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Chapter

Advanced Manufacturing for
Bone Tissue Engineering and
Regenerative Medicine

Roozbeh (Ross) Salary

Abstract

This book chapter delineates advanced additive manufacturing processes used in
clinical practice for high-resolution fabrication of mechanically-robust and dimen-
sionally-accurate bone tissue scaffolds with a focus on pneumatic micro-extrusion,
fused deposition modeling, polymer jet printing, and digital light processing.

The main components as well as the underlying physics behind each process are
explained. Furthermore, this chapter is integrated with a review of literature; the
aim is to show how these additive manufacturing processes are potentially utilized
in clinical practice for bone tissue engineering. This chapter serves as an introduc-
tory platform toward advanced studies and/or research works in the area of bone
regenerative medicine. Finally, this chapter will be helpful to engineering and
medical students as well as researchers from academia and industry.

Keywords: bone tissue engineering, regenerative medicine, advanced manufacturing

1. Introduction
1.1 Objective and scope

The objective of this chapter is to introduce AM processes, which have been uti-
lized in clinical practice for the fabrication of mechanically-robust and dimension-
ally-accurate bone tissue scaffolds for the treatment of osseous fractures, defects,
and diseases (such as osteoporosis, bone tumor resection, and orthopedic trauma).
Particularly, this chapter concentrates on PME, FDM, PJP, as well as DLP with a
special focus on the PME-AM process. Figure 1 illustrates additively-manufactured
biocompatible bone tissue scaffolds and constructs having porous internal struc-
tures. Please note that the phantom as well as the femur bone were composed of a
medical-grade composite material [1, 2], while the cubic microporous scaffold was
composed of PCL [3-5].

The aforementioned AM processes enable high-resolution, non-contact, and
multi-material deposition of functional bio-inks, polymer materials, as well as
composite materials for tissue engineering applications. In spite of their benefits
and potential applications, the AM processes are intrinsically complex. The process
complexity, to a great extent, stems from not only complex physical phenomena
(such as phase change and non-Newtonian material deposition), but also dynamic
material-process interactions. In addition, there are a broad range of design factors
and process parameters (such as porosity, surface roughness, scaffold topology,

1 IntechOpen



Advanced Additive Manufacturing

Proximal — . ySis ; Dist.j:nl
Epiphysis

Trabecular Cortical

Bone Bone
J’ Medullary Cavity

A Phantom

Structure
Porous Structures for Cell

Incorporation & Adhesion

10 mm

Figure 1.
Biocompatible bone scaffolds and constructs with microporous internal structures, which allow for not only cell
incorpovation and adhesion, but also diffuse proliferation for clinical practice (Source: [1-5] ).

nozzle diameter, material viscosity, as well as material deposition pressure, flow
rate, and temperature) that contribute to the complexity of the AM processes.
Consequently, investigation of the influence of the significant design and process
parameters (in addition to their interactions) on the mechanical, biomedical, and
morphological properties of the fabricated bone structures would be inevitable
[1-10]. In the absence of such knowledge, orthopedic surgeons and clinicians will
be unable to efficiently treat osseous fractures in the presence of constraints, such
as sex, age, bone density, and immune system rejection. Hence, the aim of this
chapter is to introduce the AM processes and highlight their significant process
parameters. The PME, FDM, PJP, and DLP processes will be reviewed in Sections
2.1-2.4, respectively. A review of other AM processes (i.e., powder bed fusion as
well as binder jetting) used in clinical practice is given in Section 2.5. Finally, the
conclusions are presented in Section 3.

2. AM processes for bone tissue engineering
2.1 Pneumatic micro-extrusion (PME)

PME is a material extrusion AM process [11], which has emerged as a robust
high-resolution method for the fabrication of a wide range of biological tissues,
scaffolds, and structures. Advanced PME systems, for example, Cellink BIO X
(Boston, MA, USA), have a layer resolution and positioning precision of 100 and
10 pm, respectively.

As demonstrated in Figure 2, the PME process utilizes a high-pressure gas flow
(typically air, supplied by a compressor) as a medium of transport and deposi-
tion. A polymer material (typically in powder form) is loaded into the deposition
head’s cartridge (also known as barrel) and subsequently heated above the poly-
mer’s melting temperature; this results in formation of a non-Newtonian molten
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Figure 2.

(a) The material deposition chamber as well as the main components of the PME AM process; and

(b) pneumatic micro-deposition of a polymer material (PCL) on a heated glass substrate using a converging
microcapillary nozzle (Source: [3-5]).

polymer flow prior to deposition [3-5]. An internal/external air compressor or a
pressure source (not shown), provides a steady pressure flow into the cartridge.
Having high thermal conductivity, the cartridge allows for rapid melting of the
loaded polymer material. The molten polymer is, subsequently, deposited on a
heated/cooled free surface via a converging microcapillary nozzle with the aid

of the pressurized gas flow. A fan with a filter at the top of the chamber not only
delivers a clean air flow, but also aids in maintaining a fixed level (rate) of polymer
solidification (and thus layer adhesion). The surface temperature is kept below
the melting temperature of the polymer material. Spoerk et al. [12] observed that
an optimal bed temperature would be critical for proper layer adhesion and thus
accurate material deposition.

Klemstine et al. [3] investigated the mechanical properties of biocompatible and
biodegradable triply periodic minimal surface-based bone scaffolds, composed of
PCL and fabricated using the PME-AM process. Having a molecular weight (Mn)
as well as a density of approximately 50,000 and 1.145 g/mL (at 25°C), respectively,
PCL is a semi-crystalline, hydrophobic polyester-based polymer, derived from
caprolactone monomer using ring-opening polymerization. It has a glass transi-
tion temperature of —60°C and a melting temperature in the range of 59-64°C. In
addition, PCL has a tensile strength and elasticity modulus (indicative of stiffness)
of 16 MPa and 0.4 GPa, respectively [13]. The PME fabrication of the bone scaffolds
was on the basis of a set of optimal process parameters, detailed in Table 1.

In a research work, Yu et al. [4] investigated the effects of influential scaffold
design factors and process parameters—as listed in Table 2, including layer thick-
ness, layer width, infill density, print speed, flow pressure, deposition head tempera-
ture, and infill pattern—on the dimensional accuracy as well as the mechanical
properties of PME-fabricated PCL bone scaffolds. The assessment of the scaffold
dimensional accuracy was based on not only a digital image processing platform
established in the MATLAB environment, but also physical measurements (used to
corroborate the veracity of the image-based assessment). The underlying algorithms
embedded in the image-processing platform are discussed in detail in [14, 15].
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Parameter Type Level [unit]
Layer height (thickness) Design 200 [pm]
Infill pattern Design Concentric
Nozzle size Machine 200 [pm]
Bed temperature Machine 10 [°C]
Print speed Machine 2.5 [mm/s]
Deposition head temperature Machine 180 [°C]
Deposition flow pressure Machine 300 [kPa]
Pre-flow delay Machine 900 [ms]
Post-flow delay Machine 400 [ms]
Table 1.

The optimal PME process parameters used by Klemstine et al. for the additive fabrication of biocompatible
bone scaffolds composed of PCL. Please note that the bone scaffold fabrication process was based on the Cellink
BIO X 3D-bioprinting system (Source: [3]).

Parameter Type Level [unit]

Variables

Layer height/thickness Design 125-200 [pm]

Layer/line width Design 125-200 [pm]

Print speed Machine 0.30-0.45 [mm/s]

Infill density Design 0.20-0.35

Deposition head temperature (DHT) Machine 100-125 [°C]

Flow pressure Machine 520-560 [kPa]

Infill pattern Design * Honeycomb; * Rectilinear;

* Concentric; * Cubic; * Gyroid.

Fixed parameters

Filling/raster angle Design 90 []
Number of shells Design 2
Scaffold diameter Design 10 [mm]
Scaffold height Design 3 [mm]
Nozzle size Machine 200 [pm]
Bed temperature Machine 45 [°C]
Fan speed Machine 100 [%]
Table 2.

The experimental design table established by Yu et al. to systematically study the influence of seven design
and process parameters on the functional properties of PCL bone scaffolds fabricated using the PME process.
Please note that the bone scaffold fabrication process was based on the Cellink INKREDIBLE
3D-bioprinting system (Source: [4]).

Please note that the image-processing platform, in addition, allows for in situ
characterization, monitoring, and ultimately control of the PME process.

Figure 3 illustrates the influence of the deposition head temperature (as an
example of the PME process parameters) on the morphology as well as the micro-
structure of the fabricated PCL bone scaffolds. It is implied from the figure that
the scaffold diameter increases as a result of an increase in the deposition head
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Figure 3.
The influence of deposition head temperature (DHT) at six levels of 100, 105, 110, 115, 120, and 125°C on:
(a, b) the morphology, and (c) the microstructure of PME-fabricated PCL bone scaffolds (Source: [4]).

temperature. This phenomenon, largely, stems from the fact that an increase in

the deposition head temperature leads to a decrease in the polymer viscosity and
consequently, an increase in material deposition rate (resulting in formation of
larger bone scaffolds in diameter). Besides, Yu et al. [4] observed that the scaffold
stiffness increased when the deposition head temperature increased from 100 to 125
[°C]; this trend can be due to the increased amount of deposited mass per scaffold
structure as a result of a decline in the polymer viscosity (when the deposition head
temperature increases).

Yeow et al. [4, 8] developed a 3D computational fluid dynamics (CFD) model
with the aim to investigate the underlying non-Newtonian fluid dynamics of
material transport and deposition in the PME process, formulated as a transient
multi-phase flow problem. Demonstrated in Figure 4(a), the geometry of the CFD
model consisted of a cartridge, a connector, as well as a microcapillary nozzle (hav-
ing a diameter of 200 pm). It turned out that approximately five layers of inflation
would be sufficient to obtain accurate solution near the wall boundaries. Shown in
Figure 4(b), four boundary conditions were defined for the CFD model, including
tlow pressure inlet, stationery wall, volume fraction, and pressure outlet. Both the
energy equation and the laminar viscous model were included in the CFD model (in
addition to the continuity and momentum equations) respectively to account for
the effects of viscous heating and to capture the effects of viscosity.

It was observed that the transport of molten PCL through the micro-capillary
nozzle (under a flow pressure of 550 kPa) would be a viscous flow having a
Reynolds number (Re ) of «1, implied from Figure 4(c). This PME material
deposition regime is unlike that of the other additive manufacturing processes, such
as AJP, where material deposition is intrinsically turbulent [14, 16, 17].

The following research works exemplify the use of PME in clinical practice. In
aresearch work, Du et al. [18] demonstrated additive fabrication of mesoporous
bioactive glass/silk fibroin composite scaffolds with high osteogenic ability using
the PME process. The functional properties of the fabricated scaffolds were char-
acterized on the basis of porosity, compressive strength, degradation, biocompat-
ibility, as well as apatite forming ability. The results of an animal study showed that
the mesoporous bioactive glass/silk fibroin composite scaffolds (loaded with human
bone marrow mesenchymal stem cells) had not only more significant osteogenic
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Figure 4.

(a) The main components of the PME deposition head assembly; (b) the boundary conditions defined for the
3D-CFD model; and (c) simulation of the velocity field in the PME deposition head under a flow pressure of
550 kPa (Source: [4, 8]).

potential, but also superior compressive strength and biocompatibility than meso-
porous bioactive glass/polycaprolactone (PCL) scaffolds.

In addition, Du et al. [19] demonstrated 3D-fabrication of pearl/calcium sulfate
composite scaffolds—characterized with high osteogenic ability, uniform intercon-
nected macropores, high porosity, as well as improved mechanical properties—
using PME integrated with a hydration process. The fabricated scaffolds not only
showed satisfactory apatite-forming ability, but also stimulated the proliferation as
well as differentiation of rat bone mesenchymal stem cells. The osteogenic potential
of the scaffolds was assessed based on micro-computed tomography (pu-CT) imag-
ing and histological analysis.

Park et al. [20] demonstrate a novel technique, combining 3D printing with
spatial-temporal deposition and control of growth factors, with the aim to prevas-
cularize bone tissues. Having osteogenic and vasculogenic potential, human dental
pulp stem cells were deposited using the PME process together with bone morpho-
genetic protein-2 as well as vascular endothelial growth factor. An animal study was
conducted where both micro-vessel formation and angiogenesis were observed.

Cui et al. [21] investigated 3D-fabrication of polyion complex hydrogel-based
scaffolds incorporating multi-walled carbon nanotubes using PME for bone regen-
eration. The hypothesis of the work was that the addition of multi-walled carbon
nanotubes would enhance bone repair efficiency. It was observed that the fabricated
scaffolds not only were biocompatible with rat bone marrow-derived mesenchymal
stem cells, but also had a high degree of osteogenic differentiation, mineralized
matrix formation, and osteogenesis upregulation.

2.2 Fused deposition modeling (FDM)

Similar to PME, FDM is a material extrusion AM process, which has been
extensively utilized in tissue engineering applications. Asillustrated in Figure 5, in
the FDM process, a polymer/composite material, typically in the form of a filament,
is fed into a heat block (maintained at a temperature above the melting temperature
of the polymer material) with the aid of a stepper motor; this leads to formation of a
molten polymer flow. A non-Newtonian fluid, the molten polymer is, subsequently,
passed through a converging microcapillary nozzle (made up of, e.g., hardened steel
or brass) in order to increase the linear momentum of the molten polymer flow
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Figure 5.

An FDM 3D-printing system, equipped with a Plexiglas enclosure and a fan installed to create a thermally
uniform environment for steady-state material deposition. (a, b) Real pictures, and (c) a schematic diagram of
the FDM deposition head assembly (Source: [1, 2, 22]).

prior to deposition on a heated or unheated free surface. Finally, the built plate (also
known as platen) is automatically translated downward (controlled as a function

of layer height), and the next layer is deposited on top of the previous layer. In fact,
the layer height controls the amount of overlap between two subsequent deposited
vertical layers. Please note that layer-to-layer bonding is influenced by not only the
extrusion temperature, but also the layer height.

Chaffins et al. [1] investigated the mechanical properties of FDM-fabricated
medical-grade bone scaffolds composed of a biocompatible composite material
(with low moisture absorption) containing polyamide, polyolefin, and cellulose
fibers. The composite material has an elongation at break, elasticity modulus
(stiffness), and ultimate strength of 4%, 850 MPa, and 23 MPa, respectively. The
FDM fabrication of the bone scaffolds was on the basis of a set of optimal process
parameters, detailed in Table 3. An equilibration time of 3 hours was taken with the
aim to ensure thermal equilibrium (regulated by the chamber fan) and as a result,
steady-state material deposition in the FDM process. Please note that the fan speed
affects the rate of material solidification after deposition. With the aid of a slicer
software program, that is, Cura (Ultimaker, Utrecht, the Netherlands), the 3D CAD
models of the bone scaffolds were converted into a G-code, and consequently a tool-
path was created prior to fabrication.

The following research works exemplify the use of FDM in clinical practice. In
aresearch work by Lai et al. [23], porous bone scaffolds with biomimetic structure
were fabricated, based on a novel composite material composed of magnesium,
PLGA, and p-tricalcium phosphate for the treatment of bone defects. A steroid-
associated osteonecrosis rabbit model was established to assess the biosafety as
well as the osteogenic and angiogenic properties of the fabricated scaffolds. It
turned out that the scaffolds led to an increase in blood perfusion in addition to
vessel ingrowth after surgery (approximately in 4-8 weeks), observed respec-
tively with the aid of dynamic contrast-enhanced magnetic resonance imaging
and micro-computed tomography (p-CT)-based angiography. Furthermore, the
fabricated scaffolds led to significant bone formation with enhanced functional
properties.

Deng et al. [24] demonstrated additive fabrication of bi-lineage constructive
scaffolds (composed of manganese-doped p-tricalcium phosphate) for bone
regeneration. The physicochemical properties and bi-lineage bioactivity of
the fabricated scaffolds as well as the mechanism of stimulating osteochondral
regeneration were characterized. It was observed that the addition of manganese
to B-tricalcium phosphate not only reduced the lattice parameters and
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Parameter Type Level [unit]
Scaffold porosity (CAD-based) Design 60 [%]
Number of shells Design 1
Scaffold dimensions Design 15 x 15 x 15 [mm]
Layer height (thickness) Design 200 [pm]
Layer (line) width Design 200 [pm]
Infill density Design 100 [%]
Nozzle size Machine 400 [pm]
Bed temperature Machine 95 [°C]
Fan speed Machine 83 [%] [10 Volts]
Print speed Machine 15 [mm/s]
Deposition head temperature Machine 235 [°C]
Flow (feed) rate Machine 100 [%]
Steady state chamber temperature Machine 37 [°C]
Build plate adhesion type Machine Brim
Table 3.

The optimal FDM process parameters used by Chaffins et al. for the additive fabrication of bone scaffolds
composed of a biocompatible composite matevial. Please note that the bone scaffold fabrication process was
based on the FT5-R, 3D-printing system (Folger Tech, Milford, NH, USA) (Source: [1]).

crystallization temperature, but also enhanced the density and the compressive
strength of the fabricated scaffolds. The results of an animal study, in addition,
showed that the ionic products from manganese-doped f-tricalcium phosphate
improved the proliferation and promoted the differentiation of chondrocytes and
rabbit mesenchymal stem cells. Furthermore, the results showed that the fabri-
cated scaffolds significantly improved the regeneration of subchondral bone
tissues, transplanted in vivo.

Hassanajili et al. [25] demonstrated characterization of polylactic-acid/polycap-
rolactone/hydroxyapatite composite scaffolds, fabricated using a combined fabrica-
tion process where material extrusion was utilized for the fabrication of a negative
mold (composed of poly(vinyl alcohol), soluble in water) for casting integrated
with freeze drying/particle leaching method. Liquid replacement technique was
utilized to measure scaffold porosity. Cell adhesion, scaffold cytotoxicity, cell
viability, and mineral deposition (indicative of osteoinductive capacity) together
with modulus of elasticity, porosity, and pore size were measured to characterize
the functional properties of the fabricated bone scaffolds.

Oladapo et al. [26] investigated the functional characteristics of biomimetic
bone scaffolds, composed of poly lactic acid (PLA) matrix reinforced with
carbohydrate particles and fabricated using the FDM process. In fact, the presence
of carbohydrate particles allows for ion or ionic group substitutions and enhances
the kinetics of absorption and ultimately, the mechanical properties of fabri-
cated scaffolds. The bioactivity, surface roughness, apparent porosity, as well as
mechanical properties of the fabricated scaffolds were analyzed. It was observed
that there was a significant, proportional relationship between the carbohydrate
content and surface roughness. In addition, the presence of carbohydrate particles
led to a decline in scaffold stiffness and compressive strength (when compared
with pure PLA).
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2.3 Polymer jet printing (PJP)

Demonstrated in Figure 6, the PJP process operates on the basis of simulta-
neous deposition (jetting) of build as well as support materials (composed of
liquid photopolymers) on a free surface [7]. Both build and support materials are
radiation-curable. Having a resolution of, for example, 600 and 1200 dots per inch
(DIP), inkjet heads are utilized for the deposition of liquid photopolymers onto a
build platform. Subsequently, the deposited photopolymers are immediately cured
in situ using a UV light source; this mechanism allows for fabrication of layers on
top of each other. The photopolymer materials undergo a chemical transformation
and become solid upon irradiation of the UV light [11].

Weese et al. [7] investigated the effects of four influential PJP process param-
eters, detailed in Table 4, on the mechanical properties of fabricated femur bone
structures. The PJP process parameters include: (i) print direction, controlling the
sequence of material deposition and layer formation; (ii) resolution factor, indica-
tive of the resolution of material deposition; (iii) UV light intensity, controlling the
intensity of the UV light source; and (iv) deposition head temperature.

The additive fabrication of the femur bone structures was based on a PJP
3D-printing system (Objet30 Pro, Stratasys Ltd., Eden Prairie, MN, USA), having
an accuracy of 100 pm. The 3D-printing system, in addition, allows for deposition
of materials with a layer thickness of as small as 28 pm. A slicer software program,
that is, Objet Studio (Stratasys Ltd., Eden Prairie, MN, USA), was similarly used to
convent 3D CAD models into a G-code and create a tool-path. The build photopoly-
mer material used for the fabrication of the femur bone structures had a polymer-
ized density, water absorption, and glass transition temperature (T, ) of 1.17-1.18
[g/ em?®], 1-1.5%, and 53°C, respectively. Furthermore, the build material had a

Deposition\'®. . | 1 ] ks | Build(B) & Support (5)
Head Unit == : AL B DepositionHeads  peposited
l AI Roller Implant
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’ Material

t

Bone Implant

Build Platform
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Figure 6.

(a-e) Real pictures of the main components of the PJP process including: (a) the deposition head assembly;

(b) the roller; (c) the material deposition nozzles; (d) the build and support material cartridges shown by the
letters B and S, vespectively; and (e) the UV light assembly. (f) A schematic diagram of the PJP process.
Please note that the deposition head assembly includes build as well as support material nozzles (Source: [7]).

Parameter Type Level [unit]
Print direction Machine [Unidirectional, bidirectional]
Resolution factor Machine [0.25,2.00]
UV light intensity factor Machine [0.34, 1.35]
Deposition head temperature factor Machine [0.65,1.95]

Table 4.

The PJP process parameters used by Weese et al. for the additive fabrication of femur bone structures (Source: [7]).
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stiffness as well as a tensile strength of 2-3 GPa and 50-65 MPa, respectively. Unlike
the build material, the support material was soluble in a solution of 2% sodium
hydroxide (NaOH) and 1% sodium metasilicate (Na,SiO;).

The following research work exemplifies the use of PJP in clinical practice. Ina
research work by Libonati et al. [27], synthetic composite structures (composed of
acrylic-based photopolymers and having a pattern inspired by the microstructure
of cortical bone) were designed and characterized. The composite structures were
fabricated using the PJP process, and their functional performance in terms of fracture
behavior was characterized by mechanical testing. It was observed that the cortical
bone-inspired design would potentially enhance toughness amplification and would be
essential for balance with material strength. In addition, the PJ-fabricated composite
structures showed similar cortical bone-related failure mechanisms, including crack
deflection, crack branching, constrained microcracking, as well as fibril bridging.

2.4 Digital light processing (DLP)

DLP is a vat-photopolymerization AM process. It is, to some extent, similar to
the PJP process, where radiation-curable resins become a solid upon exposure to UV
light through a process called photopolymerization. Figure 7 illustrates the main com-
ponents of the DLP process. Once the first layer has been cured, the build platform
is translated automatically upward, and the next later is cured on top of the previous
cured later. The DLP process has been utilized for the high-resolution fabrication of
3D structures with complex internal geometries such as bone and dental implants. In
aresearch work by Raines et al. [28], dental implants with complex internal struc-
tures were fabricated using the DLP process. The fabricated dental implants were
composed of a biocompatible resin. The DLP process consists of several design and
process parameters, as listed in Table 5. 3D-Sprint (3D Systems, Rock Hill, SC, USA)
was the slicer software program of choice. Finally, the DLP 3D-printing system used
in their work was FabPro 1000 (3D Systems, Rock Hill, SC, USA).

2.5 A review of other AM processes used in clinical practice
2.5.1 Powder bed fusion

Pei et al. [29] demonstrated an integrated method for the biomechanical
design as well as fabrication of bionic bone tissue implants using SLS additive
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Figure7.
(a) The main components of the DLP additive manufacturing process. (b) An X-vay microCT-based,
biocompatible dental jaw model, fabricated using the DLP-AM process (Source: [28]).
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Parameter Type Level [unit]
Scaffold porosity Design 60 [%]
Number of shells Design 1
Scaffold dimensions Design 15 x 15 x 15 [mm]
Layer thickness Design 100 [pm]
Cure depth Machine 115 [pm]
Print resolution Machine 454 x 454 dpi
Layer resolution Machine 100 [pm]
Table 5.

The DLP process parameters used by Raines et al. for the fabrication of dental structures, composed of a
biocompatible liquid photopolymer (Source: [28]).

manufacturing process with the aim to repair the femoral head. Composed of
titanium, the fabricated implants were based on interconnected diamond-lattice
pore units that would prevent stress shielding. FEA was utilized for design opti-
mization and numerical characterization of the mechanical properties of the bone
implants. On the basis of an animal study, it was observed that pore-unit param-
eters would significantly influence implant porosity, pore size distribution, and
mechanical strength.

Zhang et al. [30] designed and fabricated porous scaffolds (composed of
Ti6Al4V alloy and having diamond-lattice pore units with customized shape and
tunable mechanical properties) using SLS process for bone tissue regeneration and
ultimately femoral-head repair. The weak points within the structure of the scaf-
folds were analyzed using a FEA model. Struts diameters, pore size, as well as
porosity were identified as critical implant design parameters. The biocompatibility

and osteogenic potential of the fabricated scaffolds were assessed in vivo based on
an animal study.

Similarly, Zhao et al. [31] investigated the mechanical properties of porous
titanium alloy scaffolds fabricated using SLS process for bone tissue reconstruc-
tion. Various scaffolds (including Diamond, Gyroid, Orthogonal, Truss, and
Cube) were designed based on parameterization modeling. The mechanical
characteristics of the designs as well as the SLS-fabricated scaffolds were assessed
numerically using FEA and experimentally using mechanical testing, respec-
tively. It was observed that the fabricated scaffolds were dimensionally accurate
characterized with an error of <3% (when comparted with their reference CAD
models).

2.5.2 Binder jetting

In a research work by Inzana et al. [32], composite bone scaffolds (composed of
calcium phosphate and collagen) were fabricated using binder jet additive manu-
facturing process. Collagen was dissolved into a phosphoric acid-based binder
solution to synthesize a collagen-incorporated calcium phosphate composite.

The addition of collagen, to a great extent, improved the flexural strength of the
fabricated scaffolds as well as cell viability. In addition, it was observed that the
properties of the binder solution would play a significant role in the cytocompati-
bility, osteoconductivity, and mechanical strength of the fabricated bone scaffolds.
Furthermore, to achieve reliable material deposition, the viscosity and surface
tension of the collagen solution were reduced with the aid of physiologic heat treat-
ment and Tween 80, respectively. To assess the healing potential, the fabricated

11
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scaffolds were implanted into a critically-sized murine femoral defect for 9 weeks;
it tuned out that the implants not only were osteoconductive, but also led to new
bone growth.

Zhou et al. [33] investigated the characteristics of synthesized composite
materials composed of calcium phosphate powders (based on hydroxyapatite and
B-tricalcium phosphate) as well as calcium sulfate powders for the fabrication of
bone scaffolds using binder jet printing process (with a water-based binder). The
printability of the composite materials was assessed in terms of powder bed pack-
ing, binder deposition regimes, particle size, calcium phosphate:calcium sulfate
ratio, powder-binder wettability, and the strength of the fabricated scaffolds. It was
observed that the compressive strength of the scaffolds increased as the ratio of
calcium phosphate:calcium sulfate increased. In addition, the use of fine powders
(i.e., <20 pm in diameter) led to slow binder penetration rate, large penetration
depth, low wetting ratio, and insignificant green-state strength. Besides, the beta
tricalcium phosphate-based powders had lower wetting ratio as well as green-state
strength than the hydroxyapatite-based powders.

Bergmann et al. [34] demonstrated additive fabrication of customized bone
substitute implants composed of bioresorbable p-tricalcium phosphate as well as
bioresorbable and adjustable bioactive glass fabricated using binder jet printing
process for swift maxillofacial or craniofacial defect repair. The fabricated scaf-
folds had a bending strength of approximately 15 MPa. In addition, the results of
an X -ray powder diffraction (XRD) analysis revealed the presence of both

calcium sodium phosphate and calcium silicate (that are biocompatible and
biodegradable).

Similarly, Cox et al. [35] presented characterization of porous bone scaffolds,
fabricated using binder jet printing process and composed of hydroxyapatite as well
as poly(vinyl)alcohol (PVOH) composite powders (bound with the aid of a water-
based binding agent). It was observed that scaffold mechanical stability, micro-
structure, and porosity would be significantly affected by the flowability of
hydroxyapatite:PVOH precursor materials. The fabricated scaffolds were anisotro-
pic, and failure at the boundaries of interlayer bonds was identified as the primary
failure mechanism influencing the scaffolds’ functional performance. Furthermore,
it turned out that iz vivo osteoconduction and osteointegration would be signifi-
cantly enhanced by factors, such as scaffold porosity and interconnectivity in
addition to powder bed packing and surface roughness.

3. Conclusions

In this chapter, advanced AM processes were analyzed with a focus on PME,
FDM, PJP, as well as DLP. In addition, each AM process was characterized in terms
of system components, underlying physical phenomena, and influential param-
eters. The AM processes are inherently complex, despite their benefits and engen-
dered potential applications. The process complexity, to a great extent, stems from
complex physical phenomena (such as non-Newtonian material deposition and
phase change) as well as nonlinear material-process interactions. Furthermore, the
3D fabrication of bone tissue scaffolds and implants consists of a broad spectrum of
design and process parameters, for example, scaffold porosity, material viscosity,
and UV light intensity. Hence, investigation of the effects of the process parameters
integrated with physics-based process characterization using computational meth-
ods, such as CFD and FEA, would be an inevitable need toward obtaining optimal
material transport and deposition regimes for the fabrication of bone tissues with
tunable medical properties.
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