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Abstract: Over the last few decades, polymers and their composites have shown a lot of promises
in providing more viable alternatives to surgical procedures that require scaffolds and implants.
With the advancement in biomaterial technologies, it is possible to overcome the limitations of
current methods, including auto-transplantation, xeno-transplantation, and the implantation of
artificial mechanical organs used to treat musculoskeletal conditions. The risks associated with these
methods include complications, secondary injuries, and limited sources of donors. Three-dimensional
(3D) printing technology has the potential to resolve some of these limitations. It can be used for
the fabrication of tailored tissue-engineering scaffolds, and implants, repairing tissue defects in
situ with cells, or even printing tissues and organs directly. In addition to perfectly matching the
patient’s damaged tissue, printed biomaterials can have engineered microstructures and cellular
arrangements to promote cell growth and differentiation. As a result, such biomaterials allow the
desired tissue repair to be achieved, and could eventually alleviate the shortage of organ donors. As
such, this paper provides an overview of different 3D-printed polymers and their composites for
orthopedic applications reported in the literature since 2010. For the benefit of the readers, general
information regarding the material, the type of manufacturing method, and the biomechanical tests
are also reported.
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1. Introduction

Musculoskeletal disorders such as osteoporosis, fragility fractures, and traumatic frac-
tures are major health concerns in the United States (U.S.) because of the aging population,
obesity, and sports injuries [1,2]. Several bone disorders cause degradation of bone strength
and density, leading to bone fractures, such as Paget’s disease, osteogenesis imperfecta, and
rickets [2,3]. In the U.S. alone, almost 6.3 million bone fractures occur annually, costing the
healthcare system USD 20 billion yearly [4], projected to reach USD 912 billion by the year
2025 [5]. These musculoskeletal disorders are treated using three primary methods, includ-
ing auto-transplantation, xeno-transplantation, and implantation of artificial mechanical
organs [1,6,7]. However, there exist some complications with each of these procedures. In
auto-transplantation, grafting of a tissue or organ from one area of the body to another
may lead to secondary complications and injuries [1,7]. Xeno-transplantation, restricted
by limited donors, poses a risk of immunological rejection and viral transmission [1,8].
Although successful, there are issues associated with artificial implants like traditional
methods of implant fabrication and materials [1,6], which lead to difficulty in producing
complex geometries and human body rejection. Therefore, newer materials and fabrication
techniques are being studied to overcome the limitations of artificial implants as fracture
fixation devices or bone scaffolds.
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In the selection of proper biomaterials for orthopedic applications, materials, and
manufacturing methods are critical, which must be chosen based on the shape, cost, and
performance requirements [6,9]. These materials can be grouped into three categories:
metals, ceramics, and polymers. Metals like stainless steel [3,10,11] and cobalt-chrome
alloys [3,12,13] were the first successfully used materials, followed by the growing pop-
ularity of titanium alloys and titanium implants in the 1940s [14,15]. For these metals, a
variety of traditional manufacturing techniques are employed, including forging [16-18]
and casting [19,20]. Metallic materials have a range of advantages, including biocompati-
bility, corrosion resistance, mechanical strength, and wear resistance [6,21], which make
them attractive for orthopedic applications. One major disadvantage of using metals is
their high elastic modulus, causing stress shielding [6,22,23]. This phenomenon occurs
at the interface of the bone and the metal during load transfer, resulting in the newly
repaired bone becoming less dense because of the removal of typical stress from the bone
by the implant [6,22,23]. Other disadvantages of metals as raw materials for orthopedic
applications include complexity in usage due to their radiopacity in computed tomography
(CT) scans and magnetic resonance (MR) scans, as well as their release of toxic metal
ions [21]. Another category of material currently being used is ceramics. Most common
ceramic materials, such as alumina [24,25], calcium phosphate [26,27], zirconia [28-30], and
glass ceramics [31,32], have shown excellent wear rates and corrosion resistance, superior
biocompatibility, and high strength [3]. Despite these features, they are not well suited
for load-bearing applications because of their less-favorable mechanical properties, such
as low fracture toughness, brittleness, and high elastic modulus [3,32]. Similar to metals,
ceramics have a high elastic modulus and are often observed to cause stress shielding,
leading to complications such as a loss of bone mass [7,22] and loosening or failure of the
implants [3,26].

Due to the disadvantages associated with making implants and bone scaffolds using
metals and ceramics, polymers are becoming a more popular choice. The desirable material
properties for these applications are the ability to be biocompatible, ease of molding, and
durability [33,34], several of which are exhibited by polymers. Nylon, polyether-ether-
ketone (PEEK), poly-e-caprolactone (PCL), polymethylmethacrylate (PMMA), acrylic resins,
polyurethanes, polypropylene (PP), ultra-high-molecular-weight polyethylene (UHMWZPE),
polyglycolic acid (PGA), polyethylene glycol (PEG), and polylactic acid (PLA) are a few of
the polymeric materials that are currently being used in orthopedic applications [35-39].
Polymer materials in particular tend to have numerous advantages over metals and ceram-
ics. By adjusting their composition, these materials can have their physical characteristics
tailored to suit a variety of applications [3,33]. For instance, PEEK and its other co-polymers
are attractive for orthopedic applications because of their similar mechanical properties
to those of the bone as well as their good chemical resistance and radiolucency [39-41].
PCL is another good candidate that has been proposed in the field of bone tissue engi-
neering [38,42,43]. Similarly, PMMA is used for a variety of orthopedic applications, such
as craniofacial reconstruction and orthopedic spacers [36]. UHMWPE still represents the
gold standard for arthroplasties due to its high fracture toughness and superior wear
resistance [44—46]. The high water content of hydrogel makes it possible to achieve biphasic
lubrication, resulting in low wear and very low coefficients of friction, making it a good
material for artificial cartilage [6,37,47].

Despite the numerous advantages of polymeric materials, their clinical applications
are still very limited due to the lack of mechanical stability for load-bearing purposes. To
address this drawback, polymers have been combined with other materials to achieve
enhanced properties [3,48,49]. Such combinations are known as composite materials, which
are composed of at least two phases (matrix and fillers) with different physical or chemical
properties, ranging from nano- to macro-sized [3,49-52]. Depending on the application,
different types and distributions of filler materials in the matrix can produce various me-
chanical and biological properties [3,49]. For instance, ceramic/polymer composite bone
scaffolds are designed to take advantage of the benefits of bioactive ceramics and the flexi-
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bility of polymer when it comes to biological, mechanical, and physical properties. Some
examples include PLA /hydroxyapatite (HA) scaffolds with better cell proliferation com-
pared to PLA scaffolds [49,53-55], polylactic-co-glycolic acid (PLGA)/HA with enhanced
mechanical properties for load-bearing orthopedic applications [56-59], and PEEK/HA
composites with improved osseointegration and bone-implant interfaces [60-62].

Another important factor that affects the overall success of bone scaffolds and orthope-
dic implants is their microstructure and shape [63,64]. The morphology of a bone scaffold
is of utmost importance, as it enables safe and rapid proliferation and differentiation of
cells in all dimensions [63,64]. This morphology is influenced by the fabrication methods
selected. There has been a variety of methods used to develop polymeric scaffolds in
recent years, such as phase separation [64,65], electrospinning [66,67], freeze-drying [68],
salt-leaching [69,70], melt-molding [71], and gas-foaming [72,73], whereas in the case of
implants, casting, cutting, milling, forging, laser machining, and other conventional meth-
ods were used [16-20,74,75]. Although these methods have benefits, they all have certain
drawbacks. The salt-leaching process not only leaves residual salts in the scaffolds but
also results in irregular pore sizes [65]. Cell-seeding is inefficient with the freeze-drying
process since closed-cell structures are formed in the matrix [65]. The pore size, one of the
scaffold’s important structural parameters, is not controlled in the gas-foaming method [76].
With the electrospinning method, there is still a problem with controlling pore size [77].
Conventional manufacturing of orthopedic implants, on the other hand, entails a loss of
raw materials, the inability to produce accurate and complex structures, a longer waiting
period, and higher costs [74,75]. These drawbacks lead to the need for improvement in
the traditional fabrication methods. Consequently, regarding technological advancements
in terms of the diversification of materials and improvement of dimensional accuracy, 3D
printing (i.e., additive manufacturing (AM)) processes have been deemed a viable method
for producing implants and bone scaffolds for orthopedic applications [9,35]. The adop-
tion of additive manufacturing has enabled the creation of 3D structures with complex
shapes as well as porous structures with controlled internal architecture. These were pre-
viously impossible through conventional manufacturing [9,78]. To manufacture scaffolds
and implants, various AM methods are applied, including nozzle-based fused deposition
modeling (FDM), resin-based stereolithography (SLA), and powder-based selective laser
sintering (SLS) [35,78]. At first, a 3D model is created using computer-aided design (CAD)
software such as SolidWorks, CATIA, Creo, and Fusion 360 or with the help of scans
available through imaging [35,78,79]. Then this model is sliced into two-dimensional (2D)
images using slicing software compatible with the 3D-printing machine [35,78,79]. The 2D
images act as a guide for the printers to form each layer for the 3D models [35,79]. SLS can
be used for polymers, metals, and ceramics. This method is known for its high precision
and accuracy, as it depends on the laser and raw material. The laser fuses the powder in the
desired shape layer by layer to form a 3D structure [9,34,78]. Another common method is
SLA, which is known for its precision and speed, where ultraviolet (UV) light cures the raw
materials, which are usually liquid photopolymers [34,35,80]. In the case of extrusion-based
3D printing, also known as FDM or fused filament fabrication (FFF), a filament usually
made of a thermoplastic polymer is fed through a heated nozzle. This follows the desired
shape of the object depositing material, which solidifies on cooling, layer by layer, to form
a 3D object [34,78,79]. Binder jetting (B]) is a method of manufacturing objects that utilizes
a liquid bonding agent and powder-based materials. Three-dimensional objects are created
using a print-head, which selectively jets a liquid agent according to the desired cross-
section and glues powder materials together [81-83]. Even though these manufacturing
methods are promising, they have their challenges and limitations, such as low surface
quality, poor accuracy, low speed, limitation of part size, anisotropic mechanical properties,
the building of overhang surfaces, high costs, low manufacturing efficiency, and limited use
of materials [84-88]. In the case of FDM printing, only thermoplastic polymers or polymers
reinforced with short fibers and particulates can be utilized, thereby limiting the range of
raw material that can be used [84,85,88]. On the other hand, for SLA printing, the materials
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are limited, as the process is based on photopolymerization, wherein the material is usually
a composite mixture of epoxy or acrylate [84,88]. One of the drawbacks of SLS printing is
that it cannot be utilized for creating closed structures, as the untreated powder is trapped
inside the geometry [84,88-90]. In case of BJ, there is an additional post-processing step
known as densification, which is required to cure the part, which is initially fragile [85,88].
A comparison of the different AM methods can be observed in Table 1 below. Another
complication of the current AM method is the manufacturing errors that are inherent in
these manufacturing techniques. These errors result in a geometry discrepancy between
the designed and AM-printed parts, a dominant factor in contributing to manufactured
samples with properties far from expected values. The problem is more serious in the
applications that require complex geometries with specific internal features, such as porous
bone scaffolds. A geometric mismatch can result in pore occlusion and walls with nar-
rower thickness than the designed values, drawbacks that can inherently compromise bone
ingrowth and severely impact mechanical performance [89,90]. Computational studies
involving finite element analysis (FEA) help to analyze the deviation in the as-designed
and as-manufactured parts, further proving the limitations of AM methods that need to be
addressed [89-91]. Micromechanical modeling along with FEA analysis has been proposed
as an effective and fast way to alter the properties of the material to desired values by using
the resulting parameters as input for AM methods [91]. All of these AM methods have
been successfully utilized in the field of orthopedic applications.

Table 1. Comparison between different AM processes discussed in the paper.

Raw

Working

Surface Processing Production Part

Method Material Principle Material Variety Finish Temperature  Speed Property Cost Applications
Automobile,
aerospace
Filament Filament Good applications,
FDM based extrusion Polymer accuracy Low Low Moderate Low medical, education,
piezo actuators,
micro batteries
Archi.tectuye,
SLA Liquid Photopoly- Polymer/resins High Very low Low Moderate  High bioengineering,
resin merisation accuracy jewelry industry,
dental, education
Design prototype,
o tructural
Powder Powder bed Polymer/ Limited . . . . s .
SLS based fusion Ceramics/metals  accuracy High High High High components in
aircraft, satellites,
micro pumps
Liquid Figurines,
. d-casting cores
bind- Chemical Polymer/ Good . . san & cores,
BJ . . . Low High Moderate High molds, automotive,
mégé Sp:()iwder bonding Ceramics/metals accuracy Rerospace. art and

design, architecture

Several papers have included discussions of the use of polymers and AM techniques
in biomedical fields, but no comprehensive reviews are available on 3D-printed polymers
and their composites, in particular for orthopedic applications. As such, this paper aims
to provide a thorough review of the literature addressing different polymers used for
orthopedic applications manufactured using AM processes since 2010. Most of the literature
reviewed concerns the material properties and the fabrication method. For this review
paper, the literature is organized into the different types of polymers and their composites.
A detailed explanation of their method of fabrication, application, and material properties
is given. Furthermore, each approach will be discussed in terms of its advantages and
disadvantages.

2. Methods

Google Scholar and Pubmed were searched as follows: (a) Search terms were “3D
printed polymer/composites” plus “mechanical/biological properties” plus “orthopedic
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applications”; (b) experimental, computational, and clinical studies were searched for;
(c) direct manufacturing of scaffolds and implants using 3D printing, rather than indirect
manufacturing using 3D printed molds; (d) only orthopedic applications, rather than drug
delivery and orthodontics; (e) studies since 2010; and (f) studies in English. Article reference
lists were double-checked for additional studies.

3. Results

Recent advancements in AM technology have enabled the fabrication of biomaterials
based on polymeric materials with a customized internal structure for orthopedic applications.
Four types of polymer-based materials can be adopted for such applications, which are (i) natu-
ral polymers, (ii) synthetic polymers, (iii) hydrogels, and (iv) composites. Natural polymer con-
stitutes both plant- and animal-derived polysaccharides, proteins, and polyesters [92]. Natural
polymers including collagen [93-95], alginate [96-99], agarose [100-102], chitosan [102-108],
fibrin [109,110], and hyaluronic acid-based materials [111-114] have been utilized over the
years for various orthopedic applications. This includes scaffolds to repair subchondral
cartilage defects, joint implants, and orthopedic fixation implants [47]. Despite having a
positive effect on cell interaction with surrounding tissues, the clinical application of natural
polymers is still very limited. The reason is their lack of availability in large quantities
and the difficulty of processing them into bone scaffolds [47,103]. In the case of hydro-
gels, they are polymeric structures held together as water-swollen gels in different ways
such as (i) covalent cross-links, (ii) ionic bonds, (iii) hydrogen bonds, (iv) bio-recognition
interactions, (v) hydrophobic interaction, (vi) polymer crystallites, and (vii) physical en-
tanglements [113-115]. Although they are being implemented as injectable scaffolds to fill
irregularly shaped defects, their stiffness is still a cause of concern [47,113]. Man-made
polymers, also known as synthetic polymers, are gaining a lot of interest in biomedical
applications for their tailorable physical and chemical properties, achieved by a monomer
unit, polymerization reaction, and/or cross-linking [116,117]. Currently, the most widely
used polymers in orthopedic applications are PLA, PEG, PCL, PGA, and PEEK, to name a
few [47,117].

3.1. Polylactic Acid (PLA)

PLA is an aliphatic polyester [118,119] that is derived from renewable natural re-
sources such as corn starch, tapioca roots, and sugarcane [120]. It is biodegradable and
melts at a lower temperature range of about 160-180 °C [120]. It is known for its good bio-
compatibility and mechanical properties [118,120-122], because of which it is a commonly
used material for biomedical applications and has been approved by the U.S. Food and
Drug Administration (FDA) for implantation in the human body [47,119,123-125]. This
review article consists of 18 papers on PLA and its composites. Concerning mechanical
properties of 3D-printed PLA scaffolds, there are two [120,126] studies reported in this
literature, whereas two other studies [127,128] focused more on the parameters affecting
cell adhesion and proliferation in PLA scaffolds. Only one study [118] reported the ad-
vantages of 3D-printing techniques over traditional manufacturing methods for scaffolds
by analyzing the cell adhesion. Even though PLA is suitable as a polymer base for low-
load-bearing applications, in the case of high-load-bearing applications its mechanical
properties need to be enhanced [129]. This can be achieved via the addition of appropriate
fillers in the polymer base, which has led to several studies in the field of PLA-based
composites for orthopedic applications. Six papers [122,129-133] examined the effects of
various fillers on the mechanical properties of the PLA-based composite scaffolds, and
10 [53,122-125,132-136] focused on the bioactivity of the composite scaffolds. Table 2 gives
the range of properties recorded for PLA in this review. Table 3 summarizes the relevant
results from every selected study based on PLA and its composites. The following studies
are summarized in a manner that explains the process applied, the test conducted, and the
results for the ease of the readers.
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Table 2. Physical and mechanical properties of PLA and its composite material.

Material Properties Value Range Ref

Density 1.022-2.9 g/cm3 [53,131]
Melting temperature 150220 °C [120,126,132]

Glass transition temperature 50-65 °C [120,122]
Tensile strength 46.5-52 + 6.7 MPa [122,132]
Elongation at break 2.8-56% [122,126]
Modulus of elasticity 0.00029-8.1 GPa [125,129]

Yield strength 88-92.23 MPa [130]
Compressive strength 4-46.11 MPa [124,126]

Table 3. Mechanobiological literature of PLA and its composite material; C: compressive strength,
T: tensile strength, D: displacement, Y: yield strength, E: modulus of elasticity, WCA: water contact

angle, B: bending strength, R: roughness.

Mechanical Studies

Ref Filler Manufacturing Methods Type Tests Results
. Tensile test Ultimate load (tension): 572 N
[120] N/A FDM Experimental Bending test Ultimate load (bending): 97 N
[129] HA FDM Experimental ~ TNaneindentation E:8.111 + 0714 GPa
C:7.55 MPa
Experimental E: 0.410 GPa
[131] HA FDM FEA Compression test ~ Cylindrical cell structure prevented stress
analysis and crack propagation more effectively
than the others
Biological Studies
Ref Filler Manufacturing Methods Type Tests Results
WCA: 24°
. . R: 27.60 nm
[128] N/A FDM Experimental In vitro Increased cell adhesion and proliferation
observed
In vivo WCA: 11.2°
[127] PDA FDM Experimental In vi Bone formation observed
n vitro e
Good cell viability
: —_— : In vivo Cytocompatibility and new bone
[134] AW Binder jetting Experimental In vitro formation observed
[123] HA/BG FDM Experimental In vitro Cell adhesion and proliferation observed
[135] HA FDM Experimental In vivo Vascularized bone tissues prefabricated
[136] HA/eBM/IM FDM Experimental In vivo Enhancing bone repair and new bone
formation observed
Mechanobiological Studies
Ref Filler Manufacturing Methods Type Tests Results
Compression test C:46.11 MPa
[126] N/A FDM Experimental pH meter pH: 5.27
In vitro Cell adhesion and proliferation observed
PDA/ Nanoindentation E: 3.62 GPa .
[118] BMP-2 FDM and Freeze-drying  Experimental test Increased rate of bone repair was
In vivo observed
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Table 3. Cont.

Mechanobiological Studies

Ref Filler Manufacturing Methods Type Tests Results
T: 46.5 £+ 2.4 MPa
Tensile test E: 3.70 GPa
[122] EFHA/FHA FDM Experimental In vivo WCA: 66.4 + 4.3°
In vitro Improved cell adhesion and proliferation
observed
Experimental . Y: 88-92.23 MPa
[130] CI%%/ FDM pFEA Com}ljée‘fist;%n test  Nontoxic with good biocompatibility and
analysis biodegradability
T:52 + 6.7 MPa
. Tensile test E: 2.07 GPa
[132] AMP FDM Experimental In vitro Enhanced cell adhesion and proliferation
observed
[133] HA/CS FDM Experimental Be?dir}g test Rapid growth in cell culture and
n vitro . .
proliferation observed
C:4 MPa
. E: 50 MPa
[124] HA/CS FDM Experimental Comlfres.sw“ test WCA: 38.1 £2.9°
n vitro Cvt ibili d
ytocompatibility an
proliferation observed
. . Compression test E: 0.29 MPa
[125]  Halloysite/Zn FDM Experimental In vitro Enhanced cell adhesion observed
: C: 23.36 MPa
[53] HA FDM Experimental Comfill:le\sgé%n fest E: 0.6809 GPa
p In vitro New bone formation observed

Cell adhesion and proliferation observed

With respect to the mechanical analysis, Burge et al. [120] used Taguchi L9 orthogonal
array to design the experiment to find the optimum printing parameters, such as printing
speed, infill percentage, layer height, and shell thickness for FDM-printed PLA scaffold.
Based on the results from the mechanical tests, the order of significance of factors affecting
tensile test was infill percentage, shell thickness, printing speed, and layer height, whereas
for three-point bending, it was shell thickness, infill percentage, printing speed, and layer
height. Dubinenko et al. [129] proposed ball milling using zirconia balls for the preparation
of poly l-lactide (PLLA)/HA composite material for biomedical applications. Nanoindenta-
tion tests proved an enhancement in the Young’s modulus with an increasing concentration
of filler material. Sahmani et al. [131] conducted an experimental and computational analy-
sis of FDM-printed PLA /HA scaffold to study the effects of internal cell architecture and
pore sizes on its mechanical properties. Mechanical tests revealed higher values for com-
pressive strength for samples with hexagonal than cubic or cylindrical porosities because
of the higher elastic moduli. FEA proved that the cylindrical cell structure prevented stress
and crack propagation more effectively than the others.

With respect to the biological analysis, Wang et al. [128] applied a cold atmospheric
plasma (CAP) technique to modify the nanotopography of an FDM-printed scaffold to
enhance cell adhesion, growth, and proliferation. Wang et al. [127] etched and coated the
PLA FDM-printed scaffold using polydopamine (PDA) to study the effect of change in
topography caused by etching on cell adhesion, growth, and proliferation. In vitro and
in vivo tests showed enhanced cell proliferation, growth, cell viability, and bone regenera-
tion capabilities of the etched and PDA-coated scaffold compared to the unetched scaffold.
Tcacencu et al. [134] reported a composite of apatite-wollastonite (AW) and PLA structures
created from a combination of B] and FDM printing. The structures were thermally bonded
to make the composite structure. In vitro assessment of the structures compared with a
PLA or an AW structure revealed cytocompatibility of PLA, AW, and AW /PLA composites,
whereas the in vivo assessment suggested that the AW /PLA composite had the largest
amount of new bone formation. Alksne et al. [123] tried to improve osteoinductivity and
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attenuate the adverse effect of degradation by comparing different PLA/HA and bioglass
(BG)/PLA FDM-printed scaffolds. Absorption tests determined that the PLA/BG com-
posite had a better absorption rate than the PLA/HA and pure PLA samples, whereas
cell adhesion was weakest for the PLA/BG composite compared to PLA/HA and pure
PLA. Zhang et al. [135] demonstrated prefabrication of FDM-printed PLA /HA scaffold
large vascularized bone tissues using in vivo bioreactors. Liu et al. [136] proposed the
use of induced membrane (IM) along with enhanced bone marrow (eBM) in a 3D-printed
PLA/HA composite scaffold to treat long bone defects in vivo. The in vivo analysis showed
that the combination of PLA/HA along with IM and eBM was able to treat the defect by
enhancing bone repair and reconstruction.

With respect to the mechanobiological, Singh et al. [126] used a Taguchi L9 orthogonal
array design of the experiment to study the effect of different process parameters such
as infill percentage, infill pattern, and layer thickness on the mechanical and biological
properties of FDM-printed PLA scaffolds. The compression test results showed a significant
effect owing to the parameter in the study. A high infill percentage corresponded to a
low drop in the compressive strength while hurting apatite formation. A lower infill
percentage showed maximum bone cell growth and infiltration. Yao et al. [118] studied the
enhancement in bioactivity and biocompatibility of a bone morphogenetic protein 2 (BMP-
2)-coated FDM-printed scaffold by using PDA compared to a traditionally manufactured
scaffold using freeze-drying. A nanoindentation test performed for analysis of mechanical
properties revealed lower elastic moduli for FDM-printed scaffold compared to freeze-
dried, suggesting a stronger bond with the bone tissue. In vivo CT observations proved an
increased rate of bone repair and showed new bone tissue formation on the host bone and
implant interface, which was significantly larger for FDM-printed BMP-2 coated scaffold.
Wau et al. [122] reported the fabrication of fish-scale (sea bass)-derived HA (FHAP) and
chicken eggshell (EGS) fillers in PLA matrix to study their effect on mechanical, thermal,
structural, and antibacterial properties of FDM-printed scaffolds. Mechanical tests revealed
an increase in the tensile strength and Young’s modulus for both FHAP and EGS composites
along with enhancement in thermal stability. Evaluation of the cytocompatibility of the
composites showed better cell viability with enhanced cell aggregation for the FHAP
composite than the EGS composite. Omigbodun et al. [130] conducted an experimental and
computational analysis of PLA and carbonated HA (CHAP) along with reduced graphene
oxide (rGO) to enhance the mechanical properties of FDM-printed scaffold with primitive
and gyroid lattice structure. Analytical studies showed that gyroid lattice performed better
for out-of-plane compression and shear test while being outperformed by primitive lattice
for in-plane compression and three-point bending tests. The experiment demonstrated an
increase in the mechanical properties of the composite material compared to the pure PLA
scaffold. In vitro tests proved the composite scaffold was non-toxic and biocompatible,
leading to better cell adhesion and growth. Elhattab et al. [132] applied the melt-blending
technique to homogeneously disperse amorphous magnesium phosphate (AMP) in PLA to
fabricate FDM-printed composite scaffolds. Mechanical testing revealed a reduction in the
tensile strength and Young’s modulus of both PLA and PLA /AMP composites after soaking
in a phosphate buffer solution (PBS). This reduction was attributed to the degradation
of the polymer and ceramic filler. In vitro testing demonstrated enhanced cell adhesion
for the PLA/AMP composite than the PLA composite. Ranjan et al. [133] characterized
the biological and mechanical performance using a flexural test and in vitro analysis
of a PLA/HA/chitosan (CS) for an FDM-printed scaffold for biomedical applications.
The results of all the measured values in the mechanical test were within considerable
upper and lower critical limits for a bone scaffold. The biological results showcased
rapid growth in cell culture, proving the biocompatibility of the composite configuration.
Nazeer et al. [124] developed an FDM-printed PLA scaffold and modified its surface with
CS and HA dispersed in formic acid to study its effect on the bioactivity of the composite
scaffold. In vitro tests confirmed cell viability of the composite, proving CS/HA /PLA to
be a better substrate for cell adhesion, migration, and growth. Luo et al. [125] proposed
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the fabrication of an FDM-printed scaffold of PLA /halloysite nanotube (HNT)-loaded
zinc nanoparticles (PLA/HNT/Zn) surface treated with two layers of fetal bovine serum
(FBS) on the side and one layer of sodium hydroxide (NaOH) in the middle. Mechanical
and in vitro test results showed enhanced mechanobiological properties for the composite
compared to the pure material. Chen et al. [53] assessed the formation capacity of FDM-
printed PLA /HA scaffold using an in vivo animal model. In vitro and in vivo tests results
displayed enhanced cytocompatibility, cell adhesion, and new bone-forming ability of the
PLA/HA composite scaffold.

3.2. Polyethylene Glycol (PEG)

PEG, also known as polyethylene oxide (PEO) [47], is a synthetic, well-known biocom-
patible polymer with hydrophilicity and solubility over a range of solvents [117,137]. Due
to its higher molecular weight, PEG alone exhibits a higher compressive modulus [47]. It
is nontoxic and possesses non-antigenicity and immunogenicity properties [138], which
help to control the attachment of cells and proteins to its surface [47]. There are no studies
reported on the use of PEG alone as implant materials for orthopedic applications, but
six papers [137,139-143] have reported studies based on PEG composite in the same field.
Table 4 gives the range of properties recorded for PEG in this review article. Table 5 also
summarizes the relevant results from every selected study based on PEG composites.

Table 4. Physical and mechanical properties of PEG and its composite material.

Material Properties Value Range Ref
Melting temperature 56.5 °C [142]
Modulus of elasticity 0.150-241.8 MPa [137,142]

Table 5. Mechanobiological literature of PEG and its composite material; C: compressive strength,
T: tensile strength, D: displacement, Y: yield strength, E: modulus of elasticity, WCA: water contact
angle, B: bending strength, R: roughness.

Biological Studies

Ref Filler Manufacturing Methods Type Tests Results
PCL/ Water-contact- WCA:100.6 £ 3.7°
[143]  roxithromycin FDM Experimental ~ angle analysis Favorable for the prevention and
(ROX) In vitro treatment of bone infection
Mechanobiological Studies
Ref Filler Manufacturing Methods Type Tests Results
Compression test E: 0.3 MPa
[139] tECM SLA Experimental In vivo New bone formation observed
In vitro Cell proliferation observed
Compression test E:241.8 4= 16.6 MPa
[137] PCL/MgO FDM Experimental In vivo Early bone formation observed
In vitro Cell proliferation observed
GelMA/HA/ Compression test -
[140] PLG}A; 1/TGF- SLA Experimental . Cievo study Enhanced cell proliferation observed
Tensile test E: 2.633 + 0.218 MPa
[141] nHA/RGDS SLA Experimental . Increased cell proliferation and
In vitro . .
differentiation
E: 0.150 MPa
ECM/ Compression test New bone and cartilage
[142]  phytomolecule SLA Experimental In vivo regeneration observed
Honokiol In vitro Suppress the release of proinflammatory

cytokines from macrophages
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With respect to the biological analysis, Bai et al. [143] experimented with melt
electrohydrodynamic-printed composite scaffold made of PCL/PEG/roxithromycin (ROX).
PEG added hydrophilicity to the composite, whereas ROX gave it antibacterial property
proven by water-contact-angle tests and antibacterial assays. In vitro studies on the com-
posite scaffold established good cell viability and growth.

With respect to the mechanobiological assessment of PEG and its composites,
Luo et al. [139] combined polyethylene glycol diacrylate (PEGDA) with tendon extra-
cellular matrix (tECM) to form a scaffold with enhanced porosity and strength using SLA
printing. PEGDA provided physical and mechanical strength to the scaffold, whereas tECM
was responsible for improving the biocompatibility of the synthetic polymer. In vivo test
results showed a significantly high quality and a substantial quantity of new mineralized
bone formation. Shen et al. [137] demonstrated the effect of the microenvironment on
the efficacy of bone tissue regeneration on FDM-printed scaffolds of PCL-PEG-PCL com-
posite treated with magnesium oxide (MgO) nanoparticles. Mechanical characterization
showed a significant increase in compressive moduli of the composite. In vitro studies
proved biocomposite scaffolds with a low concentration of magnesium ions (Mg?*) in the
microenvironment had excellent cytocompatibility and enhanced osteogenic differentiation.
Early bone formation was observed in the composite scaffold compared to the control
group. However, a large amount of Mg?* in the microenvironment jeopardized the bone
tissue regeneration ability of the scaffold. Zhou et al. [140] investigated the effect of an
SLA-printed biomimetic, biphasic structure made of gelatin-methacrylate (GelMA) and
PEGDA along with nHA and transforming growth factor beta-1 (TGF (3-1) encapsulated in
PLGA nanoparticles on osteochondral regeneration. Compressive test results proved to
be inconclusive, as there was no significant difference observed between the modulus of
elasticity of the different groups. In vitro analysis demonstrated enhanced cell proliferation
for the composite material. Zhou et al. [141] studied the synergistic effect of low-intensity
pulsed ultrasound (LIPUS) on the growth and osteogenic differentiation of human cells
in SLA-printed scaffolds. Mechanical experimentation was performed to find the ideal
pore size and porosity to increase cell proliferation. In vitro analysis of LIPUS-treated
composite scaffolds presented a higher cell proliferation and differentiation than the con-
trol group. Zhu et al. [142] studied the effect of PEGDA /ECM along with the natural
compound Honkiol (Hon) on regenerating osteochondral defects using SLA-printed scaf-
fold. In vitro and histological analysis of the scaffolds revealed that PEGDA /ECM/Hon
scaffolds suppressed the release of proinflammatory cytokines with significant enhance-
ment in osteochondral regeneration. In vivo analysis of animal models exhibited new
bone-formation capabilities.

3.3. Polycaprolactone (PCL)

PCL is a low-cost synthetic aliphatic polymer [144] that has been approved by the US
FDA for tissue regeneration applications [145-150]. It is known for its biocompatibility as
well as slow degradation rate [146,148,149,151]. The degradation rate of PCL contributes
to its reduced cytotoxicity and inflammation in vivo [144,146]. Because of its low melting
temperature (60 °C), it is easily printable using FDM technology and has moderate mechan-
ical properties after manufacturing [145,148,152]. It has been applied as a cranial repair
material and in other applications [148]. However, the application of PCL in bone tissue
regeneration is limited due to its lack of bioactivity [42]. PCL is hydrophobic, because of
which it is not favorable for cell adhesion and proliferation. Owing to this, few studies
have been conducted on 3D-printed PCL for orthopedic applications [38]. Nevertheless,
studies on PCL composite with various fillers to overcome its shortcomings are in abun-
dance [42,43,144-164]. Table 6 gives the range of properties recorded for PCL in this review.
Table 7 also summarizes the relevant results from every selected study based on PCL and
its composites.

With respect to the clinical application, Han et al. [38] proposed the use of an FDM-
printed patient-specific PCL biodegradable scaffold for the reconstruction of complex
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maxillary defects. The implants were made after scanning the patient’s head using a
CT device and designed in commercial medical image-editing software. Post-operative
follow-ups and CT analysis revealed tissue growth in the porous scaffold.

With respect to the mechanical characterization, Knutsen et al. [164] reported the static
and fatigue properties of an SLS-printed PCL/HA cervical cage design of two kinds (i) a
ring-shaped cage and (ii) a porous rectangular shape. Mechanical characterization by static
and dynamic loading of the cages revealed that structural properties were affected by cage
geometry and design. The optimized rectangular cage design performed better in the
torsional test, whereas the ring-shaped design was better in compression tests.

With respect to the biological characterization, Kim et al. [42] evaluated the effect of
alendronate (Aln)/PCL composite in bone tissue regeneration using FDM-printed scaf-
folds. In vitro studies indicated osteogenic differentiation, whereas in vivo animal tests
proved increased new bone formation and bone mineralization. Xiong et al. [147] investi-
gated the effect of adding transition metal nanoparticles to the mechanical and biological
properties of an FDM-printed PCL/tantalum (Ta) scaffold. In vitro analysis for the biocom-
patibility of the PCL/Ta composite exhibited that increasing Ta content corresponded with
better cell adhesion and proliferation. DeBaun et al. [157] aimed to develop an acellular
technique where a PCL/ 3- tricalcium phosphate (3-TCP) FDM-printed scaffold could be
inserted into a long bone defect without an autologous bone graft. In vitro analysis proved
that the PCL/3-TCP with PMMA spacer performed better than the other group. In vivo
tests demonstrated higher new bone formation properties. Li et al. [158] evaluated the
osteogenic effect of freeze-dried platelet-rich plasma (PRP) on an FDM-printed PCL scaf-
fold. In vitro analysis indicated enhanced cell proliferation and osteogenic differentiation.
In vivo animal tests revealed the ability of the composite scaffold for greater new bone
formation. Zhou et al. [159] fabricated an FDM-printed composite scaffold from PCL/PDA
with vancomycin-loaded PLGA microspheres to enhance its antibacterial property. In vivo
analysis confirmed that PDA coating enhanced cell proliferation. Lee et al. [161] demon-
strated the effect of 3-TCP in an FDM-printed PCL scaffold using a multi-head deposition
system (MHDS). In vivo analysis showed new bone formation. Wu et al. [163] studied
an FDM-printed PCL/calcium (Ca)/ECM composite scaffold for bone regeneration appli-
cations. The in vitro results concluded that the composite has excellent biocompatibility,
cell adhesion, and proliferation. In vivo analysis displayed new bone formation capabil-
ities of the scaffold. Zhao et al. [149] enhanced the osteoinductive and bioactivity of an
FDM-printed PCL scaffold by incorporating magnesium (Mg). In vitro tests proved that
the addition of Mg to PCL improved cell adhesion and proliferation. In vivo analysis of the
animal model demonstrated that Mg increased the bioactivity of PCL scaffolds through
increased osteointegration and new bone formation. Park et al. [160] proved that modi-
fied surface characteristics of FDM-printed PCL/HA scaffolds promote cell proliferation
using alkaline treatment. They compared the effects of alkaline treatment using NaOH
and oxygen (O,) plasma treatment on the surface of PCL/HA composite. In vitro studies
demonstrated enhanced cell proliferation on the NaOH-treated scaffold.

With respect to the mechanobiological characterization, Liu et al. [144] tested in vitro
and in vivo FDM-printed scaffolds fabricated from PCL/HA. Compression testing proved
that HA enhanced the compressive modulus of the PCL scaffold. In vitro test analysis
showed the biocompatibility of PCL/HA and good cell proliferation. In vivo animal studies
demonstrated bone regeneration capabilities. Amdjadi et al. [152] investigated the effects
of surface-modified PEEK powder with a silane-coupling agent on the mechanical and
biological properties of an FDM-printed PCL scaffold. The surface-treated PEEK created
a hydrophilic surface for better adhesion to PCL. Compression tests demonstrated that
PEEK addition greatly enhanced the mechanical properties of the composite scaffold at
high porosities. In vitro tests on a PEEK/PCL scaffold exhibited enhanced adhesion and
growth. Buyuksungur et al. [145] investigated the effect of FDM-printed PCL/HA scaf-
folds and polypropylene fumarate (PPF) on bone tissue regeneration via in vivo tests on
rabbit femur defects. In vitro and in vivo test results displayed the biocompatibility of
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the composite scaffold. Pandiyaraj et al. [146] reported using a non-thermal atmospheric
plasma reactor for coating a porous FDM-printed PCL scaffold with triisopropyl phosphate
(TIPP). In vivo tests showed enhanced bioactivity for the PCL/HA composite with the
surface coating compared to the uncoated PCL/HA composite, thus supporting bone
tissue regeneration. Ma et al. [148] compared the effects on FDM-printed scaffolds of
different composite configurations such as PCL/polyvinyl acetate (PVAc), PCL, PCL/HA,
and PCL/HA /PVAc through mechanical and biological characterizations. Mechanical
characterization revealed that PCL/PVAc had the lowest compressive strength and mod-
ulus, whereas the PCL scaffold had the highest compressive strength and the PCL/HA
scaffold had the highest modulus. In vitro assay proved that PCL/HA /PVAc showed the
highest cell viability and proliferation along with the PCL/HA scaffold. In vivo analysis
confirmed that PCL/HA /PVAc had higher new bone formation. Zhang et al. [43] compared
the mechanical and biological properties of FDM-printed PCL scaffolds with and with-
out bone marrow-derived human cells. Assessment of biomechanical properties showed
high compressive and tensile strength in the composite PCL scaffolds. In vitro analysis
of the composite scaffold revealed enhanced cell proliferation. In vivo analysis of animal
models demonstrated new tissue formation. Golafshan et al. [153] fabricated magnesium
phosphate doped with strontium ions (MgPSr) in an FDM-printed PCL implant to test its
mechanical and biological properties. Mechanical characterization suggested enhanced
properties of the composite material. In vitro analysis showed that Sr ions enhanced apatite
formation, thereby increasing both the osteoinductive and osteoconductive properties.
Radhakrishnan et al. [150] fabricated PCL/silver (Ag) nanoparticle FDM-printed scaffolds
with antimicrobial properties for bone tissue-engineering applications. Mechanical charac-
terization of the scaffold demonstrated increased the Young’s modulus, which indicated
the presence of Ag in the PCL matrix. In vitro analysis revealed that the addition of Ag
reduced the degradation rate of the PCL composite. In vivo tests also confirmed that
Ag promoted cell proliferation and cell viability. Abdal-hay et al. [151] investigated the
approach to increase the bioactivity of an FDM-printed PCL scaffold by adding magnesium
hydroxide (MH) nanoparticles. Mechanical tests showed a high tensile modulus and yield
stress for the PCL/MH composite compared to the PCL-only scaffold. In vitro analysis
proved enhanced osteoblast activity and biocompatibility. Hedayati et al. [155] utilized
continuous fiber-reinforced FDM printing to fabricate a PCL scaffold with enhanced me-
chanical and biological properties. Mechanical characterization of the composite scaffolds
revealed outstanding enhancement in the tensile strength and elastic modulus, whereas
the in vitro analysis proved that continuous fiber reinforcement increased the degradation
rate. Shim et al. [156] compared FDM-printed PCL and PCL/3- TCP with conventional
membranes for guided bone regeneration. Dry and wet mechanical tests revealed that
conventional membranes were stronger in dry environments, but the composite performed
better under wet conditions. In vitro analysis affirmed cell proliferation and inhibition of
fibroblast ingrowth. In vivo analysis showed that composite PCL/3-TCP performed better
than the conventional collagen membrane. Nyberg et al. [162] compared FDM-printed PCL
scaffolds loaded with different additives, which included 3-TCP, HA, Bio- Oss (BO), and
decellularized bone matrix (DCB). Mechanical testing proved that PCL/HA performed
better than the other additives. In vivo studies revealed that PCL/BO and PCL/DCB
scaffolds were advantageous in bone-healing applications. Xu et al. [165] assessed the bone
repairability of PCL/BMSC/self-assembling peptide (SAP) 3D-printed scaffolds. In vitro
results showed cell osteogenic differentiation in the composite scaffold. In vivo analysis
confirmed the cell migration and wound-healing property of the scaffold.

3.4. Polyglycolic Acid (PGA) and Poly (Lactic-co-glycolic Acid) (PLGA)

PGA is a biodegradable aliphatic polyester [166,167] that can be synthesized through sev-
eral processes such as polycondensation, ring-opening, and solid-state condensation [167,168].
Owing to its simple structure and stereochemistry, PGA can present a varying degree of
crystallinity, from being completely amorphous to 52% crystallinity [169,170], resulting in
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high mechanical properties and poor solubility in organic solvents [168]. Depending on
the molecular weight of PGA, its mechanical and degradation properties can be controlled,
making them suitable for a variety of applications [168]. On the other hand, PLGA is a
copolymer composed of PLA and PGA [168,171]. It is approved by the FDA to be utilized
as a biodegradable polymer for biomedical applications [171-173]. It can be synthesized by
polycondensation of PLA and PGA or by ring-opening of PLA and PGA. It has excellent
biocompatibility and processibility. The degradation rate and mechanical properties of
PLGA can be controlled by varying the ratios of PLA and PGA, because of which it can
be applied to several biomedical applications [172,174]. It also exhibits cell attachment,
proliferation, and anchorage [171,175]. As PLGA and its composites offer much more
flexible control over the degradation and mechanical properties, there are many research
studies available for PLGA [172,175-181] compared to PGA and its composites [182,183].
Tables 8 and 9 give the range of properties recorded for PGA and PLGA in this review.
Tables 10 and 11 summarize the relevant results from every selected study based on PGA,
PLGA, and its composites.

Table 6. Physical and mechanical properties of PCL and its composite material.

Material Properties Value Range Ref
Melting temperature 52.9-72.3 °C [43,155]
Tensile strength 4.96-79.7 MPa [155,156]

Elongation at break 50-1342% [151]
Modulus of elasticity 0.03374-3.5 GPa [145,155]
Yield strength 5.44-7.8 MPa [146,151]

Compressive strength 3.9-11.9 MPa [148]

Table 7. Mechanobiological literature of PCL and its composite material; C: compressive strength,
T: tensile strength, D: displacement, Y: yield strength, E: modulus of elasticity, WCA: water contact
angle, B: bending strength, R: roughness, Tr: torsion.

Mechanical Studies

Ref Filler Manufacturing Methods Type Tests Results

Compression test Compressive load: 650 N

[164] HA SLS Experimental Compression- Compressive—shear load: 395 N
shear test
. Tr: 0.25 Nm
Torsion test
Biological Studies

Ref Filler Manufacturing Methods Type Tests Results

In vivo Bone tissue regeneration observed
[42] Aln FDM Experimental . Cell proliferation and differentiation

In vitro

observed

[147] Ta FDM Experimental In vitro Cell proliferation and

bone formation observed

In vivo Improved bone tissue regeneration
[157] B-TCP FDM Experimental In vitro observed
Cell proliferation observed

Platelet- In vivo New bone formation observed
[158] rich plasma FDM Experimental . Cell attachment, migration,
In vitro . L
(PRP) proliferation increased
[159] PLGA/PDA FDM Experimental In vivo New bone formation observed
In vitro Cell proliferation increased

[161] B-TCP FDM Experimental In vivo New bone formation observed
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Table 7. Cont.

Biological Studies

Ref Filler Manufacturing Methods Type Tests Results
Calcium In vivo New bone formation observed
[163] ... FDM Experimental . Cell proliferation, adhesion,
silicate (CS) In vitro . N
differentiation increased
Water-contact- WCA: 75°
. angle analysis Bone tissue regeneration observed
[149] Mg FDM Experimental In vivo Cell proliferation and differentiation
In vitro observed
Water-contact- WCA: 62.2°
[160] HA FDM Experimental angle analysis Cell proliferation and differentiation
In vitro increased
Mechanobiological Studies
Ref Filler Manufacturing Methods Type Tests Results
Compression test E: 330 MPa
[144] HA FDM Experimental In vivo New bone formation observed
In vitro Cell proliferation observed
Compression test E: 76 MPa
. Water-contact- WCA: 69.4°
[152] PEEK FDM Experimental angle analysis Enhanced adhesion and growth
In vitro observed
Compressive Stiffness: 394 N/mm
Compression test E: 33.74 MPa
. Tension test Tensile Stiffness: 463 N/mm
[145] HA /PPF FDM Experimental In vivo WCA:65°
In vitro New bone formation observed
Cell Proliferation observed
Water-contact- %956464413;[/[12 a
[146] TIPP FDM Experimental mea:ﬂf;fn - WCA: 11.5°
. Apatite formation observed
In vitro
. C:3.9-11.9 MPa
Compression test E: 125.4 MPa
[148] PVAc/HA FDM Experimental In vivo L .
. Cell proliferation and osteogenic
In vitro ..
activity observed
E(C): 135 MPa
Compression test T: 24 MPa
[43] MSCs FDM Experimental Tensﬂ(.e test . E(D): 130 M.Pa
In vivo Bone tissue regeneration observed
In vitro Cell proliferation and differentiation
observed
. . 3
Comprsion st Cgmpreshe Tohnes: 7534/
[153] MgPSr FDM Experimental In Vivo Cell proliferation and differentiation
In vitro
observed
. Tensile test E: 0.35 GPa
[150] AgNps FbM Experimental In vitro Degradation observed
E: 92.3 MPa
Tensile test Y:7.8 MPa
[151] MH FDM Experimental Increased degradation and

In vitro

enhanced osteoblastic activity
observed
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Table 7. Cont.
Mechanobiological Studies
Ref Filler Manufacturing Methods Type Tests Results
Tensile test T:79.7 MPa
[155] PGA FDM Experimental In vitro E: 3.5 GPa
20% higher degradation observed
T: 4.96 MPa
. E: 213.1 MPa
Tensile test Guided bone regeneration observed
[156]  B-TCP FDM Experimental In vivo Ben
In vitro Cell proliferation observed
Inhibition of external tissue ingrowth
observed
TCP, HA, Compression test E: 338 MPa
[162] Bio-Oss FDM Experimental };n vivo Increased cell seeding and growth
(BO) (DCB) observed
. E: 45 MPa
Compression test New bone formation observed
[165] BMSC/SAP - Experimental In vivo . . . ..
In vitro Cell proliferation and differentiation

increased

With respect to the biological characterization, Kim et al. [180] investigated the bio-
compatibility and bioresorption properties of the FDM-printed PLA/PGA copolymer
membrane. In vivo analysis proved that the copolymer membrane performed better than
the homopolymer in terms of biocompatibility and bioresportion. Kim et al. [183] utilized
near-infrared fluorescence imaging to study in vivo degradation and cell tracking of FDM
printed amino radical (NHj)-functionalized PCL-PLLA-PGA copolymer scaffolds. In vivo
evaluation proved new bone formation. Yang et al. [178] developed an FDM-printed
scaffold of PLGA/HA and chitosan (HACC) for the treatment of infected bone repair.
HACC prevented bacterial adhesion on the scaffold surface. In vitro and in vivo analysis
suggested that the addition of HA into the PLGA scaffold increased cell attachment and pro-
liferation along with neovascularization and tissue integration. Ma et al. [181] developed
an Mg-based PLGA /TCP composite scaffold using an advanced low-temperature FDM
printer. In vitro analysis revealed the release of Mg, inhibiting biofilm growth and bacterial
adhesion. In vivo analysis exhibited new peri-implant bone formation. Wiria et al. [179]
utilized BJ for PLGA /PGA scaffold fabrication to analyze its degradation and mechanical
properties. The in vitro study conducted in PBS solution revealed that cell processes such
as cell attachment, tissue growth, and host response depended on the degradation rate of
the scaffold.

With respect to the mechanobiological characterization, Ding et al. [182] discussed an
approach for regenerating a goat femoral head using a biphasic PLA/PGA and PCL/HA
scaffold fabricated using SLA- and FDM-printing methods. Mechanical analysis indicated
that the addition of PLA and HA in the respective polymers increased the mechanical prop-
erties of the composite. In vivo analysis of the animal models proved a good continuous
and a homogenous layer of cartilage formation. Both scaffolds exhibited good biocompat-
ibility and regeneration properties. Aragon et al. [172] fabricated PCL/PLGA scaffolds
loaded with rifampicin using electrohydrodynamic printing for efficient prevention of
infection and bone-regeneration purposes. In vitro cytocompatibility studies supported cell
growth and bone regeneration. Babilotte et al. [175] developed and characterized an FDM-
printed PLGA /HA composite scaffold for bone-regeneration applications. The tensile tests
showed no significant change in the mechanical properties of the scaffold. In vitro analysis
demonstrated good biocompatibility, cytocompatibility, cell viability, and proliferation and
degradation properties of the composite scaffold. Liu and Webster [176] demonstrated
the use of PLGA and nano-titania to mimic the macro- and nano-structure of the bone to
promote bone cell function and enhance the mechanical properties of the composite scaffold.
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They utilized an aerosol-based extrusion-printing method for the fabrication of the compos-
ite scaffold. Their results indicated that cell adhesion was the greatest for surface roughness
close to that of the natural bone. In vitro analysis demonstrated osteoblast interactions with
3D scaffolds, bone cell infiltration, and proliferation. Han et al. [177] compared the effect on
mechanical properties and degradation rates of FDM-printed poly (DL-lactide-co-glycolide)
(PLDGA)/BG/biosilica (BS) scaffolds. Physiochemical and mechanical studies proved that
the BS/PLDGA composite increased the degradation time and maintained its compressive
strength for a longer duration than PLDGA /BG, which was more desirable for bone tissue
repair applications.

Table 8. Physical and mechanical properties of PGA and its composite material.

Material Properties Value Range Ref

40 MPa [182]

Modulus of elasticity

Table 9. Physical and mechanical properties of PLGA and its composite material.

Material Properties Value Range Ref
Tensile strength 0.7-2.6 MPa [172,175]
Elongation at break 120-180% [172]
Modulus of elasticity 2-260 MPa [176,177]
Compressive strength 30-33 MPa [177]
Yield strength 12 MPa [177]

Table 10. Mechanobiological literature of PGA and its composite material; C: compressive strength,
T: tensile strength, D: displacement, Y: yield strength, E: modulus of elasticity, WCA: water contact
angle, B: bending strength, R: roughness.

Biological Studies

Ref Filler Mall\l/;:! f;f;;lzmg Type Tests Results
[180] PLA FDM Experimental In vivo Connective tissue formation and

bone regeneration observed

. In vivo New bone formation observed
[183] PLLA/PCL FDM Experimental In vitro Cell proliferation observed
Mechanobiological Studies
Ref Filler Ma&f:;f;gzmg Type Tests Results
E: 40 MPa

[182] PLA/PCL/HA SLA/FDM Experimental Compression test Cell proliferation, adhesion,

differentiation increased
New bone formation observed

In vivo

3.5. Polyetheretherketone (PEEK)

PEEK is a polyaromatic semicrystalline thermoplastic [41,184] polymer that belongs
to the poly-aryl-ether-ketone (PAEK) family [40,185]. It has developed into one of the first
choices for load-bearing orthopedic applications because of its material properties, such as
excellent biocompatibility and mechanical stability [186], thermal and chemical resistance,
radiolucency, and low Young’s modulus [41,187-190]. With its mechanical properties close
to those of human bone, a lot of research has been conducted on PEEK biomaterials for
orthopedic applications [40,41,191-208]. One of the major drawbacks of PEEK polymer is
its lack of osteointegration ability, as a result of which a lot of focus has been given to PEEK
composites [21,61,185-188,190,209-216]. Table 12 gives the range of properties recorded for
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PEEK in this review. Table 13 summarizes the relevant results from every selected study
based on PEEK and its composites.

Table 11. Mechanobiological literature of PLGA and its composite material; C: compressive strength,
T: tensile strength, D: displacement, Y: yield strength, E: modulus of elasticity, WCA: water contact
angle, B: bending strength, R: roughness.

Biological Studies

Manufacturing

Ref Filler Methods Type Tests Results
[178] HA /Chitosan FDM Experimental In vitro Cell prohferat.lon and differentiation
increased
. In vivo New bone formation observed Cell
[181] TCr/Mg FDM Experimental In vitro proliferation, viability increased
. N . . Cell attachment, tissue growth
[179] PGA Binder jetting Experimental In vitro affected by degradation
Mechanobiological Studies
. Manufacturing
Ref Filler Methods Type Tests Results
Tensile test T: 2.6 MPa
[172] PCL FDM Experimental In vitro E:9 + 4 MPa
Cell proliferation, viability observed
. T: 0.7 MPa
Tensile test New bone formation observed Cell
[175] HA FDM Experimental In vitro . . s . ..
. proliferation, viability, differentiation
In vivo :
increased
Rgr‘faglhrs‘ie:s R: 100 nm
[176] Nano-Titania FDM Experimental Y E: 2 MPa
Tensile test Lo
. Osteoblast adhesion increased
In vitro
C: 30-33 Mpa
Bioglass/ . Compression test Y: 12 Mpa
(1771 Biosilica FDM Experimental In vitro E: 190-260 Mpa

Increased degradation observed

With respect to the clinical application, Wang et al. [41] analyzed clinical case studies
for 3D-printed PEEK implants for the reconstruction of chest-wall defects in patients with
chest-wall tumors. Their research proved the utility of 3D-printed PEEK implants for
chest-wall reconstruction. Honigmann et al. [193] reported on in-hospital FDM-printed
PEEK scaphoid prosthesis. They utilized medical-grade PEEK to successfully 3D print the
scaphoid prosthesis in house using an FDM printer. Honigmann et al. [194] successfully
FDM printed patient-specific implants from medical-grade PEEK filaments. They fabricated
five different implants that passed the certified sterilization tests, thereby confirming the
feasibility of manufacturing PEEK implants using 3D printing. Chen et al. [187] fabricated
speech-aid prostheses using a PEEK filament supplemented with nano titanium oxide
(TiO2) powder by FDM printing. Clinical application of the prostheses exhibited precise fit
and excellent mechanical properties and surface texture. Dong et al. [191] reported a case
study wherein they investigated the effectiveness of 3D-printed PEEK prostheses for the
treatment of benign fibrous histiocytoma of the scapula. The 3D-printed implant was fitted
surgically in place of the resected bone because of the tumor. Post-operative X-rays revealed
a satisfactory position of the left scapula as well as the shoulder joint. Therefore, this case
study presented a successful clinical application of 3D-printed PEEK. Kang et al. [200]
carried out an FEA to prove the utility of their design method for rib prostheses based
on the centroid trajectory derived from a natural rib diaphysis using FDM-printed PEEK.
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The resulting analysis provided proof that the new method could give better guidance
for the design of the prostheses. Implantation of the prostheses achieved good clinical
performance. Kang et al. [207] performed a clinical and computational biomechanical study
using FEA for the reconstruction of the mandibular defect by combining FDM-printed
PEEK and a free vascularized fibula graft. The deformation of the implant was lower
than the actual deformation, which guaranteed stability. Clinical applications obtained
excellent outcomes.

With respect to the mechanical characterization, Wang et al. [40] employed a design-of-
experiments approach to evaluate the effects of printing parameters on FDM-printed PEEK
on its mechanical properties for biomedical applications. Their results showed that nozzle
diameter was the most significant parameter, followed by printing speed and nozzle temper-
ature, which affected the mechanical properties of FDM-printed PEEK. Basgul et al. [204]
explored the effects of printing speed and surface-treatment processes such as annealing
on FDM-printed PEEK for lumbar spinal cage applications. Mechanical testing revealed no
significant changes in mechanical properties for either annealing temperatures or lower
mechanical properties for slower printing speed. Basgul et al. [192] studied the effect of
changing layer-cooling time by varying nozzle diameter, printing speed, and the number of
samples per print on interlayer bonding, mechanical properties, and porosity of FDM PEEK
lumbar spinal cages. The layer cooling did not affect the interlayer adhesion. Mechanical
tests revealed that bigger diameter nozzle cages were mechanically stronger as well as less
porous. Basgul et al. [196] researched the effects of printing speed on the mechanical prop-
erties of 3D-printed PEEK for lumbar spinal cage applications. Mechanical tests performed
on the cage structure revealed that stiffness decreased as the printing speed increased, but
was in the range of 74-91% of the machined PEEK cage. Zhang et al. [205] designed a costal
cartilage prosthesis using a wavy elastic structure of FDM-printed PEEK and optimized its
biomechanical properties computationally using FEA. The tests revealed that the modulus
and tensile strength of the FDM-printed PEEK prosthesis were close to those of natural
costal cartilage. Guo et al. [197] performed FEA and mechanical experimentation to theoret-
ically prove the usage of FDM-printed PEEK as a reconstruction material for repairing the
temporomandibular joint. The computational analysis proved that properties of stress and
strain were within the range of maximum yield strength of the material. Compression tests
revealed uniform distribution of stress between bone and implant. Oladapo et al. [209],
using FEA and mechanical experimentation, developed a surface characterization method
for PEEK/HA /GO FDM-printed scaffold to improve its fracture toughness to resist crack
propagation. Mechanical test results demonstrated that the presence of HA/GO in the
PEEK matrix enhanced the mechanical properties, in particular, the fracture toughness.

With respect to the biological characterization, Han et al. [199] demonstrated the effect
of surface roughness on the osteoblast response of FDM-printed PEEK implants for cranio-
maxillofacial defects. In vitro analysis was performed on untreated, polished, and grit-
blasted surfaces. The tests revealed that untreated surfaces exhibited better cell adhesion
and proliferation than the polished or grit-blasted surfaces. Therefore, the study concluded
that high surface roughness would provide better potential for cranio-maxillofacial defects.
Sikder et al. [185] proposed the addition of AMP to enhance the bioactivity of FDM-printed
PEEK implants. The in vitro results indicated that the addition of AMP particles resulted
in superior pre-osteoblast functions as well as enhanced cell attachment, proliferation, and
growth. In vivo analysis results corroborated the increased osteointegration property of
the composite scaffold. Deng et al. [188] exhibited the dual potential of (AgNPs) as fillers
in FDM-printed PEEK composite scaffolds to enhance their antibacterial and bioactive
properties. In vitro analysis showed higher bioactivity of the composite PEEK scaffold
than bare PEEK. Zhu et al. [210] presented a multifunctional FDM-printed PEEK/graphene
scaffold with drug-laden HA to treat osteosarcoma and osteomyelitis. In vitro and in vivo
tests revealed that HA increased the bioactivity of the scaffold while enhancing antibacterial
properties. Deng et al. [211] constructed a hierarchical apatite/PDA/Ag/PDA coating
on a 3D-printed PEEK scaffold for antibacterial purposes. Apatite increased the bone
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ingrowth and osteointegration of the scaffold, as revealed by the in vitro and in vivo
analysis. Elhattab et al. [201] reported on the effect of controlled microporosity by changing
the infill percentages of FDM-printed PEEK on pre-osteoblast response. The in vitro test
results indicated that the scaffolds with uniform macropores of around 800 micrometers
(um) had a high degree of cell attachment, growth, and proliferation because of their high
surface area.

With respect to the mechanobiological assessment, Feng et al. [198] compared the effect
of cross-linked structures (macropores) and acid-etched micropores of SLA-printed PEEK
implants on their mechanical and biological properties. The compression tests performed
revealed a decrease in compressive strength with increasing pore diameter. The in vitro
test results indicated that macropores improved the ability of the PEEK implants to form a
physical attachment with soft tissue, whereas the acid-etched micropores were beneficial for
cell adhesion, growth, and proliferation. Zheng et al. [190] evaluated the influence of pore
size, printing direction, and filler content on the mechanical properties of FDM-printed
PEEK scaffolds. Varying compressive strength in different directions and the Young’s
modulus were obtained by changing the pore sizes. This resulted in controllability over the
mechanical properties of the scaffold. In vitro analysis displayed increased cell attachment
and mineralization because of the addition of HA particles. Oladapo et al. [186] studied
the impact of different microstructures on FDM-printed PEEK/GO/HA composite hip
implants. Mechanical tests confirmed that the scaffold with a ratio of PEEK 87 HA 10 and
GO 3 exhibited optimal stress. Addition of HA and GO enhanced the bioactivity of the
PEEK scaffold, as implied by in vitro analysis. Jung et al. [213] developed an FDM printer
and optimized the printing parameters to successfully print PEEK scaffolds. The PEEK
scaffolds were coated with titanium (Ti) using Ti sputtering. The printer and optimized
settings increased the mechanical properties of the scaffold, whereas the titanium coating
enhanced cell attachment, proliferation, and osteointegration, as proven by in vitro and
in vivo analysis. Su et al. [202] improved the surface bioactivity of FDM-printed PEEK
scaffolds by sulfonation treatment of the PEEK filament. This method created a microporous
architecture, which enhanced the surface bioactivity of the PEEK structure. In vitro and
in vivo tests showed that the sulfonated PEEK had improved adhesion, proliferation,
and growth of bone-specific cells compared to untreated PEEK. Carpenter et al. [203]
performed a computational study comparing the biomechanical performance of porous
FDM-printed PEEK and titanium concerning their load sharing with bone using CT images
of the implants with bone ingrowth. The tests revealed that porous PEEK exhibited greater
load-sharing ability than titanium due to its elastic modulus being closer to that of human
bone. In a study performed by Spece et al. [206], FDM-printed porous PEEK with different
microarchitectures was evaluated for its osteoconductive properties. Mechanical as well as
in vitro tests were carried out on the structures. The results confirmed that porous triply
periodic minimal surface (TPMS) PEEK showed better osteoconductive and mechanical
properties compared to the rectilinear structures. Li et al. [208] fabricated surface porous
PEEK by FDM and performed mechanical and in vitro tests. The mechanical, theoretical,
and numerical test results for the effects of pore diameter and pore layer number complied
with each other. The in vitro tests exhibited better performance of surface porous PEEK
with regards to cell adhesion and proliferation. Feng et al. [195] investigated the biological
as well as mechanical properties of fully porous FDM-printed PEEK scaffolds with varying
pore sizes. In vitro analysis showed excellent cell adhesion, proliferation, and osteogenic
differentiation for PEEK scaffolds with 450 um pore sizes. In vivo analysis of animal
models showed new bone formations, as confirmed by MRI and micro-CT observations.
Oladapo et al. [214] investigated the bioactivity of FDM-printed PEEK with cHA surface
coating. Mechanical properties were increased because of the higher degree of crystallinity
and accumulation of residual polymer. In vitro analysis proved that coating cHA on
the PEEK surface enhanced apatite formation. In vivo tests also confirmed increased
osteointegration and bioactivity. Oladapo et al. [215] suggested that GO and HA along with
different microstructures affect the mechanical properties and bioactivity of FDM-printed
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PEEK. The mechanical test results confirmed that an Increase in the concentration of GO
enhanced the mechanical properties, whereas in vitro tests showed that HA increased
the bioactivity of the composite. FEA analysis showed that a body-centered cubic (BBC)
octahedron lattice microstructure provided greater mechanical strength than other lattice
structures. Manzoor et al. [216] studied the bioactivity and mechanical properties of FDM-
printed PEEK and pure HA, HA doped with strontium (StHA), and HA doped with zinc
(ZnHA). Material characterization methods indicated the presence of HA and doped HA in
the PEEK matrix. Thermogravimetric analysis confirmed that the addition of HA and doped
HA increases the thermal stability of PEEK. Tensile test results displayed no significant
difference in the Young’s modulus of the PEEK/HA composite for different doping agents,
but the ultimate tensile strength was lower compared to pure PEEK. In vitro analysis
proved increased bioactivity of PEEK/HA composite. Vaezi et al. [61] introduced a method
capable of distributing HA in the PEEK matrix via a computer-controlled program, aiming
to enhance its biological and mechanical properties. They prepared the HA bioceramic
paste and FDM printed an interconnected HA phase. Compression molding was utilized
to incorporate PEEK into the 3D-printed scaffold. Microscopy imaging found this method
to be able to control pore size and distribution of the bioceramic phase in the PEEK
matrix. The mechanical and in vitro test results displayed enhanced mechanobiological
properties. Alam et al. [212] focused on an FDM-printed carbon nanostructure-reinforced
PEEK composite for orthopedic applications. Increased crystallinity was observed in the
PEEK composite material compared to the pure PEEK samples. Han et al. [21] compared
the mechanical properties of FDM-printed carbon fiber-reinforced (CFR) PEEK with pure
PEEK. Mechanical testing showed that CFR-PEEK had higher strength in general than pure
PEEK samples. In vitro test results exhibited that surface topography made no difference
in cell attachment on the surface of the PEEK and PEEK composite.

Table 12. Physical and mechanical properties of PEEK and its composite material.

Material Properties Value Range Ref
Density 1.181-1.868 g/cm? [40,215]
Melting temperature 334-400 °C [40,209]

Glass transition temperature 139-149 °C [216]
Tensile strength 8.3-143.7 MPa [200,205]
Modulus of elasticity 0.017-34.96 GPa [205,215]
Bending strength 19-193.33 MPa [40,208]
Compressive strength 29.34-137.1 MPa [21,209]
Yield strength 17.1-88 MPa [206,207]

Table 13. Mechanobiological literature of PEEK and its composite material; C: compressive strength,
T: tensile strength, D: displacement, Y: yield strength, E: modulus of elasticity, WCA: water contact
angle, B: bending strength, R: roughness, Tr: torsion.

Mechanical Studies

Ref Filler Methods Type Tests Results
Tensile test T: 89 MPa
[41] N/A FDM Experimental Bending test B: 141 MPa
ending tes E: 2.8 GPa
Compression test C: 87 MPa
[40] N/A FDM Experimental Be}; dine test E: 2.098 GPa
& B: 193.33 MPa
Compression test Compressive stiffness: 8874 N/mm
[204] N/A FDM Experimental P Compressive-shear

Compress1on—shear test Stiffness: 1335 N/mm

[192] N/A FDM Experimental Compression test Ultimate load for C: 11,686 N
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Table 13. Cont.

Mechanical Studies

Ref Filler Methods Type Tests Results
Compression test Compressive stiffness: 9324 N/mm
[196] N/A FDM Experimental Compression—shear test Compressive-shear stiffness: 929 N/mm
p P p
Torsion test Tr: 1.37 Nm/deg
Experimental . T: 8.3 MPa
[205] N/A FDM FEA analysis Tensile test E: 17.3 MPa
E: 2.8 GPa
Experimental Tensile test Von Mises: 366.5 MPa
[207] N/A FDM FEA analysis Flexure test Y: 88 MPa
B: 76 MPa
Experimental . Von Mises (screws): 9.71 MPa
[197] N/A FDM FEA analysis Compression test Von Mises (condyle): 10.33 MPa
Experimental Tensile test T: 143.7 MPa
[200] N/A FDM FEA analysis Bending test B:76.0 = 23.7 MPa
C:29.34 MPa
Experimental Compression test T: 102.38 MPa
[209] HA/GO FDM FEA analysis Tensile test E: 2.43 GPa
B: 132.37 MPa
Biological Studies
Ref Filler Methods Type Tests Results
R:26.7 ym
[199] N/A FDM Experimental In vitro Cell attachment, growth, and
proliferation observed
In vivo Enhanced bioactivity and superior
[185] AMP FDM Experimental . pre-osteoblast cell function observed
In vitro . .
Enhanced osseointegration observed
[188] AgNPs FDM Experimental In vitro Cell attz?chmf’ent, growth, and
proliferation observed
In vivo New bone growth observed
[210] Graphene/HA FDM Experimental . Cell attachment, growth, and
p p g
In vitro . .
proliferation observed
In vivo New bone growth observed
[211] AgNPs/pDA FDM Experimental . Cell attachment, growth, and
g p p g
In vitro . .
proliferation observed
Water-contact-angle analysis WCA.: 39°
[201] N/A FDM Experimental ang y Cell attachment, growth, and
In vitro . .
proliferation observed
Mechanobiological Studies
Ref Filler Methods Type Tests Results
E: 112 MPa (Z-axis)
. Compression test 124 MPa (X-axis)
[190] HA FDM Experimental In vitro Increased cell attachment and
mineralization observed
Experimental Tensile test Von-Mises stress: 25.32 GPa
[186] GO/HA FDM FEA analysis In vitro Cell attachment, growth, and

proliferation observed
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Mechanobiological Studies

Ref Filler Methods Type Tests Results
T: 84.1 MPa
Tensile test ; 72842 I\é[g:
[213] o FDM Experimental %rr: :;11,;?) New bone growth observed Cell
attachment, growth, and proliferation
observed
C: 36.20 MPa
. E: 575 MPa
Compression test Newly-regenerated soft tissues adhesion
[202] N/A FDM Experimental %rrll ‘\]711:;?) observed
Cell attachment, growth, and
proliferation observed
Compression test 82.3% load shared
Tensile test Majority of the load is carried
[203] N/A FDM FEA analysis Shear test by the bone with peek
Bone tissue-strain Favorable bone ingrowth properties
study found
Y: 17.1 MPa
. Compression test E: 210-268 MPa
[206] N/A FDM Experimental In vitro Cell attachment, growth, and
proliferation observed
T: 29-39 MPa
Tensile test Y: 85.23 MPa
[208] N/A FDM Experimental Bending test B: 19-29 MPa
In vitro Cell attachment, growth, and
proliferation observed
C:102.7 MPa
Compression test E: 1006.5 MPa
[195] N/A FDM Experimental In vivo New bone formation observed
In vitro Cell attachment, growth, and
proliferation observed
T: 97.08 MPa
. Tensile test E: 3.4 GPa
[214] cHA FDM Experimental In vitro Cell attachment, growth, and
proliferation observed
Von Mises stress: 25,000 MPa
Compression test T: 100 MPa
Experimental Tensile test E: 34.96 GPa
(2151 rGO/cHA FDM FEA analysis In vivo Osseointegration activity observed
In vitro Cell attachment, growth, and
proliferation observed
T: 51.5 MPa
. Tensile test E: 785.9 MPa
[216] ~ HA/Sr/Zn FDM Experimental In vitro Cell attachment, growth, and
proliferation observed
EDM/ C: 110 MPa
[61] HA compression Experimental Compres§ lon test . E:2.5 GPa
molding In vitro Good biocompatibility and cell

attachment
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Mechanobiological Studies

Ref Filler Methods Type Tests Results
T: 86.54 MPa
. Y: 77.69 MPa
[212] CNS/GNPs  FDM Experimental Tef:giff“ E: 3.96 GPa
Cell attachment, growth, and
proliferation observed
C:137.1 MPa
Compression test T:101.41 MPa
. Tensile test E: 7.37 GPa
(211 CER FDM Experimental Bending test B: 159.25 MPa
In vitro Cell attachment, growth, and
proliferation observed
[198] N/A SLA/ 1p]ect10n Experimental In vitro Cell atta}chm?nt, growth, and
molding proliferation observed

There is a continuous development of new materials for orthopedic applications.
These developments can be brought about by finding materials or altering the formulation
of existing materials. Apart from the materials discussed in detail above, there are still
a few other materials that are currently being used for orthopedic applications, such as
poly-para-dioxanone (PDS), polyhydroxybutyrate (PHB), polytetrafluoroethylene (PTFE),
polyethylene terephthalate (PET), and polyethylene (PE).

4. Discussion

Several polymers built with AM process have been considered for orthopedic applica-
tions in the recent years. In this article, we provide a comprehensive review of the literature
relating to these polymers since 2010. Numerous insightful findings can be discerned from
the selection of studies regarding the use of 3D-printed polymers and their biocomposites
for orthopedic applications. On the other hand, even with improvements achieved by the
wide variation in the different approaches taken for the manufacturing and testing by each
study, future research is required to overcome the many remaining limitations, such as
narrow selection of materials and manufacturing methods, the bioactivity of the material,
etc. From the information in this review, several key points can be utilized to further the
research on 3D printing polymers and their biocomposites for orthopedic applications.

First, having the relevant data from research summarized in a review such as this
provides clinicians and biomedical engineers with a reference for choosing the materials,
manufacturing methods, and testing parameters. Tables 2-13 provide summarized litera-
ture on these biomaterials. For reference, it lists the most common polymer and various
fillers for their biocomposites, manufacturing methods, and tests performed, along with
results that can be utilized for future research.

The cost, intended application, or purpose of the part are some of the parameters to
look for during the selection of the materials. The manufacturing method and material
selection are dependent, as there is a limitation on which material can be manufactured
using a particular manufacturing method. For instance, PEEK used to be only printable by
SLS, but recent advances in FDM have enabled the fabrication of PEEK. Figure 1 displays the
range of properties that are reported in the literature for a given material and manufacturing
method. These data can be utilized to model a specific part with the required performance.
It is evident from Figure 1 that PLA-based and PEEK-based materials display a wide range
in their elastic modulus and can be manufactured using FDM, whereas in case of PEG and
PGA /PLGA both FDM and SLA methods can be utilized to manufacture a part with a
similar elastic modulus. The variation in the range of mechanical properties that is reported
for PEEK-based and PLA-based materials is because of the addition of different types of
fillers, such as HA and CF, which alter their performance. A similar trend is also observed
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in Figure 1B-E, where the respective mechanical properties of FDM-printed PEEK are
spread over a wide range of values owing to the type and composition of the polymer.

(A) Modulus of Elasticity (MPa) (B) Tensile Strength (T) (MPa)
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Figure 1. Mechanical properties reported vs. AM method reviewed. (A) Modulus of elasticity;
(B) tensile strength; (C) compressive strength; (D) yield strength; (E) bending strength. Blue markers
are for FDM, and Red Markers are for SLA. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article).

Second, 3D printing was initially utilized in engineering and not for orthopedic clinical
applications. Although in recent years there has been an increase in the development in this
area, it still requires further research. As engineering and orthopedics are separate fields of
study, there are no set standards that can be followed. As such, there are scattered results in
the reviewed literature on the mechanobiological properties of the implants and scaffolds
due to a huge variety in the testing methods and scope. These variations include different
cells and animal models used for in vitro and in vivo analysis, respectively, for biological
properties and different standards for mechanical properties. Additionally, international
standards for the selection of 3D-printing materials for orthopedic purposes have not yet
been developed. Typical research questions that need to be further studied in this effort
might include the following: (1) Which materials are suited for both 3D printing as well as
orthopedic applications? (2) What are the minimum mechanobiological properties required
for successful application in the desired field? (3) What are the different models required for
in vitro and in vivo analysis as well as standardizing the tests for mechanical testing? The
answer to these research questions will help to standardize the material and manufacturing-
process selection as well as mechanobiological testing protocol for orthopedic applications
and will provide a more uniform platform to compare different studies.

Specifically, concerning the first question posed above, Tables 2-13 group the studies
accordingly with the 3D-printing method suited to the material for the given applications.
Although the studies in this review are focused on some of the most common synthetic
polymers and their composites, further research is still needed to incorporate more biocom-
patible 3D-printable materials. Tables 2-13 also consist of the tests performed to measure
the mechanobiological properties of the material along with the results. Overall, this can
serve as a guide for future experiments in the desired area.
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Third, some polymers have not been discussed here, such as poly-para-dioxanone
(PDS), polyhydroxybutyrate (PHB), polytetrafluoroethylene (PTFE), polyethylene tereph-
thalate (PET), and polyethylene (PE). This is due to inadequately published studies on the
utilization of these polymers. Although these polymers are infrequently used, they still
require baseline research to establish clinical recommendations for their application.

Concerning bone scaffolds, this paper reviews 72 studies focusing on the mechanical
and/or biological properties of 3D-printed orthopedic scaffolds out of the total 93 papers
that are reviewed in this paper. Among them, 10 used pure polymers to manufacture
scaffolds. Compared to other manufacturing methods discussed in this review, most
studies employed FDM printing to manufacture scaffolds due to its advantages, including
reduced cost and a wide choice of materials. There is a similar distribution of the use of
PLA, PCL, PEEK, and their composites in the literature. The physical properties of the
scaffolds, such as porosity and pore size, were, in turn, in the range of 25-88% as well
as 200-900 pm. These ranges are well within the range specified in the literature for cell
adhesion and proliferation. Based on biological testing performed on the scaffolds, such
morphological features (i.e., porosity and pore size) contributed to an enhancement in their
biological properties. Despite the success of polymeric materials in orthopedic applications,
there is still a need for continuous improvement in the development of materials in terms
of biocompatibility, durability, and mechanical properties. Polymers are generally bioinert;
as such, they need to be combined with bioactive filler for this purpose. According to the
reviewed articles in the current study, HA is the most popular filler material due to its
capacity to increase polymer bioactivity.

Concerning implants, 21 reviewed studies were devoted to 3D-printed implants for
orthopedic applications, 14 of which employed pure polymers for their fabrication. The ma-
jority of implants were made from PEEK and its composites. The utilization of PEEK and its
composites for manufacturing implants can be attributed to its higher mechanical properties
compared to the rest of the reported materials. The most common method of manufacturing
implants was through FDM printing. The remaining two studies focused on the properties
of the material to be utilized in orthopedic applications. Figure 2A,B briefly summarizes
the data reviewed in the paper based on the polymer and manufacturing methods.
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Figure 2. Pie chart. (A) Number of studies of each polymer available in the literature. (B) Number of
times the AM method is used in the literature. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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Figure 3 represents the graph for the combined mechanical properties exhibited by the
polymers and their composites reviewed in this article. As depicted in Figure 3a, we can
see the wide range of elastic moduli recorded in the studies, from 0.150 MPa for PEGDA
to 34.96 GPa for PEEK composite. This vast difference is attributed to the different types
and ratios of filler material to manufacture the composites. A similar trend is observed
in Figure 3b—d, where the respective mechanical properties are spread over a wide range
of values owing to the type and composition of the polymer. This could be beneficial, as
it provides a map for designing the implant or scaffold with the desired property range
suitable for a particular application with appropriate material. Bending-strength values
were only reported for studies done on PEEK and its composites, as represented in Figure 3e.
This can be attributed to the rest of the polymers reviewed having considerably lower
bending strength than PEEK. Two other studies performed flexural tests for PLA; however,
no values were reported.
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Figure 3. The combined values of mechanical properties for each polymer and composites recorded
in the studies reviewed in this article vs. the year of publication. (a) Modulus of elasticity (GPa);
(b) tensile strength (MPa); (c) compressive strength (MPa); (d) yield strength (MPa); (e) bending
strength (MPa). (For interpretation of the references to color in this figure legend, the readers are
referred to the web version of this article).
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Figure 4 represents the summarized diagram of the clinical applications in the studies

reviewed in this paper. As can be seen by the limited numbers of these clinical studies
being reported, there is still a lot to be done to utilize 3D printing and polymer/composites
in the field of orthopedic applications.

®)

(a)
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PEEK implants in reconstruction of
complex maxillofacial defects.
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Figure 4. Summarized depiction of clinical applications reported in the studies reviewed in this paper.

(For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.).

5. Conclusions

The pre-existing research on 3D-printed polymers and composites for orthopedic

applications provides valuable insight into clinical applications; however, the present
data are far from conclusive. Further verification can be accomplished in several ways,
as follows:

The first way is to examine high-performance materials for various medical-oriented
3D-printing techniques.

The next approach requires using composite techniques for the production of durable
polymer-based composites with superior mechanobiological performance.

Another method involves developing new AM technologies that enable the fabrication of
a complex structure with a controlled microarchitecture with high dimensional precision.
Lastly, it would be helpful to create universal standards for 3D-printed implants and
scaffold fabrication and testing.

In conclusion, this review article offers fundamental information for researchers and

engineers working in this field, thus opening a new step in the development of bioengi-
neered polymer materials.
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