolonged implantation time in the rat
femoral condyle. There is, therefore, ample evidence suggesting
that AM biodegradable porous metals with appropriate coatings
will offer enhanced bone regeneration performance as compared
to their bare counterparts.

5.4. General discussion on bone formation

Although there have been only a few studies on the in vivo
bone regeneration performance of biodegradable porous metals, de
novo bone formation has been found in all the studies. Compared
to Mg and Zn, which are natural nutrients in the bone, the use of
Fe as a biodegradable bone implant material is debatable in the lit-
erature, considering its cytotoxicity and non-biodegradable byprod-
ucts on the one hand [163] and its deficiency, leading to a variety
of disorders on the other [164]. Despite this debate, many research
groups have been studying iron-based biomaterials and exploring
its use for orthopedic treatments [84,161,165]. AM biodegradable
porous metals can interact with the human body through both
biophysical and biochemical properties. Biophysical properties in-
clude stiffness, porosity, topography, and degradation rate, which
can influence the local tissue microenvironments and, thus, con-
trol the presence of enzymes, cells, ions, or radical species [166].
For example, the stiffness of the scaffolds can dictate the adhesion,
spreading, and fate of bone marrow cells, in which stiffer surface
directs stem cells into osteogenic lineages, while softer surface pro-
motes chondrogenic differentiation [167]. The appropriate porosity
of the scaffold can facilitate the transport of nutrients, oxygen, and
waste products and promote vascularization. Similarly, surface fea-
tures (patterns) may promote or suppress cell adhesion and cell
fate [21]. Additionally, the rate of biodegradation should match
the rate of bone tissue regeneration for optimal tissue growth.
The relevant biochemical properties include the dissolution of the
AM scaffolds itself and the released functional molecules or ions
from coating and substrate, which can also alter the tissue mi-
croenvironment and thus modulate the regeneration process. For
example, magnesium has been found to promote calcitonin gene-
related polypeptide-a (CGRP)-mediated osteogenic differentiation
[168]. More in vivo studies are needed to evaluate the bone tis-
sue regeneration performance of AM biodegradable porous metals,
considering the effects of chemical composition, geometrical de-
sign, and coating. Moreover, longer in vivo tests are needed to not
only evaluate the bone regeneration performance and the rate of
biodegradation of AM biodegradable porous metals but also to ob-
tain information regarding the fate of the biodegradation products.

6. Conclusions and future research directions

With proper geometrical design, alloying, processing, and sur-
face treatment, AM biodegradable porous metals could emerge as a
new generation of functional biomaterials that are particularly use-
ful as bone substitutes and could greatly facilitate the treatment of
large bony defects. This will further expand the range of biomateri-
als that are available for orthopedic treatments, although there are
still many applications, where non-biodegradable materials need to
be used. There are, however, many areas of research that need to
be addressed before such a goal is achieved. Some of those areas
are highlighted in what follows as potentially interesting future re-
search directions.

i Mechanical properties: The quasistatic mechanical properties of
AM biodegradable porous pure metals are within the range of

the values reported for the human trabecular bone, while being
lower than those of the human cortical bone. AM porous iron
exhibits better mechanical properties than AM porous mag-
nesium and zinc. AM process optimization, alloying, and ge-
ometrical optimization can be used to further improve the
quasistatic mechanical properties of AM biodegradable metal-
lic scaffolds. The studies addressing the corrosion fatigue be-
havior of AM biodegradable porous metals are still limited in
number and scope. AM porous pure zinc and iron showed
much better corrosion fatigue resistance than AM porous mag-
nesium. The fatigue behavior of AM porous metal can be fur-
ther improved by optimizing both the geometrical design of the
porous structure and the PBF process parameters, which deter-
mine the microstructure of the resulting AM material. As far
as mechanical testing is concerned, the creep and aging of AM
zinc-based biomaterials and their relationship with the time-
dependent performance of orthopedic implants need to be fur-
ther investigated. Moreover, different loading regimens, such
as compression-tension, tension-tension, bending, and torsion,
should be applied to AM biodegradable porous metals, depend-
ing on the loading condition during the intended use.

i Biodegradation behavior: The optimum in vitro biodegradation
rate for AM biodegradable porous metals is not settled yet,
as there is currently only limited data available from in vivo
studies to allow the correlations to be established. For the
same porosity, AM biodegradable porous magnesium showed
a higher in vitro biodegradation rate than AM biodegradable
porous iron, with AM biodegradable porous zinc in between.
The biodegradation rate can be controlled by AM processing,
composition, geometrical design, and coating, which affect the
rate of biodegradation in a complicated and inter-related man-
ner. Machine learning including deep learning algorithms may
be used to create predictive models that quantify the complex
relationships between the chemical composition, process pa-
rameters, the microstructure of the processed materials, the ge-
ometry of the lattice structures, the resulting mechanical prop-
erties, and the biodegradation profile of AM porous biodegrad-
able metals. Such an approach could eventually lead to the es-
tablishment of the materials “genome”, which can guide the de-
velopment of future AM porous biomaterials and replace the
currently used trial-and-error approach. More specifically, this
methodology should be used to study the effects of microstruc-
ture, including grain size, on the biodegradation behavior of AM
biodegradable metals.

As far as specific material types are concerned, it would be in-
teresting to explore the potential of AM Mg-based porous metallic
glasses and their relevant process parameters. This approach could
result in AM Mg-based porous biomaterials with simultaneously
improved biodegradation resistance and mechanical properties. As
for iron-based materials, the alloying of pure iron with other el-
ements should be considered for both improving the mechanical
properties and further increasing the biodegradation rate of AM
Fe-based porous biomaterials. Regarding Zn-based AM porous bio-
materials, alloying Zn with other elements, particularly Mg and Li,
should be applied to improve the mechanical properties of the re-
sulting lattice structures.

i Biocompatibility: In vitro biocompatibility of AM biodegradable
porous metals is mainly determined by the released ion con-
centration. As porous metals generally degrade faster than bulk
materials, the current cytotoxicity testing standard is not appro-
priate for AM biodegradable porous metals. AM porous magne-
sium and zinc showed better biocompatibility than AM porous
iron in vitro. The cytotoxicity of AM Fe-based materials needs
to be systematically studied in vitro, as the results available
from the different studies published to date are contradictory.
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That may require more consistent methodologies such as those
used in Round-robin tests. The influence of the geometrical de-
sign of AM biodegradable porous metals on the cell responses
should be systematically investigated using both experimental
and numerical approaches. Functional coatings can be applied
to improve both the biodegradation resistance and biocompati-
bility of AM porous biodegradable metals. Better surface polish-
ing methods and exquisite surface patterning procedures need
to be developed for AM biodegradable porous metals.

i Bone formation: AM biodegradable porous metals can be bioac-
tive materials in the human body once implanted, which can
influence the bone tissue regeneration process through both
biophysical and biochemical properties. AM porous magnesium
and zinc are considered more appropriate than AM porous iron
for orthopedic applications. Since there is still a large gap be-
tween the in vitro and in vivo results that are available for
biodegradable metals, in vivo tests are required to evaluate the
performance of AM biodegradable porous metals in actual ser-
vice conditions.

Statement of significance

Additively manufactured (AM) biodegradable porous metals
provide unprecedented opportunities for fulfilling the requirements
of an ideal bone implant. Unlike several papers reviewing the
AM of biodegradable metals mainly from the materials process-
ing viewpoint, this review paper presents the state of the art in
AM biodegradable porous metals and is focused on the effects of
material type, processing, geometrical design, and post-AM treat-
ments on the mechanical properties, biodegradation behavior, in
vitro biocompatibility, and in vivo bone regeneration performance
of AM porous Mg, Fe, and Zn as well as their alloys. We also iden-
tify a number of knowledge gaps and the challenges encountered
in adopting AM biodegradable porous metals for orthopedic appli-
cations and suggest some promising areas for future research.
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