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Tissue Engineering (TE) applications are focused on the design and fabrication of computer-aided
artificial bone scaffolds with developing Additive Manufacturing (AM) technologies. Three-dimensional
(3D) bone scaffold is designed with Computer-Aided Design (CAD) software, it is controlled pore size,
and porosity ratio and a systematic production process are followed. In this study, artificial bone scaffold
design and manufacturing technologies developed with AM technology have been discussed. The first
part of the study is the applications materialized through different design methods such as CAD-based
design, image-based design, implicit surface design, Topology Optimization (TO), and space-filling
curves, which are used in computer-aided artificial bone scaffold design. Secondly, working principles of
various AM technologies such as material extrusion and vat photopolymerization, powder bed fusion,
material jetting, and direct writing and advantages and limitations of implementing these technologies
in TE are also evaluated. Finally, possible future areas of use of the AM technologies in TE are discussed.

the scaffold, design of the scaffold, surface area and the fabrica-
In the fabrication of porous artificial bone scaffolds, which plays tion technology used [5].

a critical role in the healing process of damaged tissues, it is nec- Scaffolds must first be biocompatible for cells to adhere,

essary to use bioactive and biocompatible materials with con- function normally, pass through the scaffold, and begin to

trollable degradation and resorption rate. An ideally structured proliferate before placing a new matrix. Porous structures play

scaffold design should provide the necessary support in the 31 active role in the formation of interconnections and high %
regeneration of tissue with appropriate physical and mechani- porosity. High porosity is of great significance at the sake of 3
cal properties. However, the complex structure of natural tissue supporting cell proliferation and differentiation and having g
complicates the process of artificial bone scaffolding [1]. osteoblasts or osteoprogenitor cells and improving bone tissues E

Cell attachment is affected by the shape and structure of 3D [6]. Interconnected porosity is important for the provision of 5
bone scaffolds, porosity rate, pore size, mechanical stiffness, and adequate diffusion to the cells and Extracellular Matrix (ECM) %
biodegradation. The latest studies have determined that must be in the structure [7]. Pore sizes should be taken into account for §
used scaled structures rather than a homogeneous structure in cell migration and nutrient delivery. The level of mechanical o
complex natural textures. While small-porous structures allow strength must be adequate for the formed structure to be sup- é
the ingrowth of non-mineralized osteoid tissue, large-porous ported by the body and be resistant to surgical operations [8]. -
structures play a role in bone growth [2]. The ideal pore size There should be a large surface area to facilitate the distribution 2
has been accepted to be between 100 and 500 um in studies of nutrients and metabolic waste. In the scaffolds” fabrication é

conducted in the last 10 years. Recent studies have shown the phase, a scaled-up process should be provided in accordance

beneficial effects of pore sizes between 0.7 and 1.2 mm [3, 4]. with mass fabrication in the laboratory environment [9].

Important factors required to create high-quality scaffolds Different technologies are used to manufacture 3D

suitable for the natural structure are arranged as porosity, bioac- ~ POTOU$ bone scaffolds according to the desired properties as

tivity, biocompatibility, biodegradability, mechanical strength of part of the tissue regeneration studies. As an alternative to
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traditionally used processes such as gas foaming, solvent cast-
ing, particle filtration, and phase separation, studies on new
fabrication technologies with different advantages such as
controlled porosity, reproducibility, personalized design, and
systematicity are on the increase. AM technologies make it
possible to design and manufacture scaffolds with the poros-
ity of the desired size and feature, as they can be used inte-
grated with CAD software and minimize the need for manual
intervention. Scaffolding designs can be constructed in layers
by means of dissimilar AM methods depending on the mate-
rial and fabrication techniques used.

This study is a comprehensive review that evaluates stud-
ies focusing on bone scaffold design and fabrication with AM
for TE. In this context, different AM technologies used in
bone scaffold fabrication, advantages, and disadvantages of
the materials and methods used were evaluated. CAD-based
design, image-based design, implicit surface design, TO and
space-filling curves methods that are used in the artificial
bone scaffold design methods through AM were investigated.
According to the results, the limitations, advantages, and new
research topics of AM use in TE applications were discussed.

The remainder of this article is organized as follows. In
the second section, conventional and novel scaffold fabrica-
tion techniques are discussed. In the thirds section, scaffold
architecture design methods are examined. AM technologies
are presented in the fourth section, and studies carried out
in this area are evaluated. Last section includes future trends

and challenges about artificial bone scaffolds in TE.

With the developing technologies, research and studies carried
out on TE focus on the bone’s synthesis and regeneration rather
than the healing of the defective bone. In this process, cell tis-
sues and growth factors as well as the ECM properties should
be examined thoroughly. The properties of ECM through bio-
chemical and mechanical interactions can be mimicked [10].
Mechanical support, cellular activity, and protein production
can be given as examples of these properties.

The bone scaffold ensures the maintenance of cell functions
and the formation of contact points necessary for cells’ growth.
In cases where the bone cannot heal itself, bone graft or the
method of moving the bone to another location in the body is
widely used [8]. With these treatment methods, it is possible to
overcome the problems of immune rejection, difficulty in find-
ing donors, and pathogen transfer [8].

Different methods are used in bone regeneration studies
and 3D artificial bone scaffold fabrication. We can gather these
methods under two main headings as conventional and AM
techniques. Conventional fabrication methods can be specified
as solvent casting, particle/salt leaching, freeze-drying, phase
separation, fiber bonding, foam gel, molding and gas foaming
(Fig. 1) [11].

AM has created an alternative to conventional processes
as a fabrication method that can be integrated into the com-
puter to follow a systematic method and obtain reproducible
structures in TE applications. 3D bone scaffolds are designed

to have a controllable pore size and number in CAD systems
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Figure 1: Scaffold fabrication techniques.
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and are produced with a non-random pore formation at param-
eters determined by AM technologies. The fact that micron-
sized structures can be produced under intense supervision has
caused TE studies to focus on this area [12]. AM technologies
generally used in TE are material extrusion, vat photopolym-
erization, powder bed fusion, material jetting and direct writ-
ing systems. The conventional fabrication and AM technologies

used as part of TE applications are shown in Fig. 1.

Conventional fabrication methods

Conventional fabrication methods are used within the scope of
TE studies are known as gas foaming, freeze-drying, particle/
salt filtration, solvent casting, sol-gel, phase separation, fibre
bonding, molding and electrospinning [11].

The encounter of problems such as immune rejection,
pain, and infection after implanting the artificial bone scaffold
through these techniques has shown that conventional processes
are not sufficient in mechanical strength and vascularization
[13]. After the implantation, relaxation may occur due to incom-
patible mechanical properties between the host bone tissue and
the artificial bone tissue [14]. It is also quite cumbersome to con-
trol the pore geometry, size, and interdependence, and distribu-
tion of these pores through conventional fabrication techniques.
This leads to the formation of inconsistent and less connected
scaffolds. For instance, in the solvent casting technique, depend-
ing on the salt particles’ contact state, it may be possible that the
pores do not bind together. It has been determined that 10-30%
of the pores are interconnected in the gas foaming technique. In
the fibre bonding technique, the fiber mesh braids’ mechanical
strength is weak [15].

Another disadvantage of these techniques is that they are not
systematic and reproducible. It is quite difficult to attain homo-
geneous structures. Precise control of the pore shape and size
and the interconnectedness of the pores is not possible. These
conventional techniques, which are not practical enough for the
fabrication of 3D scaffolds with desired properties, have the fol-
lowing disadvantages [16]:

® Manual intervention,

e Systematic/non-reproducible handling procedures,
e Use of toxic organic solvents,

e Use of pyrogens,

e Shape limitations,

® Limited cell growth.

Novel fabrication techniques

Scaffolds can be designed in desired pore size and ratio and
produced in a single process step with CAD software. This

method makes it possible to produce bone scaffolds with

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

controlled porosity and various hardness levels [14]. Another
advantage of this process is that scaffolds’ mechanical strength
can be calculated through Computer-Aided Engineering
(CAE) software. With simulation algorithms, load-bearing
properties can be evaluated in the pre-fabrication process
following different material properties [12].

By virtue of the AM technologies, the interior and exterior
architecture of scaffolding structures is divided into slices with
appropriate software and built layer by layer, with high preci-
sion and control. The data required for models to be created
in CAD systems are attained by medical imaging techniques
such as Computer Tomography (CT) and Magnetic Resonance
Imaging (MRI) [17].

In the AM, it is possible to achieve 3D bone scaffolds by
using various biomaterials with desired cell properties. The
scaffolds produced affect cell growth, proliferation, adhe-
sion, and regulation through their micro properties [18]. AM
includes a computer-controlled fabrication process. Models
created through a CAD model with medical imaging tech-
niques can be produced with minimum labour. The 3D scaf-
folds obtained are produced with high quality and accuracy,
with interconnected porosity [19]. This technique is based on
the principle of producing solid, liquid, and powder materials
layer by layer via CAD and Computer-Aided Manufacturing
(CAM) tools. In addition to the fabrication of high porous
scaffolds, AM also provides precise control of reproducible,

specialized architectures [20].

Scaffold performance is affected by the pore volume, pore size,
and mechanical strength. Interconnected porosity is an impor-
tant factor for the continued growth of bone tissue. Intercon-
nected pores allow for removal of the waste material, vessel
formation (vascularization), cell growth and transmission of
nutrients to the scaffold’s interior. High porosity is important
to increase the surface area per unit volume [21]. In addition,
an adequate pore size should be provided for cell migration
and infiltration.

Other important factors required to create the scaffold
structure and provide growth, other than porosity are biocom-
patibility, biodegradability, mechanical properties, scaffolding
design, and fabrication technology. The scaffold structure’s
design affects the mechanical properties and cell behaviour
of the bone [22]. In order to generate the random shaped
complex structure of bone scaffold in a simplified manner on
CAD software, different methods such as CAD-based design,
image-based design, implicit surface design, TO and space-
filling curves are utilized [20]. In these methods, artificial

scaffold architectures of different sizes and numbers can be
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obtained by imitating the porous bone scaffold structure on
a digital platform.

CAD based design
CAD-based design is the most widely used method for scaf-

folding design. Standard solid models such as a cube, cylin-
der, prism, etc. are repeated regularly to attain porous scaffold
models [23]. With the micro-structured cellular units, which
can be increased periodically in the X, Y and Z axis directions,
the porous scaffolds’ macro properties are described. In the
Computer-Aided System for Tissue Scaffolds (CASTS) devel-
oped, the library of Platonic and Archimedes polyhedrons is
used. In these scaffold libraries, polyhedrons are used as the
cellular units and automate the scaffold design [24]. The cel-
lular units thus designed are added to the library and stored
in the database for later use. For the artificial bone scaffold
to be designed in accordance with the physical and mechani-
cal properties of natural bone, heterogeneous scaffolds can
be formed by combining cellular units of different geometries
and/or sizes (Fig. 2) [12].

Image based biomimetic design

In order to create an image-based CAD model in the regenera-
tion of a damaged bone, it is necessary to obtain anatomical
data through medical imaging methods such as CT and MRI.
In this method, it is necessary to achieve an analytical image of
the damaged area to produce computational tissue models, dis-
tinguish heterogeneous tissue types, and show vascular struc-

ture [26]. The image of the damaged area obtained through

CT and MRI data is then combined with the inner pore archi-
tecture created on a CAD platform by means of the Boolean
operations and the scaffold image is created (Fig. 3) [27].

Implicit surface design

An implicit surface design method is used in TE applications to
create bone scaffolds from complex models. Scaffold architec-
tures are attained from surfaces that may be seen in biological
tissues such as insect shells, butterfly wings, and shelled skel-
etons, increasing periodically [29]. Triply Periodic Minimal Sur-
faces (TPMS) is a type of implicit surface design method often
found in natural structures. Scaffolding structures attained by
this method can easily be produced by AM techniques.

Surface modeling methods used in traditional CAD appli-
cations are insufficient to create nanoscale designs. One of the
methods used to obtain 3D models of complex and nano-sized
designs is hyperbolic surfaces [30]. Hyperbolic surfaces, mostly
seen in natural structures, are infinite and periodic in three

independent directions.

Space-filling curves

In this method, layers in different sequences are created by
changing the fabrication process’s accumulation angle through
AM technologies. By repeating these layers regularly, scaffolds
with complex structure, high porosity and suitable mechanical
properties are created. Deposition angle affects the number of
contacts of struts forming the pores. Thus, pore control can be
achieved by changing the deposition pattern [31]. The curves

obtained with different alignment shapes are shown in Fig. 5.

Figure2: Heterogeneous scaffold structures with polyhedrons obtained from CASTS library [25].
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Figure 3: (a) Condylar head dilatation [27], (b) condylar head mapping data [27], and (c) an image based structure designed by the L4-5 disc space of a

rat [28].

Topology optimization (TO)

With TO, it is aimed to create scaffold structures with opti-
mal pore number, size, and interconnections. The most suit-
able method for the fabrication of complex scaffolds obtained
with TO is AM [32]. With this method, studies have focused
on adapting the bone’s elastic properties to the restrictions
on porosity. Topological structures in different architectures
obtained by this method are given in Fig. 4.

Hollister et al. developed an image-based method for
designing and manufacturing customized craniofacial bioma-
terial scaffolds [34]. It was stated that with this method, which
utilized direct CT or MRI data, voxel density distribution was
used to define scaffold topology and scaffold designs could be
completed in less time. In the scaffold designs’ layout using TO,
scaffold architectures are placed using the map of the density
distribution in the scaffold obtained by the image-based design
method [34].

In the CASTS system used in bone scaffold design,
scaffold architects closest to natural bone structure can be
obtained directly by using biomimetic based cellular units.

Creating a rich library of cellular units by adding new geo-
metric forms that were not used in scaffold design in previ-
ous studies to the CASTS system library will be a reference to
other research and applications in the field of TE. Rather than
having a homogeneous arrangement of cellular unit designs, it
is possible to obtain heterogeneous functionally graded scaf-
fold architectures at different scales. In addition to the use of
a single type of cellular unit in scaffolding design, different
sizes and shapes of pores can be obtained by using different
geometries together. In the imaged-based design method, the
damaged bone area can be imitated biomimetically to repair
the scaffold whose damaged appearance is detected. Using
CT data of directly damaged tissue makes it more likely to be
successful in the implantation process. With the hyperbolic
surfaces used in the implicit surface design method, it is easier
to obtain amorphous structures used to imitate natural struc-
tures. In the TO method, it is advantageous in terms of the
mechanical strength of the scaffold due to the development

of designs that can show structural strength against the real

loads to which the natural bone will be exposed.

Figure 4: Architecture topologies [33].
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AM technologies play an important role in carrying out research
and applications for bone regeneration. Advantages such as the
ability to produce individual, free-shaped scaffolds with full
control of pore size, shape, and interdependencies without the
need for any molds have brought forward the AM. [35]. AM
is the layer-by-layer fabrication of complex scaffolds created in
CAD software. Layers refer to the shape in that section of the
scaffold. Before printing, essential parameters such as powder
packing density, powder flowability, layer thickness, binder drop
volume, binder saturation and powder wettability need to be
optimized to improve the quality of the resultant part [36]. 3D
printed scaffolds with different geometries can be produced
repeatedly [17]. In the last decade, biopolymers, bioceramics,
biocomposites, and biometallic materials have been used to cre-
ate the artificial skeleton closest to the structure of natural bone
[37]. According to the material used and fabrication method,
different AM technologies such as material extrusion, vat pho-
topolymerization, powder bed fusion, material jetting, binder
jetting and direct writing are used in AM. The materials and
advantages and disadvantages of these technologies used in the
biomedical field are given in Table 1.

It is advantageous compared to other techniques due to the
material extrusion system’s easy use, cost-effective, and high-

resolution combinations. In this system, it is possible to create

TABLE1: AM technologies used in the biomedical field.

bone scaffolds with strut diameters in the range of several hun-
dred micrometers [60]. It is the most suitable method for the
production of artificial bone scaffolds with polymer materials.
Vat Photopolymerization is the most sensitive technique among
AM technologies. However, due to the need for post-production
curing, hardening and shrinking of the scaffolds are disadvan-
tageous in terms of measurement accuracy. The most advanta-
geous technique in mechanical strength of scaffolds produced
among AM technologies is powder bed systems. With these sys-
tems, high strength scaffolds are obtained by using metals such
as Aluminum (Al), Titanium (Ti) and Vanadium (V) [61]. The
scaffold resolution produced with powder bed systems depends
on the laser diameter used. In addition, powder bed systems
are the most expensive production technique among AM tech-
nologies. It is difficult to supply the powdered material used in
production. In Material Jetting technique, it is an advantage that
the cost is suitable, the production is fast, but the separation of
the support material used in the production process from the
scaffold is a huge problem. Binder Jetting has significant advan-
tages such as suitable for the manufacture of almost all types of
materials, ability to 3D printing with both metal and ceramic
biomaterials, and no second material contamination problem for
the support structure. But it can be needed extensive optimiza-
tion for fabrication before the scanning for suitable binders and
quality parts [36].

Process Material Advantage Disadvantage Reference
Material extrusion TCP, TCP/PP, alumina, PCL, TCP/ « Simple and lower costs « Material restriction in melt [38-41]
PCL, PLA, PLLA, PLGA, ABS, B-TCP « Material variety phase
+ Geometry diversity « Filament material only
« Optimal method for polymers + Low surface quality
Vat photopolymerization ~ PCL, PPF/DEF, PPF/DEF/HA, PDL, « Ability to obtain complex inter- + Applicable only to photopoly- [42-44]
PDLLA, B-TCP, PPF, BG/PCL nal features mers
+ High accuracy « Curing required
« Relatively easy to remove sup- « After curing, the model can
port structure shrink
« UV light source and UV against
light blue cells close to toxicity
Powder bed fusion PCL, PLA, nano HA, CaP/PHBV, + No support material + High cost [45-49]
CHAP/PLLA, PLGA, B-TCP, PVA, + High mechanical strength - Feature resolution, depending
PHBV, Ti, Ni/Ti + High printing speed on laser beam diameter
+ No post processes
Material jetting PEGDA, GelMA, hydrogel, PEG « Fast fabrication « Inherent inability to provide a [50-52]
hydrogel PLGA - Lower costs continuous flow
« High resolution printing « Poor functionality for vertical
« Ability to easily obtain sensitive structures
and shiny surfaces « Relatively fragile and time-con-
suming fabrication method
Binder jetting CaP, CaSO,, TCP, BG, PCL, HA, Ti,Ta  + No support material « Curing required [53-57]
« Lower costs « Poor mechanical properties
« High printing speed « Relatively fragile parts
- Large parts can fabricate
Direct writing PCL, HA, BG, mesoporous BG/algi-  « Low printing speed « Heating/post processing [58, 59]

nate composite, PLA/PEG, PLA/
PEG/G5 glass, PHMGCL, bioactive
6P53B glass

required for some materials

©The Author(s), under exclusive licence to The Materials Research Society 2021
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Figure 5: Schematic representation of the extrusion-based 3D printing system [65].

Material extrusion

The extrusion-based AM system, developed by S. Scott Crump
in 1988, was commercialized under the name Fused Deposi-
tion Modelling (FDM) by Stratasys, but it is also known as
Fused Filament Fabrication (FFF) [62]. In this system, the
filament material is extruded downwards by the liquefier head
with heat and deposited layer by layer (Fig. 5) [63]. In the
material extrusion, the printing sensitivity depends on the
extrusion nozzle, and the bone scaffolds printed would have
appropriate biochemical and mechanical properties [64].
Synthetic polymers, bioactive ceramics and composites are
widely used in the fabrication of bone scaffolds by this tech-
nology [66]. Synthetic polymers are preferred in TE studies
thanks to their controlled degradation rates. The synthetic
polymers most commonly used in bone scaffolding studies
can be specified as Polylactic Acid (PLA) [67-69], Acry-
lonitrile Butadiene Styrene (ABS) [70, 71], Polycaprolactone
(PCL) [72, 73] and Polyglycolide (PGA). Thermoplastics such
as Polylactic-co-Glycolic Acid (PLGA), which are obtained
by combining PLA, PCL and biomaterials, are used in TE
applications thanks to their low melting temperatures [64].
Composite bone scaffolds with enhanced bioactivity can be
created by mixing Hydroxyapatite (HA) particles with PLA in

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

different mass proportions [39]. The mechanical properties of
these hybrid scaffolds indicate that there is a low interaction
between PLA and HA. This weak interaction in the composite
can create defects that act as a stress concentrator and reduce
the mechanical strength of the frame [74]. Composite PCL/
TCP scaffolds, which are obtained by means of incorporating
Tricalcium Phosphate (TCP), a bio-ceramic material, into the
PCL building scaffolds, is another hybrid structure used in
material extrusion method [40]. PCL/TCP scaffolds have dif-
ferent mechanical properties compared to PCL building scaf-
folds and get more quickly degraded in vivo. Other properties,
such as crystallinity, are only modified by various treatment
processes that seriously affect the degradation tract [38]. It has
also been observed that PCL and PCL-TCP composite scaf-
folds degrade very differently under standard and accelerated
degradation conditions [75].

Different approaches are used in order to improve the
mechanical and biological properties of polymer and poly-
mer-based composite bioavailable materials, which are fre-
quently used in the production of 3D bone scaffolds. One
of these techniques is loading the Young’s modulus to the
polymer with organic and inorganic fillers, which are used

to determine the solid material’s hardness degree [76]. Using
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two different polymer materials together is another approach
used for this purpose.

FDM is also for ceramic materials and this technique is
known as Fused Deposition of Ceramics (FDC). However,
due to the fragile nature of ceramic materials, it is not possi-
ble to make flexible filaments in strip form. Therefore, ceramic
materials are used in FDM technique as composite filaments
of different densities together with thermoplastic binders [77].
Kalita et al. [78] has produced porous scaffold structures using
Polypropylene (PP)/TCP composite filaments with FDM and
the method is one of the first examples in the literature. The
problem of inability to produce filaments from ceramic materi-
als has been tried to be solved with indirect FDM (or indirect 3D
printing). The study by Bose et al. [35] is a pioneering work for
the solution of this problem. They have used indirect 3D print-
ing method of alumina ceramic scaffolds with different pore size,
porosity ration and volume. Similarly, porous scaffolds produced
by Bose et al. [41] using calcium alumina material (CaO-AlL,O;)
are among the early studies using indirect FDM method. In the
production of ceramic scaffolds with the indirect FDM method,
B-tri-calcium phosphate (B-TCP) structures are used in addi-
tion to alumina material. Using this method, Darsell et al. [79],
which produced porous scaffolds with gradient structure, used
alumina ceramic as scaffolding material. In the study, it has been
determined that the mechanical properties of the scaffolds dete-
riorated as the porosity increased.

In more recent TE studies, scaffolds made of ceramic struc-
tures such as Calcium Phosphate (CaP) and Bioactive Glass
(BG) with high biocompatibility are produced [80]. In addi-

tion, B-TCP ceramics are used to produce bone graft by forming

Z Axis

Tank

Resin Part

a

|y Build platform

Projector

composite filaments with PLA and Polyethylene Glycol (PEG)
matrices.

Vat photopolymerization

The photopolymerization system (Fig. 6) is the first system
invented in 3D printing technologies [81]. Most known pho-
topolymerization systems are Stereolithography (SLA), Digi-
tal Micromirror Device (DMD), Solid Ground Curing (SGC),
Two-Photon Polymerization (2PP), Continuous Liquid Interface
Production (CLIP), and Digital Light Processing (DLP) [82].
In the photopolymerization system, although mostly polym-
erized liquid molecules are used, monomers and oligomers can
also be used depending on the desired properties of the part to
be produced. Acrylate-based resins that enable rapid fabrication
by exhibiting high reactivity are also used in this method [84].
It is also possible to use ceramic, composite and metallic mate-
rials as well as polymeric materials [84]. Photopolymerization
is capable of printing at high resolution and even nano-sized
complex structures can be produced with high measurement
and model accuracy. The low biocompatibility and biodegrada-
tion rates of the materials used in this system is a disadvantage
[85]. Furthermore, the limitation of biocompatible photopoly-
mers is another important problem of photopolymerization.
This problem is tried to be overcome by mixing biocompat-
ible materials such as HA with photopolymers [86]. However,
Scalera et al. [87] note that the higher the percentage of HA
mixed with the photopolymer, the lower the rate of the pho-
topolymerization reaction. The cellular behavior of the materi-

als used in the photopolymerization method can be increased

Projector

Z Axis

Build platform

Resin

Part ?

Tank
b

Figure 6: Different fabrication method based on the position of the beam in the photopolymerization system: (a) bottom-up fabrication technique, and

(b) top-down fabrication technique [83].
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by Micro-Stereolithography (MSTL) and biomimetic apatite
coating methods [42]. It is possible to produce scaffolds with
regular porosity by means of coating Polypropylene Fumarate
(PPF)/Diethyl Fumarate (DEF) scaffolds used in this method
with HA [88]. Another reason for PPF choice is excellent cellular
adhesion property [89]. In addition, it has been observed that
the hardness increases by increasing the concentration of nano-
particles in Nano-HA composite resins used to produce porous
scaffolds in this method [43]. In this method, it can be obtained
highly interconnected porous with biodegradable PCL resin and
it is quite suitable method for solvent-free fabrication. PCL com-
posites that combined with BG provide improved mechanical
properties in dry and wet operating conditions [44]. In another
study on the use of BG ceramics in photopolymerization, a new
type of BG ceramic (AP40mod) has been developed to repair
critical bone defects in rabbit jaws [91]. Bone scaffold produced
with AP40mod has showed suitable mechanical properties with
52.7 MPa bending strength and good biological activity. When
PLA skeleton is used with HA and Trientilen Glikol Dime-
takrilat (TEGMA), mechanical properties have been improved
[92]. It is possible to produce more flexible scaffolds with Tri-
metilen Carbonat (TMC)/Trimetilol Propan (TMP) [93]. Poly

Recoating Blade

—

Powder

(D, L-lactide) (PDLLA) is used in bone scaffold applications
because it is a biodegradable polymer that exhibits mechani-
cal properties close to bone [94]. The high printing sensitivity
of PDDLA-based resins with photopolymerization allows the
use of scaffold designs with complex structures in these stud-
ies. Studies on 3D printing of polymer-free HA/TCP scaffolds
by photopolymerization method are seen in the literature [95].
The HA/TCP scaffold produced by Kim et al. [95] has sufficient
bone formation capability and provided superior stability for
the defect site.

Powder bed fusion

In the powder bed fusion system (Fig. 7), the powdered material
particles are combined with a laser or electron beam to create a
3D model of the desired part [96]. Different printing techniques
are used in the powder bed fusion system based on the energy
source and material used. These techniques are Selective Laser
Sintering (SLS), Selective Laser Melting (SLM), Direct Metal
Laser Sintering (DMLS), Electron Beam Melting (EBM), and
Multi Jet Fusion (MJF) [97].

Energy Beam

Powder Platform

Build Platform

Figure7: Schematic representation of the powder bed fusion 3D printing system [98].
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The materials used in this system are in a variety that
includes metallic powders such as steel, aluminum, titanium,
stainless steel [99]. Thermoplastic materials can be used in SLS
and SLM thanks to their low melting temperature and thermal
conductivity. It is also possible to use ceramic and composite
materials in SLS and SLM techniques [81]. Although, SLS is a
method mostly used in 3D printing of polymer scaffolds, there
are few studies in the literature regarding the printing of metal
scaffolds with SLS. Biocompatible alloys such as Ti/Silica (SiO,)
composites [100] and Ti-6Al-4 V [101] were used as scaffolding
materials in these studies.

The use of ceramic materials in these systems does not give
promising results due to low mechanical strength and low den-
sity [102]. However, using widely used solvent evaporation,
dissolution—-precipitation, mechanical mixing approaches, and
two powder sintering mechanisms for the SLS technique, high
performance porous ceramic scaffolds are obtained [103].

It has been determined that the powder bed fusion system
is efficient in TE applications, especially in cardiac and bone
TE. The fact that this system’s required material is expensive
and difficult to access limits the studies in this field. In addition,
the fact that biocompatible powder particles are required for
printing is presented as another limiting feature [104]. Hybrid
scaffolds are produced by SLS method using B-TCP and poly-
meric mixed biomaterials [105]. 3D bone scaffolds are created
using Poly-L-Lactic Acid (PLLA) microspheres with appro-
priate particle sizes for SLS processing [47]. It is also possible
that 3D nanocomposite scaffolds that contain CaP/Poly-3-Hy-
droxybutyrate-co-3-Hydroxyvalerat (PHBV) and Carbonated
Hydroxyapatite (CHAP)/PLLA can be created through SLS [46].
Sintered scaffolds are seen to possess completely interconnected
porous structures and high porosity values. It has been observed
that nanocomposite building scaffolds have great potential for
TE applications by providing the conditions suitable for osteo-
blastic cell growth and differentiation. Nano-HAP bone scaf-
folds, too, can be produced by the SLS method as part of the TE
applications [45].

High power intensity laser beam is used to melt and com-
bine metallic powders in SLM method. It is possible to process
polymer, ceramic and metal materials with this method [106].
However, it is seen that metal alloys are generally used in bone
scaffold applications. Scaffolds produced with SLM provides
high mechanical properties. But in this method, bending pos-
sibility and inconsistent mechanical properties may occur due
to inhomogeneous heat distribution [107]. Alloys such as Ti and
Ti-6A1-4V have promising potential for bone repair. Therefore,
production of bone scaffolds with SLM are widely used [48,
108]. It has been observed that an elastic modulus similar to
trabecular bone can be obtained in Ti scaffolds produced with
SLM [109]. Bone scaffolds produced with Ti-6Al-4V material

used extensively in SLM applications have elastic modulus in
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the cortical bone elastic modulus range [110]. The mechani-
cal properties of the bone can be imitated more strongly with
functionally graded scaffolds. Ti-6A1-4V porous scaffolds pro-
duced with SLM method have been seen to have mechanical
properties closer to natural bone tissue than uniform scaffolds
[111]. It is possible to increase the strength of porous titanium
scaffolds produced with SLM by coating them with PCL and
Poly-3-Hydroxybutyrate (P3HB) [112]. In recent studies besides
Ti and its alloys, different materials such as Iron-Manganese
(Fe-35Mn) are also used in SLM applications [113]. Nickel (Ni)/
Ti alloys (nitinol) are of interest in bone scaffold studies due to
their shape memory effect, super flexibility, biocompatibility,
and corrosion resistance properties [49, 114]. Although SLM is
successful for the manufacture of NiTi structures, porosity leads
to higher surface area, which leads to higher corrosion rate and

Ni ion oscillation [115].

Material jetting

In the material jetting system (Fig. 8), photopolymer materials
are jetted from the print heads and deposited on the moving
fabrication platform and solidified by curing with the help of
Ultraviolet (UV) rays. After curing, the support material is car-
ried by a blade. This process is repeated for each layer and the
fabrication process is completed.

The material jetting system is the system that generates the
highest layer thickness (16 mm) in the Z direction among all 3D
printing systems. The most common materials used in this sys-
tem are PLA, ABS, polyamide, and their composites [117]. The
greatest advantage of this method is that it allows the fabrication
of parts with high measurement accuracy and surface quality.
The part produced has homogeneous mechanical and thermal
properties, but the part’s mechanical strength may be low [118].
The material jetting system is similar to the SLA technology in
the photopolymerization system, but it is more advantageous
as it does not require additional post-fabrication curing [118].

Most of the TE applications performed by material jetting
method have been produced with hydrogels using bioprint-
ing technology that focuses on the interaction between cells
[119-121]. The mechanical properties required to obtain the
appropriate hydrogel structure by evaluating cell-material
interaction, cell density and distribution are among the research
topics addressed in the material jetting method [51]. Potential
of inkjet method as a TE technique depends on several factors
such as fluid criteria, biocompatibility, and gelation mechanisms.
These factors should be evaluated for materials and applications
that will provide greater control over cell viability. It has been
suggested that tandem gelation, using both physical and chemi-
cal gelation, is a promising method to produce robust 3D scaf-
folds [108]. In this method, fabrication of scaffolds with differ-

ent mechanical properties is achieved using bioprinting out of
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Figure 8: Schematic representation of 3D printing system via material jetting [116].

PEG hydrogel material and with mixture of PEG diacrylate and
Gelatine Methacrylate (GelMA) [122]. PCL with high biocom-
patibility and long degradation properties is one of the most
remarkable materials recently. PLGA scaffold produced with this
system has good biocompatibility and is osteoconductive when
implanted in a suitable location, but it may not be osteoinduc-
tive [52]. It may be needed modification to improve the osteo-
genic performance of the scaffold [123]. For this reason, macro
porous Alpha-tricalcium Phosphate (a-TCP) scaffolds used for
the treatment of facial bone disorders (including maxillofacial
deformities) have yielded successful results in this method [124].

Binder jetting
In the binder jetting method, a binder is used to produce parts
with lower temperatures. In this method, the binders are sprayed
on the powder particles on the build platform in accordance
with the CAD file of the model to be produced with the printer
head. Powder particles are spread evenly on the binder material
with a metal cylinder (Fig. 9). This process continues similarly
until the model is formed [125]. Binder selection, application
and strength are important issues that will affect particle size
and shape printing quality and process [54]. Compared to other
AM methods, it enables high resolution printing without the
use of support material in the production of parts with complex
geometry [126].

Metal, sand, and ceramic materials in powder form are used
as dry or wet in the binder jetting system. Used the powder size

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

and shape are effective on print quality [127]. While dry powder
binder jetting and large particles are preferred for low surface
area and better fluidity, wet powder binder jetting is mostly pre-
ferred for fine particles. The large surface area of fine particles
can absorb moisture [128]. Powder size affects the mechanical
strength and surface roughness of the final part by affecting the
powder flowability. With the use of small powder, part density
can be improved, and better surface finishing can be observed
after binding spraying and signaling [127]. Small and large pow-
ders also can be used together. In this way, the pores between
the large powders can be filled with fine powders to increase the
fluidity during binder spraying [125]. Another aspect that affects
the quality of the parts produced by binder jetting is the shape of
the particles used. Particle shapes affect friction and flowability.
In literature, it has been reported that spherical powders show
better flowability [129, 130].

Scaffold structures are obtained by using polymeric,
ceramic, metallic and composite materials in the binder jetting
method. CaP and BG are often preferred for bone graft applica-
tions due to its high biocompatibility and compositional proper-
ties with bone. TCP-BG based composite structured scaffolds
are used to produce bone scaffolds with binder jetting system
[131]. Scaffolds obtained by using the combination of Binder
Jetting and TCP-BG have high mechanical strength and suitable
dissolution properties. Balla et al. [132] have produced a com-
posite scaffold structure using water-based adhesive by blend-
ing CaP powders with Calcium Sulphate (CaSO,). In this study,
cube, cylinder and gear geometry has been produced with the
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Figure 9: Schematic representation of 3D printing system via binder jetting [81].

binder jetting method in 10-25 mm cross section dimensions
[132]. Similarly, CaSO,, based quick absorption powders and
relatively slow HA powders have been using for the produc-
tion of scaffold structures in binder jetting systems [133]. PCL
infiltration is performed in order to fill the gap between particles
and to increase the performance of scaffold structures in printed
composite structured bioceramics scaffolds [53].

Another important factor affecting the performance of
scaffold structures such as porosity is the surface geometry. In
order to observe the effect of surface geometry on mechanical
strength and in-vitro performance, complex topographic sur-
faces of cylindrical bone scaffolds have been produced with TCP
powders. The results show that the change in surface topography
does not affect the mechanical strength, but it has been found
to be successful in increasing the surface area [134]. Ti bone
scaffolds with pore sizes up to 800 um have been produced with
a binder jetting system [56]. It has been shown that porous Ti
scaffolds have a good surface area for cell proliferation and pro-
vide strong local adhesion.

Although Tantalum (Ta) has biocompatibility that can show
high in vitro and in vivo performance, its high production cost
and not allowing the production of modular scaffolding have
limited the studies in this field [57]. Ta scaffolds with vary-
ing porosity have been manufactured for the first-time using
Laser Engineered Net Shaping (LENS™) [57]. Very good cellular
growth, adhesion and differentiation has been observed in Ta
scaffolds.

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

Direct writing

Direct 3D printing can be accomplished with the direct writ-
ing system without the need for any masking process. With this
system, micro and nano-sized parts can be printed by applying
the working principle of other 3D printer technologies such as

material extrusion and material jetting in the printing process

( )
e ]

Figure 10: Schematic representation of the liquid jet-based direct writing
method [135].
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[81]. Among the methods applied in this system, there are meth-
ods such as direct ink writing, direct writing with laser transfer,
direct writing with thermal jetting, direct writing with beam
deposition, and direct writing in liquid phase [81]. Among these
methods, the most commonly used are liquid jet-based (Fig. 10)
and laser transfer printing.

With laser transfer, there is no contact between the print
head and the lower table material in the direct writing system,
and parts are produced by the method of precipitation of laser-
induced materials. In this system, polymeric, ceramic, organic,
sol-gel, metal, and semiconductor materials are used. In the
direct writing system with laser transfer, it is possible to pre-
cisely control and manufacture complex parts that cannot be
produced with other 3D printer technologies [136].

It is possible to produce HA scaffolds using dispense-plot-
ting and negative mold techniques in the direct writing method.
In the dispense-plotting scaffolds, while higher intracellular pro-
liferation was determined, a higher differentiation of cells was
detected in the scaffolds produced with negative molds [137].
Hybrid scaffolds based on PCL and starch mixtures were pro-
duced by direct writing method [138]. Hierarchical Mesoporous
Bioactive Glass (MBG) scaffolds are manufactured using Poly-
vinyl Alcohol (PVA) binder [139]. This method provided a
new opportunity to solve the problems encountered in inor-
ganic scaffolding materials such as low strength and high brit-
tleness. Seyednejad et al. created polymer-based 3D scaffolds
(Polyhydroxymethylglycoside-co-E Caprolactone, PHMGCL)
using the melt-plotting method [50]. Luo et al. in the study,
porous scaffolds made of hollow alginate fibres were produced
by the 3D Plotting method. Such materials increase the possibil-
ity of forming tissue structures that are biodegradable through
a preformed vascular system [58]. In another study, PLA and a
bioactive CaP glass were coupled and were used to produce bio-
degradable scaffolds in two different patterns [59]. While data
of scanning electron microscopy and micro-CT show that 3D
scaffolds have fully interconnected porosity, uniform distribu-
tion of glass particles, and a controlled and repetitive structure,
glass particles increase the scaffolds roughness. Mechanical tests
have shown that the compressive strength depends on the scaf-

fold’s geometry and the presence of the glass.

In this study, design and fabrication techniques used to over-
come the problems encountered in the fabrication of artificial
bone scaffolds in conventional processes for TE were examined.
In the fabrication of bone scaffolds with AM technologies, using
CAD-based design, image-based design, implicit surface design,
TO and space-filling curves, scaffolds with appropriate mechani-
cal properties and performance can be designed in desired pore

sizes and ratios.
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In recent years, besides the introduced design methods,
biomimetic based geometries are used in bone scaffold design
studies. The use of biomimetic approach in designing scaffold-
ing architectures or in direct imitation of the damaged area has
been stated in recent studies that provide the most appropriate
scaffold design in terms of porosity and mechanical strength
[140-142]. Research results show that porous structures enable
the formation of interconnections and support cell prolifera-
tion. Therefore, it is important that porosity and pore size can be
controlled. During the design process, the bone’s actual pore size
and porosity ratio where the scaffold will be implanted should
be considered. For example, cancellous bone, the pore size is
500-1000 pm and porosity is 50-90%, for cortical bone the pore
size is <500 pm and porosity is 3-12% [143]. It is very difficult or
even impossible to do this control with traditional methods. All
studies show that this is possible with CAD systems. The ability
to obtain bone scaffolds with high mechanical strength by using
an optimization algorithm with TO, used in CAD-based bone
scaffold design has led to the focus of recent studies on this area.
An experimental process is followed in the parameters used in
mathematical modelling methods. The selected strut diameter
and the distance between the layers created affect the results
obtained.

Scaffold geometries, whose design and analysis processes
are completed with CAD and CAE systems, can be created by
depositing solid, liquid and powder materials in a layer-by-layer.
A striking point in studies on bone scaffolds’ structural analysis
with CAE software is the uniform application of uniaxial loads
to the entire surface. However, the loads on natural bone are
much more complex. Since it is not possible to simulate these
loads directly in the computer environment, different results
can be seen in the analysis results. In addition, performing CAE
studies to determine the stresses on the bone before the design
will cause the design to progress with real data.

The materials used in scaffolding production must be bio-
compatible that will not harm the human body and can be
accepted by the host tissue. Materials that do not show extreme
immunogenicity and induced inflammatory response against
organs, tissues and cells should be selected [144]. The artificial
bone scaffold, which is implanted after production, must be bio-
degradable to provide temporary support to the damaged bone
area. The decomposition rate of the scaffold must be compatible
with the tissue’s degradation rate in the human body. Therefore,
the chemical and mechanical properties of the biodegradable
polymers to be selected are important. By using biodegradable
polymers and their composites obtained with ceramics, high-
strength bone scaffolds are obtained in accordance with the
biological properties of natural bone. Metal-based 3D prints
provide the advantages of reduced tool cost, versatile design and
easy production of complex model, in addition to one-step part
consolidation [115]. Metallic printing methods such as SLM and
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porous metallic scaffolds such as Ti and alloys such as nitinol are
used as bone scaffold materials.

There is no doubt that the use of AM in bone scaffold appli-
cations has created important opportunities such as the design
and production of complex model, and the integration of bio-
compatible materials into the scaffold fabrication process. How-
ever, this process still involves considerable difficulties. There is
still a need for improvement in 3D printers to achieve important
mechanical properties such as high strength and low modulus
in bone scaffolds [107]. Problems in printing surface roughness,
micro and nano-sized geometries (for strut and pores) are chal-
lenges that need to be solved in 3D printing of scaffolds. Biocom-
patibility and biomechanical strength are the main challenges
encountered in polymeric scaffolds [145]. The dissolution dif-
ficulties of the support materials used in polymeric printing can
also be added. The solubility of the support material affects the
pore size and porosity ratio, which affects the mechanical and
biological performance of the scaffold. Besides, the relationship
between degradation rate and in vitro and in vivo tissue growth
rate is important. If degradation and tissue growth rates are not
equal, the structure cannot be preserved and cannot serve as a
scaffold [107]. Inadequate vascularization is another challenge
that we must tackle in polymeric scaffolding applications.

The main obstacle to the use of such scaffolds is that metallic
implants are not degradable [146]. Another major challenge is
corrosion in metallic scaffolds and its induced ion release. As a
result, undesirable conditions such as inflammation in the scaf-
fold may occur [54]. The high cost of metallic printing devices is
another challenge in using these processes in scaffold fabrication
processes. In addition, we can count the adjustment of printing
parameters, material supply and long production times among
the difficulties of metallic printing. Materials used in metallic
printing exhibit high mechanical properties and satisfactory
biocompatibility, but especially in SLM, there is a possibility of
bending of the scaffold due to inhomogeneous heat distribu-
tion and inconsistent mechanical properties may occur [107].
In these cases, coating with biocompatible polymers such as
PCL can improve the mechanical properties of metallic scaf-
folds [112].

The fragile nature of ceramic is one of the most important
challenges in 3D printing of ceramic scaffolds. In addition, the
high sintering temperature and the limitation of the printing
methods that can be used are important difficulties. It is not
possible to make flexible filaments with ceramic materials. This
difficulty is tried to be overcome with polymer-ceramic com-
posite filaments. However, in composite applications, the size
of the ceramic particles in the matrix structure should be well
adjusted. Because ceramic particles that are not well sized can
clog 3D printer nozzles. The printing difficulties of ceramics in
the FDM method have been tried to be overcome with the indi-
rect FDM. Other difficulties with the AM process include the
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impact of operational variables such as surface quality, part size,
product quality across production batches versus 3D printers,
production speed and printing parameters on part quality [54].
The minimization of these effects goes through the optimization
of design and printing processes such as part design, material
selection and composition, printing method, selection of the
right device.

Polymeric, metallic, ceramic, hybrid, composite and func-
tionally graded materials are one of the focal points of TE stud-
ies for AM [54]. Long design times are required for the design
of Functional Graded (FG) structures and mostly 3D printers
do not meet the expectations in producing FG scaffolds at the
desired strength and module [107]. A similar situation is valid
for bioprinting. Printing functionally graded structures with
bioprinting is very difficult. The inclusion of living cells in the
3D printing process is a factor that increases scaffold biocompat-
ibility. However, this situation causes limitations such as mate-
rial and processing parameters [147]. In addition, as the number
of layers increases, the printing of biomaterials becomes more
difficult. Therefore, layer thickness, scaffold dimensions and
other printing parameters must be carefully determined.

New methods and ideas should be generated to develop the
personal design concept that comes to the fore with AM tech-
nologies and complete the scanning methods used and subse-
quent processes in a shorter time. With AM, research can be
carried out on applications that will speed up the process steps
to switch to an industrial-sized fabrication system and person-
alized applications. The development of applications that will
enable the transfer of CT and MRI scans to the CAD environ-
ment in a short time in order to develop and implantation spe-
cific scaffold structures specific to the damaged area in the bone
should be the focus of future studies. Cellular unit libraries cre-
ated in CAD software must contain architectures with variable
geometry that can be applied to different bone regions. With the
units obtained from this library, functionally graded scaffolds
with heterogeneous sequence suitable for the natural structure
of the damaged bone area are obtained. One of the popular study
areas used to obtain different scaffold architectures in the design
of cellular units is TO. Studies should be conducted on creating
micro-structured scaffolds with optimum properties through
TO. Augmentation production technology and optimization
techniques that will ensure the correct transfer of the complex
natural bone structure to the CAD environment are another
trend study area [148].

TE applications with AM technologies are a field of study
that requires the comprehensive coordination of different disci-
plines. With the cooperation of design engineering, metallurgy
and materials engineering, manufacturing engineering, biomed-
ical engineering, and medicine, it may be possible to design and
manufacture scaffolds closest to the natural bone structure. The

existence of a multidisciplinary study is inevitable to produce
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optimized bone scaffold structures with different biomaterials
and production technologies [54]. It is not possible to imitate the
compositional and mechanical properties of the complex struc-
ture of the human body with a single material. The requirements
of each material preferred for different AM technologies used in
TE studies are different. In order to create scaffolds suitable for
the structure of natural bone, research can be carried out on the
development of biocompatible materials and biomaterials with
different mechanical and bionic properties. It can be studied to
evaluate scaffolds’ performance in hybrid structures obtained
with different composite materials and living cells.

The features of the devices used in tissue scaffolding are lim-
ited to AM. The devices mostly allow the production of one type
of material. Required mechanical and biological properties are
unobtainable with a single material for multi-material structures
using production technologies such as FDC and LENS by 3D
printing. However, it can be achieved with appropriate combina-
tions of different materials [149]. Multiple nozzle structures and
scaffolding structures to be obtained using multiple materials
will be one of the trend studies in this area [148].

The use of Volumetric Printing (VP), 4D Printing (4DP),
and 5D Printing (5DP) technologies in TE applications will
bring new perspectives to the fabrication and applications of
scaffolding geometries. A light-sensitive liquid is solidified in
a tank connected to a rotating platform using a Digital Light
Processor (DLP) projector in VP technology. On the other hand,
4DP is inspired by botanic systems by adding a concept of time
to AM technologies. Functional materials are used as raw mate-
rials in the production of scaffolding structure in this technology
[150]. 5DP enables precise production of small elements in scaf-
folding structures on a mobile platform. As these technologies
open new opportunities in the production of bone skeletons,

they are becoming the new focus for TE applications.
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