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3D printing, or additive manufacturing, is a transformative technology platform impacting various
disciplines, including biomaterials and biomedical devices. We present scientists, engineers, and medical
professionals’ perspectives about 3D printing of biomaterials and biomedical devices in this special issue.
This issue is geared towards understanding the structure—process-property relationships involving
different materials in vitro, in vivo, and in silico environments. The focus issue covers polymer, ceramic,
glass, metallic and composite biomaterials involving various 3D-printing processes such as fused
deposition, powder bed fusion, Bioprinting, directed energy deposition, and binder jetting; addressing
research topics including tissue engineering, drug delivery, porous metal implants, bioink development,
cell-materials interactions, wear degradation, nano-bio materials, and challenges in point-of-care
delivery. Such diversity of research topics is an accurate representation of what is happening in this field
globally. This article presents some of the success stories, challenges, and future directions in the 3D

printing of biomaterials and devices.

Biomaterials are natural or synthetic materials used to repair
damaged body parts while interacting with living systems. Dur-
ing the last century, metallic, ceramic, and polymeric biomateri-
als have drawn innovators to develop unique biomedical devices
to improve the quality of human life. These materials cannot
be toxic and should be friendly to body tissues to be effective.
Figure 1 broadly outlines different synthetic biomaterials as a
function of biocompatibility and elastic modulus. While bio-
compatibility is viewed as the primary marker for the biological
response of a biomaterial, the elastic modulus is viewed the same
way for mechanical performance. Metals are typically bioinert,
while ceramics, glasses and polymers can be either bioinert or
bioactive. Although many polymeric and ceramic materials
are currently being used in commercial biomedical devices,
only a few selected groups are mentioned in Fig. 1. For metals,

however, only a few compositions are used in all biomedical
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devices, such as Ti6Al4V for load-bearing hip, knee implants,
stainless steel 316L for fracture management devices, and CoCr
alloys for articulating surfaces. For biopolymers, ultra-high
molecular weight polyethylene (UHMWPE) or poly-ether ether
ketone (PEEK) are used in weight-bearing structural applica-
tions such as hip, knee, and spinal implants. Polylactic glycolic
acid (PLGA) or polycaprolactone (PCL) biopolymers are used
in sutures and drug delivery applications where biodegradabil-
ity is more critical than mechanical performance. Similarly,
alumina, zirconia, or silicon nitride ceramics are used in load-
bearing applications. Calcium phosphate ceramics and bioactive
glasses are used in bone tissue engineering and drug delivery
due to their inherent bioactivity coupled with partial or total
biodegradability. Figure 2 shows different synthetic degradable
biomaterials as a function of their degradation rates and initial
strength. Although initial strength is essential, the degrada-
tion rates will determine the actual application of biomaterials.
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Figure 1: Different types of synthetic biomaterials mapped as a function
of elastic modulus and biocompatibility.
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Figure 2: Synthetic resorbable biomaterials mapped as a function of
initial strength and rate of strength degradation.

Ideally, degradable biomaterials should maintain their strength
until the defect site heals, and only after that time, the selected
biomaterial should show significant degradation. For example,
a biomaterial used for defect repair in dentistry may require a
different degradation rate than in a spinal fusion application.
As for degradable materials, ceramics and polymers are com-
monly used with varying degradation kinetics for bone, muscle,
or nerve regeneration applications. Among metals, Mg alloys are
the most common and used mainly in cardiovascular devices
such as stents or small fasteners.

Most biomedical devices consist of multiple components
made from different biomaterials or having varying structural
features such as porous and dense areas in the same component,
which are not easy to manufacture using a single conventional
manufacturing operation. While it is essential to innovate new
biomaterials with unique properties, it is also critical to establish
reliable manufacturing practices to produce different biomedical
devices. During the past decade, additive manufacturing (AM)
or 3D printing has transformed biomedical device manufactur-
ing—from porous scaffolds to surgical tools to patient-matched
implants to innovative orthopedic, dental, and cardiovascular
devices, to name a few [1]. The unique advantages of 3D print-
ing, a layer-by-layer process, allows manufacturing complex
structures on demand without using any part-specific tool-
ing. The American Society for Testing and Materials (ASTM)
has classified different 3D-printing technologies into seven
broad categories, summarized in Table 1. Many of these seven
processes are regularly used to make commercial biomedical
devices. Vat photopolymerization is the first commercial pro-
cess, commonly referred to as ‘stereolithography (SLA). A
photopolymer resin is cured on a build plate using ultraviolet
(UV) light to process parts using SLA. Since the printed part
is fully immersed in the monomer liquid, the surface finish of

SLA processed parts is smooth. Generally, polymer parts are

TABLE 1: Different 3D-printing processes and materials can be used with them.

3DP Process

Materials

Applications

Vat photopolymerization. Example—SLA
Materials extrusion. Example—FDM

Materials jetting. example—poly-jet
Binder jetting
Sheet lamination

Paper, metals

Powder bed fusion (PBF). Example—selective
laser sintering (SLS) and selective laser melting
(SLM)

Directed energy deposition (DED)

Thermoplastic and thermoset polymers

Metals, ceramics, polymers and glasses

Metals, ceramics, polymers, and glasses

Metals, ceramics, composites

Polymers, ceramics—polymer composites High-resolution parts; mostly used with polymers

Polymer, metal-polymer, and ceramics-  Dense and porous polymeric acellular part. Bioprinting
polymer composites

with cells. Some metals and ceramic parts as well

Multi-color parts for surgical models; Surgical tools.
Mostly polymeric materials

Porous scaffolds, surgical models, surgical tools. All
types of materials

Color surgical models. Paper, polymers, and some
metals

Metallic implants, surgical tools, scaffolds. Mostly metals
and polymers

Coatings, metallic implants. Metals and ceramics
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produced by SLA; however, ceramic parts can also be formed via
SLA using ceramic-filled monomers as a stock material [1-3].
Materials extrusion is another commonly used 3DP technique
for biomedical devices, and a popular example is fused deposi-
tion modeling (FDM). In this approach, a neat thermoplastic
filament is fed through a heated nozzle using counter-rotating
rollers to extrude the build material along the x-y plane. The
nozzle dimension controls the extruded size and shape. Once
one layer is done, the next layer is deposited on top of the pre-
vious layer. Apart from making neat polymer parts, metal or
ceramic powder-filled thermoplastic polymers can also be used
as a feedstock material to make 3D-printed green metal or
ceramic components after post-processing steps such as binder
removal and sintering [1-3]. Binder jetting is another technique
used for biomedical devices. In this process, polymer, metal,
glass, or ceramic powder materials are used. A roller spreads the
powder from a powder bed onto a build plate to form a thin uni-
form layer on which water-soluble or organic binder is deposited
based on the tool path of the part file. The binder acts as a glue
to bind the powders, and the surrounding loose powders act as
support material. Because of this inherent support structure,
parts with fine features can be made using this approach. Once
the 3D printing is done, heating in an oven is necessary to cure
the binder to strengthen the part for mechanical handling. Fur-
ther heat treatment is necessary for metal and ceramic parts to
sinter the parts for densification [1-4]. Powder bed fusion (PBF)
is similar to binder jetting; however, the powder is heated using
alaser or an electron beam for partial or complete densification
during part fabrication. If the heat source is a laser and partial
densification or sintering is achieved, then the process is called
selective laser sintering or SLS, while the same for complete den-
sification via melting is called selective laser melting or SLM.
Similar to binder jetting, the unused powder acts as support
material during the build process. In this approach, the total
input energy is crucial for powder densification or melting that
is controlled by factors such as laser power, scan speed, and layer
thickness. SLM has become the leading 3D-printing technol-
ogy for manufacturing metallic implants and devices [1, 2, 5].
E-beam is also used in manufacturing titanium-based implants.
Another metal additive manufacturing process is directed energy
deposition (DED), where a high-energy heat source melts free-
flowing powders at the focal point on the build plate. The molten
material is used to build a single layer. Unlike the powder bed
process, different powders can be used in DED, which is ideal
for manufacturing bimetallic and multi-material structures
[6]. Moreover, less powder is sufficient to manufacture parts
using DED as no powder bed is necessary. However, the DED
yields poorer resolution compared to the powder bed fusion
process. DED-based hybrid machines are becoming popular
to improve part resolution where additive and subtractive pro-

cesses are combined. DED is also widely used in the repair of
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expensive parts [1, 2]. Material jetting is another process similar
to the DED, where thermoplastic or thermoset polymers are
jetted on a substrate. Polymeric parts having vibrant colors can
be printed using this approach, used for 3D-printed surgical
models [2]. The last process is sheet lamination, which is used
for paper-based and sheet metal-based products. However, very
few biomaterials are manufactured using this process; however,
multi-color surgical models can be printed [2].

Besides different biomaterials and 3D-printing processes,
the applications are also another dimension of 3D printing of
biomaterials and devices. Figure 3 summarizes all three key
aspects—materials, processes, and applications. Among different
applications, perhaps load-bearing orthopedic metal implants,
low load-bearing dental implants, polymer-based surgical mod-
els, surgical tools, and patient-matched implants are the most
advanced, where a large number of patients are already ben-
efiting from advances in 3D-printing technologies worldwide.
There is also significant research exploring the use of Bioprinting
for organ tissue engineering, cardiovascular devices, as well as
nerve and muscle regeneration [7]. Overall, the impact of 3D
printing on biomedical devices will only continue to grow in

the coming days.

The preliminary criteria for a polymer to qualify for tissue engi-
neering are high bioresorbable or biodegradable properties,
good mechanical strength, and enhanced cell attachment ability
[8]. One of the significant hurdles in material selection is achiev-
ing desired pore size in the range of 300 to 600 microns and pore

volume typically between 30 and 70% for tissue engineering
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Figure 3: Materials, processing, and applications of biomaterials and
biomedical devices via 3D printing.
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scaffolds, which can be overcome using 3D-printing technology.
Polylactic acid (PLA) and Polycaprolactone (PCL) are aliphatic
polyesters widely used in first-generation tissue engineering.
PLA and PCL are synthesized via ring-opening polymerization
technique and have similar chemical compositions with differ-
ent pendant groups. Such minute differences can contribute to
a more significant effect on the physical properties of the poly-
mer in terms of crystallinity and molecular weight, which would
ultimately affect the degradation profiles [8]. Research has been
carried out to evaluate the potential of 3D-printed PCL as drug-
eluting implants. It was observed from the experimental read-
ings that PCL biomaterial demonstrated a sustained drug release
mechanism validated by the Korsmeyer-Peppas model that is
mainly attributed to its slower degradation kinetics [9]. Similar
observations on the functionalization of the 3D-printed silicone
implants with gelatin hydrogel ensured the smooth release of the
loaded biochemical mediators into the desired area [10]. Thus,
a combination of 3D printing and proper biomaterial selection
can generate patient-specific tissue constructs with desired
mechanical strength and allow sustained release of specific drug
molecules at the defect region to accelerate the healing process.
PLA is one such polymeric material widely explored in bone tis-
sue engineering. PLA scaffolds with an average pore size of 350
microns and 30% porosity were fabricated using an extrusion-
based 3D-printing process and tested using osteosarcoma cells.
Cells showed a high proliferation rate in 50% and 30% porous
scaffolds while exhibiting necessary mechanical properties to
support load-bearing bone growth [11].

Natural polymeric materials like alginate and silk fibroin are
also widely explored for tissue regeneration and tissue remod-
eling applications. Extracted from the cell wall of algae or bac-
teria, Alginate is chemically composed of mannuronic acid and
guluronic acid [12, 13]. Alginate hydrogels are characterized
by high biocompatibility, solubility, and porosity, making them
suitable for tissue engineering applications. Challenges about
easy degradation, poor mechanical strength, and the absence
of cell attachment restricted the use of standalone alginate
hydrogel in biomimetic applications [12-14]. A blend of algi-
nate and gelatin biomaterial was tested to assess the printability
and cytocompatibility of the dual crosslinked scaffold in soft
tissue engineering applications. High cytocompatibility with
hemocompatibility has been observed in osteoblast cells along
with apatite formation. The physicochemical characterization
of the respective scaffold depicted a high printability making
it a suitable biomaterial for 3D printing [15]. Other research
groups have made similar attempts to combine alginate with
silk [16], nanocellulose with hyaluronic acid [17] to impart
enhanced cytocompatibility with superior rheological properties
and mechanical strength for Bioprinting and tissue engineering

applications.
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Silk is another biomaterial for tissue engineering appli-
cations exploiting the chemical composition and amphiphi-
lic nature added with advantages of tunable rheological and
mechanical properties, making it an ideal 3D-printable bio-
material [18]. The viscosity of standalone silk fibroin protein is
not satisfactory for the smooth extrusion process, whereas the
addition of gelatin imparts shear thinning property to the ink
and also affixes the arginine-glycine-aspartate (RGD) motifs for
increased cell attachment [18]. Silk fibroin-gelatin (SF-G) and
the Direct-Write (DW) technique have been used to fabricate a
myriad of human tissue constructs and in vitro disease models.
Silk fibroin serves as an appropriate niche to the growing cells
and plays a crucial role in upregulating the Wnt/Beta-catenin
pathway, a significant player in developmental biology-inspired
chondrogenesis [19]. SF-G bioink has been pursued in fabri-
cating full-thickness skin tissue [20] and in vitro 3D models
for a wide range of disease conditions like osteoarthritis [21],
hypertrophic scar [22], corneal scar [23] as well as liver orga-
noids [24] for animal-free drug screening applications. Attempts
have also been made using platelet-rich plasma (PRP)-gelatin
methacrylate hydrogel scaffold prepared using SLM platform.
The presence of PRP in the scaffold plays an integral role in
osteogenic differentiation of cultured bone marrow-derived
mesenchymal stem cells (BMSCs) as evaluated in vivo in the
rabbit model [25]. These examples highlight the capabilities of
3D-printing technologies to process complex tissue constructs
with pre-defined porosity and surface properties to enable suc-

cessful tissue reconstruction.

Bioceramics have been used in dentistry and orthopedics for
many decades now. Since bioceramic materials are brittle, these
are used in low load-bearing applications, bone void fillers as
granules, or as coatings. Bioceramics are classified as (1) bioinert
ceramics such as alumina and zirconia, and (2) bioactive and
sometimes bioresorbable ceramics such as calcium phosphates.
While bioinert ceramics are used in dentistry and articulating
surfaces of load-bearing implants such as hip prostheses, bio-
active ceramics are used in bone tissue engineering and drug
delivery [26]. Traditionally, these ceramic structures are pro-
cessed using casting or pressing, followed by binder removal
and high-temperature densification or sintering. Using those
processing approaches, making complex shapes and porous
structures is always difficult. The advent of 3D-printing pro-
cesses helped manufacture complex bioceramic parts reli-
ably having dense and porous multifunctional structures [27].
Although binder jetting and stereolithography are the two most
commonly used 3D-printing processes for bioceramics, other

processes such as fused deposition of ceramics, robocasting, or
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direct-write technique, directed energy deposition, and selec-
tive laser sintering have also been used [28-35]. In most cases,
ceramic structures are processed using a 3D-printing process,
followed by post-processing steps to make high-density parts for
final use. However, 3D-printing processes have also been used
indirectly where a mold is made using 3D printing followed by
slurry casting and heat treatment [36, 37]. For drug delivery
applications, porous ceramic scaffolds are first made, followed
by drug loading to avoid any degradation of drugs due to high-
temperature processing. For the past two decades, there has been
extensive research on processing, mechanical property meas-
urements, and biocompatibility evaluations in vitro and in vivo
of various calcium phosphate ceramic scaffolds [28-37]. To
further enhance biocompatibility, induce osteoinductivity, and
anti-microbial resistance, various dopants were added to cal-
cium phosphate ceramics such as magnesium, zinc, strontium,
and silver and processed via 3D printing [38-41]. Such doped
calcium phosphate ceramics showed varied degradation kinet-
ics, anti-microbial resistance, and early-stage osseointegration as
well as angiogenesis [41-43]. Figure 4 shows 3D-printed ceramic

scaffolds and bone tissue integration through the scaffolds [33,

1000 pm  75070Mm 500 um
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35]. Both conventional and microwave heating has been used for
post-processing 3D-printed ceramic scaffolds where microwave
sintering clearly showed an advantage towards higher sintering
kinetics [44]. Bioinert alumina and zirconia ceramics have also
been processed using stereolithography-based photopolymeriza-
tion and have shown good properties [45-47].

3D-printing processes have also been used to make
ceramic-polymer composites where the polymer compo-
nent is added to improve the processibility and flexibility of
the part. Typically, PCL, PLA, or Poly lactide glycolic acid
(PLGA) are used with calcium phosphate ceramics [42, 48, 49].
Ceramic-polymer paste has also been extruded with calcium
phosphate, PCL, and starch to make porous scaffolds for drug
delivery applications [50]. Similarly, polymer coatings have also
been used with porous ceramic scaffolds to improve mechanical
properties where the polymer layer reduces the inherent brittle-
ness of the ceramic structure [36].
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Figure 4: (a, b) 3D-printed porous ceramic scaffold structure, (d) in vitro cell-material interaction, (c, d) histological micrograph for in vivo bone
formation on Sr-, Mg-doped CaP scaffolds and subsequent histomorphometric quantification. Used with permission from Springer [33] and Elsevier

[35].
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Various 3D-printing techniques have been applied in the last
decade to fabricate scaffolds and implants using bioactive glasses
(BGs), glass—ceramics, and biopolymer-bioactive glass com-
posites. The literature analysis indicates that most studies have
considered bioactive glass of the 4585 composition (45 SiO,,
24.5 CaO0, 24.5 Na,0, and 6 P,0;,—in wt%) due to its broad
availability. However, other melt-derived bioactive glass formu-
lations and sol-gel-derived BGs are also being investigated for
3D printing of biomedical devices, specially scaffolds for bone
tissue engineering. As the geometrical accuracy and mechani-
cal properties of the fabricated parts vary among the different
3D-printing technologies, in-depth knowledge of the detailed
capabilities of each technique should provide information about
their relative advantages and disadvantages when applied to bio-
active glasses.

It is well known that lithography-based 3D printing provides
accurate control of 3D morphology and pore architecture, offer-
ing an excellent alternative to existing bone implant and scaf-
fold fabrication methods. The first study showing bioactive glass
4585 BG processing by stereolithographic ceramic manufactur-
ing (SLCM) was published in 2012 [51]. However, those early
scaffolds suffered low mechanical strength, ascribed to a non-
optimized sintering process [52]. SLCM has also been applied to
obtain dense parts of crystallized 45S5 BG with adequate biaxial
bending strength [53], achieving values similar to cortical bone.
Such high mechanical strength was due to eliminating struc-
tural defects and high density (>90%) achieved after sintering as
more homogeneous glass powders were used [53]. Considering
that SLCM can lead to load-bearing scaffolds, an expansion of
applications of BGs is expected in the orthopedic field for low
load-bearing parts, where BG scaffolds fabricated using other
methods, e.g., foam replica, are not suitable due to their low
mechanical strength [52]. Recent research has also shown the
fabrication of 4555 BG-based scaffolds using SLCM [54]. It was
reported that the scaffolds’ linear shrinkage and compressive
strength could be improved by increasing the BG content. In
addition to 45S5 BG, there is increasing interest in other BG
compositions incorporating biologically active ions, which can
be more effective from the osteogenic, angiogenic, and antibac-
terial points of view than 45S5 BG.

Binder Jet Printing has mainly been used to develop
glass/ceramic composite scaffolds, while the fabrication of
amorphous glass structures has been less investigated. For
example, hydroxyapatite (HA)/apatite-wollastonite (A/W)
glass—ceramic composites were fabricated from A/W glass
powder and HA powder, which were previously mixed in a
suspension with maltodextrin as an additional binder. After
drying and grinding, a homogeneous powder with a parti-

cle size distribution having a mean diameter ~70 pm was

©The Author(s), under exclusive licence to The Materials Research Society 2021

achieved [55]. In a related study, a mixture of calcium phos-
phate ceramic and 45S5 BG was 3D-printed, employing a
cementing reaction during the printing process [56]. Dical-
cium hydrogen phosphate (DCPD) and dicalcium pyroph-
osphate (DCPP) formed during the cementing reaction.
Recently, tricalcium phosphate (TCP)- 45S5 BG composite
scaffolds were developed by binder jetting-based 3D-printing
technique following the hypothesis that BG’s addition would
enhance densification via liquid phase sintering and improve
mechanical properties [57]. HA/19-93 BG (composition: 53
Si0,-6 Na,0-12 K,0-5 MgO-20 CaO-4 P,0;—wt%) mix-
tures have also been used to prepare 3D-printed composites
[58]. An aqueous slurry containing 6wt% dextrin binder and
polyacrylic acid as lubricator were used. With increasing HA
content, the interaction of HA particles influenced the sinter-
ing process, and higher sintering temperatures were required.
Indeed sintering was facilitated by the presence of a glassy
phase in such composites. Monolithic parts of 13-93 BG have
been developed by 3D printing [59]. In this case, viscous flow
sintering at relatively low temperatures of 742 °C and 795 °C
led to fully dense structures without crystallization. The size
and shape of the powder have been considered critical param-
eters in all studies, and in fact, such parameters also affect the
surface quality of the printed structures.

Selective Laser Sintering (SLS) has been demonstrated for
manufacturing 4555 BG scaffolds [60]. One crucial aspect to
consider is the possible crystallization of 45S5 BG, which usually
occurs during the SLS’s heating and cooling processes. Indirect
SLS has also been used to develop 3D glass structures, for exam-
ple, for fabricating 13-93 BG scaffolds [61, 62], in which a CO,
laser with a laser beam diameter of 0.46 mm was used. Using
13-93 BG, dense and macroporous samples were fabricated and
sintered at 700 °C, below the onset of glass crystallization.

Robocasting or fused deposition modeling (FDM) has
received particular attention to produce BG and polymer-BG
composite scaffolds. For example, Eqtesadi et al. showed the
fabrication of 4555 BG scaffolds with 60-80% porosity using
this method [63]. Moreover, sol-gel-derived mesoporous bioac-
tive glasses combined with poly vinyl alcohol (PVA) have been
used to fabricate scaffolds by robocasting [64]. Indeed, multi-
scale porosity in the struts of scaffolds can be achieved using
mesoporous BG particles and a porogen in combination with
3D-printed biodegradable polymers [65]. In similar research,
the application of 3D printing to develop composite scaffolds
incorporating sol-gel-derived Cu-doped bioactive glass particles
has recently been shown [66]. In this study, gelatin/silk fibroin
scaffolds incorporating 1 wt% of Cu-doped BG particles were
processed for bone defect repair applications. In addition, incor-
poration of BG micro- and nanoparticles in hydrogels, natural
and synthetic biopolymers for 3D printing of bioactive scaffolds
has been reported by several authors [67-74]. Solvent-based and
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hydrogel extrusion processes have high potential also for Bio-
printing (Biofabrication). In this context, Bioprinting of cell-
laden hydrogels incorporating BG particles as bioreactive fillers
is an area of increasing interest in the biofabrication field [75,
76]. Finally, different 3D-printing techniques have been applied
successfully for obtaining polymer-BG composites using PCL
[77], PLA [78], silk [79], and poly(3-hydroxybutyrate-co-3-hy-
droxyvalerate) (commonly known as PHBV) [80]. Recently,
Marsh et al. have shown the 3D printing of glass—ceramic scaf-
folds using fused filament fabrication technique, called fused
deposition of ceramics [81]. Those filaments consisted of
sol-gel-derived micro-sized Ag-doped BG particles and poly-
olefin binders [82].

PBF is the most common process used in the 3D printing of
metals and alloys, and Ti6Al4V is the most common alloy
used for hip, knee, and spinal devices. The first-generation
3D-printed metallic implants focused on dense-porous struc-
tures where the porosity is added to reduce the effective stiff-
ness and pathways for biological fixation [83-88]. The PBF,
DED, and binder jetting processes were used to show that

uniform or gradient porosity metallic structures can reduce

the stiffness and help in early-stage osseointegration [2, 88].
It is established that a pore size range of 300 to 600 um helps
in osseointegration. It is also established that increasing the
volume fraction porosity decreases the mechanical strength
(87, 88]. For porous coatings, different lattice structures have
also been developed with various porosities. Apart from Ti
alloys, Ta has also been processed using 3D printing, and Ta
has shown exceptional biocompatibility and is used in the
porous coating on Ti6Al4V implants. Since the melting point
of Ta is higher than 3000 °C, it is challenging to process Ta
using conventional manufacturing operations. However, both
bulk and porous Ta structures were processed easily using
laser-based 3D-printing processes [89-91]. Biodegradable
porous magnesium and iron alloys have also been processed
using metal 3D printing and tested in vivo. It has been shown
that 3D-printed structures are stable, biocompatible, and bio-
degradable in vivo, where the biodegradation kinetics varied
as a function of porosity [92, 93]. Shape memory alloy nickel-
titanium has also been processed via metal-based 3D-printing
processes and shown to possess its shape-memory effects and
biocompatibility [94-97]. Figure 5a, b show patient-matched
3D-printed metallic implants [98, 99].

For metallic biomaterials, apart from offering to manu-
facture complex shapes with dense and porous materials, the

3D-printing technologies also enable the design of new alloys
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Figure 5: (a) 3D-printed porous metal implants—design and powder bed-printed model [98]. (b) 3D-printed patient-matched spinal cage of Ti6Al4V
[99]. (c) In vivo biological response at 5 weeks from porous titanium and tantalum parts fabricated using direct energy deposition (DED)-based 3D
printing showing early-stage osseointegration as a function of designed porosities and extended new bone formation [90]. Used with permission from

Springer and Elsevier.
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instead of using legacy alloys such as Ti6Al4V borrowed from
the aerospace and automotive industries. Recently, it has been
shown that the in vivo biocompatibility of 3D-printed Ti-Ta
alloys with 10 and 25 weight% Ta is similar to 100% Ta [100].
Figure 5c shows in vivo osseointegration in different Ti and
Ta implants [90]. Such alloy design concepts are expected to
innovate new alloys for various unmet needs in orthopedic and
dental applications. 3D printing has also shown that hard or bio-
compatible ceramics can be coated on metal surfaces to increase
wear resistance or biocompatibility of a metal such as Ti6Al4V
[101-103]. This approach is also expected to innovate novel
multi-materials biomedical devices for treating bone disorders

using 3D printing.

3D printing has come a long way to process biomaterials for
traditional and innovative devices during the past decade.
3D-printed patient-matched implants are no longer one of
a kind unique cases; over 100,000 mass-produced metallic
implants are being 3D Printed every year in the US alone for
human use; 3D-printed surgical models are used regularly in
various hospital worldwide and manufacturing surgical tools
via 3D printing has become a routine operation. Yet, regulatory
approval for 3D-Printed devices is still slow because of various
challenges in the 3D-printing operations that are significantly
different from traditional approaches. For example, for metal
implants, metal powders are the starting materials for powder
bed fusion technologies. It is still debatable how long metal
powders can be reused and what characterization techniques
should be used to assure the robustness of the process. Different
vendors have developed their tools, but standardization is still
lacking. Similarly, how do we assure that loose powders will not
come out and go into the bloodstream after porous implants
are placed in the body? What are the heat treatments that are
needed for different 3D-printed devices? Although results so far
are encouraging, standardization of many such operations will
ease the regulatory burden worldwide. Another area of signifi-
cant importance is alloy design? Using the 3D-printing routes,
can we develop new alloys designed for 3D-printing processes?
Legacy alloys such as Ti6Al4V were not developed, keeping fast
cooling approaches that is natural to 3D printing. However, the
same composition is used in 3D printing operations, although
the kinetics of the manufacturing process is very different. It is
anticipated that new alloys will be designed for 3D-printing-
based processes and used for biomedical devices. Like metallic
devices, Bioprinted products currently lack regulatory guidelines
as those processes are still in developmental stages. More funda-
mental data on Bioprinted products and a better understanding

of the process-property relationship will help develop regulatory

©The Author(s), under exclusive licence to The Materials Research Society 2021

guidelines in the coming years [104-106]. For ceramics and
glasses, reliability of 3D-printed products is needed, along with
reproducible manufacturing practices. Binder jetting-based 3D
printing method can be ideal for manufacturing drug delivery
devices with resorbable polymers and ceramics. Especially this
method allows for printing parts with high resolution and com-
plex features. There are significant prospects of using binder jet-
ting method to make ceramics or glass scaffolds, for generic or
patient-matched or defect specific, for small-scale bone defects.
Controlled drug doses can also be programmed easily during
binder jetting-based 3D printing, which can be used commer-
cially for the mass production of such devices. It is expected that
with better design flexibility and materials choices in 3D Print-
ing, various innovative biomedical devices will be available to
aid long-standing challenges in human health. We hope that the
current excitement will continue to grow and more scientists,
engineers, and clinicians will join the innovative world of 3D
printing of biomaterials and biomedical devices, and enjoy the

journey as the authors of this article did.
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