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Abstract

Additive manufacturing’s attributes include print customization, low per-
unit cost for small- to mid-batch production, seamless interfacing with
mainstream medical 3D imaging techniques, and feasibility to create free-
form objects in materials that are biocompatible and biodegradable. Conse-
quently, additive manufacturing is apposite for a wide range of biomedical
applications including custom biocompatible implants that mimic the me-
chanical response of bone, biodegradable scaffolds with engineered degra-
dation rate, medical surgical tools, and biomedical instrumentation. This
review surveys the materials, 3D printing methods and technologies, and
biomedical applications of metal 3D printing, providing a historical per-
spective while focusing on the state of the art. It then identifies a number of
exciting directions of future growth: (#) the improvement of mainstream ad-
ditive manufacturing methods and associated feedstock; (4) the exploration
of mature, less utilized metal 3D printing techniques; (c) the optimization
of additively manufactured load-bearing structures via artificial intelligence;
and (d) the creation of monolithic, multimaterial, finely featured, multifunc-
tional implants.
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1. INTRODUCTION

Today’s world, with ubiquitous transportation, housing, food, and entertainment, is largely afford-
able due to the mass production of uniform designs via large-batch fabrication methods (1). How-
ever, these techniques are at odds with many biomedical applications in which using a base design
is not feasible or practical, for example, to satisfy one-of-a-kind users; instead, these biomedical ap-
plications require customization and very different manufacturing technologies. In some of these
applications, using metal is essential to attain satisfactory functionality and durability.

The biomedical applications of metals primarily focus on implants. Many metals and metal al-
loys are known (2), but only a few are safe to implant into people. Although metals have been used
in medicine since antiquity, metallic implants were largely unsuccessful until the introduction of
the aseptic surgical technique in the 1860s (3). Decades later, advances in materials science, such
as vacuum processing, facilitated the use of metal alloys in implants (4). In the 1920s, stainless
steel (SS) 316 was developed, with high resistance to corrosion by bodily fluids and other features
of biomedical interest (5). In the 1930s, cobalt-chromium (Co-Cr) alloys, originally developed
for the aerospace industry, were first used in medical implants (6); these alloys have better bio-
compatibility, corrosion resistance, and wear resistance than SS 316 (7). Pure titanium implants
were introduced in the mid-1950s, followed decades later by Ti alloys with superior mechanical
characteristics. Currently, Co-Cr and Ti alloys are the most common metals in orthopedics, with
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SS 316 and SS 316L (a more ductile and corrosion-resistant, low-carbon version of SS 316) and
nitinol (a shape-memory nickel-titanium alloy) having niche uses.

Presently, metals are used in a wide range of biomedical applications besides implants, includ-
ing heart stents and valves, dentistry, surgical tools, scaffolds, and in vitro medical devices. With
the aging of the world’s population, advanced metals have enabled high-quality prosthetics that ad-
dress bone fracture and tissue loss (7). The elderly population has greatly increased in the United
States (from 4.9 million in 2002 to 39.7 million in 2010), and many younger people also have de-
generative diseases, such as osteoarthritis and osteoporosis, and traumatic injuries, leading to pain
or loss of tissue function (8). By 2030, hip replacements are expected to increase by 174% (i.e.,
0.57 million procedures) and knee arthroplasties by 673% (3.48 million procedures) compared
with 2000 (9).

Additive manufacturing (AM) is the process of joining materials to make parts, usually layer by
layer, in contrast to traditional subtractive manufacturing, which selectively removes material from
bulk, and formative manufacturing, which shapes bulk via pressure (10). AM makes possible the
low-cost, small- to mid-batch production of customized, complex, monolithic, multimaterial parts
(11). AM can use data from mainstream 3D medical imaging methods, for example, X-ray com-
puted tomography (CT) and magnetic resonance imaging, directly in its manufacturing models.
Personalized medical implants lower operation and hospitalization times, reducing overall medical
costs, for both humans (12) and animals (13).

A key advantage of AM over traditional fabrication methods is its multiscale nature; geometries
are defined using volume elements (voxels) that are generally many orders of magnitude smaller
than the object’s volume, enabling miniaturized and/or finely featured structures. In particular,
a wide variety of microfluidics of biomedical interest have been reported (14, 15)—even com-
plex, monolithic, multimaterial devices such as pumps (16, 17) and nanosatellite thrusters (18).
Moreover, conceptually, the use of discretized volumes with associated physical properties to fully
specify an object makes AM more repeatable (19).

This review covers the materials, printing methods, and biomedical applications of metal AM,
providing a historical perspective, a focus on the state of the art, and a window to exciting directions
of future growth.

2. PRINTABLE BIOMEDICAL METALS

This section summarizes the metallic materials most commonly used in biomedical applications:
titanium, titanium alloys, Co-Cr alloys, SS, tantalum, gold, magnesium, gallium alloys, and iron
(Table 1); each material can be processed via one or more AM methods (see Section 3).

The most common biomedical use of metal is orthopedic implants, and the different material
options available result from addressing changes in clinical requirements (24). Some uses require
inertness (e.g., Co-Cr alloys, gold); some require bonding with the host tissue (e.g., titanium, ti-
tanium alloys); and some require tissue growth and subsequent taking over of the implant (e.g.,
magnesium alloys, iron). Most modern implants use Co-Cr and Ti alloys (12, 24). An implantable
metal must have biocompatibility, corrosion resistance, high specific strength (i.e., it must maxi-
mize mechanical resistance while minimizing weight), high endurance strength (maximum alter-
nating stress that the material can experience without fatigue failure for a given number of cycles),
high impact toughness (the material’s ability to absorb energy via permanent deformation with-
out fracturing), and low toxicity. A key issue with implants is stress shielding—that is, osteopenia
due to stress suppression in the bone by the implant. Stress shielding can be addressed either by
using a material with stiffness close to that of cortical bone (e.g., magnesium) or by engineering a
porosity that reduces the implant’s stiffness.
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Table 1 Metals used in biomedical applications

Material

E (GPa)

ous (MPa)

emax (%)

p (g/cm’)

Uses

References

Cortical bone

13.6-23.8

68-156

1.1-3.1

1.73-2.10

Natural skeleton

22,34,35

CP-Ti

105

240-550

15-24

454

Pacemaker cases, housings for
ventricular-assist devices,
implantable infusion drug pumps,
dental implants, maxillofacial and
craniofacial implants, screws and
staples for spinal surgery

27,31

Ti-64

110-114

895-930

6-10

4.20-4.50

Load-bearing implants

27,31

Co-Cr

220-250

600-2,280

8-28

8.27-9.20

Load-bearing implants, fracture
fixation devices

20,21, 24

SS316L

189-205

490-1,731

12-52

7.90-8.10

Short-term implants, hip stems,
cannulae, dental impression trays,
hypodermic needles, steam
sterilizers, filters

22,24, 26

Ta

186-191

205-480

16.69

Vascular clips, radiographic bone
markers, nerve repair,
cranial-defect repair,
grafts/scaffolds, hip and knees,
wires for skin closure, staples for
abdominal surgery, electrical
capacitors

23,24

Au

80

130-200

4-50

19.30

Dental implants and fillings, wire
fixings and supports, ocular
prosthetics, endovascular stents,
soluble injectable compounds to
alleviate rheumatoid arthritis, drug
delivery via nanoparticles

46,51

Mg alloys

10-45

90-280

1.74-2.00

Biodegradable implants, tissue
engineering

12,2224

a

Ga alloys

NA

NA

5.91-6.36

Flexible electronics, injectable
electrodes, nerve repair

56

Fe alloys

188-215

357412

9-15

7.48-7.87

Biodegradable implants, tissue
engineering

12,63

*Ga and its alloys are liquid above 29.8°C.
Abbreviations: E, Young’s modulus; eyax, maximum elongation; NA, not available; ous, ultimate strength; p, mass density.

2.1. Titanium and Its Alloys

Titanium and its alloys have been widely used in biomedical implants since the 1970s due to their
excellent biocompatibility, good corrosion resistance, and high specific strength. Titanium has a
hexagonal, close-packed lattice structure at room temperature, called o phase, and a body-centered
cubic structure at 883°C, called p phase. Alloying elements such as Al, C, and O extend the o phase
by increasing the B/a transus temperature, while Mo, Ta, and Nb extend the B phase by reducing

the transus temperature (25). Consequently, Ti alloys can be classified into four main groups: a-,
near-a-, (@ + p)-, and B-type alloys. The mechanical properties of Ti alloys are strongly influ-
enced by their composition, with the noticeable exception of the Young’s modulus, which remains

near constant (26). The most common Ti-based materials used today in biomedical applications
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are commercially pure titanium (CP-Ti) and titanium alloy Ti6Al4V (Ti-64). CP-Ti (98.9% to
99.6% 'Ti alloyed with O and Fe) is a relatively weak a-type alloy that cannot be strengthened
via heat treatment; consequently, CP-Ti is used in non-load-bearing, corrosion-resistant appli-
cations, such as pacemaker cases, infusion drug pumps, and dental implants (24, 27). In contrast,
Ti-64 is an (a + B)-type alloy whose mechanical strength can be increased up to 50% via heat
treatment without significantly affecting its Young’s modulus (24), making Ti-64 compatible with
load-bearing applications, such as fracture fixation plates, hip stems, fasteners, wires, and screws.
Ti-64 extra low interstitials (ELI) alloy has fewer interstitial impurities such as O, N, C, and Fe,
resulting in improved ductility and fracture toughness with some reduction in strength (28); conse-
quently, Ti-64 ELI alloy has been widely used for bone fixation plates and in stems of artificial hip
joints (29). The grain size of Ti alloys can be modified via plastic deformation; smaller grains have
fewer atoms per grain and higher surface energy, promoting higher osseointegration. In particular,
ultrafine-grained (grain structure in the submicrometer to nanometer range) CP-Ti and Ti-64 al-
loys have shown significantly better vascular and bone cell adhesion compared with conventional
Ti-64 varieties (30). CP-Ti and Ti-64 spontaneously form a passive TiO, film that contains OH~
ions that react with the bones’ mineral constituents, promoting osteointegration (31). Although
50% of biomedical implants use Ti-64 (31), the alloy causes some concern as it contains Al and V,
which are cytotoxic; consequently, aluminum- and vanadium-free Ti alloys have been developed
for implant applications (32). Furthermore, CP-Ti and Ti-64 are much stiffer than human bone,
causing stress shielding. However, a key benefit of 3D-printed Ti-based materials is the inclusion,
without resorting to chemical processes, of an engineered porous structure to match the stiffness
of the implant with that of the natural bone; the porosity also enhances bone cell growth, creating
a strong twist lock between the bone and the implant that improves the success rate of the implant
(33-35). Titanium has also been shown to be more biocompatible than SS 316L (36).

2.2. Cobalt-Chromium Alloys

Co-Cr alloys have been used in medical implants since the 1930s (6). Co-Cr alloys are over
an order of magnitude more corrosion resistant and have higher wear resistance than SS. The
chromium forms a protective Cr,Os film when exposed to the human body environment, causing
excellent biocompatibility. Co-Cr alloys are often used in permanent, load-bearing implants, both
medical and dental. 3D-printed dental implants made in Co-Cr alloy accurately mimic the struc-
ture of the alveolar bone (37). Moreover, Co-Cr is preferred over gold for dental implants due to
its lower cost, better mechanical properties, and ability to maintain adequate bond strength when
joined to the porcelain used for tooth surfaces. However, the longevity of Co-Cr prosthodontics
is still not fully known (38).

Cobalt is an essential trace element, principally found in the maturation of human red blood
cells as a constituent of vitamin By,; however, it is toxic at high concentrations. Co-Cr implants
release metallic particles, which in some patients can cause severe damage to nearby tissue (24). In
particular, Co-Cr-Mo implants with metal-on-metal bearings release cobalt and chromium ions
into the blood (39). Furthermore, cobalt toxicity has been reported to cause adverse reactions in
some patients with metal-on-metal hip prostheses 4-5 years after implantation (40). The addition
of calcium phosphide to the prosthetic and the laser processing of the alloy can slow down the
release process (41).

2.3. Stainless Steel

SS alloys are iron alloys with at least 11% chromium and some nickel. The mechanical properties
of SS can be controlled via doping and heat treatment. SS alloys can be grouped into four families,

www.annualreviews.org o Biomedical Applications of Metal 3D Printing

311



312

depending on their microstructure: martensitic, ferritic, austenitic, and austenitic plus ferritic (26).
The great majority of biomedical applications use austenitic SS, most commonly SS 316L, because
of its availability, low cost, ease of fabrication, and biocompatibility. As in Co-Cr alloys, chromium
creates a protective thin oxide film on the surface of SS objects. The addition of nickel to SS
results in an austenitic microstructure at room temperature; however, nickel is toxic, leading to
serious health issues if released due to corrosion (42). The addition of alloying elements such as
molybdenum slows down the corrosion rate of SS alloys. Alternatively, nickel can also be replaced
with nitrogen, which, in addition to facilitating a room-temperature austenitic microstructure,
increases the alloy mechanical strength.

However, SS is not truly stain proof—it reacts, albeit slowly. Consequently, SS 316L is not
used in permanent implants, as they suffer corrosion pitting, corrosion fatigue, and stress corro-
sion cracking due to sustained contact with the body’ interior. The wear resistance of SS 316L is
also relatively poor, leading to debris around the implant. SS 316L is used widely in surgical instru-
ments and in cost-effective, short-term (months to years) implants; furthermore, high-nitrogen,
nickel-free SS is popular for stems in permanent hip prostheses; for example, SS stems are used
in 70% of hip replacements in the United Kingdom (24).

2.4. Tantalum

Tantalum has been used in biomedical engineering since the 1940s. Tantalum has good chemical
stability—it has approximately the same corrosion resistance of glass; moreover, tantalum has bet-
ter biocompatibility and fatigue resistance than titanium and supports enhanced bone ingrowth
(12). Tantalum generates a protective Ta; Os layer, which makes implantable parts inert to bodily
fluids (43). Tantalum is used in vascular clips, radiographic bone markers, nerve repair materials,
cranial-defect repair materials, grafts and scaffolds, hip and knee implants, wires for skin closure,
staples for abdominal surgery, and implantable electronics (12, 24). Tantalum capacitors are ex-
ceptionally reliable and thus are used in implantable medical electronics such as hearing aids,
neurostimulators, insulin pumps, and cardioverter defibrillators. However, tantalum is very diffi-
cult to machine or melt, and it is also over fivefold more expensive than SS and T1i alloys, greatly
limiting its use. Consequently, biomedical applications commonly use tantalum coatings instead of
bulk tantalum; examples include Ta-coated titanium implants (44) and carbon foam skeletons (45).

2.5. Gold

Gold is widely used in engineering because of its excellent chemical resistance, high infrared re-
flectance, malleability, ductility, electrical conductivity, and heat conductivity. Gold is very expen-
sive; consequently, electroplated goods are common. Elements such as copper, silver, platinum,
palladium, and zinc are often added to gold to increase its strength. Gold has excellent resistance
to shearing and pulling, making it suitable for dental crowns and bridges, while gold’s ductility en-
sures a close fit between teeth and an implant (46). Thermal treatments change the microstructure
of gold alloys—increasing its strength, for example. In addition, gold alloys wear at a rate similar
to that of enamel, minimizing differential abrasion (47).

Gold is used in restorative dentistry for implants and fillings, gold wire fixings, and supports
(48); in ocular prosthetics (49)—particularly for upper eyelid implant surgery (46); in endovas-
cular stents (46); and as soluble injectable compounds to alleviate rheumatoid arthritis and to
treat/prevent bacterial infections (50). Properly installed, gold dental implants last the longest
(51). Gold nanoparticles exhibit different physical and chemical properties than bulk gold because
their large surface-to-volume ratio makes them more reactive; consequently, a wide range of func-
tionalized gold nanoparticles have been explored for therapeutic and diagnostic applications (52).
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2.6. Magnesium and Its Alloys

Magnesium participates in many biochemical reactions, including energy metabolism and protein
synthesis; in addition, magnesium helps regulate blood sugar and keep bones strong. Magnesium
is absorbed by the digestive system and eventually filtered by the kidneys. In air, magnesium forms
a protective oxide film; however, the film dissolves in the body’s saline environment, making mag-
nesium alloys, particularly Mg-Ca varieties (in which up to 0.8 wt% calcium is added to greatly im-
prove magnesium’s corrosion resistance), fully absorbable by the body (24). Consequently, magne-
sium alloys are biodegradable. Magnesium implants are temporary structures that promote native
tissue growth, while the body absorbs them, until new tissue replaces the implant. In comparison,
Ti, Co-Cr, and SS implants, which are not biodegradable, must be surgically removed or adjusted
(12). Magnesium has excellent biomechanical compatibility with human bone; for example, their
mass densities and Young’s moduli are very similar (53), avoiding stress shielding. Magnesium also
possesses unique osteopromotive properties—the release of Mg ions stimulates bone formation
at the periosteal region (53).

Magnesium can also be alloyed with other elements to change its properties. For example, Mg-
Mn alloys have improved corrosion resistance, Mn-Zn and Mn-Cu alloys have higher strength,
and Mn-Al alloys have a good combination of mechanical properties and corrosion resistance
(24). The use of magnesium alloys in implants poses several challenges, including infection and
hydrogen bubble generation; the latter can be addressed by nucleating the magnesium alloy as
a metallic glass, that is, an amorphous, single-phase structure (54). Magnesium is flammable and
thus needs an inert/vacuum atmosphere to be 3D printed; Mg parts can also be created using
printed scaffolds (55).

2.7. Gallium Alloys

Gallium and its alloys are biocompatible materials that are liquid near room temperature (56).
Ga compounds are anti-inflammatory, antimicrobial, and immunosuppressive in animal models
of human disease (57). Popular Ga alloys are Galinstan (gallium, indium, and tin) and eutectic
gallium indium (EGaln). Ga and its alloys have a melting temperature below 30°C, high electrical
conductivity (~3.1 x 10% S/m), water-like viscosity, and more than 15 times the thermal conduc-
tivity of water (56, 58). In a Ga alloy, the Ga portion predominantly oxidizes, creating a protective
layer that can be stripped with an acid or alkaline solution (59).

Ga alloys can satisfy many biomedical applications for which solid metals are unsuitable, in-
cluding vascular embolization tumor therapy (56), nerve reconnection (60), and flexible intercon-
nects (61). In addition, Ga alloy nanoparticles can be functionalized with a metal thiolate complex
and thus used in drug-delivery applications (58). Ga alloys are also self-healing, which is useful
in antennas and electrodes for biomedical applications. For example, when a channel filled with
a Ga alloy is cut, the alloy generates a protective oxide at the cut that prevents the liquid metal
from retreating into the channel or dripping outside; if the two parts are reconnected, the liquid
metal eventually coalesces and electrical conduction is reestablished. If the channel is made of a
self-healing polymer, the channel would also heal mechanically (62).

2.8. Iron

Iron is an essential trace element in almost all living organisms; in particular, iron is present in the
proteins hemoglobin and myoglobin (required for transporting oxygen to the tissues) and in other
metabolic enzymes and proteins (24). However, iron is toxic at high concentrations. Iron-based
materials are a promising choice for biodegradable implants due to their excellent mechanical
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properties and biodegradability given that iron ions released during degradation are metabolized
and not accumulated (12). However, among biodegradable pure metals, iron has the highest yield
strength and elastic modulus, much higher than those of cortical human bone (63); moreover,
the degradation of pure iron in physiological media is slower than what would be required in
the human body for a biodegradable implant (64). Consequently, research efforts have focused
on developing porous structures made of iron and iron-based compounds instead of solid, pure
iron to minimize stress shielding and to increase the degradation rate, with the aim of using the
objects as temporary structures that promote native tissue growth (12). Fe alloys such as Fe-Mn,
Fe-Mn-Ca, and Fe-Mn-Mg have been investigated for biodegradable implants; typical porosities
fall between 35% and 53% (12, 63).

3. METAL 3D PRINTING TECHNOLOGIES

Metal AM is at the intersection of information and metal processing technologies, bypassing many
of the costs associated with traditional processes, equipment, and skills for metal working, while
creating free-form, near-net-shape 3D objects (19). This section presents the AM methods accord-
ing to how the printable material, that is, feedstock, is supplied to the integrating agent. Specifi-
cally, the metal AM techniques covered encompass (#) bulk-supplied powder feedstock selectively
joined into a solid object using light, electrons, or binder and (b) liquid/paste, filament/wire, or
powder feedstock directly fed to the integrating agent, that is, light, electrons, plasma, heat, or
binder, to create a printed object. Metal AM often requires postprinting annealing to consolidate
the print, transform the feedstock into metal, or nucleate a desired microstructure (19).

In AM, 3D-printed objects are discretized using voxels that are typically six or more or-
ders of magnitude smaller than their volume; consequently, creating porous structures via AM
is straightforward—provided the geometry of the printed object allows for the removal of any
internal unprocessed feedstock. In particular, the effective stiffness of 3D-printed biomedical im-
plants can be tailored to match that of the bones, avoiding stress shielding, while textured surfaces
can also promote tissue growth (12, 24).

3.1. Metal Additive Manufacturing Methods with Bulk-Supplied Feedstock

Loose, fine metal powder feedstock can be selectively combined into an object using light, elec-
trons, or droplets of binder as an integrating agent (19, 65). AM methods with bulk-supplied
feedstock use more printable material than what is actually integrated into the object; however,
the unprocessed powder can be recycled to a certain extent (66), reducing waste. Bulk-supplied
feedstock AM methods generally create single-material objects.

3.1.1. Powder bed fusion. Powder bed fusion (PBF) is the most popular metal AM method
with bulk-supplied feedstock. In PBF (Figure 14), a high-energy electron beam (for electron-
beam PBE, known as PBF-EB) or a CO,/Nd:YAG/diode laser (for laser PBF, known as PBF-L)
rasters a bed of fine powder, selectively fusing it. As the powder bed is incrementally lowered, a
fresh layer of powder is applied on top of the existing printed object via a blade or roller, while the
beam selectively fuses portions of it to previously solidified layers (19). PBF-L is widely referred to
in the literature as direct metal laser sintering (DMLS), selective laser melting (SLM), or selective
laser sintering, depending on the degree of melting; PBF-EB is also known as electron-beam
melting. The first PBF-L system processed powder feedstock via selective laser sintering and was
invented by Carl Deckard in 1986 (67) and commercialized by D'TM Corporation in 1992 (65). In
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Schematics of selected metal additive manufacturing methods with bulk-supplied feedstock: (#) powder bed
fusion (PBF) and (%) binder material jetting (BM]). Schematics of selected metal additive manufacturing
methods with feedstock directly supplied to the integrating agent: (c) electron-beam-directed energy
deposition (DED-EB), (d) fused filament fabrication (FFF), (¢) direct ink writing (DIW), and

(f) microplasma sputtering (uPS).

1999, Fockele and Schwarze in cooperation with Fraunhofer ILT developed the first SLM systems
(68).In 2001, the first DMLS printers to process 20-pm-tall layers were commercialized by EOS
GmbH (65). Currently, DMLS systems have 100-W to 1-kW lasers, adequate to fully melt metal
feedstock, and SLM and DMLS are used interchangeably (69).
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The powder bed provides mechanical support to the printed object, often obviating the need to
print supports for objects such as cantilevers, inclined walls, and domes. However, loose powder
can remain in the internal cavities of a PBF-printed object without an adequate egress; conse-
quently, PBF is generally unfit to create monolithic objects with high-aspect-ratio internal voids,
such as microfluidics, even if the voids are not blind. A PBF-printed object can be reworked by
removing the undesired portion, repositioning the resulting part in the printer platform using a
customized fixture, and printing the remainder (19), which could be made of a different powder
feedstock.

In a PBF-L system, a laser rasters each layer using a scan path of overlapping weld beads. The
laser is rastered using magnetically driven mirrors, allowing for rapid movement of the beam. The
laser penetrates deeper than the new layer to fuse it to previously printed layers. PBF-L systems can
print metal parts with low porosity and can process many alloys of biomedical interest including
stainless steel, titanium, Co-Cr, magnesium, and iron. The build speed, dimensional accuracy,
printed mass density, and surface finish of PBF-L systems have greatly improved in the last decade,
and they can now print near-net-shape objects (19).

In a PBF-L system, the build chamber is filled with inert gas to avoid the oxidation of the
printed object. PBF-printed parts have an intricate thermal history due to sequential consoli-
dation of feedstock in small segments and the partial remelting of the material in subsequent
layer depositions, leading to significant accumulation of residual stresses (19, 65). Furthermore,
PBF-fabricated parts usually exhibit mechanical anisotropy due to the directional microstructure
generated during cooling (70), with the out-of-layer direction generally the weakest.

The microstructure and mechanical properties of PBF-L-printed objects are affected by laser
energy density, platform temperature (71), layer thickness (72), hatch distance (73), and composi-
tion and pressure of the sintering atmosphere (74). The issues posed by the complex metallurgical
conditions during PBF-L, including overlapping of melt pools, layer-by-layer stacking, and ex-
treme temperature gradients, are unresolved and are being actively investigated (19). Recent im-
provements on PBF-L systems include feedstock heating to decrease the necessary laser heating,
and thus increase processing speed, and purer gases to process reactive metals, such as magnesium.

Using an electron beam instead of a laser introduces key advantages, including (#) higher energy
density for faster printing; (b) ultrahigh-vacuum operation for creating parts with more uniform
temperature distribution, lower residual stresses, and less porosity and for printing highly reactive
materials, such as magnesium; (¢) reduction or elimination of support structures, making possi-
ble part stacking (e.g., hip cups) and decreasing secondary machining operation postprinting; and
(d) creation of parts with less gradient in the microstructure for more consistent and uniform me-
chanical properties (75). Like their PBF-L counterparts, PBF-EB systems raster the electron beam
across 3D space to melt the feedstock; however, the steering is done with electromagnetic coils
instead of moving mirrors, greatly increasing the scan rate—up to 8,000 m/s (19). During print-
ing, helium is leaked into the PBF-EB chamber to reduce the electrostatic charging of the powder
and to cool the printed object. PBF-EB-printed objects require less support than those printed via
PBF-L because the electron beam partially sinters the loose powder surrounding the object. The
powder used in PBF-EB needs to be electrically conductive. In principle, this is not an issue for
metal feedstock, although metal powders coated with oxide or nitride films could be challenging to
print as they have significantly lower electrical conductivity compared with bulk metal; dielectrics
are unsuitable for EB-based AM (76). PBF-EB systems tend to have higher deposition rates than
their laser-based counterparts (19). In a PBF-EB system, the ultrahigh vacuum allows the preheat-
ing of the powder to 700°C, reducing the energy supplied by the electron beam to melt feedstock
and reducing stress accumulation. The smallest reported spot size of PBF-EB is ~100 pm (19).
Arcam, a General Electric subsidiary and a major commercial vendor of PBF-EB systems, focuses
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on titanium and Cr-Co alloys, which have biomedical importance. The wall-plug efficiency (con-
version of electrical energy into a high-energy beam) of an EB-based AM system can be as high
as 95%, while the wall-plug efficiency of a laser-based AM system oscillates between 20% (CO;
laser, Nd:YAG laser) and 70% (diode laser) (76). Compared with their laser-based counterparts,
PBF-EB systems have two key limitations: object cooling (hours to days) and a need for coarser
powders (typical average powder diameter for PBF-L is 10 wm, while for PBF-EB it is 45 pm;
see 19), which affect the surface finish and resolution; moreover, surface roughness concentrates
stress, decreasing the mechanical strength of the printed part.

The processing differences between PBF-L and PBF-EB result in printing parts with different
properties when using the same feedstock. For example, Ti-64 printed via PBF-L exhibits an
o martensitic microstructure, while printing the same material via PBF-EB shows a needle-like
a + B Widmanstitten microstructure (77). Also, due to the nonuniform cooling, the porosity
and residual stress of as-printed Ti-64 PBF-L-printed samples are larger than those of PBF-EB-
printed samples; moreover, the mechanical properties of PBF-L-printed Ti-64 are anisotropic, in
contrast to the isotropic mechanical properties of PBF-EB-printed Ti-64 (77).

3.1.2. Binder material jetting. Binder material jetting (BM]J) was developed by Sachs and Cima
in 1993 and commercialized by ExOne (formerly Extrude Hone Corporation) in 1999 (19). Since
the early 2010s, multiple companies, from start-ups to large, well-established companies, have also
introduced BMJ tools to the market. BM]J is a two-step process that decouples the printing of the
part from its sintering/consolidation. In the first step of BMJ (Figure 15), objects are created by
injecting binder (a slurry of water and polymer) at room temperature into the regions of the pow-
der layer that will be part of the object; during drying, water evaporates and the polymer coalesces
the powder particles (72). Layers of powder are sequentially deposited via a roller or blade, as
in PBF systems. After completing the first step, the printed object, immersed in loose powder, is
heated to increase its mechanical strength. The printed objects are green, that is, they need to be
debinded and sintered. The green part is extracted from the unprocessed powder and transferred
to a specialized furnace to burn out the binder and sinter the object (78), with processing specifica-
tions dictated by the powder and binder composition. As in PBF systems, the unprocessed powder
in a BMJ tool can be recycled. Because the sintering environment is homogenous, BMJ-printed
parts have a uniform microstructure and show isotropic mechanical properties.

BM]J presents multiple advantages over PBF. In particular, (#) BMJ decouples the definition
of the object from its sintering/solidification, eliminating stress buildup issues; (b)) BMJ is more
precise than PBF because of the gentler sintering and because the binder is supplied through
an inkjet head with ~35-pm pixels, rather than the ~100-wm typical spot size of PBF systems;
(¢) BMJ machines are cheaper because the printhead doesn’t need to deliver the high power of
lasers or electron beams; and (d) BMJ systems are typically faster. However, porosity is a major
concern with BMJ-printed parts, as this technique is, essentially, a powder metallurgy process
(78). Porosity reduction is attained during sintering of the printed part; reducing the porosity in
the printed material can significantly improve its mechanical properties as porosity acts as stress
concentrator, promoting crack propagation (79).

BM]J uses a powder bed that, as described above, supports the printed parts, minimizing the
need for support structures when printing free-form objects. Sun and colleagues characterized
finely featured parts of interest in miniaturized systems (submillimeter details, with total dimen-
sions on the order of a few centimeters or smaller) made with various commercial metal AM
technologies (80). For PBF-L and BMJ of SS 316L, computer-aided design (CAD) and printed
dimensions were highly linear; however, BMJ offered higher fidelity to the CAD dimensions,
lower average in-layer offset (10 pm versus 100 pm), and lower average out-of-layer offset (25 pm
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versus 100 pm). Nonetheless, the in-layer minimum feature size (the smallest positive features that
could be resolved) was smaller using PBF-L than using BMJ (185 pm versus 285 pum).

The morphology and density of BM]J-printed parts are affected by powder size, layer thick-
ness, binder concentration, packing density, and heat treatment (81). Finer powder increases the
density of the part and improves resolution; thicker layers reduce the processing time but increase
porosity. High binder concentration increases failure during binder burnout; however, low binder
concentration reduces mechanical stability. Commercial BMJ systems can print metals of interest
to biomedical applications such as SS 316L, Ti-64, Co-Cr, and CP-Ti (82); research-grade BMJ
printing of magnesium (83) and Fe-based alloys (84) has been reported.

3.2. Metal Additive Manufacturing Methods with Feedstock Directly
Supplied to the Integrating Agent

There are metal AM methods that supply the feedstock directly to the integrating agent (light,
electrons, heat, binder, or plasma). These methods address some of the shortcomings of the bulk-
supplied feedstock methods discussed in Section 3.1. Specifically, (#) they can create monolithic,
multimaterial/gradient material objects; (b) the printed parts are not immersed in unprocessed
feedstock, minimizing the raw material needed to create an object; and (¢) some of these methods
can rework printed objects without a special fixture or part alignment (19).

3.2.1. Directed energy deposition. Directed energy deposition (DED) is the most common
metal AM method with feedstock directly supplied to the integrating agent. DED systems com-
bine a cladding system and a five-axis welder, and can use either a laser [via laser-directed energy
deposition (DED-L)] or an electron beam [via electron-beam-directed energy deposition (DED-
EB)] to integrate the feedstock to the printed part (65).

The use of electron beam welding and wire feedstock for AM was pioneered by Vivek Davé in
1995 (85), and Karen Taminger at NASA developed the process further and called it electron beam
freeform fabrication; the patent of the process was filed in 2003 and issued in 2007 (86). In 1995,
Sciaky, a supplier of welding systems, began research on AM using an electron beam and wire
feedstock; in 2009, Sciaky made available as a service its DED-EB process, called electron beam
direct manufacturing, and in 2014 it began commercializing systems based on the technology
(https://www.sciaky.com/about-us). In 1995, Sandia National Laboratories developed a DED
process that uses powder feedstock and a laser as an integrating agent, calling it laser-engineered
net shaping (LENS); this technology was first commercialized in 1998 by Optomec (87). Other
major vendors of DED-L systems include RPM Innovations and DM3D.

Similar to PBF-EB, DED-EB operates in vacuum and produces parts made of purer materials
compared with parts created by DED-L. In DED-L systems, a wire can be directly fed to the
integrating agent as feedstock, which is then melted to incorporate it into the partially printed
object; however, powders are preferred as feedstock in DED-L systems because wire feedstock
results in coarse, low-resolution parts that require labor-intensive postprocessing and because of
the challenges of feeding the wire to a freely moving printhead (19). In contrast, DED-EB systems
(Figure 1c¢) use wire as feedstock because a powder jet is incompatible with the ultrahigh-vacuum
environment of DED-EB. DED-printed products often have larger stress buildups than their
PBF-printed counterparts because of the absence of a cooling medium such as loose powder (65);
solutions for this issue include (#) design optimization, for example, avoiding large areas; (b) ro-
tating the rastering direction layer by layer; and (¢) thermal annealing postprinting (12). DED
systems can print materials of biomedical interest, including titanium alloys, SS, and tantalum.
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3.2.2. Fused filament fabrication. Fused filament fabrication (FFF), also called fused depo-
sition modeling (FDM), was invented by Scott Crump in the late 1980s and commercialized by
Stratasys in 1991 (65). In FFE a hot nozzle extrudes thermoplastic filament, creating solid objects
by rastering a shape layer by layer (Figure 1d). Polymer FFF is widely popular due to the suc-
cessful replicating rapid prototyper (RepRap) movement, founded by Adrian Bowyer in 2005 with
the goal of creating low-cost 3D printing hardware that can manufacture many of its own compo-
nents. BASF recently introduced the FFF-printable filament Ultrafuse® 316L (88)—composed of
SS 316L microparticles (80% by weight) embedded in a binder matrix. The FFF-printed metal ob-
jects are green and require specialized furnaces for postprocessing the printed part. However, ma-
jor filament vendors such as MatterHackers (https://www.matterhackers.com) have negotiated
third-party services to do so, making metal AM available to anyone with an FFF printer capable of
extruding feedstock at 230°C, as many commercial FFF printers can. At a more exploratory level,
the start-up The Virtual Foundry (https://www.thevirtualfoundry.com) sells FFF-printable fil-
aments made of various metals of interest to biomedical applications including tungsten (for X-ray
shielding applications), SS 316L, and titanium; these filaments are made of metal microparticles
embedded in Filamet™ —a polylactic acid-like binder that can be extruded with a 235°C nozzle
and removed via vacuum sintering. There are also reports of FFF-printed magnesium alloys (89),
which are of great interest for biodegradable implants. The filament is made of Mg alloy AZ81 in
powder form, mixed with organic binders; after printing and annealing in an argon atmosphere
supplemented with getters, the material mimics the mechanical properties of human bone (90).

3.2.3. Direct ink writing. In direct ink writing (DIW), ink, that is, liquid/paste feedstock (a
mix of solvent, binder, and filler), is extruded from a reservoir through a nozzle using pressure or
a displacement as an actuation mechanism, with little or no heating of the feedstock (91). DIW
creates objects in a similar manner as FFF, that is, by rastering the object layer by layer with a
nozzle that extrudes feedstock (Figure le). In a DIW system, if heat is needed to extrude the
ink, it is typically supplied using a reservoir jacket with significantly less power density than what
FFF extruders use to extrude their feedstock. Silver nanoparticle inks have produced metal mi-
crostructures with ~30% the electrical conductivity of bulk metal after laser sintering (92). Gold
nanorod-based inks for cardiac constructs and other electrogenic tissues (93), and iron/ion oxide
nanoparticle-based inks for bone regeneration, drug delivery, and hyperthermia (94), have been
reported.

DIW inks can be metal clays—thick pastes of metal microparticles and a water-soluble organic
binder; metal clays were invented in the 1990s for the jewelry industry and allow the creation
of complex parts without requiring extensive training (95). The Mini Metal Maker (a modified
FFF printer with a high-torque stepper motor to extrude metal clay) was developed and commer-
cialized by David Hartkop in 2013; printed objects are desiccated and then annealed, producing
solid, full-metal objects (96). Segura-Cérdenas and Velasquez-Garcia recently used DIW to create
microfluidics with silver clay as feedstock, demonstrating working, watertight closed channels as
narrow as 200 wm and a catalytic microreactor that decomposes hydrogen peroxide for applica-
tions such as portable ejector pumping and sterilization (97).

3.2.4. Microplasma sputtering. Interconnects and other metal structures in commercial inte-
grated circuits and microsystems are made via sputtering—the extraction of atoms from a solid
via collision of energetic plasma ions (98). Sputtering is normally conducted in vacuum; however,
plasmas can be stable at atmospheric pressure if the interelectrode distance is reduced to millime-
ters or less—these plasmas are called microplasmas. Microplasma sputtering (W PS) (Figure 1f) isa
relatively new technology for metal 3D printing of micro- and nanosystems that can deposit metal
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Table 2 Summary of metal AM techniques for micro- and nanostructures

Minimum
Metal AM Electrical Materials feature size Substrate
technique resistivity demonstrated (wm) constraints Postprocessing References
DIW 3x bulk Ag 2 NKC Thermal/laser 91,92
anneal
EHDP 10x bulk Au, Ag, Cu, W, 10 Conductive Thermal anneal 92,106, 107
Al
LAED 100x bulk Au <1 Conductive Thermal anneal 92,109
LIFT 10x bulk Al, Cu, Ay, alloys | 3 NKC None 92,110,111
MCE 2x bulk Cu, Pt, Ag <1 Conductive None 92,112,113
LIP 10x bulk Ag, Cu, Au 1 Transparent None 92,114-116
FIBID 10x bulk Al Au, Fe, Co, <1 Conductive Thermal anneal 92,117,118
Pt, W
uwPS 1.2x bulk Ay, Cu 2 NKC None 99-105, 119

Abbreviations: AM, additive manufacturing; DIW, direct ink writing; EHDP, electrohydrodynamic deposition printing; FIBID, focused-ion-beam-induced
deposition; LAED, laser-assisted electrophoresis deposition; LIFT, laser-induced forward transfer; LIP, laser-induced photoreduction; MCE,

meniscus-confined electroplating; pPS, microplasma sputtering; NKC, no known constraints.
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at room temperature on a wide range of materials, including temperature-sensitive substrates (99—
105). There is an experimental DED technique that uses an arc plasma as an integrating agent,
known as plasma-arc directed energy deposition (DED-PA), but it produces large structures with
low precision, resolution, and surface quality (19); instead, pPS uses a low-current glow discharge
for finer process control. Because uPS does not use binder, it creates imprints with near-bulk
electrical conductivity without annealing (~85% bulk value for gold), surpassing competing tech-
nologies such as electrohydrodynamic deposition (jetting of metal micro/nanoparticle solutions
using high electric fields; see 106-108), laser-assisted electrophoretic deposition (creation of de-
posits via electrophoresis of metal micro- and nanoparticles confined by high-intensity photons;
see 109), laser-induced forward transfer (direct transfer by laser ablation of materials sourced as a
thin film on a transparent substrate; see 110, 111), meniscus-confined electroplating (see 112,113),
laser-induced photoreduction (photochemical reduction of metal salt solutions using a rastering
laser; see 114-116), and focused-ion-beam-induced deposition (deposition of metallic molecules
from the ion-induced dissociation of gases; see 117, 118) (Table 2). In principle, many materials
can be sputtered, but the reported wPS work focuses on gold and copper (see 99-104). Because of
the slow speed of the process, WPS is primarily used for metallic coatings, rather than metal objects,
which can be used to integrate metal traces to the surfaces of free-form objects, for example, to
implement skin electronics. Recent work on uPS using a high-speed coaxial flow reactor and gold
feedstock has shown deposition rates on par with traditional (vacuum) sputtering and excellent
film adhesion without employing an adhesion layer, annealing, or any other pre/postprocessing
steps (119).

4. METAL 3D-PRINTED BIOMEDICAL APPLICATIONS

In this section, the progress on metal 3D-printed biomedical devices is surveyed, with a focus on
the latest reports and the materials covered in Section 2. The literature is organized by the kind
of development (permanent implants, biodegradable implants and scaffolds, surgical tools, and
biomedical instrumentation), arranged within each group by the metal used. The great majority
of reports focus on load-bearing prosthetic implants, as metals are traditionally used to replace
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hard tissue. Prosthetic implants harness two key strengths of AM: customization, which reduces
recovery time and intervention cost (12), and controlled porosity, which eliminates stress shielding
(24). The great majority of 3D-printed prosthetics are made via PBE. AM in orthopedics was first
proposed by Jamieson et al. in 1995 (120).

4.1. Permanent Implants

This section reports the latest developments on permanent 3D-printed metal biomedical implants;
examples include dental, maxillofacial, craniofacial, load-bearing, sternocostal, and spine fusion
implants and cardiovascular stents. In most cases, permanent implants take advantage of modern
medical imaging techniques such as CT to closely match the patient’s anatomy. The grain struc-
ture, porosity, and surface of the implant can be tailored to foster cell adhesion, minimize stress
shielding, and control drug delivery. Materials used in permanent biomedical implants reported
in this section include titanium alloys, Co-Cr alloys, tantalum, and gold—the latter is used as a
nanocomposite to regenerate functional tissue.

4.1.1. Titanium alloys. 3D-printed Ti alloy prosthetics have been developed for dental (121),
maxillofacial (121a), craniofacial (122), load-bearing (123), sternocostal (124), and spine fusion
(125) implants. In 2015, Hsu & Ellington (126) reported excellent results one year after using a
roughened, 3D-printed titanium cage truss to treat a tibial nonunion; later, Dekker et al. (127)
reported an 87% clinical success rate in a follow-up study of 15 patients with customized 3D-
printed Ti implant cages to address severe bone loss, deformity, and/or arthrodesis. In 2012, Murr
and colleagues (128) reported porous Ti-64 PBF-EB-printed knee and hip implants (Figure 24),
avoiding stress shielding and promoting bone growth. In 2020, Mangano et al. (129) reported a
complication rate of 30% in 10 elderly patients with custom PBF-L-printed titanium mandible
implants. Popov and colleagues (130) reported a Ti-64 PBF-EB-printed implant to reconnect a
broken clavicular bone (Figure 2b); the implant includes a monolithic lattice that promotes bone
growth and mimics the inner structure of human bones—large voids with 55% to 70% intercon-
nected porosity. Barbin et al. (131) investigated Ti-64 full-arch fixed dental prostheses made via

25 mm

Figure 2

Examples of metal 3D-printed, permanent, nonbiodegradable implants. (#) Ti-64 tibial stem with monolithic mesh structure. Panel
adapted from Reference 128 (CC BY 4.0). () Ti-64 clavicular implant. Image provided by Eng. Gary Muller-Kamskii, Israel Institute of
Metals, Technion, Haifa, Israel. () Co-Cr knee implant. Panel adapted from Reference 128 (CC BY 4.0). (d) Ta hip lattice implant.
Image provided by Dr. H. P. Tang, State Key Laboratory of Porous Metal Materials, Northwest Institute for Nonferrous Metal
Research, Beijing, China. (¢) Fluorescence F-actin images of bioprinted cardiac cells within a gold nanorod-based bioprinted construct
at day 12. Panel adapted from Reference 93 with permission.
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PBF-L and PBF-EB, including fatigue characterization (10 cycles), and found acceptable lev-
els of strain, stress, and screw-loosening torque. In 2009, Xiu and colleagues (132) developed the
first printed titanium spinal implants. Van Bael et al. (133) studied in vitro the effects of pore size
and geometry of PBF-L-printed Ti-64 bone scaffolds that use human periosteum-derived cells
and concluded that more cells attached to less permeable scaffolds. Hassanin and colleagues (134)
reported implants with microchannels for in situ—controlled drug delivery. Recently, Lewin and
colleagues (135) compared the mechanical performance of hot-isostatic-pressed (HIPed) PBF-
L-printed and PBF-EB-printed mesh-type (features as small as 300 pm) titanium structures for
cranial implants. The investigators concluded that the HIPed PBF-L-printed specimens had sig-
nificantly better mechanical properties and fidelity to the CAD model compared with the PBF-
EB-printed specimens; moreover, numerical simulations demonstrated that the geometrical devi-
ation of the PBF-EB-printed parts was the main reason for the striking difference in mechanical
performance, although the larger surface roughness of the PBF-EB-printed specimens compared
with the HIPed PBF-L-printed specimens also posed a key issue.

4.1.2. Co-Cralloys. Load-bearing implants (128) and cardiovascular stents (136) have been 3D
printed in Co-Cr. In 2012, Murr et al. (128) reported Co-Cr alloy PBF-EB-printed porous knee
and hip implants (Figure 2¢), minimizing stress shielding and promoting bone growth. Hazlehurst
etal. (137) demonstrated PBF-L-printed Co-Cr structures similar to cortical and cancellous femur
bone in stiffness and strength. The osseointegration and biomechanical fixation of Co-Cr implants
are inferior to those of their titanium counterparts; however, Co-Cr implants coated in calcium
aluminate (138) and titanium (139) have shown improved performance.

4.1.3. Tantalum. 3D-printed Ta prosthetics are primarily load-bearing implants (140). AM cir-
cumvents the complexity of machining Ta, while mimicking the morphology of the most common
Ta-based orthopedic material (Trabecular Metal ™ —a Ta-coated carbon matrix; see 141), which
is used in more than 800,000 acetabular cup surgeries worldwide (140). PBF-L-printed Ta im-
plants show increased bone growth and osseointegration in vivo (142). PBF-L-printed tantalum
implants interface well with the bone, enabling continuous load transfer; furthermore, the fatigue
limit (10° cycles) is 58% of the yield stress, compared with just 12% for Ti-64 scaffolds (140).
Bandyopadhyay et al. (143) studied the early-stage osteointegration of DED-L-printed porous
implants and concluded that Ta implants provide better cellular attachment and bone interlock-
ing than Ti implants, due to higher surface area and rougher pore topography. In 2020, Tang and
colleagues (144) attained a 100% success rate in 27 clinical applications of PBF-EB tantalum bone
implants (Figure 24d).

4.1.4. Gold. AM of solid/porous gold implants has not been reported; however, 3D-printed
gold nanocomposites have been investigated to create permanent implants that regenerate func-
tional tissue (145). In particular, Zhu and colleagues (93) developed DIW-printable gold nanorod
inks for use in cardiac constructs, demonstrating excellent cytocompatibility and improved cell
adhesion and organization compared to formulations without gold nanorods (Figure 2e¢). Their
ink creates a proper microenvironment to spread and organize cardiac cells; it also has low viscos-
ity, facilitating high-speed printing without exerting high shear to the encapsulated cells. Further
study is required to understand whether the gold nanorods stay in the grown tissue; however,
the authors speculate that the gold nanorods are mainly internalized by the cardiac cells after
the degradation of the biomaterial matrix, hence becoming permanently implanted in the cardiac
tissue (93).
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4.2. Biodegradable Implants and Scaffolds

This section surveys the latest reports on additively manufactured, biodegradable metal
implants—a relatively new field where some of the key demonstrations were recently attained
or are currently pursued; consequently, the field does not have the same degree of development as
3D-printed metal permanent implants. Recent work has focused on the demonstration of tissue
scaffolds made of magnesium, iron, and iron-based alloys using various AM methods; character-
ization of their mechanical properties and cytocompatibility; and tailoring of their degradation
rate via engineering of the object’s porosity and addition of alloying elements.

4.2.1. Magnesium. Meenashisundaram and colleagues (146) reported a Ti + Mg composite
for orthopedic applications where the Ti is BMJ-printed and the Mg is infiltrated; the composite’s
Young’s modulus and ultimate compressive strength match those of human cortical bone. They
measured a <l-mm/year corrosion rate in a 0.9% NaCl solution at 37°C and larger osteoblastic
cell proliferation for their material than for BMJ-printed porous Ti-only samples. Dutta and col-
leagues (147) reported that the degradation behavior of porous magnesium is controlled by the
pore size, which can be engineered using AM. Kleger and colleagues demonstrated porous mag-
nesium scaffolds via infiltration of DIW-printed salt templates (Figure 34), showing replication
of micrometer-sized features (55). Recently, Kopp and colleagues (148) demonstrated PBF-L-
printed Mg scaffolds (Figure 3b), showing that structures with smaller pore size had improved
long-term stability, for example, lower hydrogen release.

Figure 3

Examples of metal 3D-printed, biodegradable structures. (#) From left to right: a solid magnesium cube, a salt template printed by
direct ink writing, and two examples of porous magnesium scaffolds made via infiltration of 3D-printed salt templates. Image provided
by Complex Materials/Laboratory of Metal Physics and Technology, Department of Materials, ETH Zurich, Zurich, Switzerland.

() An array of PBF-L-printed Mg alloy scaffolds with varying pore size. Image provided by Dr. Alexander Kopp, Meotec GmbH,
Aachen, Germany. (c) From left to right: in vitro degradation of PBF-L-printed iron scaffolds at 0, 1, 2, 7, 14, and 28 days. Panel
adapted from Reference 150 with permission.
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4.2.2. Iron. Work on AM biodegradable, iron-based implants has focused on porous structures
made of iron and iron-based alloys with Mn, Mg, and Ca as alloying elements. Carluccio and
colleagues (149) reported that PBF-L-printed Fe-Mn alloy has a higher degradation rate than
that of bulk iron; the higher rate was attributed to the manufacturing method, the addition of
Mn, and the design of the scaffold. Hong et al. (84) investigated the effect of adding Ca and Mg
on the degradation rate of BMJ-printed specimens made of Fe-Mn alloys. The samples attained
porosities as high as 53% and showed a greater corrosion rate than that of sintered, compact
samples. In addition, the samples also showed good cytocompatibility with MC3T3 cells. How-
ever, the specimens made in Fe-Mn-Ca alloy exhibited higher stiffness and brittle failure than
Fe-Mn samples, presumably due to the presence of micropores in the material. Li and colleagues
(150) reported PBF-L-printed biodegradable porous iron scaffolds (Figure 3c¢), with the aim of
developing a structure with properties (fully interconnected porous structure, bone-mimicking
mechanical properties, and adequate biodegradation profile) suitable for bone regeneration. Af-
ter 4 weeks of immersion tests, the printed iron specimens showed over a tenfold increase in the
biodegradation rate compared with cold-rolled iron, with only 3.1% weight loss, although the
elastic modulus and yield strength decreased less than 10%.

4.3. Surgical Tools

AM allows the tailoring of surgical instruments to specific patients, while providing more intuitive
ergonomics and better user friendliness to the operator (151). In addition, AM enables the creation
of instruments that cannot be made with conventional manufacturing methods; moreover, the low
per-unit cost and in situ manufacturing of AM methods could improve healthcare in developing
countries (152). Metals are used in surgical devices due to their stiffness, to guide procedures or
to apply force to tissue. Metal AM of medical instruments started recently; the US Food and
Drug Administration first published guidelines in 2017 (153). There are only dozens of relevant
published, peer-reviewed papers on AM of medical instruments; of these, about a tenth report
metal devices—often made via PBF (151). The development of surgical tools focuses (~60% of
the reports) on SS 316L—which is ideal for temporary interaction with the human body—but
some devices made in Ti alloys (~20%) and in Co-Cr alloys (~20%) have also been reported

1s1).

4.3.1. Titanium alloys. Coemert et al. (154) reported snake-like manipulators for minimally
invasive surgery using 3D-printed parts and investigated the replacement of biocompatible
polyamide flexural hinges with Ti-64 to further miniaturize their instrument, concluding that
electrical discharge machining (a low-throughput, high-precision subtractive method) was more
appropriate than PBF. In 2018, Sakes et al. (155) developed a 2-degrees-of-freedom (2-DoF) elec-
trosurgical grasper for minimally invasive surgery, where the Ti-64 tips were PBF-L-printed.
Their design produces joints that are stiffer than those of currently available steerable probes;
furthermore, their grasper can coagulate tissues, as the jaws are connected to electrode cables
(Figure 4a).

4.3.2. Co-Cr alloys. Baila et al. (156) developed a 3D-printed general-purpose dental eleva-
tor, with a polymer handle and a beak printed via PBF-L in Co-Cr alloy (Figure 4b); the beak
design included holes to lower material costs. The authors reported micrometer-level precision
of the beak elements, with enough stiffness to be used to remove ligament from a tooth. In vitro
characterization of their devices showed excellent corrosion resistance to artificial saliva.
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Figure 4

Examples of metal 3D-printed surgical tools and biomedical instrumentation. () An electrosurgical grasper with PBF-L-printed Ti-64
tips next to a pig liver with several coagulated pieces. Panel adapted from Reference 155 with permission. () PBF-L-printed beaks part
of a dental elevator. Panel adapted from Reference 156 (CC BY 4.0). (¢) Custom-cut guide and acetabular shell trial PBF-L-printed in
SS 316L and polished via vibratory tumbling. Panel adapted from Reference 157 (CC BY-NC-ND 4.0). (4) A pair of minimally invasive
surgery robotic arms made in SS 316L manipulating an O-ring. Image provided by Professor G.-Z. Yang, Institute of Medical Robotics,
Shanghai Jiao Tong University, Shanghai, China. (¢) Unassembled, miniaturized harmonized multielectrode Kingdon trap made in SS
316L. Panel adapted from Reference 80 with permission. (f) A flexible printed circuit board with conductive paths made in Ga alloy.

Panel adapted from Reference 164 (CC BY-NC-SA 3.0).

4.3.3. Stainless steel. Nahata & Ozdoganlar (157) reported custom surgical instrumentation
for hip and knee implants using PBF-L-printed SS 316L (Figure 4¢) and found that (#) an iterative
printing process can correct for errors in offsets and scaling and (b) the AM-fabricated parts retain
the mechanical properties of bulk metal, with the exception of the ductility, which was 20-30%
lower. Leibrandt and colleagues (158) reported a 7-DoF robot for minimally invasive surgery PBF-
L-printed in SS 316L (Figure 44), concluding that the increased DoFs combined with nonlinear
calibration would allow nonexpert operators to perform challenging operations.

4.4. Biomedical Instrumentation

In this section, the latest reports on additively manufactured metal instrumentation are surveyed.
Reported devices include mass spectrometry hardware, contrast media for medical imaging, in-
jectable electrodes, and flexible electronics. Metals employed include SS and Ga alloys.

4.4.1. Stainless steel. State-of-the-art chemical analysis uses mass spectrometry (MS), in which
ionized samples are sorted by mass-to-charge ratio in high vacuum using electromagnetic fields;
however, MS instruments are expensive, bulky, and power hungry, restricting their in situ deploy-
ment. Low-cost, compact, analytical-grade chemical sensing could satisfy many exciting Internet
of Medical Things applications, such as point-of-care medical diagnostics (159); unfortunately,
even after many decades of research, miniaturized MS instruments have orders-of-magnitude
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worse performance than standard hardware (160). Arguably, the most important component of
a mass spectrometer is the mass filter; fabricating compact mass filters is challenging because of
the absolute tolerances required to achieve satisfactory performance. Additionally, the electrode
shapes in a mass filter need to be fabricated with high fidelity to generate the fields needed for
efficient species sorting. The groups of Veldsquez-Garcia at the Massachusetts Institute of Tech-
nology and of Nikolaev at Skoltech reported BMJ-printed, fist-sized, harmonized, multielectrode
Kingdon traps (electrostatic mass filters based on a harmonic axial field; see Figure 4¢) with a
25,000:1 mass resolution (80)—more than two orders of magnitude larger than reported minia-
turized mass filters (160), surpassing commercial-grade, nonminiaturized quadrupole-based MS
systems.

4.4.2. Gallium alloys. Wang and colleagues (161) investigated injected Ga as a contrast medium
for X-ray soft tissue visualization; using ex vivo samples, the investigators showed mega con-
trast capability in radiological vascular imaging. Analogous mega contrast capability has also been
demonstrated with Ga alloys for CT and photoacoustic imaging (162). Jin et al. (163) demon-
strated injectable electrodes using a GalnSn alloy, particularly for radiofrequency identification
antennas. Zheng and colleagues (164) reported a Ga alloy printer that uses a roller pen with a
tapping motion to leave traces of metal as thin as 100 um on flexible substrates such as polyvinyl
chloride and polyethylene terephthalate; capping the prints with a layer of polydimethylsiloxane
or silicon rubber stabilizes them. Their technology can be used to make flexible printed circuit
boards and antennas for wearable electronics (Figure 4f) (164); Gui et al. (165) obtained similar
results by airbrushing a Ga alloy while using a shadow mask for patterning.

5.OUTLOOK

This section describes four exciting, broad opportunities for further development and improve-
ment of metal AM technology with applicability in biomedical engineering: materials, print-
ing technology, artificial intelligence—developed 3D-printed load-bearing implants, and advanced
functional implants.

5.1. Materials

Titanium and magnesium alloys were originally developed for the aerospace industry; new for-
mulations, tailored for biomedical applications, are necessary. Better titanium alloys can remove
cytotoxic alloy components, such as Al and V, and match human bone in stiffness; possibilities
for the latter are using B-type alloys and including engineered porosities in the implant (166).
Similarly, magnesium alloys could remove Al and certain rare earth materials to improve biocom-
patibility or could include essential elements such as Ca, Sr, Zn, and Si to control biodegradation
without increasing cytotoxicity (166). Finally, a reformulated SS powder feedstock could increase
bioactivity and bone-bonding capability (e.g., SS 316L-hydroxyapatite composites) and improve
antibacterial and antimicrobial properties (e.g., SS 316L alloyed with copper) and biocompatibility
(e.g., by removing Ni; see 166).

5.2. Printing Technology

Metal AM printing technologies can be improved to better suit biomedical engineering. Potential
advances include improving PBF (the most utilized metal AM technology); exploring less com-
monly used techniques; and using less expensive, capable printing hardware.
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Figure 5

(@) A planetary gear made out of tungsten-copper powder via micro-PBF-L. Image provided by Prof. Dr. Horst Exner, Laser Institute
Hochschule Mittweida, University of Applied Sciences, Mittweida, Germany. (b)) 3D Rex, an intricate lost-wax casted metal part made
with a wax model via vat polymerization; smallest features are approximately 0.5 mm. Image provided by Octavio Asensio, Octavio
Asensio Studio, Madrid, Spain. (¢) Unoptimized and (d) optimized car suspension component using genetic algorithms; the optimized
part has constant stresses while minimizing its weight. Images provided by Edgar Cortes-Medina, Tecnologico de Monterrey,

Monterrey, Nuevo Leon, Mexico.

AM methods with significantly smaller voxels would be helpful for biomedical purposes; such
methods would allow, for example, the definition of finer intricate structures, smaller porous net-
works, or uniform porous gradients (148). Miniaturized PBF-L was originally developed by the
group of Exner (167) using W, Ag, and Cu as feedstock, resulting in 30-pm minimum feature
size (Figure 5a). Later, the group of Cullinan (168) demonstrated microscale PBF-L technol-
ogy that produces Ag parts with voxels that are two orders of magnitude smaller. Their system
uses nanoparticle powder as feedstock and a digital light processing chip to structure and project
the laser onto the bed of powder; the objects are printed in ~400-nm layers and have ~3-um
minimum feature size, with a 63-mm?/h throughput. The micro-PBF method could enable the
creation of fairly complex, miniature metal objects, such as implantable pumps.

Most biomedical metal AM objects are made via PBE, which, with DED, has well-known cyclic
thermal issues, particularly for small or finely featured parts (19, 65). However, other commercial-
grade, high-resolution metal AM technologies decouple the definition of the object from its solid-
ification into a metal object, which could potentially result in better quality and/or faster manufac-
turing of biomedical objects. In particular, BMJ is a mature, commercial 3D printing technology
with overall better performance than PBF (see Section 3.1.2) that can define ~35-pm voxels and
print titanium, Co-Cr, SS, iron, and magnesium alloys. Further research and development would
address current issues with BM]J technology, such as high porosity.

Lost-wax casting (L-WC) is a formative shaping manufacturing method (10), invented at least
6,000 years ago, that creates solid objects. In L-WC, a negative mold is created by casting ceramic
around a positive wax model that is then melted out of the mold; afterward, molten material is
poured into the mold, forming the desired object, which is then cooled, removed from the mold,
and processed to attain a certain surface finish (Figure 55). L-WC is useful for biomedical ap-
plications because it can create intricate parts out of bulk metals such as Au, Ag, SS, and Pt, and
even reactive elements such as Mg if L-WC is conducted in vacuum. The wax model can be 3D
printed with exquisite detail via BMJ or vat polymerization (19, 65), as is commonly done in the
jewelry industry. Models of structures such as porous scaffolds and dental parts could be printed
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via vat polymerization, and successful casting of such parts can be completed in vacuum (169).
Finely featured, mesoscaled sterling silver parts made via L-WC with 3D-printed wax models via
vat polymerization showed linearity between the CAD and printed dimensions, average in-plane
offset of 40 pum, average out-of-plane offset of 270 pum, and in-plane MFS of 340 pm (80). A
negative wax mold was used to print a porous titanium bone-like implant (170).

Another relatively new manufacturing technology of interest for metal biomedical devices is
ultrasonic additive manufacturing (UAM). UAM is a hybrid additive-subtractive process whereby
ultrasonic vibrations and pressure induce bonding of metal foils and periodic cutting of the bonded
foil stack, typically via milling, to create the desired part geometry (171). Foils used in UAM are
typically 10 pm thick. The UAM process was originally invented by Dawn White and patented
in 2003 (172); the technology is currently commercialized by Fabrisonic LLC. UAM poses two
key advantages over mainstream metal AM methods. First, the foil bonding is in solid phase at
temperatures typically below 50% of the metal matrix melting temperature, which makes possible
the bonding of dissimilar metals without the formation of a brittle interface as seen in PBF pro-
cesses (171). Second, UAM has been shown to create multimaterial objects, including metals of
biomedical interest such as Au, Fe alloys, Mg alloys, Ti alloys, SS, and Ta (171). There are no ex-
amples of biomedical devices made via UAM, but complex objects such as heat exchangers (173)
and mechanical and optoelectrical components of interest in biomedical applications—such as
optical fibers, magnetostrictive-based sensors, shape-memory-based sensors, and switches—have
been successfully embedded in UAM-printed objects (174).

One of the main impediments preventing widespread use of metal AM is the cost of the print-
ing hardware. A typical metal PBF or BM] printer can cost from several hundreds of thousands
to millions of US dollars (2021 prices). Consequently, most metal AM systems are in industrial
and academic R&D facilities, operated by highly skilled personnel. However, promising com-
mercialization efforts aim to significantly lower the cost of printing hardware without sacrificing
performance, democratizing the technology. For example, the Australian company Aurora Labs
(https://www.auroralabs3d.com) is commercializing the PBF-L system S-Titanium Pro with a
300-W laser, a 200-mm x 200-mm x 250-mm build envelope, 115-pm in-layer resolution, and
10-pm out-of-layer resolution. The S-Titanium Pro costs less than $90,000, has three indepen-
dently controlled powder sources, and can print materials of biomedical interest such as SS 316L,
CP-Ti, and Ti-64.

5.3. Load-Bearing Implants via Artificial Intelligence

Load-bearing metal implants manufactured via AM can be improved using artificial intelligence.
Specifically, genetic algorithms (GAs), that is, robust search algorithms that mimic natural se-
lection by means of biologically inspired operators (e.g., mutation, recombination, and selection
according to a fitness function) can be used to optimize the implant. GAs heuristically address the
limitations of traditional optimization algorithms, such as the combinatorial increase in complex-
ity when the number of DoFs is increased. To avoid local optimal points, GAs look for solutions
in parallel, focusing on the best ones while considering close contenders. In particular, GAs could
be used to minimize the weight of an implant while still maintaining load transfer functional-
ity (Figure 5¢,d), resulting in significant material cost savings. GAs have recently been used to
optimize aneurysm implants using polymer AM (175) and aircraft frames (176).

5.4. Advanced Multifunctional Implants

Excitingly, AM can monolithically create multimaterial, finely featured, multifunctional objects
that not only transfer loads but also route signals and actuate, sense, and process information. For
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example, using the same printing method, objects with components that are rigid, flexible, con-
ductive, magnetic, and so on could be monolithically integrated to implement complex devices of
biomedical interest such as pumps, pacemakers, and drug-delivery microfluidics. Early examples
of this vision use polymer printing (16, 17, 177); for metals, any AM method with feedstock di-
rectly supplied to the integrating agent (e.g., DED, uPS, FFF, and DIW) can create monolithic,
multimaterial objects. In particular, low-temperature processes such as uPS and DIW could be
more successful at creating these advanced functional objects, as differential thermal expansion
effects would not take place during manufacturing.

1. Additive manufacturing (AM)’s attributes, such as print customization, low per-unit cost
for small- to mid-batch production, seamless interfacing with mainstream medical 3D
imaging techniques, and feasibility to create free-form objects in materials that are bio-
compatible and biodegradable, are a great fit to a wide range of biomedical applications.

2. The metallic materials most commonly used in biomedical applications are titanium, ti-
tanium alloys, Co-Cr alloys, stainless steel, tantalum, gold, magnesium, iron, and gallium
alloys; each of these materials can be processed via one or more AM methods.

3. Metal AM techniques encompass () bulk-supplied powder feedstock selectively joined
into a solid object using light, electrons, or binder and (4) liquid/paste, filament/wire,
or powder feedstock directly fed to the integrating agent (i.e., light, electrons, plasma,
heat, or binder) to create a printed object. Historically, metal AM methods with bulk-
supplied powder feedstock and a laser or an electron beam as an integrating agent have
been more widely used, although other well-established AM methods, such as binder
material jetting, with further research and development could yield better, more capable
printed objects.

4. The most common biomedical use of 3D-printed metal is permanent and biodegrad-
able load-bearing prosthetic implants, as metals are traditionally used to replace hard
tissue. Surgical tools and biomedical instrumentation made via metal AM have also been
reported.

5. The different material options available for metal AM result from addressing changes
in clinical requirements. Some uses require inertness (e.g., Co-Cr alloys); some require
bonding with the host tissue (e.g., titanium, titanium alloys); and some require tissue
growth and subsequent implant replacement (e.g., magnesium alloys, iron, and iron
alloys).

6. In AM, 3D-printed objects are discretized using voxels that are typically six or more or-
ders of magnitude smaller than the object’s volume; consequently, AM can readily create
porous structures to avoid stress shielding and to promote tissue growth in implants.

7. Opportunities for further development and improvement of metal AM technology with
applicability in biomedical engineering include (#) the improvement of mainstream AM
methods and associated feedstock; (b) the exploration of mature, less utilized metal 3D
printing techniques; (¢) the optimization of load-bearing structures via artificial intelli-
gence; and (d) the creation of monolithic, multimaterial, finely featured, multifunctional
implants.
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