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Abstract: Biomaterials are in high demand due to the increasing geriatric population and a high
prevalence of cardiovascular and orthopedic disorders. The combination of additive manufacturing
(AM) and biomaterials is promising, especially towards patient-specific applications. With AM,
unique and complex structures can be manufactured. Furthermore, the direct link to computer-aided
design and digital scans allows for a direct replicable product. However, the appropriate
selection of biomaterials and corresponding AM methods can be challenging but is a key factor
for success. This article provides a concise material selection guide for the AM biomedical
field. After providing a general description of biomaterial classes—biotolerant, bioinert, bioactive,
and biodegradable—we give an overview of common ceramic, polymeric, and metallic biomaterials
that can be produced by AM and review their biomedical and mechanical properties. As the field of
load-bearing metallic implants experiences rapid growth, we dedicate a large portion of this review to
this field and portray interesting future research directions. This article provides a general overview
of the field, but it also provides possibilities for deepening the knowledge in specific aspects as it
comprises comprehensive tables including materials, applications, AM techniques, and references.
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1. Introduction

Biomaterials play an integral role in medicine and can enhance the quality and longevity of
human life. Biomaterials have been in use for at least 4000 years, and the first historical use dates back
to antiquity when ancient Egyptians made sutures from animal sinew [1]. Today, millions of patients
worldwide are being treated with biomaterial-based implantable products in the form of bone implants,
joint replacement devices, stents, controlled drug delivery devices, pacemakers, surgical meshes,
dental and cosmetic implants, dermal fillers, etc. The biomaterials market is in rapid growth due to
the increasing geriatric population and a high prevalence of cardiovascular and orthopedic disorders.
In 2019, the biomaterials market was worth $109 billion, and by 2026 it is estimated to reach $287
billion [2,3].

The combination of biomaterials with additive manufacturing (AM) is a new and
promising avenue. AM has particular benefits at low production quantities and effective material
usage [4]. By implementing AM, customized parts can be manufactured and conventional
manufacturing constraints can be omitted, allowing the production of unique complex structures
that cannot be manufactured otherwise. AM is also a useful technology for customized surgery
tools, surgery education, and training. The direct link to computer-aided design proves to be important
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in the biomedical sector, where medical scan data can be utilized for direct production of tools
and devices. This is already widely implemented in the dental industry, where AM is used to
fabricate a series of custom-made clear aligners using digital impressions, which further allows the
orthodontists to forecast treatment outcomes [5]. However, unlike conventional manufacturing
methods, AM is not ideal for high-volume production since the unit cost of manufacturing is
independent of the production volume. Taking this into account, AM of biomaterials should be
aimed towards patient-specific applications.

The combination of AM and biomaterials is promising and will undoubtedly shape the field
of biomedical engineering to come [6], especially regarding patient-specific clinical applications.
This prospect has been taken up by a number of authors, indicated by the large number of AM
biomaterial review articles published in the literature. For example, comprehensive overviews of
AM for biomedical applications have been published by Gonzalez-Henriquez et al. [7] with focus on
polymers, Galante et al. give an overview of AM ceramics [8], and Trevisan et al. on titanium alloys [9].
Multiple authors have also compiled comprehensive details on the different AM techniques [10,11].
In contrast to these comprehensive review articles, this review article has a broader scope and puts
biomaterial selection in the foreground before detailing respective AM processes and applications.
A biomedical materials science researcher, or a clinical practitioner that is aware of the material and
has specific needs, may embark in AM-related opportunities and get an overview of related research
by reading this article. The purpose of this review article is, hence, to provide an overview of current
biomaterials in view of their processability with AM and then give an overview of the fields that
are currently heavily explored via this combination. We put a particular focus on biocompatible AM
metals for load-bearing biomedical applications, for which we dedicate a large portion of this review.
In what follows, we will classify the different types of biomaterials, give a short overview of relevant
AM methods for the aforementioned materials, and sketch clinical applications that are of relevance
and leverage from this combination.

2. Biomaterials and Their Classifications

Biomaterials are materials that interact with biological systems. They are either natural or
synthetic, alive or lifeless, and are often used in medical applications to augment or replace a natural
function. Biomaterials can be classified based on their level of biocompatibility as being bioactive,
biodegradable, bioinert, and/or biotolerant.

A bioactive material in the bone tissue environment can create an environment compatible with
osteogenesis by making chemical bonds with the bone tissue [12]. Bioactive materials can be divided
into two classes: osteoconductive and osteoinductive materials [13]. Osteoconductive materials allow
bone growth along the surface of the bioactive material. The ceramics hydroxyapatite and tricalcium
phosphate are examples of such osteoconductive materials [14]. Osteoinductive materials can stimulate
the growth of new bone. Some osteoinductive materials are also referred to as osteoproductive
materials in that bone growth can be stimulated away from the implant site [15]. Bioactive glasses
are examples of such osteoproductive materials [16]. When a bioactive material is implanted into the
human body; it stimulates a biological response from the body, which leads to a series of biophysical
and biochemical reactions between the implant and tissue that eventually lead to a mechanically strong
chemical bonding [12].

Biotolerant materials are accepted by the host, but separated from the host tissue by the
formation of a fibrous tissue (scar tissue). This fibrous tissue layer is induced by the release of ions,
corrosion products, and chemical compounds from the implant [17]. Almost all synthetic polymers
and most metals fall into this category.

Bioinert materials are stable in the human body and do not react with body fluids or
tissues. Generally, bioinert materials are encapsulated by fibrous tissues to isolate them from
the surrounding bone, similar to biotolerant materials. However, under certain conditions,
bioinert materials can have direct structural and functional connection with the adjacent bone tissue
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without being separated from the host tissue [18]. Titanium and its alloys are examples of such
bioinert materials.

Biodegradable materials are materials that dissolve in contact with body fluids. The dissolution
products are usually secreted via the kidneys, without causing serious effects to the environment.
Biodegradable materials are used for medical goods such as surgical sutures, tissues in growth
materials, and controlled drug release [19,20]. The most common biodegradable materials are polymers
such as polyglycolic and polylactic acids, and their co-polymers [21]. Examples of biodegradable
ceramics are calcium phosphates [22], and magnesium is an example of a biodegradable metal [23].
In 2005, researchers Zartner et al. implanted a biodegradable 3 mm magnesium stent in a 6 week old
preterm baby, born at week 26 of gestation [24].

Figure 1 illustrates the different biomaterial classifications. An example of a biotolerant material
is illustrated in Figure 1a, where a fibrous layer is surrounding the screw. Figure 1b shows a bioinert
material, where there is a direct contact between the bone tissue and the implant screw. A bioactive
material is shown in Figure 1c, where the material has caused a chemical reaction between the implant
screw and the bone tissue. Figure 1d illustrates a biodegradable material, where the material has
degraded and the degradation products were released into the bone tissue.

(a) Biotolerant (b) Bioinert (c) Bioactive (d) Biodegradable

Figure 1. Schematic representation of biomaterial classifications explained using the case of a
bone screw.

3. Additive Manufacturing Techniques

Numerous AM techniques are available for medical and tissue engineering purposes.
Some techniques involve the printing of live cells along with other materials, also known as
bioprinting [25]. However, as this review focuses on biomaterials with a particular focus on metals
for load-bearing applications, we will focus on the non-cellular fabrication techniques. These include
the following:

o  Powder bed fusion—The powder bed fusion (PBF) methods use either electron beam or laser to
selectively consolidate material powder. These techniques are known as electron beam melting
(EBM), selective laser melting (SLM), and selective laser sintering (SLS). SLM and EBM both
fully melt and fuse the powder material, while SLS heats it to the point that the powder can fuse
together on a molecular level. All PBF techniques involve spreading material powder over the
previous layers.

e Binder jetting—The binder jetting technique is similar to the PBF technique in that it utilizes
material powder that is spread over previous layers. However, unlike PBE, which melts and fuses
the powder, this technique uses a binder as an adhesive for its consolidation in layers of defined
cross-sections.
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e  Material extrusion—The material extrusion technique, also known as fused deposition modeling,
pushes raw material in the form of polymer wires through a heated nozzle. The material is
deposited as polymer roads that are arranged to define a cross-section of the part. These lines are
then stacked in a layer-by-layer fashion.

e  Material jetting—The material jetting technique uses a liquid photopolymer resin that is cured
with ultraviolet (UV) or near-UV light. Similar to the material extrusion technique, the material
is deposited from a nozzle which moves horizontally across the build platform. The material is
then cured, defining a cross-section of the part. Individual cross-sections are consolidated in a
layer-by-layer fashion as the building platform moves in the vertical direction.

e  Vat polymerization—The vat polymerization technique is similar to the material jetting technique
inasmuch as it employs photopolymer resins that are cured with UV light in a layer-by-layer
fashion. In contrast to material jetting, the resin remains in a material vat, where the build
platform is submerged. The build platform moves downwards (or upwards depending on the
position of the light source) to create additional layers on top of the previous.

A more elaborate description of these techniques can be found in other reviews such as [10]
or [26]. These techniques all have their pros and cons and can process different types of materials.
With regards to biomaterials, we will further discriminate between ceramics, polymers, and metals.
The following sections will discuss each material category, their biomedical applications, and AM
fabrication methods.

4. Biocompatible Ceramics

Ceramics are nonmetallic and inorganic elements formed by ionic bonding and produced
under a high-temperature process called firing. Ceramics that are used as biomaterials are called
bioceramics, which have excellent biocompatibility, and are often used as implants within bones,
joints, and teeth. Bioceramics can be categorized as either bioinert or bioactive, and bioactive ceramics
may be degradable or non-degradable [27].

Bioinert ceramics have high chemical stability and high mechanical strength in vivo. In addition
to being chemically inert, bioinert ceramics have a significantly lower coefficient of friction and
wear rate than metals [28]. Hence, bioinert ceramics are often used for femoral heads of hip
implants [29]. Examples of bioinert ceramics are aluminum oxide and zirconium oxide [30,31].
Aluminum oxide (Al,O3), also known as alumina, has high hardness, low friction, and excellent wear
and corrosion resistance [32]. Due to these properties, alumina has been developed as an alternative to
surgical metal alloys for orthopedic and dental applications [33]. Zirconium dioxide (ZrO;), also known
as zirconia, is a white amorphous powder derived from zirconium. Because of its strength and high
resistance to wear, it is often used for fixed partial dentures and other prosthetic devices [34]. Zirconia
has also been used as a coating on titanium in dental implants [35]. Furthermore, zirconia implants
have shown to accumulate less bacteria than commercially pure Ti implants in vivo [36].

Bioactive ceramics are integrated with bone tissues via chemical reactions that lead to the
formation of hydroxycarbonate apatite without causing inflammation. The bond is usually stronger
than the bone itself [28]. Bioactive ceramics include glasses, glass-ceramics, and other ceramics.
Among them are bioglass and calcium phosphates (CPs) [27]. Some CPs are based on hydroxyapatite
(HA) and tricalcium phosphate (TCP), which have been extensively studied as bone replacement
materials [37]. HA(Cay9(PO4)s(OH),) is a bioactive and non-degradable bioceramic with chemical and
structural similarity to bone minerals [38].

The degradable bioactive ceramics are designed to gradually degrade in a predetermined time
frame to assist as scaffolds or replace the host tissue. However, there are complications in maintaining
the strength and stability throughout their lifetime due to the degradation of the material. In this
manner, TCP (Ca3(POjs);) has a chemical composition similar to bone tissue mineral and has a good
resorbability and bioactivity with higher rates of biodegradation than HA under in vivo conditions [14].
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Since ceramics are generally hard and brittle and have poor fatigue properties, they are less
suitable for load-bearing applications. However, bioactive materials, such as HA and bioglass,
are common materials to use as bioactive coatings on metallic implants for load-bearing
applications [39,40]. Ceramic coatings on metal implants have three major benefits: they (1) enhance
the formation of bone, (2) allow direct bonding with bone, and (3) reduce metal corrosion as well as
related corrosion product release. Sometimes the corrosion rate is too high for the body to handle,
and a ceramic coating can help reduce this rate to a tolerable level [41]. Common fabrication methods
for bioceramics include electrophoretic deposition [42], plasma spraying [43], and dip coating [35].
Bioceramics with metallic core structures are also used as coatings for prosthesis [44].

AM can be a useful tool to produce customized dental restorations. The combination of digital
scans and AM allow for a nearly identical replication of the patient model. Not only does the
layer-by-layer approach reduce material consumption, but it also allows the construction of complex
structures. Recently, lithium disilicate glass ceramic dental restorations have been manufactured using
a stereolithography-based AM method, with outstanding mechanical properties of over 400 MPa
flexural strength, excellent translucency and accuracy [45]. Researchers Mitteramskogler et al.
utilized vat polymerization and modified a special digital light processing system to improve the
geometrical accuracy of 45 vol% zirconia green parts [46]. Zirconia-toughened alumina ceramics have
also been fabricated with excellent properties using vat polymerization [47].

As many ceramics express unique bioactive properties, AM of biocompatible ceramics is also a
promising candidate for customized bone tissue engineering. Researchers Liu et al. manufactured
HA porous scaffolds using vat polymerization [48]. The scaffolds demonstrated favorable in
vitro biocompatibility for orthopedic applications. Researchers Schmidleithner et al. also used
vat polymerization to manufacture TCP scaffolds for bone regeneration [49]. The scaffolds were
manufactured with <2 vol% error in porosity and <6% relative deviation of average pore sizes.
In addition, the cells cultured on the scaffolds had an increase in collagen deposition and alkaline
phosphatase activity when compared to 2D tissue culture plastic. These results suggest that AM,
particularly vat polymerization, is a promising manufacturing method to manufacture customized
scaffold structures for bone tissue engineering.

Table 1 shows examples of bioceramics and AM methods, in addition to the characterization and
examples of biomedical applications.

Table 1. Biocompatible ceramics. The table gives an example of biocompatible ceramics, their
characterization, applications, and additive manufacturing methods.

Ceramics
Biomaterial Characterization Fabrication Method(s) Application Ref
. . Osteosynthetic
Al oxide o Blrgcllefl{:;;;r;%i,o\;at devices, bearing [32,50-52]
Bioinert POy surfaces
. . . . Fixed partial
Zirconium oxide Powder bed fusion (SLS) [53,54]
dentures
Vat polymerization, powder Bone tissue
Hydroxyapatite bed fusion (SLS), material eneineerin [55-59]
extrusion and binder jetting & &
Bioactive ;
: oL Bone tissue
Bioglass Vat photopolymerization engineering [60]
Calcium silicate Powder bed fusion (SLS) Tissue engineering [61]
Tricalcium phosphate Bioactive/ ol Bgiei;e]lfitgrl:gﬁ:iérial Bone tissue [62-66]
phosp Biodegradable POy ! engineering

extrusion
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5. Biocompatible Polymers and Co-Polymers

Polymers have been widely studied for medical applications such as drug delivery and bone tissue
engineering [67,68]. From a biomedical perspective, polymers and co-polymers can be divided into
two classes: biodegradable and biotolerant. The role of polymeric implants for permanent load-bearing
applications is rare [68]. However, since polymers are ideally tunable in their interaction with the
biological environment, the degradable class is often studied for temporal devices [68]. Hence, the main
focus in this section will be on biodegradable polymers and their fabrication with AM.

AM biodegradable polymers, both synthetic and natural, are used for fabricating controlled
release drug delivery vehicles, temporary three-dimensional porous structures as scaffolds for tissue
engineering, and temporary prostheses [69]. As the degradation is the main property to tune in these
application, one has to be aware of the different degradation mechanisms at play. The degradation
of polymers can be classified into hydrolytical and enzymatical degradation. Most natural polymers,
such as chitosan, alginate, collagen, gelatin, cellulose, and fibrinogen, undergo enzymatic degradation,
meaning that the polymeric material is degraded by the enzymes that are secreted by tissues,
immune system, or microorganisms that are present in the biological environment [70]. The rate
of enzymatic degradation varies significantly with the implantation site, depending on the availability
and concentration of respective enzymes. Since natural polymers are mostly used as ’'bioinks’ in
bioprinting, and are hence generally connected to fabrication methods including the deposition of cells
in the process, this report will focus mainly on hydrolytically degradable polymers.

Hydrolytically degradable polymers involves cleavage of hydrolytically sensitive bonds in
the polymer, which finally leads to polymer erosion [71]. Erosion can be categorized as bulk or surface
erosion, or a combination thereof. In surface erosion, the polymer degrades from the exterior surface,
while the inside of the material does not degrade until all the surrounding material has been degraded.
Bulk erosion is characterized by an equal degradation throughout the whole material. These erosion
mechanisms are extremely important in determining which material is best for a desired application.
Surface erosion is preferred for sustained drug delivery, and it can offer several benefits for bone tissue
engineering, retention of mechanical integrity, enhanced bone ingrowth, and ensure that the scaffold
implant is gradually replaced by bone tissue [72]. Examples of hydrolytically degradable polymers are
poly(a-esters), such as poly(glycolic acid) (PGA), poly(lactic acid) (PLA), poly(lactide-co-glycolide acid)
(PLGA), and polycaprolactone (PCL) [73]. PGA has a melting point greater than 200 °C, a glass
transition temperature of 35-40 °C, and a high tensile modulus (12.8 GPa) [74]. Due to the rapid
degradation and insolubility, PGA is usually used for short-term tissue engineering scaffolds and as
sutures [75]. PLA comes in different optical isomers, the most used forms for biomedical research are
poly(L-lactic acid) (PLLA) and poly (D,L-lactic acid) (PDLLA). The more crystalline PLLA has a melting
point of 175°C, glass transition temperature of 60-65°C, and mechanical strength of 4.8 GPa [76].
PLLA has a very slow degradation and has been used as bone fixators [77]. To tune the degradation
kinetics of PLLA, it is often combined with other forms of PLA, such as PDLLA that has a sterically
different structure and, hence, different mechanical and degradation properties [78].

Mixed with glycolic acid, PLA forms the copolymer PLGA, which is already approved by
the U.S. Food and Drug Administration (FDA), and is one of the most investigated degradable
polymer for biomedical applications [79,80]. It has a rapid degradation compared to other polyesters
and is, therefore, utilized extensively in drug delivery applications such as chemotherapeutics [81],
vaccines [82], antibiotics [83], etc. In addition, PLGA demonstrates great cell adhesion and proliferation
properties, making it an excellent choice for tissue engineering applications.

AM of polymeric and co-polymeric implants gives the flexibility to produce patient-specific
customized implants and on-demand products. A large amount of research has gone into
examining the possibilities of implementing AM to produce customized implants, as, for example,
cardiovascular stents. These stents intend to keep arteries open and enable blood flow to the
heart. Researchers Guerra et al. used material extrusion to manufacture stents using PCL/PLA
composites [84]. They discovered that this printing process was highly suitable for producing
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composite stents with approximately 85-95% accuracy, medium levels of degradation rates, and good
biocompatibility. Furthermore, researchers Jia et al. designed and fabricated self-expandable
biodegradable vascular stents from PLA using material extrusion [85]. Another promising application
is implantable biodegradable bone fixators. These have several advantages due to their ability to
degrade once their function is fulfilled, omitting the need for a procedure to remove the fixator after
recovery. This reduces costs and triggers enhanced bone healing compared to traditional plates and
screws [86]. However, there are limitations with biodegradable polymers compared to conventional
metallic bone fixators. There is a need to pre-drill holes for the biodegradable screws. Working around
this issue is the subject of various research articles. For example, Yeon et al. [87] manufactured a
PLA/HA/Silk composite bone clip using material extrusion, which they implanted in rat femur bone.
The bone clip demonstrated excellent alignment of the bony segments making it a promising candidate
for the internal bone fixation system. Furthermore, as this type of bone fixator is designed to be clipped
around the bone, it can be installed without a drilled hole.

Another prospective clinical area lies in the field of tissue engineering with AM plastics and is
related to mimicking the meniscus. Nearly half of knee arthroscopic procedures were performed for
meniscal tears in the United States [88]. Researchers Zhang and Jiang et al. [89] utilized material
extrusion to manufacture PCL scaffolds with three distinct mean pore sizes (pore sizes: 215, 320,
and 515 pym). They did a total meniscectomy on several rabbits and replaced the meniscus with the
PCL scaffolds. They discovered that the preferred mean pore size was 215 um, showing increased
fibrocartilaginous tissue formation and enhanced mechanical properties compared to the other
pore sizes. There were no significant differences in degradation ratio between the different pore sizes.

Although the possibilities in biomedical research employing AM polymers seem endless,
the clinical use of respective fabrics is predominantly confined to models for surgical planning,
education, and training [90,91]. The largest adoption of AM polymers in the biomedical sector is
connected to the manufacturing of custom in-ear hearing aids and dental aligners. AM polymers
have found wide acceptance and spread in this field, where companies such as Sonova [92] and
Align technology [5] lead the market in their respective segments. They use liquid photopolymers
and vat polymerization to produce hundreds of thousands of parts with high precision since several
years already [93]. Here, each part is uniquely customized from person-specific geometric data,
and the printed part is either designed to use directly as is or to use as a mold for vacuum-forming
FDA-approved polymers.

Table 2 shows a list of biopolymers, their characterization, AM methods, and the biomedical applications.
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Table 2. Biocompatible polymers and co-polymers. The table gives an overview of biocompatible polymers and co-polymers, their characterization, applications, and

additive manufacturing methods.

Polymers and Co-Polymers

Biomaterial Abbr. Characterization Fabrication Method(s) Application Ref
Polyethylene PE Powder bed fusion (SLS) ~ Vascular prostheses, cardiac valves and hip joints [94-97]
Poly(hexano-6-lactam) PA6 Powder bed fusion (SLS) Intravascular balloon catheters [98,99]
Poly(methyl methacrylate) PMMA Biotolerant Powder bed fuspn (SLS) Anchoring of hip prostheses, vertebroplasties and [94,97,100,101]
and vat polymerization eyeglass lenses
Poly(tetrafluorethylene) PTFE Vat photopolymerization Orthopedy and vascular clips [94,102,103]
Poly(aryletherketone) PAEK Bioactive Powder bed fusion (SLS) Orthopedic and spinal implants [97,104,105]
Biostable and o . .
Polyurethane PUR biodegradable Vat photopolymerization Cardiovascular devices [100,106,107]
Polycaprolactone PCL Powder be;l tusion (.SLS) Tissue engineering and controlled drug release [108-111]
. and material extrusion
Biodegradable Bioabsorbable fixation, bone regeneration and
Poly(lactic acid) PLA Material extrusion ’ & [112]

fixation and drug delivery
Material jetting and Therapeutic devices, [113-116]

Poly(lactic acid-co-glycolic acid) - PLGA material extrusion drug delivery and tissue engineering
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6. Biocompatible Metals

Metals are known for their high stiffness, wear resistance, ductility and thermal and
electrical conductivity. Metallic materials are commonly used for orthopedic and orthodontic
implants, bone fixators, artificial joints and external fixators, in addition to medical devices and
related accessories. Due to their mechanical properties, metallic implants are difficult to replace by the
more biocompatible ceramics and polymer substitutes. Most biocompatible metals are classified as
biotolerant, the exception is titanium and its alloys, which are classified as bioinert. The most used
biocompatible metals are titanium and its alloys, stainless steel, and cobalt chromium alloys [117,118].
So far, only powder bed fusion technologies are able to process these materials in medical grade.

Ti6Al4V is a common material for orthopedic implants due to its high strength-to-weight ratio and
corrosion resistance, in addition to its unique biocompatibility [119]. In 1952, Per-Ingvar Brdnemark
accidentally discovered the osseointegration capability of using commercially pure Ti, where the living
bone formed a direct structural and functional connection with the implant surface [120]. Ti6Al4V is
classified as inert, meaning that the material can, in certain conditions, have direct contact with
the adjacent bone tissue without introducing any chemical reactions between the implant and the
host tissue. Once the material is implanted into the body, it passivates itself by the formation of an
adhesive oxide layer. This oxide layer prevents an extensive flow of electrons and ions in the body
fluid or surrounding tissue [121]. The vanadium in the alloy acts as beta-phase stabilizer, whereas the
aluminum acts an alpha-phase condition stabilizer, which contributes to an increase in strength and
decrease in weight.

Along with Ti6Al4V, stainless steel (SS) is a common material for biomedical implants and is a
low-cost and readily available material. Out of the numerous grades of stainless steels, the 300 series
is utilized in medical applications, usually the medical grades 304 and 316 L. SS does not offer the
same biocompatibility as Ti6Al4V, and it is considered a biotolerant material. With surface treatments
and coatings, it is possible to increase its biocompatibility and corrosion behavior. Because of its high
strength and corrosion resistance, SS is often used in bone plates, screws, spinal fixation, hip and knee
components, and medical devices [122].

Another class of biotolerant materials are cobalt chromium alloys. These alloys are most used
under conditions of wear due to their high wear resistance [123]. Chromium forms an oxide layer on
the surface of the alloy making it corrosion resistant in a biological surrounding. Cobalt ensures
a continuous phase, which results in homogeneous properties and, hence, is suitable for bone
implants [124].

Even though the metals do not express bioactive properties, the biocompatibility of the metals
can be further enhanced by creating bio-inspired surfaces, as covered in a review article by Chaoming
Xie [125].

AM metal implants for biomedical applications have been in use for several years. The most
utilized area is for dental applications. Previously, ExOne’s dental systems used binder jetting to make
gold copings to serve as substructures for crowns and bridges. In 2007 it was pulled from the market,
most likely due to the increased price of gold [126]. While AM is a good choice for manufacturing such
gold copings, the most researched area in the AM metallic dental field is related to dental implants
with titanium alloys. Researchers Tunchel et al. did a 3 year follow-up clinical study to examine the
survival rate of titanium dental implants [127]. Eighty-two patients and a total of 110 titanium dental
implants were installed. The implants showed a survival rate of 94.5% and proved to be a potential
option for the rehabilitation of single-tooth gaps.

Although AM metals have been clinically tested and widely used in the dental industry,
AM can also open up new possibilities for long-lasting orthopedic implants for load-bearing
applications. Section 7 addresses the possibilities and challenges with AM metallic load-bearing
implants. Table 3 shows a list of examples of biocompatible metals, their characterization and
applications, in addition to suitable AM methods for each material.
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Table 3. Biocompatible metals. The table gives an example of biocompatible metals, their characterization, applications, and additive manufacturing methods.

Metals
Biomaterial Characterization Fabrication Method(s) Application Ref
Gold Powder b?d fus'lon. (SLM) and Dental restorations [126,128]
binder jetting
. Orthopedic and
Co-Cr-Mo alloys Biotolerant Powder bed fusion (EBM and SLM) dental implants [129-131]
Stainless steel Powder bed fu519n (EBM a.md SLM) Cardlovasct{la.r stents and [130,132-136]
and material extrusion orthopedic implants
Niobium Powder bed fusion (EBM) Vascular stents and coating [137-139]
for orthopedic implants
Tantalum Powder bed fusion (EBM and SLM) Orthopedic implants [140,141]
Commercially pure titanium . Powder bed fusion (EBM and SLM) Orthopedlc and [142-144]
Bioinert dental implants
S ) . Orthopedic and
Titanium alloy (Ti-6Al-4V) Powder bed fusion (EBM and SLM) [143,145,146]

dental implants
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7. Load-Bearing Applications

Metals are generally used for load-bearing applications (LBAs) due to their superior
mechanical properties, such as ductility, fatigue life, and strength. AM metal implants are, therefore,
also the preferred choice for LBAs in the biomedical field.

While conventional, solid, metallic implants have been used in bone and dental applications for
centuries, AM implants are relatively new on the market. Researchers Jardini et al. [147] successfully
manufactured and implanted a customized titanium implant for a 22 year old male for the surgical
reconstruction of a large cranial defect using AM technology. An upper cervical spine of a 12 year
old was also successfully manufactured and implanted using AM with a titanium alloy powder by
researchers Xu et al. [148]. Images taken 1 year later revealed evidence of successful osseointegration.
Although both examples are not highly LBAs, there is still a lot of research done in the field related to
AM for LBAs.

Today’s solid metallic implants face serious problems related to bone loss around the implantation
site in LBAs. Even though successful osseointegration might have been achieved after implantation,
aseptic loosening is still the main cause of all revisions for total hip replacements. A study from the
period 1995-2011 in Scandinavia and Finland revealed that aseptic loosening is the cause of 47 % of
all revisions for total hip replacements [149]. This mode of failure is often caused by stress shielding,
which is a condition where the adjacent bone is shielded from stress due to new loading conditions after
implantation. Bone remodeling is triggered by mechanical loading [150]. Considering the differences
in stiffness between human bone and most metallic implant materials, the implant is usually the main
carrier of the load, eventually leading to bone loss of the stress shielded bone. Figure 2a shows a
schematic representation of the loading conditions and bone loosening in a hip implant.

(a) Stress shielding (b) Bone in-growth

Figure 2. Schematic representation of (a) new loading conditions in solid hip implants, and (b) bone
in-growth of porous scaffolds.

Ti6Al4V is the most favorable biocompatible metal for load-bearing applications due to
its mechanical properties. Both Co-Cr-based alloys and SS express significantly higher density
and stiffness than Ti-6Al-4V, making them less ideal for larger bone implants in load-bearing
applications (Co-Cr-based alloys: 8.3-9.2 g cm 3, 204-240 GPa; 316L SS: 7.9 g cm 3, 210 GPa; Ti-6Al-4V:
4.4-45 gem=3,110 GPa) [151-153].

Although Ti6Al4V is one of the most favorable metals, this alloy has a disadvantage due to
the addition of aluminum as an alloying element. Even though aluminum is important for the
strength and fracture toughness of the alloy [154], it is known as a toxic element to the human
body. Research suggests that aluminum can interfere with bone mineralization [155]. Despite this,
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Ti6Al4V has been shown to have a cytotoxicity comparable to pure titanium metal, which can be
explained by the low amount of aluminum alloy element [156]. Nonetheless, a lot of research has
gone into modifying titanium materials. Researchers Konvalov et al. used an electropulse treatment
of commercially pure titanium alloy VT1-0, and they discovered that this enhances the fatigue life
by 1.3 times [157]. Alternative alloys are also highly explored. The B-type titanium alloys have a
lower Young’s modulus, which can prevent stress shielding. The biocompatible Ti-29Nb-13Ta-4.6Zr
(TNTZ) alloy has been reported with a Young’s modulus value as low as 60 GPa, compared to that
of Ti6Al4V of 110 GPa [158]. However, the TNTZ alloy is also reported to have poorer strength and
fatigue properties compared to Ti-6Al-4V [159]. In order to improve the mechanical properties, TNTZ
has been alloyed with additions of Fe, Si, and/or O [159]. Recently, a modified TNTZ-Si alloy has also
been manufactured using EBM [160]. However, since Ti-6Al-4V is already a widely implemented alloy
for AM and medical applications [126], this review will focus on this alloy. Moreover, by implementing
AM it is possible to manufacture porous scaffold implants designed to tune the stiffness to match the
ones of human bone.

AM porous scaffold bone implants can be designed to mimic the stiffness of human bone [161].
This can pave the way towards a long-lasting bone implant. Moreover, the porous scaffold structure
will likely yield better bone in-growth, resulting in a better osseointegration, as shown in Figure 2b.
The products marketed for medical use have to be strictly tested to ensure that they are in accordance
with the standards established by the specific rules for respective implants. The process of approving
AM implants for use in LBA is complicated due to the changes of mechanical and biological properties
connected to AM processing.

AM metallic parts have generally rough surfaces, as seen in Figure 3. This also results in a
decreased fatigue life. The human femur bone is the largest, most voluminous, and strongest bone in
the human body. It is responsible for bearing the largest percentage of the body weight, and it can
support up to 30 times the weight of an adult [162]. In other words, a hip implant should express the
same mechanical properties as the femur bone. Researchers Masuo et al. looked at surface roughness
of electron beam melted (EBM) and selective laser melted (SLM) specimens, and they discovered that
surface roughness had a strong detrimental influence on fatigue strength. Polished EBM and SLM
samples express better fatigue properties compared to as-built samples, and post-processing with hot
isostatic pressing further drastically improved fatigue strength [163]. Little difference in fatigue life
was seen between as-built EBM and SLM specimens. Researchers Zhang et al. discovered that the
low-cycle fatigue properties of SLM Ti-6Al-4V are comparable to wrought Ti-6Al-4V samples [164].
It has also been shown that the fatigue fracture always originates from the surface or subsurface
defects [164]. More research is necessary to determine if AM porous scaffold implants can be used for
a longer time in LBAs.

(a) 100, scaffold (b) 500, scaffold

Figure 3. Scanning electron microscope images showing the morphologies of electron beam melted
Ti-6Al-4V three-dimensional porous scaffold structure with 800 um pore and lattice size [165].
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Another factor of importance related to the rough surface is the bone growth. As the surfaces
of AM parts are rough, it is important to evaluate how these surfaces will impact the adhesion and
bone growth of bone cells. Research performed by the authors suggests that the bone growth on rough
additive manufactured surfaces is better compared to that grown on polished surfaces [166]. Figure 4
shows the bone matrix development after 21 days of culturing with bone marrow-derived human
mesenchymal stem cells (Product no. PT-2501, Lot 0000318006, Lonza Inc, Walkersville, MD, USA)
on EBM as-built samples compared to EBM polished samples. The bone matrix was sputtered with
4nm platinum/palladium and can be seen as a dark grey color. The light grey color is the Ti-6Al-4V
material. Here we see what appears as a thicker bone matrix for the as-built sample, with only a few
partially melted particles appearing through the matrix, while there is only a thin matrix layer for the
polished sample. With more adhesion sites on the rough as-built surface, it might suggest that the
bone growth will be better for AM surfaces compared to polished surfaces.

(c) Polished, control (d) Polished, day 21
Figure 4. Scanning electron microscope images showing the development of bone matrix after 21 days

of culturing with bone marrow-derived human mesenchymal stem cells. (a,c) Cell-free as-built and
polished controls, respectively. (b,d) As-built and polished samples cultured with mesenchymal stem
cells for 21 days, respectively [166].

Although the porous scaffold structures appear to be good for bone growth and stiffness reduction,
there are still limitations related to the pore size of the scaffolds. Too small pore sizes might result in
trapped metallic powder, which must be avoided. Figure 5 shows how the metallic powder is trapped
inside a porous Ti-6Al-4V scaffold manufactured by EBM. This can be removed using post-processing,
for example chemical etching [167,168].
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Imaging plane

Scaffold

(a) uCT progression (b) Cross section
Figure 5. Micro CT image of a porous Ti-6Al-4V scaffold manufactured by electron beam melting.
(a) Shows the uCT progression. The green line indicates the cross-section imaging plane for (b). The red
circle represents the area where the metallic powder is trapped [165].

8. Summary and Outlook

Additive manufacturing is a promising manufacturing method of biomaterials of various
kinds when it comes to patient-specific applications. In recent years, research on the implantation
of AM biomaterials into the human body has been actively pursued. Here the advantages of
AM in low batch size production and customizable design are of tremendous benefit. In this
article, we provided a concise state-of-the-art overview of implantable biomaterials and suitable
AM technologies that is accessible to a broad readership. We have classified biomaterials defining
the terms biocompatibility, bioactivity, biotolerance, bioinertness, and biodegradability. We give
a short overview of AM fabrication methods relevant in the field and give a short overview of
ceramics, polymers, and metals relevant to the field of biomedical applications. Here, biocompatible
ceramics express great biocompatibility and are mostly used for applications related to bone tissue
engineering. AM biocompatible polymers and copolymers are interesting, particularly due to their
controllable degradation. The polymers and co-polymers can be found in either biotolerant, bioactive,
or biodegradable classes, and they can be used in multiple applications, such as vascular, intravascular,
controlled drug release, and bone tissue engineering applications. Finally, we review application
methods for AM biocompatible metals, their fabrication methods, and their biocompatibility.
Most metals fall under the biotolerant category. Titanium and its alloys can, however, in certain
conditions be bioinert. Due to their strength and fatigue properties, most biocompatible metals
are used in orthopedic applications, but they can also be used in vascular and dental applications.
We particularly provide details on how metals, specifically titanium alloys, can be beneficial for
load-bearing applications for long-term use, and how these can provide better bone in-growth. In this
regard we also review interesting research directions worth exploring such as how surface modification
can change both fatigue properties and cell proliferation.

Based on the rapid increase in research papers and clinical applications of porous metallic AM
scaffolds, the authors expect this field to experience rapid growth and increasing popularity over
the next years. By overcoming regulatory hurdles [126], the entire range of technologies (SLM in
addition to EBM) and post-processing opportunities (e.g., surface modification of the porous scaffolds
to enhance the fatigue life) may be applicable to clinical uses. However, critical issues such as the
problem of trapped powder in complex porous architectures must be addressed to enable widespread
acceptance. In addition, a proper method of predicting elastic moduli and fatigue properties by
fabricated scaffold design will have high potential for further customization and utilization of the
AM benefits. A scenario can be envisioned where more active patients with higher bone density may
receive an implant with a higher stiffness as opposed to patients with lower bone density. Here the
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design can be adapted to the X-ray image of the bone around the site of implantation. With such
possibilities, the full potential of AM can be unfolded lying in the direct conversion of computer
generated architectures into physical devices. As seen for other fields with fully digital workflows
enabled by AM (such as hearing aid shells), we could expect to see a transition to more clinical research
with load-bearing applications.

By motivation of a digital workflow for customized implants, there are also many other
possibilities related to implementing non-metallic AM devices in clinics, as, for example, the fabrication
of personalized vascular stents. However, here the regulatory hurdles to overcome are even larger
as the FDA currently limits the use of AM stents in clinics. The largest issue here is one that can be
generalized for many AM biomaterials, namely the process and the material properties are interlinked.
With this manufacturing process, the material properties evolve at the same time as the geometry,
making these two aspects interlinked. From a regulatory perspective, this means that, although the
material might still be FDA-approved, the combination of the AM process and the material might
not, which creates many open challenges to be met before the approval of AM implantable medical
devices that, once overcome, will potentially change the field of biomedical implants profoundly. Due
to similar reasons, the clinical use of AM alternatives to bone fixators is limited, and the field of AM
customized tissue engineering is even further away from clinical implementation; therefore, we expect
an increase in efforts with regards to medical clearance for these respective materials and processes.
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