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Abstract

The development of mechanically competent biomaterials that can also facilitate new bone formation is
a major challenge in the field of bone repair, especially critically-sized bone defect reconstruction. 3D
printed synthetic bone grafts are a possible alternative to conventional bone-substitutes if engineered to
provide appropriate structure with adequate mechanical properties and biocompatibility.
Nanocomposites may provide better mechanical properties and cell-material interactions compared to
other classes of biomaterials due to their nano-scale reinforcements with advantageous surface-to-
volume ratio and surface chemistry. In the context of 3D printed bone grafts, nanohydroxyapatite (nHA)-
based biopolymer nanocomposites are attractive. The biopolymer matrix component represents the
organic phase of natural bone, while nHA, the primary constituent of bone mineral, represents the
mineral phase. The mechanical properties of these 3D printable biopolymer nanocomposites can be
enhanced through different strategies such as optimizing the processing and manufacturing techniques,
biopolymer matrix selection and optimization, surface functionalization of nanoparticles and improved
dispersion and interfacial bonding between matrix and nanoparticle, all of which are attributed to
improving the mechanical behavior at the micron and sub-micron scales. The focus of the current thesis
was to conduct experimental and computational micromechanical investigations toward the
development of mechanically competent 3D printable nanocomposite biomaterials (with a focus on
strength). The objective was to enhance the mechanical properties of these nanocomposites at the nano-
to-micro scales. To achieve this goal, various strategies were employed, including optimizing material
design and fabrication techniques. Using a custom-designed direct ink writing (DIW) 3D printer, shear
stress was varied during extrusion to force the nHA nanoparticles and/or polymer chains into alignment.
The high shear extrusion led to improved mechanical properties through the formation of polymer chain
crystallites and nanoconfined thermoset crystallinity phenomena, while no nHA alignment was
observed. Another approach focused on optimizing the composition of the matrix by additional
functionalization of the biopolymer matrix as well as heat-treating the nHA particles to remove absorbed
moisture to improve the dispersion. The high shear extruded functionalized biopolymer nanocomposite
system demonstrated Young’s modulus of 6.6 GPa and ultimate tensile strength of 75.5 MPa, providing
a strength safety factor of approximately 1.5 against the minimum required standard mechanical
properties for bone cement according to ISO standard 5833. It also improved the shape-holding
properties of ink, making it suitable for printing objects using the DIW printing system. As part of the

effort to enhance the mechanical properties, a novel processing technique and surface functionalization

Vi



were introduced to achieve a homogeneous dispersion of nHA particles and enhance the interfacial
bonding between nHA and the biopolymer matrix. This new approach significantly improved the nHA
dispersion with few sub-micron scale agglomerations detected. Additionally, interfacial bonding was
improved. Interestingly, the enhanced dispersion and interface properties resulted in greater ductility.
Finally, an elastoplastic micromechanical computational model as a design tool was developed and
biopolymer matrix characterization experiments were conducted to calibrate the elastoplastic material
model used for predicting the elastoplastic behaviour of the biopolymer matrix. The model was
developed to provide a design tool for virtual investigations of the effect of nHA distribution and
orientation on the elastoplastic properties of the nanocomposite systems reported in this thesis. The
model was validated using data from tensile tests conducted on these nanocomposite systems. The
findings of the current thesis may pave the way for the fabrication of mechanically competent 3D
printable nanocomposite grafts for use in bone reconstruction technology.
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Chapter 1

Introduction

1.1. Motivation

Natural composites such as bone, wood and shells are lightweight materials with high specific
strength and toughness characteristics that exceed that of their constituents [1]. Modern
characterization techniques and modelling tools provide an opportunity for researchers to decode
the effect of the complex and hierarchical structure of these natural composites on their mechanical
performance by enabling analysis from nano to macroscopic length scales. These analyses are
invaluable in the pursuit of understanding the underlying mechanisms that result in the exhibited
mechanical properties of these natural and biological materials. Furthermore, they provide
valuable information for developing bio-inspired composite material systems such as
nanocomposites [2-4]. It has been discovered that by manipulating the structure of
nanocomposites — which has become feasible only recently due to advancements in
nanotechnology and nanoscale engineering - opportunities will be opened to develop new bio-
inspired nanocomposite systems (Fig. 1.1). However, there are still some obstacles that inhibit the
control of nano-scale characteristics of materials during their fabrication. Choosing appropriate
material composition and processing methods will help to overcome some of these obstacles and

pave the way for emerging bioinspired nanocomposite materials.

bone collagen fibres tr 1l; fibers i ic comp

8 &

>

HA platelets /

/" non-collagenous proteins

biodegradable polymer ..

3D Printed Bone- Nanocomposite 3D Printable Polymer Surface-functionalized
Substitutes filaments nanocomposite ink inorganic filler

Fig. 1.1. Schematic illustration of bone-inspired nanocomposite materials: Top (left to right) demonstrates natural
bone structure demonstrates engineered interface of nanohydroxyapatite(nHA) with non-collagenous proteins
compatible with collagen matrix; Bottom (right to left): bone-mimetic surface functionalized nanocomposite ink

designed for 3D printing bone substitutes (Images obtained and customized [5],[6])
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Bioinspired composites may have different applications in various strategic fields, such as
medicine, transportation, and manufacturing. The field of medicine has seen growth in the
application of bioinspired composites for the treatment of diseases [7]. A potential application for
bioinspired nanocomposite materials is using them in advanced bone reconstruction. In recent
years, the demand for bone tissue replacements has been on the rise. This is primarily due to factors
such as an aging population and an increase in patients dealing with sports injuries, traffic
accidents, or bone cancer. [8]. As a biological tissue, bone has the ability to remodel itself, which
is an astounding feature that can repair small gaps. However, when the gaps are too large, such as
for segmental bone defects in human long bones where gaps are >2.5 cm [9] (Fig. 1.2), the bone
does not heal effectively. These large gaps are termed critically-sized bone defects (CSBDs) and
can be caused by traumatic injury or surgical treatment of infections or tumours. Every year over
2.2 million people in the world receive bone grafting surgery to repair large bone defects [10].
Grafting is a surgical procedure that replaces the diseased bone and is used to aid bone

reconstruction in segmental bone losses.

Fig. 1.2. A segmental bone defect and its reconstruction with bone allograft and stabilization by bridging plate [11].

There are two popular approaches in current treatment methods for segmental bone defects:
allografts and synthetic bone substitutes. Allografts are the bone taken from a deceased person
who has donated their bone. Synthetic bone substitutes such as implants are artificially made of
synthetic materials such as polymers, metals or ceramic composites. Although these current
methods help patients to recover some functionality, they have disadvantages, such as the need for
at least two or three revision surgeries, mechanical failures, stress shielding, immune rejection,
and disease transfer, all of which provide poor quality of life for the patient during the treatment
period [12—-14]. Hence, there is an increasing demand for new technologies for fabricating long-
lasting implants [15].



Bone-inspired biopolymer nanocomposite grafts, with their osteoconductive and biocompatible
features, are a new alternative to conventional bone substitutes with the potential to overcome
some of the aforementioned disadvantages. In constructing bone-inspired composites, various
features such as chemical composition, nano/microstructure, and hierarchical architecture can be
inspired by the bone tissue itself. Bone is a major structural tissue of the human body which
supports and protects various organs, stores minerals and produces bone marrow cells. Bone can
be considered a natural nanocomposite that is comprised of two main nano-phases, including
collagen fibrils and hydroxyapatite nanocrystals. The properties and the hierarchical structure
arrangement of the nanohydroxyapatite (nHA) particles and collagen (Fig. 1.3) interact
synergistically with other trace components (i.e. non-collagenous proteins) to define the

biomechanical properties of bone [16].

B Collagen fiber
Cortical bone e
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collagen fiber Hlydroxyapatite

Fig. 1.3. The hierarchical structure of cortical bone [17].

A primary concern in designing bone-inspired composites is material selection. These materials
should provide mechanical properties that can mimic the mechanical properties of bone as well as
overcome the in vivo challenges, such as biocompatibility and osteoconductivity to be used as
bone-substitutes in critically sized segmental bone defects [18].

In bone tissue, NnHA particles are homogeneously dispersed within the collagen fibers. This
uniform distribution ensures that the mechanical load is efficiently transferred throughout the
material. Additionally, the interface between the nHA particles and collagen fibres is coated with
non-collagenous proteins which play a crucial role in enhancing the compatibility between the
nHA particles and the collagen matrix at the nanoscale [5]. They assist in maintaining the structural
integrity of the bone. At the macro scale, the arrangement of the collagen fibers and nHA particles



follows a hierarchical pattern. This hierarchical arrangement contributes to the overall strength and
toughness of the bone. The collagen fibres provide flexibility and resistance to tension, while the
nHA particles enhance the strength of the material. To fabricate a mechanically competent
nanocomposite system, it is essential to consider and replicate these nano-macro features of the
bone structure. This means incorporating a homogeneous dispersion of nanoparticles within the
matrix material and engineering interfaces that enhance compatibility and load transfer.
Additionally, mimicking the hierarchical arrangement of the nanocomposite structure can
contribute to achieving the desired mechanical properties in the fabricated system. Due to the in
vivo challenges and the limitations in manufacturing nano-scale hierarchical architectures, research
on designing these bone-mimetic nanocomposites has been largely overlooked. A distinctive
feature of natural composites is their hierarchical structure, which is thought to provide superior
mechanical properties like strength and fracture toughness. Clearly, arrangement and structure will
play a key role in enhancing the mechanical properties even without changing the composite’s

chemical composition.

To develop a bone-like nanostructure, the fabrication procedure must control the arrangement of
nano-scale inclusion orientations as well as the layers of the structure at larger length scales. Direct
Ink Writing (DIW) is an extrusion-based 3D printing method that can be used to fabricate
biomimetic nanocomposites. The advantage of this free-form additive manufacturing method
compared to other fabrication techniques is that custom-designed materials with complex
hierarchical structures can be fabricated accurately with good reproducibility [19]. It has been
demonstrated that the use of a DIW method can improve the mechanical properties (strength
specifically) of some nanocomposite materials as a result of fewer defects and increased
crystallinity in the polymer matrix [20]. Moreover, the orientation of the polymeric and particulate
phases along the fibre/extrusion axis can be tailored during the extrusion process [21], which could
also lead to better mechanical properties. Therefore, the design of mechanically competent 3D
printable nanocomposite inks requires a comprehensive study that encompasses various
considerations. Factors such as nanoparticle selection, dispersion, matrix material choice,
interfacial bonding, and optimization of printing process parameters all play roles in ensuring the
successful fabrication of bone—inspired nanocomposite structures with the desired mechanical

properties.



For the widespread adoption of bone-mimetic and other biomimetic composites, it is pivotal to
develop the ability to tailor their elaborate architectures and assess their corresponding material
performance. To achieve this goal, it is necessary to develop robust high-fidelity design tools.
Through the use of validated computational methods, such as micromechanical analysis, it is
possible to assess different material systems and compositions virtually by predicting the
mechanical properties and the failure processes. Such a design tool will help biomaterial engineers
to better understand the underlying failure mechanisms of bone-mimetic nanocomposites and
establish general design guidelines to achieve more mechanically competent nanocomposite
systems. It will pave the way for designers to develop new bone-mimetic nanocomposite grafts for

use in advanced bone reconstruction.

1.2. Thesis Outline

In Chapter 2, the relevant theoretical background and literature review of bone-inspired
nanocomposite systems, fabrication methods of biological and bioinspired composite materials,
considerations for designing mechanically competent 3D printable nanocomposite inks and
finally, elastoplastic micromechanical modelling of polymer nanocomposite systems are described
to understand the required knowledge and realize limitations, gaps, and shortcomings in this area.
Chapter 3 describes the main objective and hypothesis of the current thesis, along with the scope
of work for each objective. Chapters 4 to 7 of the thesis consist of the published or submitted peer-
reviewed papers that the candidate authored as the first author and is responsible for the
conceptualization, methodology, development, data collection, data curation and analysis of the
results presented in these chapters. The content of these chapters has been adjusted to ensure
cohesiveness with the broader perspective of the thesis. In Chapter 8, the thesis concludes with the
presentation of overall conclusions drawn from the research and provides recommendations for
future directions in the field. The rest of the thesis comprises an appendix which has been referred
to in Chapter 7. Finally, a dedicated list of references has been provided at the end of the thesis.



Chapter 2

Background and Literature Review

2.1. Natural Composites

Nature creates diverse types of composites from limited ingredients and constituents. Natural
composites are typically comprised of hard and soft phases with a complex hierarchical structure
[1]. Polymeric materials such as proteins or polysaccharides often make up the matrix phase, and
ceramic minerals such as calcium salts, silica, or hydroxyapatite are often the reinforcement phase
[22,23]. Animal tissues are examples of natural composites and are comprised of collagen, elastin,
keratin, chitin, and minerals such as calcium phosphate or silica. Other examples include wood
and bamboo, which consist of cellulose fibres in a lignin hemicellulose matrix, dentine and enamel
which are mainly comprised of hydroxyapatite, and bone and antler that are formed from

hydroxyapatite and collagen. [24].

From a mechanical point of view, the individual phases of natural composites do not have
remarkable mechanical properties. However, the resultant properties of these composites are high,
surpassing the mechanical properties of their individual constituents. Understanding the structure
and arrangement of reinforcement phases, as well as the properties and volume fractions of
different phases, is crucial for achieving superior mechanical properties in natural composites.
Various examples, such as cartilage, tendons, ligaments, and bone tissues, demonstrate how the
structural characteristics impact the mechanical performance of these materials. While all these
natural composites share similar components, their unique fractions and arrangements result in
distinct mechanical properties which enable them to effectively fulfill their specific functions [24].
Therefore, to develop engineered nanocomposites that can mimic natural tissues, it is essential to

thoroughly comprehend their properties and structural characteristics.

2.2. Bone Structure and Mechanical Properties

Having a better understanding of the structure, composition, and mechanical properties of bone
will help lead us to an ideal design for tissue-engineered biomimetic nanocomposites suitable for

use in bone reconstruction technologies and in aiding the bone healing process.



Bone is a natural nanocomposite, and its majority of mass includes Hydroxyapatite (~60%),
Carbonate (~5 %), Collagen (~20%), Water (~9%), Non-collagenous proteins (~3%), other
minerals(~1%) [25]. Bone has two main nano-phases; One phase consists of collagen fibrils made
from type-1 collagen molecules (~300 nm long, ~1.5 nm in diameter), while the other consists of
hydroxyapatite nanocrystals (Caio (PO4)s(OH)2, plate-shaped, 50 nm x 25 nm in size, 1.5-4 nm
thick) which are distributed along the collagen fibrils. It's important to note that the exact nature
of bone mineral can vary, and it may exhibit some calcium deficiencies and substitutions, resulting
in a slightly modified chemical formula. The properties and structural arrangement of the
nanohydroxyapatite (nHA) particles and collagen interact collaboratively with other trace
components (i.e. non-collagenous proteins) to define the biomechanical properties of bone [26].
The mechanical properties of bone are intricately determined by the interactions and combination
of its various components during growth and synthesis. Throughout the process of bone formation,
a complex interplay occurs between different components, including cells, extracellular matrix
proteins (such as collagen), and mineralized deposits (such as hydroxyapatite). These interactions
at the molecular and microstructural levels play a crucial role in shaping the mechanical behavior
of bone. [1].

Natural materials like bone are multifunctional. Their mechanical, biological and other functions
are combined to present an optimum design solution for a set of demands. Ashby devised a material
property chart which presents the specific performance, fracture toughness and multi-directional
properties of each section. The plots help identify regions or clusters where materials with
desirable combinations of properties reside (Fig. 2.1.) [24].
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Fig. 2.1. Material-property chart and projections for natural and synthetic materials (Adapted with permission [1]).



The constituent materials of bone have limited mechanical properties, while as a natural
nanocomposite, bone has superior properties partially due to its hierarchical structure [1]. The
tensile (compression) yield strength, tensile (compression) ultimate strength and elastic modulus of
cortical bone in humans are 71.56 + 10.19 (115.06 £ 16.36) MPa, 135 £ 15.6 (205 + 17.3) MPa and
17.9 £ 3.9 GPa respectively. [27][28] The fracture toughnesses (Kc) values in the human cortical bone
MPa m¥2 have been reported to range between 2 to 12 MPa m*2[29]. Through applying biomimicry
and using synthetic constituents, various high-performance composite material systems may be
generated, leading to a new generation of composites named bio-inspired composites [30].
Benchmark mechanical property values for bone substitute materials should aim to match the
mechanical properties of the natural bone they are intended to replace. The mentioned values can
vary depending on factors like age, gender, bone type, and location in the body. Additionally, the
specific requirements of the application, such as load-bearing capacity, articulation, or non-load-
bearing, will influence the prioritization of these properties. There are three requirements for the
conventional bone cements: compressive strength (minimum of 70 MPa), bending modulus
(minimum of 1800 MPa) and bending strength (minimum of 50 MPa) require according to 1SO
5833. When designing new bone substitute materials, it's important to strike a balance between
mimicking natural bone properties and fulfilling the intended functional requirements and will
require further assessing other mechanical properties including fracture toughness, hardness and

density to prevent sudden failures during healing procedure.

2.3. Bio-Inspired Composite Materials

Various research groups have developed and fabricated bioinspired composites by mimicking the
features of natural materials in order to investigate the structure-property relationships for different
applications. Grossman et al. [31] produced a nacre-like brick-and-mortar structure that was
interconnected with submicron interplate mineral bridges. They produced inorganic scaffolds,
which were hot-pressed and infiltrated with an organic phase. This structure led to the creation of
a strong and tough composite. Martin et al. [32] recreated complex bioinspired reinforcement
architectures that enhanced material performance. They reported an increase in stiffness, Vickers
hardness, and failure strain. Their complex structures were developed using 3D magnetic printing
technology. Erb et al. [33] produced a self-shaping composite with programmable bioinspired

microstructures. Using a new approach, they replicated the unusual shape-changing mechanism of



natural systems. They remotely controlled the orientation of inorganic particles in the composite
by using a weak external magnetic field. Yaraghi et al. [34] generated biomimetic composites
inspired by the dactyl segments of mantis shrimp, which had helicoid and herringbone
microstructure to customize the impact resistance. They reported that in the helicoid structure,
critical shear strains were possible, which were not possible in the herringbone structure. Thus, the
herringbone structure had superior impact resistance. Mirkhalaf et al. [35] mimicked various
topological interlocked structures to obtain superior mechanical properties. In each structure, they
tested the maximum load capacity and energy absorption under static and impact loading. Lewis
et al. [36] developed various geometries of cellular structures that were reinforced via rod-shape
whiskers trying to mimic the strength and stiffness of these material systems. Zhang et al. [37]
focused on the development of bio-inspired staggered composites with improved energy
dissipation characteristics. The authors employed a numerical-experimental approach to
investigate and optimize the performance of these composites. Libonati et al. [38] focused on the
development of a bone-inspired fiber composite with improved fracture toughness. The
researchers aimed to synergistically activate the characteristic toughening mechanisms of fiber-
reinforced composites to fabricate advanced structural materials.

Although encouraging results were reported for the mechanical properties of some of these
composites, there are some deficiencies in the function of some of the aforementioned biomimetic
composites, which originate in either the material structure or the manufacturing process. Most of
these composites had micro-scale inclusions while, as mentioned above, to get the high-
performance properties of natural and biological composites and specifically to mimic the bone
structure, nano-scale bio-inspired structures will be essential [4,39]. The orientation and alignment
of nano-scale inclusions cannot be controlled in most of their manufacturing processes. Nano-scale
physical and chemical bonding has not yet sufficiently been developed in these materials. Further,
a lack of adequate interfacial interaction between the inorganic particles and the polymer matrix
can drastically influence the mechanical properties of the biomimetic composites as they will limit
the reinforcement effect due to stress concentrations and hinder load transfer between matrix and
inclusion, respectively [6]. Therefore, it can be expected that to achieve superior mechanical
properties for mimicking a natural composite like bone, nano-scale arrangements are necessary
and polymer nanocomposites for bone reconstruction applications could potentially ameliorate

some of the aforementioned deficiencies.



2.4. Overview of Fabrication Techniques

One of the key aspects in enhancing the mechanical properties of materials is the arrangement of
the constituents and structure. Fabrication techniques for bio-inspired composites aim to mimic
the hierarchical structure of natural composites, which will be very useful in modifying their
mechanical properties. There have been several fabrication methods in the literature for producing
bioinspired composites, such as casting [40], layer-by-layer assembly [41], freeze casting [42],
ink-jet printing [43], gel casting [44], hot pressing [44], magnetic alignment [45], magnetically
assisted slip casting [46], hot-press assisted slip casting [47], and robocasting [48]. Although
encouraging results were reported when using these methods, their main disadvantage is their lack
of control over the microstructure to produce hierarchical as well as complex structures like natural
composites. Moreover, in some of the aforementioned methods, significant manufacturing defects

occur.

Additive manufacturing (AM) technologies, particularly 3D printing, are an adaptable technique
for the cost-effective fabrication of on-demand customized products. There are various AM
(Additive Manufacturing) processes available that are used for rapid prototyping applications (Fig.
2.2). These processes can be categorized into three groups based on their working principles:
powder bed fusion (PBF), material extrusion (ME), vat polymerization (\VP), and hybrid methods.
Computer-aided design (CAD) models are typically used in AM technologies [49]. These
designated AM techniques may process polymer materials and their composites in various raw
material types, such as powders, solid filaments, pastes, or liquids. Selective laser sintering (SLS)
and fused deposition modelling (FDM) are used in additive manufacturing (AM) to process
"thermoplastic" biopolymers (like Polylactic Acid (PLA)) and their composites. On the other hand,
photopolymerization AM techniques, such as material extrusion and vat polymerization

techniques, are typically used to print "thermoset” biopolymers and their composites.
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Fig. 2.2. AM fabrication method classifications (Adapted with Permission [49]).

2.4.1, Material Extrusion

Parts are created by layer-wise material deposition from droplets or filaments when employing
material extrusion techniques [50,51]. In extrusion-based approaches, the material is subjected to
pressure and expelled using either air pressure or mechanical displacement by a piston. This
methodology can be divided into two main forms: fused deposition modelling (FDM) and direct
ink writing (DIW) (Fig. 2.3), and the subsequent sections provide further details on these
techniques. When compared to other manufacturing methods, extrusion printing has some
drawbacks. Components produced through material extrusion additive manufacturing (AM) often
exhibit subpar surface finish [52]. The overlapping of deposited filament in material extrusion AM
can lead to the formation of voids in the fabricated parts. These defects can vary depending on the
infill structure within the fabricated component, resulting in significant variations in the
mechanical properties of the printed parts. Additional factors that might affect the inclusion of
defects include print resolution (extruded filament size), printing speed, bed and nozzle
temperature, and cooling rate [50,52]. The advantage of material extrusion AM is that it gives you
the freedom to have control over the microstructure and mechanical properties by adjusting the
filament deposition and its internal structure. The majority of thermoplastics and their composites
are fabricated with the method known as fused deposition modelling (FDM). To print each sliced
layer, a filament is heated to a molten state and extruded into a thin filament [50,51]. The filament
is then placed in a programmed pattern in the XY plane on a flat print bed. During printing, molten
thermoplastic filaments fuse with nearby fibres, and concurrent cooling hardens them so they

maintain their form [50,51]. The primary benefits of this AM technique over alternatives are its
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lower cost and widespread adoption [53]. FDM printing is most frequently used to create
composites and copolymers of commercial thermoplastic biopolymers like PLA. However,

thermoset biopolymers and their composites cannot be processed using this technique.
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Fig. 2.3. Methods for extruding materials for 3D printing include a) the FDM printing technique for thermoplastic
filaments and b) the DIW printing technique for viscous, curable resins. (c) Material is extruded between dielectric
charges using the electrospinning technique (Adapted with Permission [49]).

The Direct Ink Writing (DIW) method utilizes thermoset biopolymers and their composites, which
are in the form of viscous paste-like inks extruded through the needle/nozzle in a layer-by-layer
scheme to create complex 3D multi-scale structures with design-specific features [20]. These
layers are then polymerized or cured simultaneously using UV light, resulting in the formation of
solid structures [50,51,54]. The versatility of DIW in processing various biopolymers and their
composites, without requiring specific process control, has led researchers to explore its potential
applications in tissue regeneration, biofabrication, 3D bioprinting to name a few. Moreover,
another important advantage of DIW is that the mechanical properties of the material can also be

enhanced during the extrusion process.
2.4.2. Vat Polymerization

Vat polymerization AM techniques create a component by selectively curing layers of
photocurable polymers (Fig. 2.4). Stereolithography (SLA) is the name given to it most frequently.
The majority of the monomers, oligomers, and photoinitiators found in photocurable resins are
based on methacrylates and acrylates [55]. The photoinitiator catalyzes a free-radical
polymerization reaction, generating chain formation by crosslinking the monomers and oligomers
upon exposure to specified wavelengths of light. The most common wavelength used in SLA is in
the ultraviolet range, typically around 355 nm. In addition to UV light, some SLA systems utilize
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visible light wavelengths, typically in the range of 405 nm or 450 nm. Through
photopolymerization, the crosslinking converts the exposed resin into a solid [51,55]. The 3D
shape is created by sequentially exposing the ink to UV light and curing them in a pattern of sliced
layers [50,51]. After a layer has been cured, the print platform is raised slightly, allowing for a
new layer of liquid resin to flow over the cured layer. The process is repeated, layer by layer, with
the platform moving up and down inside the vat, each time exposing the new layer to the curing
light. This layer-by-layer approach continues until the entire object is printed [50,51]. With a
minimum layer thickness of 10 um, SLA can create parts of excellent quality and more precise
geometries compared to other techniques [56]. For objects with overhangs or complex geometries,
support structures are often necessary to provide stability during printing. These supports are also
printed layer by layer and can be removed or dissolved after the printing process is complete. Once
the object is fully printed, it is removed from the resin vat. The printed part may require post-
processing steps such as cleaning to remove excess resin, curing under UV light to complete the
polymerization process, and potentially surface finishing (e.g., sanding or polishing) for desired
aesthetics. SLA components exhibit mechanical characteristics that are almost isotropic [52]. This
technology is divided into three categories according to how the light is delivered: laser SLA,
digital light projection SLA (DLP-SLA), and masked SLA (mSLA).

Laser SLA employs a conventional technique of vat polymerization, utilizing a UV laser as the
sole light source for curing each layer. UV light projection is controlled by two motor-driven
mirrors to scan the 2D layer pattern on the vat bed. In DLP-SLA, a projector is employed to project
a single UV light image of a layer onto the vat bed. The quality and precision of the printed object
rely on the resolution of the projector and optical components, as the curing process is carried out
based on the pixelized projected image [49]. mSLA utilizes an LED array as the light source, along
with an LCD photomask. The LCD photomask selectively deactivates individual pixels, allowing
the LED light to pass through and form a 2D pattern. The accuracy and resolution of the projected
image are determined by the size of the deactivated pixels on the LCD photomask.
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Fig. 2.4. Laser SLA, DLP-SLA, and mSLA process differentiation (Adapted with Permission [49]).

This method involves using low-viscosity inks placed in a resin tank. The build plate moves down
to a level that matches the intended layer height, creating space, and then UV light is directed onto
precise coordinates through a transparent film made of fluorinated ethylene propylene (FEP). This
process solidifies each layer. Once a layer is printed, the build plate rises, breaking the surface
tension between the cured layer and the FEP sheet. This allows new ink to fill the gap before
forming the next layer [49]. Using this approach, it is possible to fabricate objects with intricate

geometry and high resolution [57].

Fig. 2.5. Example of three-dimensional printed nanocomposite bone models using masked stereolithography 3D
Printing technique printed in WCBS lab (Adapted with Permission [57]).

2.5. Types of Nanocomposite Inks for three-dimensional printing

Most particulate composites are comprised of two phases: the matrix phase and the reinforcement
phase. The primary role of the reinforcement phase is to carry applied loads, and it is the main
contributor to composite strength and stiffness [58]. Multiphase materials with at least one phase
that is at the nanoscale are considered nanocomposites. The classification of nanocomposites is

based on the materials they contain as matrix and inclusion components.
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Polymer nanocomposite, which involves the dispersion of nanoparticles within an organic polymer
(thermoplastic/thermosets) matrix, is most well-known in the field of 3D printing of synthetic bone
materials. They have more adaptability in designing specific properties because there is better
control of interactions between nanoparticles and polymers in these composites [59]. In these
materials, the inorganic ceramic phase brings strength and stiffness, and the toughness and ductility
come from the polymer matrix. The biopolymer utilized can fall into either the category of
thermoplastic or thermoset polymers. With the inclusion of a curing agent (activated by photo,
chemical, or heat), functionalized bio-derived monomers or prepolymers can undergo
polymerization, resulting in the formation of thermoset matrices. The high level of crosslinking in
thermoset biopolymers prevents them from being melted or dissolved for recycling purposes. In
contrast, thermoplastic polymers can be melted above their melting temperature, enabling
extrusion or injection molding, and they are generally recyclable. Lack of functional sites for
interfacial or interphase bonding with reinforcing fillers may be the main drawback of
thermoplastic biopolymers; however, this issue can be fixed by adding required functional groups
to the polymer chains or on the nanoparticles [60]. To create thermoset biopolymers, bio-derived
polymers (like cellulose, chitin, etc.) or monomers (sugar alcohols, vegetable oils, etc.) can be
functionalized with vinyl groups (i.e., acrylated or methacrylated) to allow covalent cross-linking
(curing) [6,61-64]. This makes it possible to print these materials using AM. Thermoset and
thermoplastic biopolymers used in bone grafts and in developing bone graft composites are either
synthetic or naturally derived biopolymers. The most popular synthetic biopolymers include poly
(glycolic acid) (PGA), poly (lactic acid) (PLA), poly (lactic-co-glycolic acid) (PLGA), poly
(caprolactone) (PCL), poly (propylene fumarate) (PPF), and poly (ethylene glycol) (PEG). Natural
biopolymers could be derived from plants or animals. Some of the most common natural
biopolymers are collagen, silk, fibrin, hyaluronic acid, chitosan, and alginate [65-68]. The
nanoparticles used in 3D printing biopolymer nanocomposites for bone reconstruction
technologies can be metallic, ceramic, or polymeric. Ceramics and metal nanoparticles are,

respectively, the most commonly used in the fabrication of nanocomposites for bone healing.
2.5.1. Metal-embedded Polymer Nanocomposites

Due to their antibacterial properties, metals, including silver, gold, iron, and copper, are frequently

employed in nanocomposites for bone tissue engineering. By forming bonds with the
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electronegative phospholipid bilayers of the bacterial cell wall, electropositive metal nanoparticles
can limit bacterial development and eventually force the bacterium into death [69,70].
Adding metal nanoparticles to nanocomposites at low concentrations (ranging from 0.1% to 4%)
is a viable method to hinder infections and curb bacterial growth within living organisms [71]. The
utilization of such minimal concentrations of metal ions is advantageous due to their ability to
decrease metal erosion and toxicity risks. There are various approaches to 3D printing metal-
embedded nanocomposites. In the case of the FDM technique, it is possible to combine
thermoplastic polymers with metal nanoparticles, resulting in the fabrication of nanocomposite
filaments through melt blending or solvent-casting processes [72]. By employing mechanical
mixers, metal nanoparticles can be blended with solid thermoplastic polymer powder.
Subsequently, the resulting mixture can be 3D printed using the SLS (Selective Laser Sintering)
technique [73]. Additionally, thermosetting nanocomposites containing antibacterial metal
nanoparticles have been successfully 3D printed using methods such as DIW (Direct Ink Writing),
SLA (Stereolithography), DLP (Digital Light Processing), or mSLA (Masked-Stereolithography).
In these methods, the nanoparticles are initially dispersed into a monomer or prepolymer solution
using a homogenizer to create nanocomposite inks. These inks are then deposited layer-by-layer
through the process of photopolymerization. Metal nanoparticles can be readily integrated into
nanocomposite inks and efficiently 3D printed into customized shapes. Nevertheless, additional
research is essential before advancing to clinical trials or commercializing these metal/polymer
nanocomposites. The evaluation of their effectiveness has primarily relied on in vitro assessments,
overlooking significant factors like inflammation. Furthermore, the long-term effects of metal
nanoparticles on the human body remain uncertain [74]. In order to address these difficulties within
living organisms, it is necessary to achieve a controlled release of these nanoparticles [75].
Furthermore, incorporating metal nanoparticles into 3D printed thermoplastics often entails a
complex, multi-stage procedure. For instance, it involves the synthesis of nanoparticles, their
homogeneous dispersion into the polymer matrix, and, ultimately, the 3D printing process. This
not only raises the overall manufacturing cost but also poses potential risks to the quality of the
3D print, including the formation of filler defects, inadequate interphase adhesion, particle
agglomeration, and uneven distribution. In order to address these difficulties within living
organisms, it is necessary to achieve a controlled release of these nanoparticles [75]. Furthermore,

incorporating metal nanoparticles into 3D printed thermoplastics often entails a complex, multi-
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stage procedure. For instance, it involves the synthesis of nanoparticles, their homogeneous
dispersion into the polymer matrix, and, ultimately, the 3D printing process. This not only raises
the overall manufacturing cost but also poses potential risks to the quality of the 3D print, including
the formation of filler defects, inadequate interphase adhesion, particle agglomeration, and uneven

distribution.
2.5.2. Ceramic-embedded Polymer Nanocomposites

Various nanoscale ceramic particles, including silica (SiO2), bioactive glass (BG), hydroxyapatite
(HA), zirconia (ZrO2), tricalcium phosphate, and alumina (Al203), have been incorporated into
polymer matrices to create nanocomposite inks for bone applicaitons. These ceramic-based
nanocomposites have demonstrated improved mechanical strength and bioactivity. It is worth
noting that natural bone itself is a nanocomposite primarily composed of HA. Researchers
presented [76] a biomimetic approach for cross-linking nano-HAp with a PLA-co-PEG polymer
network. It was found that the inclusion of glutamic acid (Glu), a negatively charged peptide, as a
cross-linker led to an increased shear modulus. Interestingly, when micro-HAp was used instead
of nano-HAp, no significant difference in the mechanical properties was observed with or without
the Glu cross-linker. This study provides further evidence that the size of the added particles plays
a significant role in enhancing mechanical properties. In a similar investigation [77], PLLA/nano-
HAp nanocomposites were studied. The results showed that these nanocomposites exhibited
higher mechanical properties compared to their micro-composite counterparts. Additionally, the
incorporation of nano-HAp improved protein adhesion. The nanocomposites demonstrated
approximately a twofold increase in compressive modulus when 50 wt% of nano-HAp was added
to pure PLLA. The integration of well-dispersed ceramic nanoparticles within biopolymer
matrices, coupled with a hierarchical microstructure, holds significant promise for bone tissue
engineering applications. Nano-hydroxyapatite (nHA) possesses physical and chemical properties
that closely resemble those of natural bone minerals. Crystalline HA is a calcium phosphate with
the slowest degradation rate and good stability in the body compared to the other calcium
phosphate phases because of having the lowest dissolution rate [78]. Another key feature of HA is
its biocompatibility. These characteristics make HA a good candidate for use in bone mimicking
nanocomposites. The incorporation of HA with the polymer matrix, i.e. nanoparticle dispersion as

well their favourable adhesion to the polymer matrix, is the main aspect that affects the mechanical
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properties of such composite materials. Another feature of HA which makes it a proper selection
is its osteoconductivity which interacts with natural tissue without obtaining any inflammation
[79,80]. Extensive research has been conducted over the past few decades to evaluate the
biocompatibility of nHA in both in vitro and in vivo settings. Due to its high surface-area-to-
volume ratio and nanostructure, nHA plays a crucial role in the interaction between cells and
materials in vitro [61]. Therefore, embedding nHA in polymer matrices can enhance the chemical,
mechanical, and biological attributes of nanocomposites. By acting as both the organic and mineral
phases, nano-inks that are 3D printed into strong grafts may mimic genuine bone. When implanted
with human mesenchymal stem cells (hMSCs), scaffolds created by FDM printing of nHA-
containing polylactide (PLA) nanocomposites showed good adhesion, proliferation, and
osteogenesis [81]. The incorporation of nHA into SLS-printed poly(lactic-co-glycolic acid)
(PLGA)-nHA nanocomposites at increasing weight percentages (from 0 to 20 wt%) resulted in
improved compressive modulus and strength [81]. In addition, polyester urea [82] and
polycaprolactone [83] were combined with nHA and 3D printed to create scaffolds for bone tissue
engineering. Ceramic-based nanocomposites have been utilized as bioinks for 3D bioprinting
applications in bone regeneration. For instance, hMSC cultures were mixed with polyethylene
glycol dimethacrylate (PEGDMA), nHA, and bioactive glass (BG) and then printed into 3D
constructs, exhibiting high cell viability (>85%), collagen production, alkaline phosphatase
activity, and increased compressive modulus [63]. This research also demonstrated that nHA
outperformed BG in promoting hMSC-mediated osteogenesis within bioprinted bone constructs.
The combination of nHA with acrylated epoxidized soybean oil and polyethylene glycol diacrylate
resulted in improved mechanical properties when using extrusion-based Direct Ink Writing (DIW)
[20]. These enhancements can be attributed to the reduced presence of defects and the promotion
of crystallinity within the polymer matrix, facilitated by extrusion through small gauge needles.
Scaffolds and grafts made from these nanocomposites, printed using DIW and masked
stereolithography (mSLA) techniques respectively, exhibited exceptional characteristics such as
strong cell adhesion, proliferation, and osteogenic differentiation [63,84]. Additionally, the
integration of nHA into a gelatin-methacrylate (GelMA) and triethyleneglycol dimethacrylate
system not only improved printability but also demonstrated favourable interactions between cells
and the biomaterial, making it suitable for bone repair applications [85,86]. The addition of

ceramic nanoparticles has beneficial impacts on the mechanical properties of nanocomposites,
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specifically in terms of fracture strength and hardness. By refining the microstructure, the size of
flaws is reduced, leading to improved strength and enhanced reliability of structural composite
ceramics.

Although polymer nanocomposites are heterogeneous materials like other particulate composites,
they usually have a more complicated structure, which can increase the complexity of predicting
their mechanical properties. The behaviour of the nanocomposite polymers can be affected by
various factors, including the properties and size of the particles, particle concentration and
dispersion, phase interfacial quality and polymer matrix crystallinity. For example, the particles
can aggregate and not be uniformly dispersed in the matrix, and the orientation of particles may
be random and/or aligned. Also, due to the large particle/matrix interfacial area, the interfacial
interactions between phases may play a more important role compared to other particulate
composites [87]. The design of mechanically competent 3D printable nanocomposite inks requires
careful consideration of multiple factors, which necessitate comprehensive study and analysis.
These considerations play a crucial role in ensuring the desired mechanical properties and
performance of the printed nanocomposite structures. Firstly, the selection and dispersion of
nanoparticles within the ink formulation are critical. It is important to choose nanoparticles with
suitable properties that can enhance the mechanical strength, stiffness, and toughness of the printed
structures. Achieving a homogeneous dispersion of nanoparticles within the ink is essential to
ensure consistent mechanical properties and biocompatibility throughout the printed object.
Secondly, the choice of matrix material is crucial. The matrix should possess properties such as
appropriate viscosity, adhesion, biodegradiblity, mechanical properties and compatibility with the
nanoparticles to facilitate effective printing and achieve desired mechanical performance. The
matrix material should also have good mechanical properties to complement the reinforcement
provided by the nanoparticles. Furthermore, the interaction and interfacial bonding between the
nanoparticles and matrix should be considered. This includes suitable surface functionalization of
nanoparticles to promote strong bonding with the matrix and prevent particle agglomeration.
Effective interfacial bonding is crucial for load transfer and to ensure the integrity and mechanical
stability of the printed nanocomposite. Additionally, the printing process parameters need to be
optimized to achieve the desired mechanical propertiesand. Factors such as printing speed, shear
stress during extrusion, temperature, and layer thickness can significantly influence the final

mechanical performance of the printed structure. Comprehensive study and experimentation are
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necessary to determine the optimal printing parameters for achieving mechanically competent

nanocomposite structures.

2.6. Mechanically Competent 3D Printable Nanocomposite Ink Design, and

Characterization

2.6.1. Rheology

Ink engineering is a fundamental area of research within additive manufacturing (AM).
Understanding the rheology of 3D printable nanocomposite inks is crucial because it directly
impacts the ability to print, the resulting mechanical properties, and the overall performance of the
printed parts [88-90]. The ink's rheological properties can be influenced by various factors,
including the concentration and type of nanoparticles, polymer matrix viscosity, and printing
conditions such as temperature, pressure, and applied shear stress or shear strain rate. In order to
ensure successful printing, the 3D printable nanocomposite ink needs to have specific rheological
properties compatible with the chosen printing technique. Specifically, for direct ink writing
(DIW), the ink should possess appropriate viscosity to flow easily through the printing nozzle
while retaining enough yield strength to hold its shape once printed. It must be such that it can be
extruded into filaments and maintain its shape until it is cured. Additionally, the ink should have
adequate yield stress to prevent it from collapsing or sagging during the printing process. The ideal
ink for DIW is a Bingham plastic fluid, which is extrudable with moderate stress and low viscosity,
but also possesses some yield shear strength to hold its shape before curing [57]. This can be
achieved through the addition of interfacial interactions among the phases or deflocculant in the
particle suspension [91]. For SLA, DLP, and mSLA-based printing techniques, it is crucial that
the ink viscosity is kept below 5 Pa s to prevent the formation of voids or defects during the rapid
recoating of each new ink layer and allow for up-down movement of the print bed [92]. This
viscosity requirement limits the amount of nanoparticles that can be added to the nanocomposite
ink or necessitates additional dilution of the resin for successful print [84].

Rheometry is the technique used to characterize the rheological properties of the 3D printable
nanocomposite ink. This method measures the flow and deformation behavior of the ink under
various conditions [93]. Understanding the rheology of the ink aids in optimizing the printing
process and ideally, designing 3D printed structures with superior properties. There are two

fundamental forms of flow: extensional flow and shear flow. Fluid components go past one another
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in shear flow whereas they move away from or towards one another in extensional flow. Shear
flow is the most prevalent flow behaviour and can be measured on a rotating disc, capillary and

cone and plate rheometer or viscometers.
2.6.2. Shear Flow and Mechanics of Extrusion

Shear flow can be expressed as fluid layers sliding on top of one another, each layer moving faster
than the layer beneath it [94]. All materials flow when given enough time. The distinguishing
feature of polymeric materials is that their processing times for extrusion are usually in the same
order as their time constants for flow. Viscosity, which represents the resistance to shearing of
material to flow [95], is the most important flow property. Referring to Fig. 2.6, the viscosity is
defined as the ratio of the imposed shear stress (force F, applied tangentially and divided by the

area A) and the shear rate (velocity V, divided by the gap h):

Shear Stress F/A

r’ = = =
Shear rate %4 / Y

(2.1)

=1

Where 7 and y are conventionally used to designate the shear stress and shear rate, respectively.
To measure shear viscosity with a single head (stress-regulated) rotating rheometer and parallel
plate measurement equipment, the sample is loaded between the plates at a given gap (h), as
illustrated in Fig. 2.6 [94].

Fig. 2.6. Illustration showing a sample loaded between two plates, the cone rotates while the lower plate is stationary
(Adapted with permission [94]).

Rheometers with a single head have the ability to function in either a controlled stress mode or a
controlled rate mode. This implies that it is possible to either apply a torque and measure the
rotational speed or apply a rotational speed and measure the torque necessary to sustain that speed.
When operating in controlled stress mode, a rheometer generates torque via a motor, which is then
transformed into a force (F) acting over the plate's surface area (A), leading to the development of

shear stress (F/A). If a liquid-like sample is subjected to shear stress, it will flow with a shear rate
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determined by its viscosity. If the measurement gap (h) is accurately known, the shear rate (\V//h)
can be determined from the measured angular velocity (o) of the upper plate, which is determined
by high-precision position sensors, and its radius (r) since V = r o. Different measuring systems,
such as cone-plate and concentric cylinders, are frequently employed to measure viscosity, with

cone-plate being preferred since the shear rate is consistent across the sample [94].

Newtonian materials respond linearly to shear rate with no change in viscosity. Non-Newtonian
materials exhibit viscosity changes in response to shear rate changes. Shear thinning or
pseudoplastic flow is a behaviour in which fluid viscosity reduces with increasing shear [94].
Fluids that exhibit significant shear-thinning properties may also display yield stress, whereby the
viscosity becomes infinite and similar to that of a solid material when exposed to a specific critical
stress level. This phenomenon is referred to as plastic flow and is identified by a viscosity increase
as the shear rate decreases without any visible plateau. Some experts prefer the term "apparent
yield stress"” because some materials that seem to exhibit yield stress behavior over a limited range
of shear rates may exhibit a viscosity plateau at extremely low shear rates [94]. Fig. 2.7

demonstrates how various microstructures behave under the application of shear.
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Fig. 2.7. lllustration of the potential reactions of various microstructures to the application of shear [93].

A shear rate can only be created after the shear yield strength has been surpassed for fluids with
yield stresses. The shear stress vs shear rate curves for these fluids will intercept the stress axis at
a non-zero value. The term "Bingham plastic" refers to a material that exhibits a yield strength
which follows the Bingham model:

oc=o0, + 77ij
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Where oy, denotes the yield stress and 7, denotes the Bingham viscosity, which is represented as

the slope of shear stress vs shear rate in the Newtonian zone, post yield [94].

The shear rate changes along the central axis varies nonlinearly from zero to a maximum in the
wall where as the shear stress along the central axis changes linearly from zero to a maximum
value along the wall. The velocity has a quasi-parabolic profile with a maximum at the plane of

symmetry and zero at the wall (Fig. 2. 8). [95].
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Fig. 2.8. Velocity, shear rate and shear stress profiles for flow through a round tube [95].

In capillary viscometers, the shear stress is measured through the pressure applied by a piston.
Apr

T=— (2.2)

where Ap is a pressure drop, | is length, and r is the radius of capillary (Fig. 2.9).
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Fig. 2.9. Shear stress profile and measurement in a printing needle.

According to the literature, extruding short-fiber polymer composites through a needle can apply
shear force to align polymer chains and fibers, resulting in reduced defect density [32,96-99].
Particle alignment in the flow direction can be encouraged by DIW, which is similar to other
extrusion methods [100]. In order to leverage the shear for alignment of their nanofibers during the
3D printing of their nanocomposites, Yunus et al. integrated linear oscillatory actuation
mechanisms with SLA devices [101]. According to Narimissa et al. their polylactide-nanographite
platelets biopolymer composites' shear-thing behaviour was enhanced by the shear-induced

alignment of nanographene platelets [102]. Other techniques rather than shear extrusion have been
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investigated in the literature to control fiber alignments to improve the mechanical properties.
Magnetic [103,104], electric [105], and acoustic fields [106] are some of the other approaches used

to control the fillers’ directions in the resin (Fig. 2.10).

Acoustic standing wave

Fig. 2.10. The different filler alignment techniques used in AM biopolymer composites. Using a shear-induced
alignment mechanism and electric, acoustic, and magnetic fields to drive the fillers.

Studies have shown that shear stresses leading to alignment are most concentrated near the nozzle
wall [30]. Lewicki et al. [107] observed that the fiber phase in their carbon fiber (CF)-loaded ink
began as randomly dispersed fibers. However, after undergoing microextrusion through a DIW
print head, the fibers became aligned. This finding was also noted by Lewis and Tekinalp [108,109]
(Fig. 2.11). The aspect ratio of fibers is one of the crucial factor in inducing shear alignment.
However, most of the literature focuses on microfibers, while only two studies [101],[102] have
explored the impact of shear-induced alignment in nanocomposites. Furthermore, there is a lack
of research investigating how increased shear during extrusion affects nanoparticle and polymer

chain alignment in a thermoset biopolymer matrix.

Fig. 2.11. Schematics presenting the anisotropic particles’ alignment due to shear at the dispensing nozzle (Adapted

with Permission [30]).
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2.6.3. Biopolymer Crystallinity

It is uncommon for polymers to exhibit complete crystallinity due to the inability to align all
polymer chains in all areas [110]. As a result, the structured sections are bordered by areas of
amorphousness (Fig. 2.12).

Region of High
Crystallinity

Fig. 2.12. Semi-crystalline molecular structure for a thermoplastic polymer (Modified from [111]).

The degree of crystallinity has an impact on various properties of polymers, including their optical,
mechanical, thermal, and chemical properties. Polymers with higher crystallinity are stronger and
tougher due to the increased presence of intermolecular bonding in the crystalline regions [49].
The degree of crystallinity in a nanocomposite system is influenced by various factors such as the
intrinsic properties of the nanofillers, the matrix, and the dispersion state of the fillers. The intrinsic
properties of the nanofillers and the matrix, such as their chemical composition, molecular weight
and the interactions between the two can strongly influence the degree of crystallinity in a
nanocomposite [112]. The composition of a nanocomposite can be modified to control the degree
of crystallinity. For example, the addition of certain types of nanofillers, such as clay nanoparticles,
can increase the degree of crystallinity in a polymer matrix. Alternatively, modifying the matrix
composition, such as by changing the molecular weight or introducing comonomers, can also
impact the degree of crystallinity. Finally, the fabrication technique used to produce a
nanocomposite can also impact its degree of crystallinity. For example, using a technique like DIW
(direct ink writing) can improve the degree of crystallinity by reducing the presence of defects and
promoting a more ordered structure within the matrix [20]. This can ultimately result in improved
mechanical properties, such as increased strength. The extrusion of short-fiber polymer composites
through a needle can align the polymer chains and fibers, as well as reduce defects in the material

[32,96,97]. Extrusion-based 3D printing has been shown to have an impact on the microstructural
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characteristics of thermoplastic polymer composites and polymer matrix crystallinity in several
studies [113-115] but further research is needed to determine how extrusion impacts the
micromechanical characteristics of thermoset polymer composites. Achieving crystallinity in
thermosets can be challenging due to their highly crosslinked structure, and crystallization may
only occur in confined regions such as nanophase domains. Techniques such as extrusion and
nanoconfinement may promote crystallization and improve the properties of thermoset composites
[116,117].

2.6.4. Cure depth

The cure depth analysis in 3D printing is a critical step in the production of high-quality, functional
parts with desirable mechanical and physical properties. In photopolymerization-based AM
processes, the layer thickness of cured materials influences the resolution of a 3D printed item
[118]. Maximum layer thickness in AM may be calculated using cure depth data as a function of
UV dosage. In photopolymerization-based 3D printing processes, achieving a uniform
microstructure requires proper curing of each freshly printed layer. To measure the cure-depth
relationships, the classic cure-depth equation, also known as Jacob's equation, is used [118].

E
ZC = Dpll’l (E—)
c

where Z, denotes the cure depth (mm), Emax the energy dosage per unit area (J/mm?), Ec the critical
energy dosage (J/mm?) required to commence the curing process, and Dy the depth of penetration
(mm). The constant parameters in this equation, such as the critical UV dose and D, for particular
nanocomposite inks, are computed by fitting the equation to a set of experimental data with a

known UV intensity and measuring the cured depth [49].

Delamination is a significant problem with 3D printed scaffolds for bone tissue creation.
Inhomogeneous microstructure and blocked pores in printed items will occur if the freshly printed
layer does not bind with neighbouring layers and is not fully cured due to a lack of energy
necessary to become fully polymerized [57]. To avoid delamination and defects, the layer
thickness should be larger than the cure depth value of that specific nanocomposite ink for the
incident light dosage [119]. Fourier-Transform Infrared Spectroscopy analysis FTIR is a method

which commonly used to evaluate the effectiveness of curing in 3D printed nanocomposite parts
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made from UV-cured biopolymers. This technique is employed to investigate the chemical
composition of the cured material and to identify any remaining C=C peaks, which may indicate

incomplete curing of the biopolymer nanocomposite system [6].
2.6.5. Nanoparticle Dispersion

Two crucial factors in achieving nanocomposites with desirable mechanical properties are the
homogeneous dispersion of fillers within polymer matrices and the establishment of strong
interfacial adhesion between inorganic fillers and organic polymer matrices [120]. Achieving a
homogeneous dispersion of nanoparticles within the polymer matrix at the nanoscale is the primary
challenge in preparing 3D printable nanocomposite inks. Dispersion can affect the printability of
the ink. It is highly challenging to disperse nanoparticles in polymers as the particles have a high
tendency to agglomerate due to their surface chemistry, high surface area, and interparticle forces
[121-123]. Furthermore, hydrophilic nanoparticles and hydrophobic polymers are incompatible in
nature, resulting in poor interfacial contact which can lead to an increased tendency of
agglomerations, decreasing the overall mechanical properties through defects and stress
concentrations [124]. The agglomerations result in an uneven distribution of nanoparticles within
the polymer matrix, leading to changes in ink rheology properties, making it difficult to achieve
accurate deposition of the ink during printing. The uneven distribution of nanoparticles within the
polymer matrix also compromises the mechanical properties of the printed object [57].
Agglomerates can create weak points, reducing the overall strength and structural integrity of the
nanocomposite material and leading to potential bulk degradation of the nanocomposites as a
whole. Furthermore, the presence of agglomerates can lead to localized variations in material
properties and stress concentration affecting the performance and functionality of the printed
object as well as the mechanical properties and performance of the material. Moreover
nanoparticle aggregates are very friable, they are unable to withstand stress and hence have a
negative impact on the mechanical properties of polymeric nanocomposites [124]. It has been
shown that the tendency of agglomeration in polymer nanocomposites rises as nanoparticle size
decreases [125]. Understanding and mitigating the impact of agglomeration is crucial for the
development of high-performance nanocomposites. Depending on the nature of the polymers, their
rheology, and the volume percentage of nanoparticles, several techniques are used to disperse

nanoparticles into polymer matrices [57,126,127]. Mechanical mixing/ball miling [128,129],
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magnetic stirring, ultrasonication or a combination of these technologies are commonly utilized.
Mechanical mixing employs high-shear homogenization to push the mixture to run through a fast-
moving rotor, breaking up the aggregates. Ultrasonic homogenizers generate shear and shock
waves to rip apart agglomerates. While these high-energy aided mixing procedures can create
nanoscale emulsions as nanocomposite inks, they can also shatter nanoparticles, lowering their
aspect ratio [130]. Due to the high inter-nanoparticle interaction, the shear force generated by
traditional mixing facilities frequently fails to disperse the nanoparticle agglomerates in either
polymer melt or solution [131][124]. All of these shortcomings prevent the efficient use of

inorganic nanoparticles in polymer nanocomposites.

nHA crystals as the main mineral component of bone are evenly distributed within collagen fibers.
In order to replicate these natural materials [132], it is advantageous to create highly uniform and
stable dispersions of nHA as intermediate products. These dispersions should exhibit close
interaction with the organic component. Subsequently, they can be shaped into final structures
intended to function as bone substitutes [133]. Like other polymer nanocomposites, the nHA
particles also have the tendency to agglomerate and depending on the size and aspect ratio of the
nanoparticles, this tendency may be affected. Although some promising results have been achieved
through the addition and dispersing of nHA particles into biopolymer matrices [20,63,84,133—
136], achieving a homogeneous dispersion of nHA particles still remains a significant challenge
in the field. Thorough investigation and study are necessary to address this challenge and improve
the homogeneity of nHA particle dispersion. Therefore, addressing the issue of agglomeration is
crucial in the development of 3D printable nanocomposite inks to ensure uniformity, stability, and
optimal performance of the printed objects. By mitigating the agglomeration issue, the mechanical
properties, bioactivity, and overall performance of the nanocomposite may be significantly
improved, leading to better bone substitute materials and tissue engineering scaffolds. To date,
various techniques have been explored to disperse nanoparticles into polymer matrices, which can
be broadly categorized into physical dispersing techniques and surface pretreatment approaches.
While some studies propose that conventional mixing may lack the sufficient shear force to
effectively break up nanoparticles, suggesting a greater focus on surface treatment technologies, it
is important to acknowledge that a comprehensive approach combining both techniques is
necessary to fully harness the reinforcing effects of nanoparticle fillers, even in situations where

achieving uniform dispersion of nanoparticles in polymers may be challenging.
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2.6.6. Physical principles of miscibility

The strength of the interface between the filler and polymer plays a critical role in the development
of nHA/polymer nanocomposites. Insufficient adhesion between the two phases can lead to
premature failure at the interface, resulting in a decrease in mechanical properties, particularly
tensile strength [137].

0c > 90°

Fig. 2.13. Wetting of different fluids: A) Hydrophobic surface with contact angle >90°, B) Hydrophilic surface with
contact angle angle <90°(Adapted with permission [137]).

The process of wetting is crucial for achieving strong bonding and adhesion between the filler
surface and the polymer, and this is influenced by the hydrophilicity or polarity of the filler and
the presence of polar groups on the polymer. Hydrophilicity is the property of a molecule to have
atemporary bonding ability with water through hydrogen bonding. On the other hand, hydrophobic
substances primarily interact with themselves and other substances through van der Waals forces,
lacking the capacity to readily form hydrogen bonds [138]. The phenomenon of wetting is
influenced by the surface energies, or surface tensions, of the interfaces involved, with the
objective of minimizing the total energy. The extent of wetting is described by the contact angle,
denoted as ¢c, which represents the angle formed between the liquid-gas interface » . and the
solid-liquid interface y, (as shown in Fig. 2.13). When the contact angle is less than 90 degrees,
the liquid will spread over a larger surface area, indicating a wettable surface that is often referred

to as hydrophilic [137,139]. Conversely, a contact angle of 90 degrees or greater characterizes a

non-wettable surface, commonly known as hydrophobic.
2.6.7. Phase Functionalization

In nanocomposites, the interphase refers to the region between the matrix and the nanoparticles or
filler materials and interface referes to boundary or contact region between nanoparticle and the
matrix. It plays a crucial role in determining the overall properties and performance of the

nanocomposite material. Although various polymer nanocomposites have been studied to obtain
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bone substitutes with improved mechanical properties and bioactivities [140-144], when it comes
to enhancing the properties of nanocomposites, researchers are still struggling with filler-matrix
interface adhesion and filler dispersion in the polymer matrix [145,146]. By employing phase
functionalization techniques, it is possible to modify the interphase of nanocomposite materials
and enhance bonding between nanoparticles and matrix. This involves introducing additional
functional groups to both the polymer matrix and the surfaces of nanoparticles, which can result
in enhancing interfacial bonding between the components, leading to improve the dispersion of
nanoparticles within the matrix. This approach has the potential to significantly enhance the
mechanical properties of the developed nanocomposite materials. By incorporating different
chemical groups through functionalization, it is possible to customize the strength,
biocompatibility, and biodegradability of biopolymers according to specific requirements and
desired properties [147,148]. Depending on the type of functional groups, functionalizing polymer
matrices can improve mechanical properties through various mechanisms. This includes
promoting better dispersion and bonding with reinforcing materials, introducing crosslinking sites
or reactive groups to enhance intermolecular forces, incorporating toughening mechanisms for
improved resistance to crack propagation and fracture toughness, and modifying the molecular
structure to affect chain mobility and crystallinity, ultimately leading to enhanced mechanical
properties in nanocomposites. Plant or vegetable oil-derived biopolymers are preferable to animal-
derived natural polymers because of their greater availability and potential to reduce carbon
emissions [149-151]. They have demonstrated remarkable promise for the production of a wide
range of polymers, including polyesters, polyolefins, and polyurethanes [152,153]. For example,
acrylated epoxidized soybean oil (AESO) is created by first adding epoxides to the unsaturated
triglyceride chains of soybean oil and then replacing the epoxides with acrylate groups [154—156].
These functionalized acrylates may be polymerized using light-assisted free radical polymerization
to produce a variety of multifunctional thermosets [157-159]. The remaining hydroxyl groups (2—
3 -OH groups per molecule) from AESO's acrylate functionalization, however, cause less robust
cross-linking and increase viscosity through hydrogen bonding. It is beneficial to substitute these
-OH groups with additional acrylate/methacrylate groups that may be polymerized by comparable
procedures in order to increase processing simplicity and degree of crosslinking which may result

in enhanced mechanical properties [160]. Furthermore, the strength of polymerized AESO is rather
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low, which encourages additional functionalization to increase crosslinking and increase the

strength of the resultant thermosets [161].

Surface modification of inorganic nanoparticles has attracted a great deal of attention because the
covalent attachment modifier resists desorption from the particle surface [124]. Furthermore, a
fine adjustment of interfacial properties in nanocomposites with chemically prepared nanoparticles
may be accomplished by inserting modifiers containing reactive groups, which aid in the formation
of chemical bonds between the fillers and the matrix polymer. Among the numerous procedures,
coupling agent treatment is the most common to implement which may help produce
nanocomposites with robust interfacial bonds between polymer matrices and nanoparticles. To
increase the adhesion and interface between inorganic fillers and polymer matrices a range of
coupling agents such as silane, titanate, and zirconate have been utilized [5,123,124,162-165]. To
achieve bone-like properties in nanocomposites, two crucial factors are important. First, there
needs to be a strong interfacial adhesion between organic polymers and inorganic hydroxyapatite
(HAp). This contributes to enhanced mechanical properties. Second, the uniform dispersion of
HAp at the nano-level within the polymer matrix is essential. This not only improves
biocompatibility but also facilitates cell adhesion and proliferation due to the increased specific
surface area and favorable mechanical properties [133,166,167]. To enhance these properties,
various coupling agents and polymers have been employed to modify the surface of HAp nano-
crystals, representing ongoing efforts in this field [167-182][135]. Although successful nHA
grafting was demonstrated within the studied coupling agents (Fig. 2.14), it should be noted that
not all compositions may be suitable for load-bearing applications. Additionally, certain coupling
agents may exhibit limited biocompatibility, making them unsuitable for use in bone
reconstruction technologies. Furthermore, some of the coupling agents may lack sufficient

rheological properties required for 3D printing purposes after nHA grafting.
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Fig. 2.14. Silane grafting of nHA particles (Adapted with permission [183]). Silanized nanohydroxyapatite (Si-nHA)

has been shown to improve bioactivity more than nHA [184,185].
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Furthermore, the impact of surface functionalization of nHA on the resulting mechanical properties
as well as dispersion within the polymer matrix, has received limited attention in the existing
literature. This knowledge gap poses a significant challenge in the field of developing nHA-based
biopolymer nanocompsoites. Therefore, there is a clear need for further research and development
in order to create a NnHA polymer nanocomposite system that exhibits improved interfacial
properties and enhanced dispersion. Such advancements are crucial for the successful development
of a mechanically robust bone-inspired 3D printable nanocomposite system suitable to be used in
bone reconstruction technologies.

2.7. Computational Modeling of Nanocomposite Materials

Due to the use of polymer nanocomposites in demanding industrial and consumer applications
(such as automotive, electronics, aviation and biomedical fields), a reliable product design depends
on the accurate prediction of the deformation and failure of these materials [186]. Conducting
experiments at the nanoscale is costly, and a proper design of experiments and determining the
correlation between process, microstructure, and property for these materials is challenging for
early design purposes. On the other hand, formulating analytical models can be challenging, and
solving them can be complex. Furthermore, analytical models have limitations in accurately
describing the intricate microstructure of nanocomposites, their nonlinear material behavior, and
assessing local failures within these systems and they struggle to capture the complexity of
nanocomposite structures [187,188]. Numerical modelling may serve as a valuable tool for
investigating the properties of polymer nanocomposites across various length scales. These models
offer valuable insights into the mechanical, thermal, electronic, and optical properties of
nanocomposites [187-189]. Numerical modeling aids engineers and scientists in optimizing the
design and performance of nanocomposites for specific applications, by simulating their behavior
under different circumstances. One particular approach to numerical modeling of nanocomposites
involves molecular dynamics simulations[190-192]. These simulations employ classical
mechanics to simulate the behavior of individual atoms and molecules within a nanocomposite.
By simulating the interactions between these particles, molecular dynamics simulations can
provide information on the mechanical properties of a nanocomposite, including its strength and
elasticity [187,191,193]. One drawback of molecular dynamics (MD) simulations of

nanocomposites compared is the limitation in scale. MD simulations typically operate at the atomic
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or molecular level, providing detailed information about the interactions and behavior of individual
particles. However, this level of detail comes at the cost of limited system size, making it
challenging to capture larger-scale structural behavior. FEM computational micromechanical
modelling of nanocomposites is another simulation approach which can provide an opportunity to
broadly observe and investigate the behaviour of these materials and to predict the mechanical
properties and failure process for different material systems. Since the local stress/strain fields in
the constituent materials can be determined, local failure can also be simulated for multiple loading
conditions using computational micromechanics [187]. Nevertheless, micromechanical modelling
can be computationally expensive. Computational micromechanics is often used as a design tool
to tailor a material system for a specific application, and once the material is designed, the
mechanical properties can be verified with experiments. Several components must be considered
in computational micromechanics, including effective representative volume elements (RVE),
applying an appropriate constitutive model for describing the mechanical behaviour of each
constituent, their required material constants and employing appropriate periodic boundary

conditions.

Computational micromechanics analysis allows for the accurate depiction of the reinforcement
phase size, geometry, and spatial dispersion, which can lead to improved prediction of effective
mechanical properties (i.e. homogenization) when compared to analytical models that require
several assumptions to be made [194]. Several studies have investigated the micromechanical
modeling of different nanocomposite systems. A 3D FE micromechanical model was introduced
by Aghdam et al. in order to examine the impact of thermal residual stress, fiber coating, and
interface bonding on the transverse behavior of MMC (Metal Matrix Composite) under various
loading conditions such as unidirectional, biaxial, and shear loading [195-197]. Wagih et al. [25]
utilized a 3D finite element (FE) model to predict the microhardness and the strengthening
mechanisms in Al-SiC nanocomposites. Ahmadi et al. [198] conducted an examination of the
mechanical properties of a polyethylene matrix reinforced with carbon nanotubes and carbon
fibers. They employed a stochastic finite element (FE) method and molecular dynamics (MD)
simulations for their analysis. Mirkhalaf and Barthelat developed an RVE-FEM model to evaluate
the longitudinal performance of nacre-mimetic composites [199]. Mesfin et al. [200] investigated
the elastic properties of carbon nanotube (CNT) reinforced polymer nanocomposites and validated

them with experimental work. Malgorzata et al. [187] studied the influence of carbon nanotube
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(CNT) arrangements on the elastic properties of CNT-based nanocomposites using the finite-
element method (FEM) and representative volume element (RVE) approach. Liu and Chen
[201,202] also employed RVE approach to investigate the elastic properties of CNT-reinforced
polymer nanocomposites under two loading cases. There are several more studies in the literature
which employed micromechanical modeling to study effect of different parameters on the elastic
properties of polymer nanocomposites, especially CNT polymer nanocomposites [203-209].
The findings of these investigations demonstrate that the FEM micromechanical modelling is
capable of predicting the mechanical properties of nanocomposite systems. While it is crucial to
employ micromechanical modeling to predict the elastic properties of polymer nanocomposites as
an initial and essential step in their characterization, in order to use these models as a more precise
design tool, it is important to consider their nonlinear elastoplastic behavior to comprehend failure,
strength, damage initiation and evolution [210]. Bao et al. [211] investigated the role of non-
deformed particles in reinforcing ductile matrix materials against the plastic flow was investigated
theoretically. To determine how particle size affects plastic behaviour under uniaxial tension in
nanocomposites, Qu et al. [212] employed theories of strain-gradient plasticity. Wang and Huang
[213] introduced comparative analytical micromechanics models to investigate the elastoplastic
behavior of long fibrous composites. Asiri et al. [214] presented a finite element (FE) model to
simulate the nanoindentation process on elastoplastic nanocomposites, encompassing loading and
unloading phases. Thanh et al. [215] introduced a nonlinear numerical model aimed at capturing
the influence of small-scale effects on the geometrically nonlinear behaviors of micro-plates

composed of carbon nanotube-reinforced composite materials.

In recent years, there has been a notable increase in attention towards the field of nano-
hydroxyapatite (nHA) based polymer nanocomposites, which is actively being researched for its
applications in bone reconstruction technologies. While numerous studies have investigated the
experimental aspects of the mechanical properties of nHA-based polymer nanocomposites
[5,77,160,216,217], there is a noticeable scarcity of research focusing on computational modeling
of these material systems [218,219]. Computational models play a crucial role in providing
detailed insights into the behavior and properties of these nanocomposites, offering valuable
predictions and understanding of their performance. To bridge this gap, there is a pressing

requirement for comprehensive FEM micromechanical modelling approaches that can accurately
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capture the behavior of nHA-based polymer nanocomposites. Such models would enable
researchers to delve deeper into the material's mechanical response, predict its behavior under
different loading conditions, and optimize its design for specific applications in bone
reconstruction. By developing robust computational models, researchers can conduct virtual
experiments, simulate the nanocomposites' response to various external factors, and assess their
long-term performance. This detailed micromechanical modelling approach would facilitate a
better understanding of the complex interplay between these nanocomposite constituents, the

nonlinear behavior of polymer matrix, interface interactions, and elastoplastic mechanical

properties.
s N\ \
Constitutive
Material Model
. 7
. . A 4 N \
Biopolymer Matrix
Characterization >_ Material Model
L Experiments L )
4 N\
Material Model Micromechanical Finite
Calibration, Verification RVE Generation >_ Element Model
\ and Validation ) y, Simulations
J g
Applying Periodic FE Solver
Boundary Condition
\ 7 J

Fig. 2.15. Steps involved in micromechanical FEM modelling of nanocomposite systems.

In commercial finite element (FE) software, material constitutive models and their associated
parameters are utilized to simulate and capture the behavior of materials during simulations. To
obtain these material constants, various characterization experiments are conducted on the material
being studied. The obtained data is then used to calibrate, verify, and validate the constitutive
models, ensuring their accuracy in predicting the material's behavior (Fig. 2.15). In computational
micromechanics, it is important to define the appropriate volume of the material that will allow for
accurate prediction of the effective (macroscopic) response. The volume (V) must be large enough
to include a sufficient number of reinforcements and must statistically represent the material
microstructure while respecting the randomness of phases, phase volume fraction and size [220].
However, the RVE must be small enough to be considered a material point in an effectively
homogeneous continuum for continuum-based analysis [221]. Additionally, practical
computational costs must be taken into account, ensuring that the size of the RVE remains feasible

for computational simulations [220].
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Computational micromechanics can be used to define the effective mechanical properties of the
material, where either a homogeneous displacement (strain) or stress is imposed on the surface of
the RVE. Several types of boundary conditions can be prescribed on the RVE surface [222]. The
underlying assumption is that the averaged stresses/strains over the RVE are equivalent to the
related macroscopic values (i.e. the imposed homogeneous stresses/strains). If the RVE is
subjected to an imposed macroscopically homogeneous stress or displacement field on its surface,
without any body forces, then the volume-averaged stresses, {d;,}, and strains, {£;;}, are defined

as:

— 1 1 — 1 1
O-ij = ;J‘V O'ijdV, Eij = ;fV EijdV (23)

Where g;; are the local or micro stresses, and ¢;; are the local strain components. The development
of an effective numerical tool to predict the properties of nanocomposites based on their complex
multi-phase and multiscale structure is still at an early stage [223]. In the context of
nanocomposites, developing a realistic RVE is essential for accurate micromechanical modelling
of nanocomposites. The RVE requires careful consideration of the microstructural features and
should accurately capture the spatial distribution, particles’ orientation, size distribution and
interactions of the nanoparticles within the matrix. This requires careful consideration of factors
such as particle size, shape, volume fraction, and interfacial properties. While creating truly
realistic RVEs in nanocomposite modelling is challenging, it is feasible to enhance the realism of
RVEs to capture the microstructure studied nanocomspoite system by utilizing experimental data,
such as microscopy images or characterization techniques, to capture the material's microstructure.
Sophisticated image analysis techniques can help extract relevant information about the
distribution and arrangement of nanoparticles within the matrix. In addition to the geometric
aspects, incorporating realistic material properties within the RVE is also crucial. This includes
accurately representing the mechanical properties of the matrix, nanoparticles, as well as the

interfacial properties between the matrix and nanoparticles.
2.7.1. Constitutive Material Model for elastoplastic deformation of Polymer Matrix

For particulate-reinforced polymer composites, computational micromechanical analysis requires

an accurate representation of the polymer matrix phase. The mechanical properties of solid
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polymers are a consequence of their chemical composition and their structure at the molecular and
supermolecular levels [224]. It is demonstrated that the basic plastic deformation mechanisms in
polymers occur when polymer chains tend to untangle and reorient [225]. At this stage, the
polymer chains start to slide past each other, leading to the formation of permanent molecular
rearrangements. In classical plasticity theory, several assumptions have often been included
regarding the yield behaviour of different solids. These are: the material is isotropic and
homogeneous, yielding is not influenced by the hydrostatic component of the stress state, tensile
and compressive yield strengths are equal, and deformation proceeds under constant volume.
Although these assumptions are reasonable for ductile metals, they are incorrect for polymers.
Each yield criterion corresponds to a specific surface in the principal coordinate. For example, a
cylindrical surface corresponds to the Von Mises yield criterion, and a hexagonal prism represents
the Tresca criterion, both applicable to materials whose plastic flow is independent of hydrostatic
pressure, such as some metals. A hexagonal pyramid is a modified version of the Tresca criterion

and represents the Mohr-Coulomb yield criterion.

Polymers have different yield strengths under compression, tension, and shear, and also exhibit
pressure sensitivity. There have been several detailed investigations conducted on the influence of
hydrostatic pressure on the yield behaviour of polymers [226-232]. In contrast to many crystalline
materials where shear deformations are typically unaffected by hydrostatic pressure, the shear
stress-strain behavior of most polymers can be influenced by their hydrostatic stress [233] (Fig.
2.16). When subjected to compressive normal stresses, polymer materials generally exhibit
increased elastic modulus and vyield strength [234]. This pressure-dependent behavior of
deformation can be attributed to the reduction of free volume within the polymer, resulting in

enhanced resistance to molecular mobility [235].
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Hydrostatic pressure increase
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Fig. 2.16. Stress-strain curves in compression at various hydrostatic pressures for a glassy polymer [234].

The Drucker-Prager model is a constitutive model commonly used to describe the elastoplastic
behavior of polymers [236-242]. It is particularly applicable to materials that exhibit pressure-
dependent plasticity and are subject to compressive loading conditions. The Drucker-Prager model
was developed by smoothing the surface described by the Mohr-Coulomb yield criterion and

making modifications to the VVon Mises yield criterion [243-245].

Mohr-Coulomb
Yield Criterion

Drucker-Prager
S, Yield Criterion

Fig. 2.17. Mohr-Coulomb and Drucker-Prager yield criterion in principal coordinates (Adapted with permission
[244]).

This model considers both the dilatational and deviatoric components of stress and can capture
phenomena such as plastic yielding, strain hardening, and the influence of hydrostatic pressure on

the material's behavior [243].
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VVon Mises yield criterion does not explicitly consider pressure and assumes that yielding depends
solely on the deviatoric stresses. It is most commonly used for materials like metals. The Drucker-
Prager model accounts for pressure dependency by including the hydrostatic pressure terms in the
yield function, which makes it more complex due to these additional parameters (Fig. 2.18). So, it

can model materials with various pressure sensitivities such as polymers and cohesive soils.

a) b)
03

g1

Fig. 2.18. a) The von Mises yield criterion b) The Drucker-Prager yield criterion. o1, o2, 63 denote the principal stresses
and P = (o1 + o2 + o3) / 3 is the hydrostatic pressure. The von-Mises yield surface is constant while it changes with

pressure in the Drucker-Prager model.

The corresponding yield function is defined by:

®(o0,0.,0;) = \/]_2 +al; - (2.4)
Where a and g are material parameters defined as follows:

Uyc - O-yt
a =
\/3(03,6 + oyt)

(2.5)
20y:0y¢

B \/3(O'yc + oyt)

where o, and o are the compressive and tensile yield stresses, respectively, J, is the second
invariant of the deviatoric stress tensor, and Iz is the first invariant of the stress tensor (i.e. mean
stress). This criterion includes the above-mentioned dependency on hydrostatic pressure and

different yield stresses in tension and compression. This scalar function restricts the region in the
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stress space where any point inside the surface, ® < 0, is in the elastic domain and any point on
the surface, ® = 0, corresponds to plastic yielding and the material begins suffering permanent
plastic strains the material. The material can also undergo hardening, i.e. the yield stress increases
as the plastic strains accumulate. As the hardening variables increase in value, so the yield surface
expands. This effect is known as isotropic hardening. In the most general case, the surface can
even change its shape or translate in the stress space which in this case is known as kinematic
hardening. Another important component in constitutive modelling of plasticity is defining a
proper flow rule that can be used to determine the amount of plastic deformation in the material
and is used to describe the relationship between the strain increment and deviatoric stress tensor
for the plastic behaviour of materials [246].

The Drucker-Prager model can be further modified to account for additional effects, such as strain
rate dependency, temperature effects, and different loading conditions [236]. Modifications can be
made by introducing additional terms or modifying the parameters in the model equations. To
apply the Drucker-Prager model to polymer materials, specific material parameters such as the
friction angle (¢) and cohesion (c) need to be determined through experimental testing or obtained

from existing literature.
2.7.2. Polymer Characterization Experiments

Synthetic polymers consist of long repeating molecules formed through synthesis and organic
polymers contain carbon-based molecules [247]. Polymers have some advantages over the other
matrixes, e.g they can be manufactured into complex shapes through near-net shaping processing
at low costs, they have low density; high strength-to-weight ratio, they are corrosive resistant, they
have low electrical and thermal conductivity [247]. On the other hand, they have some
disadvantages like low-temperature limits (up to 300° C, but typically < 150° C), susceptibility to
moisture degradation, low stiffness, and high thermal expansion coefficient (not desirable for
composite processing). Polymers are categorized into three different types: thermoplastics,
thermosets, and elastomers. The first two types are most common in composites. The main
physical differences between thermosets and thermoplastics are that the thermoplastics can be
remelted back into a liquid, whereas thermoset plastics always remain in a permanent solid-state
[248]. Table 2.1. summarizes the differences between thermosets and thermoplastics briefly.

Thermoset polymer materials which are the focus of the current study, are extensively used in the
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fabrication of composite materials and as structural adhesives, making them highly prevalent in
various applications [249]. Consequently, the stress-strain behavior of these materials has been

extensively documented in the literature.

Table 2.1. Thermosets vs Thermoplastics features

e They soften and flow for processing when heated e Solid materials at RT, but soften or melt when heated which

allows for economical shaping of parts

e High temperatures produce a chemical reaction that hardens e Can be subjected to repeated heating and cooling cycles without
and permanently sets the material into a solid (i.e., curing) significant degradation (reversible process)

e If reheated after curing, thermosets decompose and char rather e Allows for economical shaping of parts
than melt

e Asaresult, they are not re-shapable or recyclable o Beneficial for reshaping or recycling

e Curing involves an irreversible chemical process that changes e Molecules are held together by weak bonds that soften when
the molecular structure of the polymer which forms strong exposed to heat and return to their original condition when

covalent bonds between molecules cooled back down to room temperature

The mechanical properties of thermoset polymers are influenced by several internal factors, such
as the chemical structure, curing agent, the polymerization degree, and crosslink density [250—
253]. When subjected to quasi-static uniaxial compressive loading, a highly cross-linked epoxy
material follows a representative stress-strain curve, exhibiting four distinct deformation stages
(Fig 2.19): elastic, initiation of plastic flow, strain-softening, and either strain hardening or re-
hardening [254]. In the second stage of deformation (stage 1), the transition from elastic to plastic
deformation takes place, marked by the onset of plastic flow. Determining the yield point (yield
stress) traditionally involves identifying the stress value at which the material's deformation is no
longer fully reversible. However, in the case of many polymers, distinguishing between elastic and
plastic deformation is often not straightforward [255]. As a convention, the yield point can be
defined as the point where the stress no longer increases with increasing strain, commonly referred

to as the local stress maximum [256].
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Fig. 2.19. A representative compressive stress-strain curve for glassy polymers [249].

To gain a deeper understanding of how a newly developed polymer system behaves under stress
and determine its yield strengths, several mechanical tests are necessary. To define the material
parameters for the Drucker-Prager model, it is essential to establish the tensile and compression
yield strengths to calibrate the constitutive model for the current studied polymer system.
Achieving accurate results in micromechanical simulations relies on verifying and validating the
material models employed [249][247]. Material model verification ensures that the
implementation of the model aligns correctly with the constitutive equations. This involves
virtually testing the material parameters obtained from associated experiments and comparing the
finite element (FE) results with the experimental data. By performing single element simulations
using a commercial finite element code, the constitutive model parameters can be verified and
adjusted to match the measured experimental data [247]. On the other hand, material model
validation is crucial to ensure that the constitutive model accurately represents the behavior of
real-world materials. During this process, the proposed material model parameters are validated
by comparing the results of independent experiments conducted on test specimens with those

obtained from a computational model that incorporates the calibrated constitutive model.
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Chapter 3
Research Objectives and Hypothesis

3.1. Objectives and Hypothesis

The design of bone-inspired nanocomposites for advanced bone reconstruction technologies
reveals that it is important to have biocompatibility and bioactivity as well as adequate mechanical
properties to bear physiological loads similar to those experienced by cortical bone. Hence, a
thorough investigation is required to study all the mentioned features in any material system
designed for this purpose. To facilitate the design and production of bone-inspired nanocomposite
systems for future use in bone reconstruction technologies, it is necessary to conduct a
comprehensive study aimed at further modifying the 3D printable nHA-reinforced AESO-based
polymer nanocomposite inks previously developed in the Waterloo Composite Biomaterial
Systems Lab. The current thesis focuses on an important aspect of this comprehensive study, which
involves enhancing the mechanical properties of the nanocomposite so that it can withstand the
physiological loads exerted on the cortical bone following grafting. To achieve this goal, it is
necessary to further characterize and modify these new material systems and develop robust design

tools for assessing the mechanical performance of these bio-inspired nanocomposites.

Enhancing the mechanical properties of 3D printed bone-inspired nanocomposite grafts can be
achieved by addressing various length scales, ranging from the nano to macro scale. Key factors
that significantly influence the mechanical performance of these 3d printable nanocomposite grafts
include nanoparticle selection, dispersion, matrix material choice, interfacial bonding, and
optimization of printing process parameters. These factors operate at the nano-micro scale and
play a critical role in the successful fabrication of nanocomposite structures with the desired
mechanical properties. In addition, by implementing suitable micromechanical computational
modelling, it becomes possible to gain further insights into the mechanisms that can enhance the
mechanical properties of these bone-inspired nanocomposites to help engineers in the early design
stage of these materials. This research endeavour aims to contribute to the long-term goal of

developing a mechanically competent nanocomposite system by pursuing four main objectives.

Objective 1: The primary objective of this research was to conduct a process study aimed at

investigating the impact of enhanced shear during extrusion-based 3D printing on the mechanical

43



properties of a 3D printable bone-inspired nHA-reinforced AESO-based biopolymer
nanocomposite and how the morphology of the thermoset biopolymer matrix will change under
high shear extrusion. The hypothesis was that higher applied shear stress during extrusion would
result in polymer chain alignments and increased crystallinity in the biopolymer matrix, more

particle alignment and fewer defects, and thus greater tensile strength.

Objective 2: The second objective of this project was to investigate the impact of augmenting the
AESO biopolymer matrix with methacrylate groups, along with heat treatment of nHA particles
on mechanical properties. The goal was to examine how these modifications influence the
dispersion, ink rheology, and mechanical properties of 3D printed nanocomposite filaments
extruded under high shear conditions. Our hypothesis posits that heating nHA would enhance the
dispersion of nHA, and the additional functionalization of the biopolymer matrix would result in
increased cross-linking, all leading to improved tensile and thermo-mechanical properties of the

developed nanocomposite system.

Objective 3: The third objective was to develop a new approach for improving the interfacial
bonding and achieving nanoscale dispersion of nHA particles within our nanocomposite system.
Our aim was to integrate a novel mechanical dispersion process and an innovative surface
functionalization technique to achieve nanoscale dispersion and enhanced interfacial bonding
between nanohydroxyapatite (nHA) and the biopolymer matrix which would lead to improved
mechanical properties of the nanocomposite system. The decision to use of mSLA 3D printing in
the continuation of the current research was made due to the manufacturing defects generated by
DIW 3D printing. The volume fraction of nHA was lowered to 5% due to the different mechanism
involved with this type of additive manufacturing, requiring low viscosity inks while maintaining
the same ink components. It should be emphasized that the nHA functionalization technique
developed in this objective can also be used with inks with higher volume fractions.

Objective 4: The fourth objective was focused on developing a computational tool to enable the
prediction of the elastoplastic mechanical performance of newly developed bone-inspired 3D
printable nano-composite. The micromechanical FE model would enable accurate prediction of
the plastic failure response of these nano-composites. The ability to comprehensively and precisely
predict the nonlinear response at the sub-micron-scale would depend on an accurate and realistic

geometrical representation of the distribution and randomness of the inclusions in the matrix
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material and on the definition and implementation of a proper constitutive model for each
constituent of the nano-composite. To calibrate the constitutive model for the functionalized-

AESO biopolymer matrix, mechanical characterization experiments were required.

3.2. Scope of Work

Initially, a process study was conducted to investigate the effects of applied shear stress during
extrusion-based 3D printing on the mechanical properties of the AESO-PEGDA-nHA
nanocomposite biomaterial (Task 1.1). The shear stress during extrusion was controlled by
changing needles' length and applying pressure. Tensile tests were conducted on different cases to
study the effect of applied shear stress ranging from 3.5 kPa-14 kPa on the mechanical properties
of extruded nanocomposite filaments (Task 1.2). To interpret the changes in the mechanical
properties of the nanocomposite, differential scanning calorimetry (DSC), scanning electron
microscopy (SEM) and Polarized Light Microscopy (PLM) images were obtained (Task 1.3).

Two groups of novel ink compositions (MSP30-mSP30h) (functionalized biopolymer matrix with
and without nHA heat treatment) were developed for the first time in the WCBS lab by further
functionalizing the biopolymer matrix and nanocomposite filaments were extruded with the
highest shear condition obtained in the first objective (Task 2.1). Tensile tests and dynamic
mechanical analysis were conducted on extruded nanocomposite filaments (Task 2.2). To interpret
the mechanical properties, further DSC and TGA characterization along with further SEM image
analysis was conducted to investigate the effect of nHA heat treatment and functionalization on

the dispersion and morphological properties of the nanocomposites.

Following several trials of methods for surface functionalization of nHA, a new series of inks was
prepared by incorporating modified nHA particles with the functionalized AESO as a biopolymer
matrix. To refine the raw nHA, centrifugation was performed in multiple steps, followed by further
reaction with Barium as the multi-valent cation and functionalization with sulfopropyl
methacrylate (Task 3.1). The effects of these modifications on nHA dispersion and nHA-matrix
interfacial bonding were investigated through multiple characterization techniques, including
EDX, FTIR, TGA, EDS, rheology analysis, and advanced image analysis using TEM (Task 3.2).
To assess the influence of nHA dispersion and SPM functionalization on the mechanical properties

of the nanocomposite system, dogbone samples were mSLA printed. These samples were
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subjected to tensile testing and served as validation data for comparison with computational

micromechanical results (Task 3.3).

Realistic representative volume elements (RVE) were developed for precise finite element
modelling using commercial Digimat software which facilitated the generation of RVESs capturing
the microstructure of the phase-functionalized nanocomposite system such as the shape, size,
aspect ratio, random dispersion, size distribution, and nanoscale agglomerations of the nHA
particles (Task 4.1). Polymer characterization experiments were conducted, including tensile,
compression and shear tests on mSLA-printed functionalized biopolymer dogbone, cylinder and
shear butterfly samples (Task 4.2). The Drucker-Prager elastoplastic constitutive model was
calibrated, verified and validated for the developed functionalized biopolymer matrix (Task 4.3).
The generated RVES were imported into Digimat-FE, with periodic boundary conditions applied,
to perform micromechanical simulations. The initial objective was to validate the elastic properties
of the developed RVEs by comparing them with experimental data. Parametric studies were also
conducted to explore the influence of nHA dispersion on the orthotropic elastic properties.
Subsequently, the elastoplastic Drucker-Prager material model was applied to the generated RVEs,
to compare the micromechanical model's predicted elastoplastic behaviour with experimental
results (Task 4.4).
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Chapter 4
The Effects of Shear Stress on the Micromechanical Properties of 3D
Printable Biopolymer Nanocomposites Using a Custom-Designed

Extrusion-Based 3D Printer

4.1. Introduction

Various materials are used for bone regeneration, including autografts, allografts, and synthetic
bone substitutes. The known issues with the current methods, such as immune rejection, revision
surgeries, stress shielding, mechanical failures, and disease transfer, which all lead to poor life
quality of the patient during the treatment period, hamper their widespread clinical applicability
[13,14,257]. Therefore, the development of alternate effective bone substitutes is imperative.
Bone-inspired biopolymer nanocomposite grafts with biocompatiblity and osteoconductive
features are new alternatives to traditional bone substitutes, with the potential to overcome some
of the aforementioned disadvantages [18,258]. Bone-inspired polymer nanocomposite
biomaterials offer several benefits over conventional biomaterials such as metals, ceramics,
polymers, and their composites [259-264]. Their nanoparticle reinforcements provide high
surface-area-to-volume ratios, which improve mechanical properties and load-bearing features
[20,84]. Moreover, nano-scale hydroxyapatite mimics bone minerals and improves
biocompatibility [63,84].

It has been discovered that modifying the structure of polymer nanocomposites,opens up new
opportunities for bio-inspired material systems. However, there are still obstacles that inhibit
control of the nano-scale characteristics of these materials during fabrication. Owing to the
limitations in manufacturing nano-scale hierarchical architectures while addressing the
biocompatibility of materials, research on the design of bio-inspired nanocomposite biomaterials
has received relatively little attention. Choosing an appropriate material composition and
manufacturing method will help overcome some of these obstacles and pave the way for emerging
bio-inspired nanocomposite biomaterials with superior mechanical properties and biocompatibility

[7,136] that can be used in various biomedical applications, including bone reconstruction.
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In the fabrication of bone substitutes, various features, such as chemical composition,
nano/microstructure, and hierarchical structure, can be inspired by the bone tissue. A broad range
of polymers, hydrogels, inclusions, and manufacturing procedures, such as gel casting, freeze
casting, hot pressing, and slip casting, have been studied for the design and manufacturing of bio-
inspired composite materials, including bone-mimetic composites [44,46,48,96,265-270].
Although some of these fabrication techniques have produced promising results, their main
drawback is a lack of control over the microstructure, which prevents them from producing
hierarchical and complex structures like those found in natural composites. Moreover,
conventional biomaterials have disadvantages in that they either lack sufficient mechanical
properties or are unable to assist in the production of new bone (osteoconduction and

osteoinduction), making them inadequate for bone repair [271-273].

Additive manufacturing techniques such as 3D printing have recently aided advances in tissue
engineering for the regeneration and healing of damaged tissues, including bone tissue, owing to
their particular manufacturing features such as the development of precise and patient-specific
structures [274]. Direct Ink Writing (DIW), which is an extrusion-based 3D printing technique,
can be used to fabricate bone-inspired nanocomposites with the ability to regulate how nanoscale
inclusion orientations are arranged and layers of the structure at greater length scales [275]. DIW
is an adaptable technique for cost-effective fabrication of customized on-demand products.
Although it is not possible to achieve a precise and sophisticated structure of natural biological
systems with human-made technologies, the aforementioned features suggest that DIW offers an
exciting means for the fabrication of synthetic heterogeneous materials and hierarchal structures
with increasing complexity and performance [19-21]. Therefore, developing a material
composition in conjunction with an efficient manufacturing technique capable of mimicking the
bone structure from the micro-to macroscale is of great interest. Bone is a hanocomposite on the
microscale with a cylindrical hierarchal structure on the macro scale, all of which contribute to the
superior mechanical properties of bone. Clearly, the arrangement and structure play key roles in
enhancing the mechanical properties of bone-inspired nanocomposites, even with keeping the
chemical composition of the composite. Using a layer-by-layer procedure, continuous "ink"
filaments are extruded via a needle or nozzle using the DIW technology in order to produce
complex 3D multiscale structures with design-specific properties [276], [20]. Current additive

manufacturing (AM) technologies often do not use a rotating axis, limiting their use in the
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manufacture of tubular structures [277]. Few custom-built extrusion-based mandrel-bed 3D
printers for printing concentric layered structures using hydrogels or thermoplastic materials have
been reported in the literature, with printing structures restricted to two concentric layers [277—
282]. A mandrel-bed DIW 3D printer, which deposits nanocomposite filaments in concentric
layers, can help produce bone-inspired structures that mimic bone features at different length
scales and provide the opportunity to improve mechanical properties at both micro and macro
scales. Zhang et. al [283] fabricated microscale fibrous tissue scaffolds on a rotational madrel using
melt electro writing (MEW) additive manufacturing method. According to the best of the authors'
knowledge, there is no custom-designed 3D printer in the literature that has demonstrated the
possibility of printing multilayered hierarchal tubular bone-inspired structures using 3D printable
nanocomposite biomaterials with the ability to adjust the shear stress during extrusion along with
the flow rate. To begin designing such bone-inspired structures, it is necessary to first understand
the microstructure of the extruded nanocomposite biomaterial filaments and their contribution
towards enhancing the mechanical properties. A key technical challenge for successful DIW is the
composition of inks for optimum rheological behavior [284]. The ink must have sufficient
viscosity to permit smooth flow during extrusion, while simultaneously exhibiting shear yield
stress and elasticity to prevent deformation and flow of the deposited material after deposition and

before solidification or curing.

It has been shown that the application of the DIW approach provides an opportunity to enhance
the mechanical properties (especially strength) of various nanocomposite materials as a result of
fewer defects and a rise in the degree of crystallinity of the biopolymer matrix. [20]. Moreover,
the particulate and polymeric phases' molecular alignment along the fiber/extrusion axis during
the extrusion process can lead to improved mechanical properties [21]. Although some studies
have demonstrated the effect of extrusion-based 3D printing on the microstructural features of
thermoplastic polymer composites [113-115], the extrusion effects on the micromechanical
properties of thermoset polymer composites are yet to be studied. Gue et al. first reported the
crystallization of epoxy thermosets in a nano-scale confined environment [285]. Later, other
studies demonstrated the creation of nanophase crystals in nanostructured thermosets owing to
confined crystallization [116,117]. It has been reported that the extrusion of short-fiber polymer
composites through a needle can force the shear alignment of polymer chains, as well as align the
fibers and reduce the density of defects [32,96,97]. DIW, like any other extrusion process, has a
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significant driving force for promoting particle alignment in the flow direction. [100]. The shear
stresses causing alignment were more pronounced close to the nozzle wall [30]. Lewicki et al.
[107] demonstrated that the fibre phase in their carbon fibre (CF)-loaded ink was formed up of
randomly aligned dispersed carbon fibres at the start. They found that upon microextrusion
through a DIW print head, alignment of the fiber phase was induced. This effect was also reported
by Compton and Lewis [108] and Tekinalp [109]. Mondal et al. [20] produced filaments of
acrylated epoxidized soybean oil (AESO)/polyethylene glycol diacrylate (PEGDA)/nano-
hydroxyapatite (nHA)-based nanocomposites by using a commercial extrusion-based 3D printer.
They demonstrated that by extruding ink through narrower needles, which limits the number of
possible defects according to the Griffith effect [286], the mechanical properties such as the

strength, modulus, and toughness, of the extruded nanocomposite filaments were improved.

In this study, anAESO- PEGDA based 3D printable nanocomposite ink with good in vitro bone
cell compatibility [20,63,84] was extruded using a custom-designed air-pressure-driven extrusion-
based 3D printer with a post-extrusion UV curing system. To eliminate the Griffith effect [286] on
the mechanical properties of the nanocomposite filaments and to better correlate the extrusion
shear effect with the mechanical properties, the diameter of the extrusion needle was kept constant
during this study. The system allowed the control and measurement of the pressure drop along the
needle during extrusion, thus allowing control of the shear stress in the needle during extrusion.
To tailor the influence of extrusion shear on the final mechanical properties of the nanocomposites,
single filaments were extruded using a controlled shear stress range of 3.5 kPa to 14 kPa by
manipulating the applied pressure and needle length, while keeping the needle diameter constant.
It was hypothesized that the increased shear stress during extrusion would enhance the mechanical
properties, presumably because of the formation of polymer chain crystallites and/or nanoparticle

alignment.

4.2. Materials and Methods

The nanocomposite material studied herein comprised a mixture of room temperature printable
AESO, PEGDA (250 MW), and the photoinitiator phenylibis (2, 4, 6-trimethyl benzoyl) phosphine
oxide (Irgacure 819) (all purchased from Sigma Aldrich Co.), which was reinforced with rod-

shaped nanohydroxyapatite powder (nHA) (~120 nm in length, and 30-40 nm in diameter)
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(MKnano Inc., Mississauga, Canada). These nHA particles are calcium-deficient with a 1.52 ratio

of calcium to phosphorous, a crystallinity index of 0.52-0.54 and a specific gravity of 2.92 [219].
4.2.1. Preparation of 3D printable Nanocomspoite Ink

After dissolving AESO in ethanol, nHA particles were gradually added to the AESO-ethanol
mixture (Fig. 4.1). At each step of the nHA particle addition, an ultrasonic homogenizer (Branson
Sonifier 450, Emerson Inc., USA) was used for 5 min to disperse the particles until the required

quantity of nHA particles was attained (Fig. 4.1).

3D Printable
AESO nHA Particles Nanocomposite

Fig. 4.1. Schematic of the preparation of AESO-based 3D printable nanocomposite inks

PEGDA was subsequently added to the mixture, which was homogenized for 15 min. The ink
composition was 30 vol% nHA (30) with 49 vol% AESO (S) and 21 vol% PEGDA (P). This
composition was denoted as SP30. Finally, Irgacure 819 was mixed in 10% w/v acetone and added
to the ink composition at a volume ratio of 1. %. Ethanol and acetone were evaporated in a vacuum
chamber. During this period, the ink was homogenized for approximately 10 min per day to

maintain particle dispersion.
4,2.2. Characterization of Nanocomposites
4.2.2.1. Nanocomposite Ink Rheology

To obtain the rheological characteristics of the nanocomposite ink, a new batch of ink was prepared
following the same procedure mentioned in Section 2.1, except that the Irgacure 819 photoinitiator
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was not included to avoid curing. A Bohlin CS Rheometer with a cone-and-plate arrangement (150
um spacing) system was used to measure viscosity and shear yield strength of the inks (n = 3) [63].
The experiments were carried out at 25 °C with shear rates ranging from 0.01 s™ to 100 s™*. At 10"

second intervals, the viscosity was measured for each shear rate.
4.2.2.2. Fourier Transform Infrared Spectroscopy (FTIR)

Fourier-transform infrared spectroscopy (FTIR) was performed on the surfaces of the cured
nanocomposite specimens (n=3) to measure their curing and conversion efficiencies. A Nicolet
6700 FT-IR Spectrometer (Thermo Scientific, USA) with a resolution of 4 cm™ and a sample scan
of 32 was conducted to collect FTIR spectra. All spectra were analyzed using OMNIC series
software [136].

4.2.2.3. Thermogravimetric Analysis (TGA)

Using thermogravimetric analysis (TGA), 3D printed nanocomposites' organic-inorganic ratios
and heat degradation properties were examined. Ten to fifteen milligrammes of each
nanocomposite specimen (n = 3) were heated and burned using a TA Q500 device (TA Instruments
Inc., New Castle, DE, USA). A rate of 10 °C/min to 800 °C was applied to the samples during air
heating. The specimens were allowed to equilibrate at 40 °C for 5 min prior to heating. The residual

mass obtained at 800 °C was used to calculate organic-inorganic ratio of the nanocomposites.
4.2.2.4. Differential scanning calorimetry (DSC)

The absorbed energy (endotherm) or released (exotherm) as a function of temperature or time was
measured using DSC which can obtain material properties, such as melting temperature,
crystallization temperature, crystallinity, and glass transition temperature. DSC analysis was
performed on different cases of extruded filaments to investigate how the heat capacity and,
consequently, the enthalpy of melting, which is directly related to the degree of crystallinity in
polymers [117,287], changed with shear stress. The nanocomposite filaments were weighed
(averaging 7+1 mg) before being sealed in Tzero Aluminum Hermetic pans. The prepared pans
were then loaded onto an autosampler and DSC was performed. The specimens were heated to 25
°C at a rate of 10 °C/min for 5 min prior to equilibration. The specimens were then chilled to -25

°C at 10 °C/min before being heated to 350 °C at 5 °C/min. The decomposition temperature
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recorded in the thermogravimetric analysis in [20] was used to determine the maximum
temperature for DSC experiments. Specific heat capacity data were calculated by dividing the heat
capacity data by the specimen mass. The degree of crystallinity for semi-crystalline polymers can
be obtained according to Equation 4.1 [287]:

AH,,

HS, ¢

Xcpsc =

where Xc psc is the degree of crystallinity, AHJ, is the specific melting enthalpy for a 100%
crystalline polymer matrix, which in this study is the AESO/PEGDA polymer matrix [288,289]
and AH,, is the enthalpy of melting which the area beneath the melting endotherm zone of the
specific heat capacity data vs. temperature graphs used to measure it. Because we did not have
information on the value of AH?, for our polymer matrix, we were unable to calculate the degree
of crystallinity in our nanocomposite filaments. Instead, the relative degree of crystallinity was
established by comparing the crystallinity in the different extruded shear cases with that of the cast
specimen. The compositions of the cast and extruded nanocomposite specimens were the same;
therefore, the value of AHY, for all cases was the same. The relative degree of crystallinity was
computed using Equation 4.2 by dividing the determined enthalpy of melting for each case by the
enthalpy of melting calculated for the cast specimen as a control.

AHm,Extrude / 0
_ XC,DSC,EXtrude _ AHp, _ AHm,Extrude

X =
r XC,DSC,Cast AHm.CaSt/AHO AHm,Cast
m

(4.2)

Where X, refers to the relative degree of crystallinity, AH,, gxtruqe IS the enthalpy of melting for

each extruded case, and AH,, ¢4 IS the enthalpy of melting for a cast specimen.
4.2.2.5. Scanning electron microscopy (SEM)

Further SEM and backscattered electron microscopy (BSE) specimens were prepared to observe
the microstructures of the printed filaments. The longitudinal and transverse cross-sections of the
filaments were imaged after they were embedded in a cylindrical mold using an epoxy resin. After
24 h, the resin-embedded filaments were polished sequentially with diamond pastes of 6 um, 0.05
um and 0.01 pum particle size diamond pastes [136]. SEM examination was performed in low-
vacuum mode using a Quanta FEG 250 (ThermoFisher Scientific, USA). Both SEM and BSE
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analyses of high-resolution microscopy are complementary; however, unlike SEM, BSE detects
atomic number variations using high-energy electrons. BSE analysis is highly dependent on the
atomic number of the specimen [290]. As the calcium-deficient nHA particles have a higher atomic
number than the carbon atoms in the matrix, they give off much more intense signals and generate
high-contrast images of our nanocomposite compared with SEM. For fractographic purposes, the
fractured filaments were mounted on SEM stubs without modification and the fracture surfaces

were imaged.
4.2.2.6. Polarized Light Microscopy Imaging

Polarized light microscopy (PLM) with reflected polarization was employed for further
investigation of shear-induced crystallinity in various extrusion cases and cast specimens. The
specimen preparation procedure for POM was the same as that described in section 2.2.5. A Nikon
Eclipse LV-100 upright reflected polarized light microscope obtained the images of the bulk
specimens. Cross-polarization was selected for the polarizer and analyzer. Illumination was
achieved using a Lumencore LED light source, and images were captured using an Infinity 1 color
camera after passing through a quarter-wavelength retardation plate. After capturing the POM
micrographs for further investigation and quantitative comparison of the nucleated crystallinity
sites in different cases, the number and size of the spherulites were measured using ImageJ
software. To ensure consistency, after calibrating the images, a specified ROI of 70 um x 90 um
was chosen, and the triangle threshold and bandpass filtering configuration were used for all

specimens before the measurements were performed.
4.2.3. DIW of Nanocomposite Filaments
4.2.3.1. Mechanics of Extrusion-Based 3D printing

All materials flow when given a sufficient time. The distinguishing feature of polymeric materials
is that their processing times for extrusion are usually of the same order as their time constants for
flow [48]. Viscosity, which represents the material resistance to flow due to the applied shear stress
[291], is the most important flow property. Referring to Fig. 4.2, viscosity is defined as the ratio

of the imposed shear stress to the shear rate, according to Equation 4.3:
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where T and y are the shear stress and strain rates, respectively. Where F, V, A, and h are force,

velocity, area, and gap distance, respectively.

For the flow in the tube, the shear stress changed linearly from zero at the central axis to a

maximum value along the wall (Fig. 4.2).

A =

Fig. 4.2. The velocity distribution profile in a simple shear flow of Newtonian fluid between two parallel plates

The shear stress distribution in a tube with laminar flow (Fig. 4.3) [291] was calculated using the
applied pressure [292] according to Equation 4.4:
Apr

where Ap denotes the pressure drop along length I, and r is the radius of the tube. In this study,
the maximum applied shear stress on the wall during extrusion-based 3D printing was calculated

using Equation 4.4.

Tube radius r T Tube centerline

Shear Stress

Fig. 4.3. Shear stress distribution profiles for laminar flow through a round tube with a maximum at the tube wall and

zero at the centre.
4.2.3.2. Printing Nanocomposite Filaments using Custom-Built Skeleprinter

After the evaporation of the solvents, the prepared nanocomposite ink was used to extrude

filaments using a custom-designed DIW 3D printing system called SkelePrint. SkelePrint is a
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mandrel-bed 3D printing system developed at the University of Waterloo by a group of Systems
Design Engineering (SYDE) undergraduate students as part of their capstone project. This system
is developed to produce 3D printed components by depositing extruded filaments on the mandrel
bed in concentric layers, contradictory to commercially available flatbed 3D printing systems. A
schematic view and experimental setup of the custom-designed SkelePrint are shown in Fig. 4.4

and 4.5(A, B), respectively.

Pressure Regulator

Needle Diameter

Needle Length y_F Pressure Gauge

—  Extruded Filament

" Compressed air supply
@ h <Analog Out
| . >Needle Direction

= >Activate Drive
System 2
_P _ Drive System
UV Cure Light

Syringe

Mandrel bed

Fig. 4.4. Schema of the experimental set-up using the custom-built extrusion-based SkelePrint 3D printer for extruding

the filaments with controlled shear stress during extrusion.

As shown in Fig. 4.5. B, the SkelePrint system was primarily composed of a mechanical frame
(Fig. 4.5. B-h), three-stepper motor-actuated drive system (Fig. 4.5. A), a pneumatic actuator
(98623-05, 12VDC, 4.5w, 125PSI max pressure, Parker), UV curing mounting arrangement (Fig.
4.5. B-c) and pressure gauges (Fig. 4.5. B-i), mechanical transmission components, and an Arduino

microcontroller (Fig. 4.5. B-e), the CNC control package, and the user interface.
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sadfl Linear drive- radial

Rotary drive &@

Fig. 4.5. SkelePrint’s components: A. SkelePrint drive systems: Linear drive system for radial displacement, the linear
drive system for axial displacement, and rotary displacement; B a) air pressure line, b) syringe barrel, ¢) UV lamp
mounts, d) UV lamp, e) Arduino microcontroller, f) dispensing tip and cap, g) pressure regulator, h) chassis, i) pressure

gauge.

The linear drive assemblies are shown in Fig. 4.5. A. They drive linear motion in both the axial
and radial directions, respectively. The third drive assembly is illustrated in Fig. 4.5. A drives
rotary motion about the mandrel axis. The material dispensing holder assembly of the system was
designed to load the print head (Fig. 4.5 B-b) (Optimum dispensing syringe, EFD, Nordson, USA),
which was connected to a solenoid-controlled actuator that actuated the flow of preset pressurized
air (Fig. 4.5. B-a) for material extrusion. The printing parameters, feed rate, print bed diameter,
print length, extruded filament size, final print diameter, and helix angle, were input into the user
interface to generate the G-code. The CNC controller of SkelePrint interprets the G-code and

actuates each drive system using an Arduino microcontroller (Fig. 4.5. B-¢) to 3D print the part.

The print head was raised vertically in the radial direction by a predefined layer height (filament
diameter) to print successive concentric layers on the mandrel print bed. The SkelePrint is
equipped with an adjustable mounting arrangement (Fig. 4.5. B-c) for UV lamps (Fig. 4.5. B-d)
(385 nm, at 175 mW/cm? intensity, BlueWave® QX4® LED Spot-Curing System, Dymax Corp.,
USA). The UV lamp mount was intended to allow the UV lamp position to be manually adjusted
linearly along the length of the print bed axis, radially around the mandrel bed axis, and normally

towards the print bed axis (Fig. 4.6). These mounting arrangements provide controlled exposure
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of the extruded nanocomposite filaments to UV light while 3D printing a complex microstructural

layup.

Wk

%/////,,,

Vi
N

Fig. 4.6. Adjustable UV lamp mounting configurations to accommodate different angular layup sequencing

SkelePrint programming allows complex microstructure layup sequences during the fabrication of
multilayer hierarchical structures. Fig. 4.7. (a)—(d) show some examples of dense and porous 3D
printed microstructures with SkelePrint in two arrangements: Crisscross (45°) and Bouligand
(change in angular orientation for each deposited layer from 0°-90° with 15° angular increment)
[293,294] which were manufactured using extruded nanocomposite filaments with one of the UV
mounting configurations. As a result, SkelePrint and its customizable UV mounting arrangements
enabled the fabrication of both dense and porous multilayer microstructures. Pneumatically
actuated extrusion allows better control of the material feed rate by altering the pneumatic pressure

than mechanical piston-driven extrusion [295].
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Fig. 4.7. Concentrically layered 3D printed sample structures printed using the custom-designed Skeleprint: a) Porous

Crisscross structure, b) Porous Bouligand structure, ¢) Dense Crisscross structure, and d) Dense Bouligand structure.

The SkelePrint system is equipped with a pressure regulator (Fig. 4.5. B-g) controlling the applied
pneumatic pressure for extrusion, which allows the calculation of the shear stress applied in the
needle during extrusion according to Equation 4.4, knowing the needle (precision stainless steel
tips, Nordson, EFD, USA) specifications (needle length and inner diameter). Single filaments were
extruded by varying the shear stress from 3.5kPa to 14kPa by adjusting the needle length and
applying pressure while maintaining a constant needle diameter. To extrude the filaments, an
optimum dispensing syringe fitted with a 0.25" long 20ga (0.6 mm) optimum general-purpose

dispensing tip (EFD, Nordson, USA) was used as the printhead on the SkelePrint.

For printing the filaments, first the compressed air pressure was adjusted using a regulator and a
pressure gauge to set a predefined value. The valve was then opened by executing the relevant G-
code for filament extrusion at the set pressure values. The extruded filament was exposed to
parallel UV curing (385 nm, at 175 mW/cm? intensity, BlueWave® QX4® LED Spot-Curing
System, Dymax Corp., USA) post-extrusion (Fig. 4.4), which was arranged to emit UV light on
the sidewalls of the extruded filament, resulting in an efficient curing process.
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4.2.4. Mechanical Testing of Nanocomposite Filaments

After curing, single extruded filaments were tensile tested to determine their mechanical
properties. The trapezoidal end tabs were designed and manufactured using masked
stereolithography (mSLA) to bind the ends of the filament. The end tabs featured a cylindrically
formed depression [219] to match the cross-sectional geometry of the filament (Fig. 4.8) [20]. The
trapezoidal pieces were adhered using an epoxy glue (7 mm in length) to each filament head. The
filaments were cut consistently at 2 cm lengths to preserve a consistent 6 mm gauge length.
Another trapezoidal end tab was bonded to each filament head's opposite side to hold the samples
firmly in place and prevent the filaments from separating from the adhesive throughout the test.
All tensile tests were conducted with a Psylotech uTS mechanical testing frame (Psylotech Inc.,
Evanston, IL, USA) on a vibration isolation table (Vision Isostation, Newport Corp., California,
USA). The instrument is equipped with a 1.6kN load cell with a windowing function that provides
greater load signal resolution and sensitivity over the ON-100N range. During the test, strain
measurements were performed using a microscope-enabled Digital Image Correlation (DIC)
system. A microscope with a digital camera (BXFM, Olympus Corp., Center Valley, PA, USA,
Point Grey, 5 MP, 2/3" detector) was employed in order to acquire magnified images of the gauge
length during testing. The tests were performed under displacement control at a rate of 16 um/s,

with resulted average strain rate of 0.0016 s™.

Trapezoidal 3D Fill the cylindrical Put the filament on the
Printed Part depression with adhesive and add another
epoxy adhesive trapezoidal part
Kl (b]

e e

Fig. 4.8. Nanocomposite filament test specimen preparation (Obtained and modified from [6]).

Prior to image acquisition, distortion correction was performed to correct for measurement
corruption caused by the optical path. All mechanical data and image acquisition were performed
at 5 Hz rate, and at room temperature. To accurately measure the deformation using DIC, a speckle

pattern is required to the surface of the specimen. atomizer jar loaded with high-resolution toner
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powder (Xerox Phaser 6000 laser toner cartridge) were used to spray test specimens (Fig. 4.8).
The toner particles had a diameter of 4-5 um, making them appropriate for DIC with a 5x
microscope objective in our system. The spatial resolution is 729 pixels/mm (1 pixel=1.37 micron).
The strain was measured by analyzing the recorded pictures from the tensile test in the DIC
analysis program Vic 2D (DIC; Vic 2D 6, Correlated Solutions Inc., USA) to estimate the strain

based on deformation in the AOI (Area of Interest, 4.03 mm long, 0.4-0.5 mm wide).

Each experiment was set with a 150-pixel subset window and a 7-pixel step size.  To  ensure
consistency in the strain measurements, virtual extensometers were used to measure the average
engineering strain values from DIC. over the length of the AOI in each specimen. By dividing the
applied force by the filament's initial cross-sectional area, engineering stress values were
determined. The slope of the first linear elastic section of the stress-strain curves and ultimate
stress, respectively, were used to compute the elastic modulus and tensile strength. The area under
the stress-strain curves was used to calculate the toughness values.

4.2.5. Dynamic Mechanical Analysis (DMA)

Thermal parameters such as the glass transition temperature (Tg) can be assessed using DMA. The
thermal properties of the nanocomposites were measured to investigate the effects of the high-
shear extrusion. Extruded film-like specimens (5.5 + 0.1 w, 0.62 + 0.3 t, 5.5+0.1 I) were prepared
using the printing parameters of our highest shear case. Cast film specimens were also fabricated
with similar dimensions using the same ink, enabling comparison with high-shear extruded
specimens. Because the SkelePrint print bed is a mandrel, printing flat specimens for DMA testing
is not possible with this device. Therefore, a commercial System 30M (Hyrel, Georgia, USA) 3D
printer with a Volcano metal syringe print head and curing system using a UV lamp (385 nm, at
175 mW/cm? intensity, BlueWave® QX4® LED Spot-Curing System, Dymax Corp., USA) with
a flat printing bed was utilized to fabricate the extruded thin film specimens for DMA purposes.
The flow rate of the highest shear extrusion on SkelePrint was measured for consistency assurance,
and then by trying different feed rates on the Hyrel printer and measuring the flow rate of the ink
for every feed rate. A feed rate of 1.2 mm/min provided the same flow rate as SkelePrint's high-
shear extrusion. The G-code was written accordingly to print a one-layer 0.6 mm thick film made
up of continuously deposited filaments. The cast specimens were prepared using a thin mold with

a similar thickness. Then, both sides of the specimen were cured for 10 min in an LED light-cure
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box with a light energy intensity of > 15 mW/cm2. DMA was conducted on a Q800 (TA
Instruments, USA) at a temperature range of -20 °C to 120 °C, an oscillation frequency of 1 Hz,

and a strain amplitude of 0.02% at 3 °C /min using fixtures for tensile testing films.
4.2.6. Statistical Analyses

Means and standard deviations were used to represent the data (mean+SD). SigmaStat (version
4.0, Systat Software Inc., CA, USA) was used to analyze the data. To compare means, one-way
analysis of variance (ANOVA) was employed, followed by Tukey's multiple comparison test.

Mean differences were considered statistically significant at p<0.05.
4.3. Results
4.3.1. Nanocomposite inks characterization

The rheological properties of our nanocomposite ink contribute to its ability to flow smoothly
during extrusion-based 3D printing of filaments and hold their shape prior curing. Fig. 4.9 (a)
shows representative viscosity vs. shear rate and shear stress plots. The ink exhibited shear yield
strength and shear thinning behavior, which are required for effective DIW 3D printing. The
rheological properties of the samples are listed in Table 4.1. No peak at 1630 cm ! (related to the
stretching vibration of C=C) and at 806 cm  (for the asymmetric vibration of out-of-plane vinyl
groups) were observed at the FTIR spectra of the cured SP30 nanocomposites [20,296] (Fig. 4.9.
(b)). This suggests that unreacted monomers were not present in the cured nanocomposites. The
ratio of nHA to the AESO/PEGDA resin in the 3D-printed nanocomposites was verified using
TGA. After burnout, the nHA volume fractions of SP30 were calculated, and a volume fraction of
29.6 = 0.3 (n = 3) was obtained, which was close to the targeted 30% (Fig. 4.9 (c)).
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Fig. 4.9. a) Representative viscosity vs shear strain rate and shear stress vs shear strain rate (n=3). b) FTIR spectrum
of cured SP30 nanocomposite. ¢) Representative TGA and DTG thermograms of cured SP30 nanocomposites, d)
Representative DSC thermograms of extruded SP30 nanocomposites filaments with varied shear flow conditions.
(n=3)

Table 4.1. Viscosity, shear yield strength and TGA results of the as-prepared nanocomposite ink. (n = 3; data are

presented as mean + SD).

Nanocomposite Ink Viscosity (Pa.s) Shear Yield Strength (Pa) TGA Volume fraction (V)

SP30 157 +£13 10.38 £ 0.27 29.62+0.31

Representative DSC thermograms of extruded filaments and cast specimens are shown in Fig. 4.9.
(d). The extruded specimens exhibited a similar trend, with two endothermic peaks visible in their
thermograms. The cast specimen also exhibits two endothermic peaks, with the first peak being
very small. The second peak demonstrating specimen melting is in the 240-260 °C range, which
is similar across all cases, suggesting that there is no change in the melting or glass transition

temperature between different cases.
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Fig. 4.10 shows the average value of the melting enthalpy (a measure of crystallinity) for each
group of extruded filaments as well as the cast specimen, which was measured using the area under
the second melting endotherm zone-specific heat capacity vs. temperature curves across the same
temperature range. The enthalpy increased from 7.8+1.4 mJ/mg to 28.32+3.3 mJ/mg by increasing
the shear stress during extrusion from 3.5 kPa to 14 kPa. Moreover, the enthalpy of melting through
high-shear extrusion compared with casting increased by more than four times. The relative degree
of crystallinity for each extruded filament was calculated using Equation 4.2, and is listed in Table
4.2. Increasing the shear stress during extrusion increased the relative degree of crystallinity.
Statistically significant differences were observed between the cases with a larger change in shear

flow during extrusion.

Table 4.2. The relative degree of crystallinity obtained for different shear extruded cases according to Equation 4.2.

(Dissimilar letters imply a statistically significant difference in means (p<0.05))

Cast t=35kPa 1=62KkPa t=124kPa t=14KkPa
Relative degree of crystallinity (Xr)  1+0.12? 1.38+0.25°  1.81+0.04® 3.68+0.22° 5.02+0.60°
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Fig. 4.10. Melting enthalpy for the four extruded nanocomposite filaments and cast specimen as a control. Evidently,
crystallinity increased with greater applied shear stress during extrusion. Dissimilar letters imply a statistically

significant difference in means (p<0.05).
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4.3.2. Microstructure Imaging of Different Extruded Nanocomposite Filaments
4.3.2.1. Scanning Electron Microscopy (SEM)

Representative SEM images of the longitudinal sections of extruded filaments from the four groups

are shown in Fig. 4.11. (a-e).

Fig. 4.11. Representative SEM images of extruded filaments. a-e) longitudinal cross-sections (250x magnification). f-
i) Region-1(Edge of filaments) in higher magnification (40000x magnification). j-m) Region-2 (Centre of filaments)
in higher magnification (40000x magnification). n-o) Cast specimen in low (250x) and high (40000) magnification.

To further assess the particle alignment in different cases, the regions at the center and edge of

each filament (shown in Fig. 4.11. (b)) were selected, and the high-magnification images (Fig.
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4.11. (f)—(o)) were captured. The nHA nanoparticles are densely dispersed in the matrix and no
specific pattern change in the particle distribution and orientation were observed in different shear
extrusions compared to cast sample as control. No particle alignment was detected in the high-
magnification images of all extruded cases (either in the edge or in the center regions of filaments

in which the shear stress during extrusion was maximum and minimum, respectively).

They revealed nHA particle dispersion, with some agglomerations detected on the scale of tens of
micrometers. There were no noticeable differences in the dispersion or alignment of the nHA
particles as shear stress was increased during extrusion. The extruded filaments’ SEM images,
demonstrated that the filaments were dense, whereas the cast specimen had some spherical defects.
This was most likely caused by entrapped air bubbles that acted as stress concentrations, reducing

the cast specimens’ strength.
4.3.2.2. Polarized Light Microscopy Images

Using PLM images, the effect of increasing shear stress during extrusion on the polymer matrix
crystallinity was further investigated. POM images of filaments extruded with shear stress 3.5 kPa,
6.2 kPa, 12.4 kPa and 14 kPa are shown in Fig. 4.12 (b-e), along with a cast specimen as a control
micrograph (Fig. 4.12 (a)). As shown in these images, filaments extruded under high shear
exhibited a morphology with an increased number of crystalline sites and detected spherulites.
While the crystallinity sites and spherulites increased in cases with greater shear stress during
extrusion, the low-shear extruded cases did not exhibit a significant difference in the observed
crystallinity sites and spherulites compared to the cast specimen. This is consistent with the DSC
results and relative degrees of crystallinity measurements. Further investigations using ImageJ to
quantitatively compare the shear-induced crystallinity in the PLM images of different cases and

cast specimens are presented in Table 4.3.

Table 4.3. Number and size of spherulites detected in specific ROI of PLM micrographs for different cases (Dissimilar

letters shows a statistically detectable difference in the means (p<0.05))

Cast 1=35kPa t=6.2kPa t=124kPa t=14 kPa
Number of detected spherulites in ROI 5 8 15 38 148

Size of detected spherulites (pm)
0.38+0.20*° 0.37+0.14* 0.47+0.22ab 0.61+0.56"° 0.71+0.63¢
(Data are presented as mean + SD)

66



Fig. 4.12. Polarized light microscopy images a) Micrographs of cast specimen, b-e) Micrographs of extruded filaments
with different shear flow

4.3.3. Mechanical Properties of Nanocomposite Filaments

Stress-strain curves and plots of ultimate tensile strength, elastic modulus, toughness, and fracture
strain for each of the extruded nanocomposite filament groups are shown in Fig. 4.13 (a)—(e). As
shown in these plots, the strength, elastic modulus, and toughness of the nanocomposites were
enhanced by increasing the shear stress applied during the extrusion. The ultimate strength
increased from 12.07 £1.8 MPa to 35.6 +3.7 MPa by increasing the shear during extrusion from
3.5 kPa to 14 kPa respectively. The elastic modulus and toughness also increased from 0.5 + 0.26
GPa and 0.31 £ 0.13 MPa to 1.8 + 0.47 GPa and 1.03 = 0.46 MPa respectively. There were no
significant differences in the fracture strain data for the different extrusion shear cases.

The SEM images of the fracture surfaces of the filaments after tensile testing are shown in
Fig. 4.14. The filaments had a smooth and circular cross-section. The filament fracture surfaces
featured a rough morphology, and SEM showed that the surfaces of the filaments extruded with

high shear were rougher than those extruded with low shear.
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Fig. 4.13. a) Representative stress-strain curves, b) elastic modulus, c) strength, d) Toughness, e) fracture strain of the

3D printable nanocomposites extruded with different applied shear stresses (n=7 specimens of each case).

Fig. 4.14. Representative SEM images extruded filaments’ fracture surfaces after tensile testing. a-h) Transverse cross-
section of filaments extruded with 3.5 kPa, 6.2 kPa, 12.4 kPa and 14 kPa respectively at lower (250 x) and higher (500
X) magnifications.
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4.3.4. DMA

The DMA results for the thin film extruded at 14 kPa and cast specimens are shown in Fig. 4.15.
The glass transition temperature (Tg) was measured from the peaks of the tan 6 curves. Comparing
the glass transition temperatures of the cast and high-shear-stress thin film specimens, the Tg for
the cast film was 55.8 °C and 58.4 °C for the extruded specimen, which indicates a slight increase
and no significant effect of shear stress during extrusion on the glass transition temperature. The
storage modulus of the extruded thin-film specimens at room temperature was approximately 2.1
GPa whereas that of the cast specimen was approximately 0.9 GPa. The loss modulus of the
extruded thin film and cast specimens at room temperature was 341.6 MPa and 88.78 MPa

respectively.
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Fig. 4.15. Dynamic mechanical properties of an extruded thin film nanocomposite (14 kPa) compared to a cast

nanocomposite thin film specimen.

4.4. Discussion

Biomaterials with nanocomposite structures comparable to those of bone that effectively combine
the stiffness and biocompatibility of the inorganic phase with the toughness and resorbability of
the organic phase are advantageous in bone reconstruction applications [297,298]. Hydroxyapatite
(HA) is a bioceramic widely used in the repair and regeneration of bone defects. Rod- or fiber-
shaped nHA particles have been shown to improve composite biomaterial scaffolds' mechanical
properties and cell-material interactions. nHA, which mimics the inorganic component of bone

minerals, has been investigated in vitro and in vivo studies [299-302].
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In this study, 30% volume fraction of nHA nanocomposite ink was produced by mixing nHA with
AESO and PEGDA to mimic the organic phase of the bone composition. UV-initiated
photopolymerization was used to cure nanocomposites immediately after extrusion. UV-curable
monomers can undergo free-radical polymerization in the presence of adequate UV light and a
photoinitiator, resulting in crosslinked thermoset polymers [63]. Effective curing is necessary in
biomaterial nanocomposites to achieve superior mechanical properties, controlled degradation
behaviour, and optimum cell-material interactions since partial curing occurs when unreacted
monomers are present in the matrices [63]. Based on the cure depth analyses conducted on SP30
ink [20], the nanocomposite filaments were exposed to UV for a longer period of time than was
necessary for full curing. The absence of a C=C associated peak in the FTIR spectrum confirmed
effective and efficient curing. The prompt, consistent, and adjustable response of pneumatic
pressure (SkelePrint system) allows better flow control and shear adjustment during extrusion than
the mechanical piston-assisted extrusion system [295]. By adjusting and increasing the shear stress
during extrusion by means of the developed custom-designed 3D printer, the modulus, ultimate
strength, and toughness of 3D printed nanocomposite filaments were enhanced by more than three
times without changing the ink composition. The novel 3D printer demonstrated the feasibility of
3D printing of multilayer tubular structures; therefore, the effect of increased extrusion shear stress
on the macromechanical properties of 3D printed structures, as well as its effect on the interlayer

bonding of printed structures, will be further investigated.

The fundamental requirement for proper DIW is the composition of inks with an optimum
rheological behavior [284]. The rheology of the developed ink exhibited appropriate viscosity and
shear yield stress, enabling the ink to maintain its shape upon extrusion before UV curing, and
preventing deformation and flow of the deposited material when extrusion ceased. The current
nanocomposite ink composition demonstrated shape-holding for single filaments extruded at
different shear stresses, whereas the challenge of ink dispersion persists when deposited on the
mandrel print bed for developing multilayer structures. Hence, the print quality of multilayered
structures (Fig. 4.7) is largely controlled by the UV spotlight arrangement. It is possible to further

enhance print quality by improving the ability to hold shape of the ink composition.

In DIW, similar to any extrusion process, there is a prominent driving force for leading polymer

chain alignment in the flow [97,303-305]. The shear stresses that caused alignment were more
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pronounced close to the nozzle wall. Extrusion-based additive manufacturing of resins has been
reported to promote shear-induced crystallinity [306,307]. The formation of nanophase crystals in
nanostructured thermosets in confined environments has been reported [116,117,285]. According
to the DSC results, increasing the shear stress during extrusion through a needle, which can be
considered a confined environment, significantly increased the enthalpy of melting (a measure of
crystallinity). The relative degree of crystallinity analysis, as well as POM micrographs, showed
that by applying a higher shear during extrusion, the crystallinity sites and spherulites increased in
the extruded nanocomposite filaments. Presumably, these increases were due to the increased
crystallites’ formation in the AESO/PEGDA biopolymer matrix as a result of polymer molecular
orientation during high-shear extrusion. Crystallite regions in composite nanostructures improve
stiffness and strength by limiting the polymer chain mobility [97], [305]. Because no parameter
other than shear stress has been altered during extrusion, increasing shear during extrusion leads
to increased crystallite formation and, thus, improved mechanical properties without changing the
chemical composition [308]. The fracture surfaces of the filaments after the tensile test showed an
increased rough morphology with increasing shear stress during extrusion, which is presumably a
result of the crystallites formed during higher shear extrusion.

In crosslinked systems such as thermoset polymers, glass transition is highly dependent on the
degree of crosslinking [309-312]. According to the DMA data, Tg did not vary significantly
because of high-shear extrusion, which is attributed to the same amount of cross-linking in the cast
and extruded specimens because of the same chemical composition. For a greater crystallinity
degree, the glass transition temperature was shown to increase [313]. Although a slight increase in
Tg was observed for the extruded film specimens, presumably, the degree of crystallite formation
during the high-shear case was not dominant compared to the degree of crosslinking to alter the
Tg significantly. The storage and loss moduli of both the specimens decreased as the temperature
increased. At room temperature, the storage modulus of the high-shear extruded specimen was
greater than that of the thin-film cast specimen, whereas the loss modulus of the extruded thin-film

specimen increased slightly.

In nanocomposites, owing to the high surface-area-to-volume ratio of nano-scale inclusions, the
dispersion of nanoparticles is a significant factor affecting their strength [63,314]. In this study,

the nanoparticles were added gradually with sufficient ultrasonic homogenization for the
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homogenous nHA particles’ dispersion in the polymer matrices, with some inevitable micron-scale

agglomerations detected.

It should be noted that because of the DMA test setup specifications, the higher-shear extruded
specimen was a thin film fabricated by depositing continuous filaments next to each other.
Investigation of the specimen under optical microscopy revealed some microscale gaps between
the extruded filaments. These defects may have caused some early-stage failure of extruded thin

films and may have affected the dynamic mechanical properties of the extruded thin film.

Higher magnification SEM images showed no evidence of particle alignment in the center or at
the edges of filaments where the shear was greatest. This is most likely owing to a limitation in
the air pressure used during extrusion, which leads to a lack of induced shear stress during
extrusion to align the particles along the extrusion axis [96,109]. The increased aspect ratio of
nanoparticles may also increase the percentage of aligned particles. Consequently, increasing the
shear stress during extrusion and increasing the particle length may result in particle alignment,

particularly near the edges of the filaments, which can further improve the mechanical properties.

4.5. Conclusions

This study's findings showed that increasing the shear stress applied during extrusion (from 3.5 to
14 kPa) using our custom-designed SkelePrint increased the ultimate tensile strength and elastic
modulus of the extruded AESO/PEGDA/nHA nanocomposite filaments by approximately three
times. This may be attributed to the higher degree of crystallinity generated during higher shear
stress extrusion, which is consistent with the DSC data and POM micrographs of the high-shear
extruded filaments. As a result, by enhancing the manufacturing aspects, such as increasing the
shear stress during extrusion in this work, the mechanical properties of the nanocomposites can be
improved without modifying the chemical composition. This finding may pave the way for the
fabrication of more mechanically competent hierarchal bone-mimetic extrusion 3D printed

nanocomposite grafts and scaffolds for use as bone substitutes.
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Chapter 5
Effects of Biopolymer Functionalization and Nanohydroxyapatite
Heat Treatment on the Tensile and Thermomechanical Properties of

Bone-Inspired 3D Printable Nanocomposite Biomaterials

5.1. Introduction

As a biological tissue, bone has the ability to remodel and heal itself. This ability to heal itself
depends on the size of the defect. When a defect is too large, such as critically sized segmental
bone defects in human long bones where gaps are >2.5 cm in length [9], the bone does not heal
effectively and often results in fibrous non-union. These large gaps can be caused by traumatic
injury, surgical treatment of infections or tumours. Every year over 2.2 million people in the world
receive bone grafting surgeries to repair large bone defects [315] [10]. Conventional bone grafts
such as bone allografts or metal mega-prostheses have disadvantages, such as the need for at least
two or three revision surgeries, mechanical failures, stress shielding, immune rejection, and disease
transmission, all of which may cause complications, poor outcomes and poor quality of life for the
patient [13,14,257,316,317]. Hence, there is increasing demand for new technologies for
fabricating long-lasting, biocompatible, bioresorbable and customized bone substitutes [15]. Bone-
inspired nanocomposite grafts with their osteoconductive and biocompatible features are an
alternative to conventional bone substitutes [14]. The selection of an appropriate material
composition and manufacturing procedure that can generate a robust structure are challenges in
the development of synthetic bone-inspired grafts and solutions may be inspired by bone tissue
itself. Indeed, bone is a natural nanocomposite and its distinctive feature is its hierarchical structure
- all the way down to the nano-scale - which provides excellent mechanical properties [318-321].
A primary concern in designing bone-inspired biopolymer nanocomposites is the selection of the
constituent phases. These biocompatible nanocomposites should provide adequate structure and
mechanical properties to withstand physiological loads in the body. They should provide both
functionality and load-bearing capability with adequate strength and modulus to be used as bone

substitutes in critically sized segmental bone defects, for example [18].
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Multi-scale structure can play a key role in enhancing mechanical properties without changing the
chemical composition of the composite materials. To develop a bone-inspired nanostructure, the
fabrication procedure might control the arrangement of nano-scale inclusions as well as the layers
of the structure at larger length scales [19]. Three-dimensional (3D) printing is an additive
manufacturing method that has advanced in the field of tissue engineering for the repair and
regeneration of injured bone tissue in order to produce bone substitutes as a potential replacement
for existing transplant tissues [322,323]. Direct Ink Writing (DIW), which is an extrusion-based
3D printing method, can be an appropriate manufacturing method for printing bone-inspired
nanocomposites due to its control of the microstructure, effective spatial resolution, low operation
cost, adaptable set-up and high printing speeds [324]. The advantage of DIW compared to other
fabrication techniques is that custom-designed materials with precise complex hierarchical
structures may be achieved by controlling the extrusion parameters such as feed rate, needle size
as well as ink rheological behaviour [19]. DIW has been used to print polymer-based inks such as
polycaprolactone (PCL) and poly (lactic-co-glycolic acid) (PLGA) or photo-cross-linkable
monomers such as hydroxyethyl methacrylate (HEMA), which demonstrated good printability and
biocompatibility in bone scaffold fabrication but lacked adequate mechanical properties for bone
repairs [325-330]. Biopolymer-based inks, as well as other photo-cross-linkable hydrogel inks like
methacrylated alginate [18], gelatin methacrylate (GeIMA) [16,17], methacrylated hyaluronic acid
[13] and poly(ethylene glycol) dimethacrylates (PEGDMA), have also been used in this technique
for preparing bone substitutes, but they also exhibit inadequate mechanical properties for bone
repairs. Various scaffold design methodologies, materials and cells have been studied in recent
years in an attempt to enhance a successful interaction with native bone [331,332]. Studies show
that polymer nanocomposites provide better biocompatibility and mechanical properties compared
to conventional polymeric biomaterials because of their nano-scale reinforcement, such as with
nHA, the interaction between matrices and mineral phases, large surface-to-volume ratio and
surface chemistry [333-341]. Developing 3D printable nanocomposite inks with enhanced
mechanical properties can lead to the construction of long-lasting robust scaffolds produced by
layer-by-layer deposition of extrusion-based 3D printed nanocomposite filaments [276].
Therefore, integrating 3D printing techniques with nanocomposite biomaterials can facilitate the
fabrication of bone substitutes with improved physicochemical and mechanical properties

[342,343]. The challenges found in the processing of nanocomposite materials are usually larger
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than those encountered in the processing of neat polymer [344]. The process and design parameters
are reported to have a crucial influence in determining the final properties of additively
manufactured bone substitutes [344]. In this regard, the influence of the process parameters such
as porosity, spatial distribution and pore size have been investigated on the mechanical and
morphological properties of 3D extruded PCL (poly (e-caprolactone), aliphatic polyester)
scaffolds [345]. Also, different optimized design strategies of the extrusion/injection process have
been employed for fabricating customized additively manufactured PCL/HA nanocomposite
scaffolds for hard tissue regeneration. The reported design strategy additionally emphasized the
possibility of tailoring the performances of 3D additive manufactured scaffolds via a suitable
material-design combination [344]. It has been reported that extrusion-based additive
manufacturing provides a higher degree of control on the structural properties of 3D printed
scaffolds and more feasible manipulation of mentioned processing parameters [344].

Thermoset polymer resins can make excellent composite matrices as they provide good physical
and mechanical properties, thermal and chemical resistance, and processability [161]. Acrylated
epoxidized soybean oil (AESO), a functionalized triglyceride, which is a plant-based biopolymer
and obtained from renewable resources, is prepared by adding acrylate groups to epoxidized
soybean oil and is a great candidate for photopolymerization-based biomedical 3D printing
[154,155,219,346]. This multifunctional, inexpensive and commercially available functionalized
triglyceride has been utilized as a monomer for the synthesis of various thermoset polymers
[157,159]. Miao et.al [64] synthesized soybean oil-based polyol by ring-opening reaction of
epoxidized monoglyceride (EMG) with lactic acid. They were able to alter the tensile strength
from 9.30 MPa to 27.1 MPa by adjusting the molar ratio of hydroxyl to isocyanate group and the
chain extender content. They revealed that the soybean oil-based polyurethanes’ good mechanical
properties and biocompatibility make them a promising candidate for a broad range of biomedical
applications. Liu et al demonstrated increased degree of cross-linking and hence stiffness as a
result of further modification of AESO with methacrylate anhydride (MAA), replacing the
hydroxyl groups of AESO with methacrylate groups [18]. One of the major challenges in the
production of polymer nanocomposites is the agglomeration of nanoparticles at micron length
scales which cause clogging issues during printing [323] and may function as stress concentrators
for the matrix [347]. They hinder the potential of high-performance nanocomposites with enhanced

mechanical properties [347,348]. Therefore, designing a 3D printable bone-mimetic polymer
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nanocomposite biomaterial with sufficient printability and mechanical properties could open the
way for the fabrication of long-lasting 3D printable bone grafts that eventually become suitable
for clinical translation. Hydroxyapatite is a biocompatible and osteoconductive bioceramic that
has been widely used for bone defect repair and regeneration [297,349-352]. The
nanohydroxyapatite (nHA) particles are hydrophilic [353] while the AESO biopolymer matrix is
hydrophobic [353]. Due to the incompatibility of these two phases, any moisture absorbed by nHA
particles attracts other nHA particles, resulting in agglomerations trapped in the hydrophobic
AESO biopolymer during the production of biopolymer nanocomposite inks. It has been reported
that heating nHA before adding it to the nanocomposite ink helps to remove absorbed moisture
[18,354]. However, how this impacts the nHA dispersion as well as mechanical properties has not

been investigated.

In the current study, a set of novel 3D printable bone-inspired nanocomposite biomaterials with in
vitro bone cell compatibility [20,63,84] were produced with the goal of achieving improved
mechanical properties and towards the eventual application in bone reconstruction technologies.
These inks have been made by combining distinct AESO-based biopolymer resins (functionalized
and non-functionalized) with and without heat-treated nHA particles in a constant volume fraction
of nHA. One of the important factors in designing 3D printed grafts is reaching superior
mechanical properties that are adequate to be used as bone substitutes. We hypothesized that
additional functionalization of the biopolymer matrix of our nanocomposites, while maintaining a
constant nHA volume fraction, would give rise to an increase in the degree of cross-linking and
therefore enhanced tensile and thermo-mechanical properties. Good dispersion of nanoparticles is
crucial for getting the most out of nanoscale fillers in polymer nanocomposites, which contributes
to improved mechanical behaviour [355]. As aggregated particles limit nanocomposite strength,
we hypothesized that heat treatment of the nanohydroxyapatite particles, driving off water
molecules, would lead to better dispersion of the nanoparticles and improved mechanical
properties.
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5.2. Materials and Method
5.2.1. Ink Composition

Rod-shaped hydroxyapatite nanoparticles (nHA) with 120nm length, 30-40 nm diameter, and a
calcium-to-phosphorous ratio of 1.52 (MKNano, M K Impex Corp., Mississauga, Canada) were
employed in the nanocomposite inks developed herein. The nanoparticles have a specific gravity
of 2.92 and a crystallinity index of 0.52—0.54 on average [20].

All reagents were purchased from Sigma Aldrich Co. USA. The biopolymer matrix in two groups
of inks was a mixture of AESO (as purchased) and PEGDA (250 MW). This material can be
polymerized using UV light by adding Phenylbis (2, 4, 6-trimethyl benzoyl) Irgacure 819
phosphine oxide photoinitiator. For the other two groups of nanocomposite inks, the biopolymer
matrix was a mixture of AESO functionalized with additional methacrylate groups and PEGDA.

5.2.2. Ink Preparation
5.2.2.1. Preparation of mAESO

Before preparing the inks, AESO was additionally functionalized with methacrylate groups. To do
this, 39.7 ml methacrylic anhydride (MAA) was mixed with 0.51 g of 4-(Dimethyl Amino)
pyridine (DMAP) (0.004 mol) on a stir plate at 500 rpm for 15 min until the DMAP dissolved
completely in MAA. Then this mixture was added to 50 g of AESO (AESO: MAA molar ratio of
1:6) and the DMAP, MAA and AESO mixture was placed in a water bath at 60°C with continuous
stirring at 500 rpm for 24 hours. During the functionalization process, hydroxyl groups on the
AESO were replaced by methacrylate groups, resulting in a new biopolymer known as mAESO
(Fig. 5.1(a)). After the functionalization procedure, the reaction products were washed with NaOH
solution (100 mol of 0.5 M) and deionized water and then held under reduced pressure in the
desiccator until it was dried. To ensure this, the weight change of the mixture was recorded daily
until obtaining a constant weight.
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5.2.2.2. Heat Treatment of nHA Particles

To eliminate the absorbed water from the nHA particles, they were heated in an oven at 120 °C
for one hour. Then kept in a fume hood while covering the lid of the container with aluminum foil

to reach room temperature before adding to the biopolymer matrix mixture.
5.2.2.3. Mixing the biopolymer matrix and nHA particles

A set of novel 3D printable bone-inspired nanocomposite inks was produced by mixing (30%vol.
nHA) (Heat-treated vs. non-heat-treated) with (49%AESO) (Functionalized/non functionalized)
and (21%PEGDA). The compositions of these inks are summarized in Table 5.1. First, the desired
amounts of AESO (or mAESO referred to as functionalized AESO) and PEGDA were combined
and homogenized using an ultrasonic homogenizer (Branson Sonifier 450, Emerson Inc., USA).
Next, the Irgacure 819 (photoinitiator, 1 vol% of total ink) was dissolved in the resin and further
homogenized. Finally, nHA particles (as-purchased or heat-treated) were added gradually (1 - 2
scoops at a time) to the mixture. To drive the dispersion of nHA particles in the mixture, an
ultrasonic homogenizer was applied for 30 min until the desired amount of nHA particles was
reached (Fig. 5.1(b-c)). The four different compositions will hereafter be referred to as SP30,
SP30h, mSP30 and mSP30h according to Table 5.1.

Table 5.1. Nomenclature of the four 3D printable nanocomposites according to their constituents.

As Purchased nHA Heat-Treated nHA
As Purchased AESO SP30 SP30h
Functionalized AESO mSP30 mSP30h

*Constant Percentage Composition for all Four Groups: 49 vol% AESO, 21 vol% PEGDA, 30 vol% nHA
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Fig. 5.1. 3D printable nanocomposite ink preparation: (a) Functionalizing AESO for preparation of mAESO, (b)
biopolymer matrix preparation by mixing AESO (mAESO) with PEGDA and photoinitiator, (c) Adding nHA to

biopolymer matrix mixture

5.2.3. Preparation of 3D printed nanocomposite filaments

After preparing the inks, nanocomposite filaments were extruded using a custom-built extrusion-
based 3D Printer referred to as SkelePrint. In contrast to commercially available flatbed 3D
printing systems, the SkelePrint system [356] is designed to 3D print objects by depositing
extruded nanocomposite filaments in concentric layers on the mandrel bed. The drive assemblies
of this custom-designed 3D printer consist of a linear motion in the radial and axial direction and
a rotary motion about the axis of the mandrel. SkelePrint has an adjustable mounting configuration
for the UV lamps (385 nm, at 175 mW/cm2 intensity, BlueWave® QX4® LED Spot-Curing
System, Dymax Corp., USA). UV light position can be manually adjusted circumferentially
around the mandrel print bed axis [356], linearly along the length of the print bed axis, and
normally towards the print bed axis using the UV lamp mount. The mounting UV system cures
and bonds extruded filaments to previously extruded filaments. These mounting systems allow
regulated UV light exposure on the extruded photosensitive nanocomposite material while 3D
printing complicated microstructural layups. A pressure regulator was installed to control the
pressure during the extrusion of nanocomposite filaments. To begin printing filaments, the

compressed air pressure was first set to the required value using the regulator and pressure gauge,
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and then the valve opened using the 3D printer’s control software. Due to the effect of applied
shear during extrusion on the final mechanical properties of extruded nanocomposite filaments
[356], all four sets of nanocomposite inks were printed with a constant compressed air pressure of
592 kPa through a 6.35-mm long stainless steel 20-gauge (0.6 mm internal diameter, Precision
stainless steel tips, Nordson, EFD, USA). To demonstrate the developed inks’ further printability
and shape-holding ability for printing complicated objects, two 3D printed samples with both
heated non-functionalized and heated functionalized nanocomposite inks (SP30h and mSP30h)

were manufactured (Fig. 5.2 (a-b)) using the Skeleprint system.

Gl

Fig. 5.2. 3D printed samples with developed nanocomposite inks: (a) 3D Printed sample with SP30h nanocomposite

ink b) 3D Printed sample with mSP30h nanocomposite ink
5.2.4. Characterization of Nanocomposites
5.2.4.1. Rheology of the nanocomposite inks

To investigate the effect of AESO functionalization and nHA heat treatment on the rheology of
the inks and determine if all the inks had the appropriate rheological behaviour for extrusion-based
3D printing, a Bohlin CS Rheometer equipped with a cone and plate arrangement (CP 4/40, with
150 um gap) was used to obtain the viscosity and shear yield strength of each ink by testing three
specimens per group (n=3). The tests were conducted at room temperature under shear rates from

0.01 s and 100 s%. The viscosity was recorded at 10s intervals for each shear rate.
5.2.4.2. Cure Depth Analysis

Cure-depth analysis was used to determine the UV dosage necessary for the curing of extruded
nanocomposite filaments. Cylindrical PTFE molds were filled with nanocomposite inks and
exposed to known UV doses using a Dymax UV device (BlueWave® QX4® LED Spot-Curing
System, Dymax Corp., USA) at the top end of the cylindrical hole. After curing, the solid layers
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were rinsed with ethanol and the thickness of the cured layer was measured using digital calipers
with a precision of £0.01 mm (n=3). Jacob’s standard cure-depth equation (Equation 5.1) [118]
was fitted to the experimental data using a Genetic-algorithm optimization [357] method to find
the cure-depth material constants for each nanocomposite system.

E
Ze = Dyln () (5.1)

where, Z, is the cure depth, D,, and E, are the depth of penetration and critical dosages respectively.
Next, the required UV dosages and durations for each nanocomposite system were calculated from
this equation using the obtained constants and a known UV intensity measured with a radiometer
(ACCU CAL 50V, Dymax Corp., USA).

5.2.4.3. Fourier-Transform Infrared Spectroscopy (FTIR)

To assess the chemical composition, curing and conversion efficiencies, Fourier Transform
Infrared Spectroscopy (FTIR) was conducted on the surfaces of cured nanocomposite samples
(n=3). A Nicolet 6700 FT-IR Spectrometer (Thermo Scientific, USA) having a resolution of 4 cm’
L and a sample scan of 32 was used to obtain the FTIR spectra. All spectra were analyzed using
OMNIC series software.

5.2.4.4. Thermo-Gravimetric Analysis (TGA)

Thermo-Gravimetric Analysis (TGA) analysis was used to determine the organic-inorganic ratios
and thermal degradation of the 3D printed nanocomposites. Approximately 10-15 mg of each 3D
printed nanocomposite specimen (n = 3) was heated and burned using a TA Q500 (TA Instruments
Inc., New Castle, DE). The samples were heated to 800 °C in an air environment at a rate of 10
°C/min. Before heating, the samples were equilibrated at 40°C for 5 minutes. The organic-
inorganic ratio of the nanocomposites was calculated using the remaining measured mass at 800

°C. The organic-inorganic volume fraction of each nanocomposite specimen was calculated by

taking the remaining mass (inorganic) with the density of the nHA (o4 = 2.92 ;%) and the initial

mass of the nanocomposite sample with the density of the nanocomposite ink (p;,,x = 1.628 % ).
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5.2.5. Mechanical Testing and Strain Measurements of Nanocomposite Filaments

Once single filaments were extruded (Fig. 5.3(a)), they were tensile tested to obtain their
mechanical properties. To hold the filaments in the tensile grips of the testing machine, trapezoidal
tabs were designed with a cylindrically shaped indent (Fig. 5.3(b)) to conform to the shape of the
filament cross-section and were 3D-printed using a masked stereolithography (mSLA ) 3D printer
[219] (Fig. 5.3(c)). Filaments were cut consistently to 20 mm lengths. Epoxy adhesive (West
System 105 resin, West System 205 hardener) was used to adhere the trapezoidal tabs (7 mm long)
to both ends of each filament. The gauge length between the tabs was kept constant at 6 mm for
all filaments (n=7). To make the specimens stable and to prevent the filaments from pulling out of
the tabs during the tensile test, another trapezoidal part was glued to the other side of each filament
head (Fig. 5.3(c)). After preparation, tensile testing was conducted on specimens of each group
(Fig. 5.3(d)). All tests were conducted using a Psylotech uTS mechanical testing frame (1.6 kN
load cell capacity, Psylotech Inc., Evanston, IL, USA), which is mounted on a vibration isolation
table (Vision Isostation, Newport Corp., California, USA) (Fig. 5.3(d)). Strain measurements were
conducted during the test via microscope-enabled Digital Image Correlation (DIC; Vic 2D 6,
Correlated Solutions Inc., USA). A microscope (BXFM, Olympus Corp., Center Valley, PA, USA)
with a mounted digital camera (Point Grey, 5 MP, 2/3” detector) captured magnified images of the
gauge length during the test (Fig. 5.3(d)). Tests were conducted in displacement control at a rate
of 16 pm/s, resulting in an average strain rate of 0.0024 s™. Data were collected at a rate of 5 Hz,
and all experiments were carried out at room temperature. Before testing, specimens were sprayed
using an atomizer jar filled with high-resolution toner powder (Xerox Phaser 6000 laser toner
cartridge) to add a speckle pattern to enable DIC analysis. These toner particles are approximately

4-5 pm in diameter, which is suitable for 2D DIC using a 5x objective.
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Fig. 5.3. Nanocomposite filament extrusion, sample preparation process and tensile test configuration. a) Extrusion
of single nanocomposite filaments b) Trapezoidal tabs printed with mSLA printer. ¢) Schematic [219] and final

filament test specimens. d) Psylotech mechanical testing machine and filament specimen in the test frame.

Strain measurement was conducted by feeding the captured images during the tensile test to the
DIC software (Vic 2D). An Area of Interest (AOI, 4.03 mm length, 0.4-0.5 mm width) was selected
on the reference image. The subset window and step size were set to 150 and 7 pixels, respectively,
for all the tests (1 micron=1.373 pixel). To be consistent for strain measurement in all specimens,
average engineering strain values were measured from DIC by using the extensometer tool over
the length of AQOI in each sample. Engineering stress values were derived by dividing the force by
the initial cross-sectional area of the filaments. The ultimate stress and the slope of the first linear
elastic parts of the stress-strain curves were used to calculate the tensile strength and elastic

modulus, respectively.
5.2.6. Imaging of nHA dispersion and filament fracture surfaces

Sectioned filaments were mounted in a cylindrical mold with epoxy resin (West System 105 resin,
West System 205 hardener) to image the longitude and transverse cross-sections of the filaments,
respectively. After 24 hours, the resin-embedded filament was polished sequentially with 6um,
0.05 um and 0.01 pm sized polycrystalline diamond suspension (MetaDi Supreme, Buehler, IL,
USA). After polishing, the embedded filaments were imaged by scanning electron microscopy
(SEM) and Back-Scattered Electron microscopy using a Quanta FEG 250 (ThermoFisher
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Scientific, USA) in low vacuum mode. The fracture surfaces resulting from tensile testing of the
filaments were mounted on SEM stubs without any treatment to obtain SEM images of fracture

surfaces for each nanocomposite system.
5.2.6.1. Image analysis of nHA dispersion

In order to investigate the effect of heat-treated nHA vs as-purchased nHA on the dispersion of
nanoparticles in the resin using quantitive methods, counting was performed using image
processing techniques through ImageJ software [358]. SEM images of the extruded filaments'
longitudinal sections for all the four studied nanocomposite groups were imported (n= 3). Initially,
the image was converted to an 8-bit greyscale image. Then the image was calibrated [359,360].
To be consistent, a constant area of 240 um by 400 um was selected in all images as the Region of
Interest (ROI). Image pre-processing was conducted on the ROI by selecting the appropriate filters
[361]. After calibration, the image was pre-processed using a Band-pass filter which eliminates
both high and low spatial frequencies [362]. Image segmentation was implemented by binarizing
the image using the threshold function (default threshold (102,255)) [360]. Finally, after the image
segmentation process, the microscale agglomerations of nanoparticles were counted using the
analyze particles function by setting the size (1 um - inf), and circularity (0-1) to capture the micro-

scale agglomerations.
5.2.7. Differential scanning calorimetry (DSC)

Material characteristics including crystallisation temperature, crystallinity, melting temperature,
and glass transition temperature can be determined using differential scanning calorimetry (DSC).
This study employed DSC to measure the degree of crystallinity that resulted from the extrusion
of each set of nanocomposites (n=3) by evaluating the enthalpy of melting [287]. Before sealing
the prepared nanocomposite filaments in Tzero Aluminum Hermetic pans, they were weighed (71
mg) on an analytical balance (Kern, ABT 120-5DM, Germany, +0.01 mg precision). Then the
prepared pans were placed on the sample platforms to run the DSC. The samples were heated to
25 °C at 10 °C/min and equilibrated for 5 min. Then the specimens were cooled down to -25 °C
at 10°C/min followed by heating up to 350 °C at 5 °C/min. The maximum temperature of the DSC

experiment is chosen based on the decomposition temperature observed in the TGA experiments.
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Enthalpy of melting was obtained by measuring the area beneath the melting endotherm zone of

heat flow vs temperature graphs normalized to sample mass.
5.2.8. Dynamic Mechanical Analysis (DMA)

Dynamic mechanical analysis (DMA) was performed using a DMA Q800 from TA Instruments
(USA) in three-point bending mode using dual cantilever clamps at an oscillatory frequency of 1
Hz, under a 0.02% strain amplitude, for a temperature range from -20 ©° C to 120 ° C and at a
heating rate of 3 ° C /min. Test specimens with 120 mm in length, a width of 12 mm and a
thickness of 3mm, were cast using a machined Teflon mold. To minimize trapped air bubbles
during casting, all inks were put under a vacuum for 20 min before preparing the samples. For
consistency, all the cast samples were cured for 20 min (10 min for each side) in the UV oven.

5.2.9. Statistical Analyses

The data are represented using mean and standard deviation (SD). Data were analysed using
SigmasStat (Version 4.0, Systat Software Inc., CA, USA). To compare means, a Two-way analysis
of variance (ANOVA) was utilized, followed by Tukey's multiple comparison test. At p<0.05, the

differences in means were declared statistically different.
5.3. Results
5.3.1. Characterization of nanocomposite

The rheological properties of our 3D printable nanocomposite inks define the shape-holding ability
of the filaments before curing, as well as the flow during extrusion-based 3D printing. Fig. 5.4(a,
b) demonstrates the representative shear stress and viscosity vs. shear rate plots, respectively. The
rheology properties are reported in Table 5.2. The mSP30 nanocomposite ink had a higher shear

yield strength than the rheometer's stress limit.
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Fig. 5.4. Rheological data of the three hanocomposite inks over a variety of shear strain rates. a) Representative shear

stress vs shear strain rate curves b) Representative viscosity vs shear strain rate curves.

Table 5.2. Viscosity and shear yield strength results of as-prepared hanocomposite inks (n = 3; data are presented as

mean + SD) Different lower-case letters indicate statistically significant differences (p <0.05).

Shear Yield Strength (Pa) Viscosity (Pa.s)
SP30 9.77+1.422 83.36+£13.942
SP30h 16.07+1.022b 94.51+10.122
mSP30h 21.76+3.37° 91.15+3.922

As indicated in Table 5.2, no statistically significant differences were detected in the viscosity data
for the studied inks. Functionalization and heat treatment of nHA particles simultaneously
increased the shear yield strength from 9.77+1.42 Pa to 21.76+3.37 Pa which provides a better
shape holding ability for the ink during the DIW printing.

By constructing standard cure depth curves, the UV doses necessary for successful curing of
various layer thicknesses were calculated. Fig. 5.5(a) shows plots of cure depths in response to
varied UV doses for the SP30, SP30h, mSP30 and mSP30h nanocomposite inks. The
functionalization reduced the cure depth throughout the same dosage range. In propagating the end
group in radical polymerization, acrylate groups (AESO based groups) produce secondary radicals,
whereas methacrylate groups (MAESO based groups) produce tertiary radicals (which are more
stable than a secondary radical). The tertiary radical’s stability is assumed to reduce the reactivity
of the propagating end for further polymerization [363]. The material constants fitted to the cure
depth curves are reported in Table 5.3. The depth of penetration (Dp) value was almost the same

in all groups but the critical dosages (Ec) had greater values for the mSP30 and mSP30h groups.
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Table 5.3. Cure depth material constants for the nanocomposite inks.

Material Constants Dp E¢ R?
SP30 0.244 5.3885 0.9655
SP30h 0.268 14.47 0.973
mSP30 0.249 16.807 0.952

mSP30h 0.250 16.541 0.9516

The FTIR spectra analysis of all cured SP30, SP30h, mSP30 and mSP30h nanocomposite 3D
printable inks are shown in Fig. 5.5(b). No peak associated with the strong alkene stretching
vibration for C=C at 1646 cm™ was detected, indicating the lack of vinyl groups in all spectra
obtained for four studied groups of nanocomposites. A very small peak at 806 cm™ related to
asymmetric vibration of out-of-plane vinyl groups was observed which suggests the presence of a
very small amount of unreacted monomers in the resin. Peaks at 1018 cm™ are attributable to the
PO4 from nanohydroxyapetite in all spectra. Thermograms from TGA analysis of SP30, SP30h,
mSP30 and mSP30h are shown in Fig. 5.5(c-d). The final residual mass in all four groups of inks
corresponds to the final nHA particles in the nanocomposite. The nHA volume fraction after
burnout samples for each of SP30, SP30h, mSP30 and mSP30h was calculated to be 29.61+ 0.67
% (n=3) which was close to the target volume fraction of 30%. The peak temperature for all four
groups of inks was in the 300-500 °C range. To compare the decomposition behaviour of each
nanocomposite in different temperature ranges the peak points of the derivative loss weight curves
for each nanocomposite have been captured accordingly in Table 5.4. As indicated in Table 5.4,
the decomposition temperatures are significantly different between functionalized and non-
functionalized groups and the decomposition of functionalized groups is initiated at a higher

temperature than in non-functionalized.
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Fig. 5.5. () Cure depth vs. UV energy dosage for SP30, SP30h, mSP30 and mSP30h nanocomposites. Data are mean

+ SD. b) FTIR spectra of cured nanocomposites ¢) Representative DTG thermograms of cured nanocomposites. d)
Representative TGA thermograms of cured hanocomposites.

This is presumably due to the greater cross-linking in mSP30 and mSP30h which provokes a higher
temperature required to start the decomposition compared to the SP30 and SP30h.

Table 5.4. Peak temperatures of derivative loss weight vs temperature curves for studied nanocomposites obtained

from TGA (n = 3; data are presented as mean + SD), Different lower-case letters indicate statistically significant
differences (p <0.05).

1%t derivative peak 2" derivative peak 3 derivative peak
temperature (°C) temperature (°C) temperature (°C)
SP30 366.88 £ 3.062 424.4 + 3.032 486.93 £ 2.812
SP30h 373.41+£1.918 426.83 £ 1.562 489.01 £ 0.872
mSP30 418.04 + 1.04° 486.14 +9.18° -
mSP30h 418.04 +0.13° 493.63 + 4.18° -
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5.3.2. DSC analysis

Representative DSC thermograms of extruded filaments, from four groups of nanocomposites, are
shown in Fig. 5.6(a). which represents the heat flow versus temperature. In all four groups of
extruded filaments, there are two visible endothermic peaks. The first peak in all groups occurred
at around 190°C and the second peak occurred in the range of 280-300 °C.
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Fig. 5.6. DSC data. a) Representative DSC thermograms b) Representative specific heat capacity versus temperature

¢) Melting enthalpies of the four nanocomposite systems.

Fig. 5.6(b). shows the representative specific heat capacity (mJ. mg™. °C™? curves of four groups
of extruded nanocomposite filaments. The melting temperatures increased due to the extra
functionalization in the mAESO inks and heat treatment of nHA particles. Fig. 5.6(c) shows the
average values of enthalpy of melting for four groups of extruded filaments calculated from the
area under the heat capacity vs temperature curves in the same temperature range. The enthalpy of
melting of the mAESO-based nanocomposites was more than two times higher compared to those

of the AESO-based nanocomposites.
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5.3.3. Dispersion of nHA in the nanocomposites

SEM images of the longitudinal sections of the extruded filaments for studied groups of
nanocomposites, as well as transverse sections of fracture surfaces for four groups (Fig. 5.7(a-¢)),
reveal the dispersion of nHA particles in micron scales with some agglomerations observed in

longitudinal sections images.

Fig. 5.7. Representative SEM images of longitudinal sections of extruded filaments. a) Longitudinal cross-sections b-
e) Longitudinal cross-sections of SP30, SP30h, mSP30, mSP30h in higher magnifications (250 x).

No significant differences were observed regarding the dispersion of nHA particles treated with
heat compared to the other groups. The distributions presented in Fig. 5.8. are the result of a

quantitative evaluation of the particle agglomerations using the ImageJ data.
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The peak of distribution for aggregation size, in all four groups of nanocomposites, was in the
range of 2.95 +0.3 um. As shown in Fig. 5.8(a) and Fig. 5.8(b), the frequency of agglomerations
with sizes ranging from 1 pm to 7um is higher in heated nHA nanocomposites (SP30h and
mSP30h) compared to non-heat-treated nanocomposites (SP30, mSP30). While the frequency of
agglomerations larger than 7um was significantly lower in the heated-functionalized
nanocomposites (mSP30h) compared to non-heated functionalized nanocomposites (mSP30). No
statistically detectable differences were observed in the distribution of agglomerations larger than
7um in heated-non-functionalized (SP30) compared to non-heated-non-functionalized (SP30h)
nanocomposites. Furthermore, as demonstrated in both functionalized and non-functionalized
groups, heating reduced the size of the largest agglomeration observed in heated nanocomposites
compared to the non-heated nanocomposites. This is most likely due to the fact that heating nHA
particles before adding them to inks help to dry the hydrophilic nHA particles by eliminating
interfering moisture. As a result, in heated nanocomposite systems, large agglomeration caused by

hydrogen bonding between particles is less likely to occur.
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5.3.4. Tensile Testing of Nanocomposite Filaments

Representative stress-strain curves and column plots of strength, elastic modulus and fracture

strain for the four nanocomposite filaments groups are shown in Fig. 5.9(a-d).
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Fig. 5.9. () Representative stress-strain curves, (b) elastic modulus, (c) strength, (d) fracture strain of the four novel,(e)
Toughness 3D printable nanocomposites in this study (For plots b-d, data are means £ SD (n =7 specimens of each

composition). Two-way ANOVA followed by Tukey’s multiple comparison tests were used for statistical analysis)

As shown in the plots in Fig. 5.9, the additional functionalization of AESO enhanced both the
elastic modulus (Fig. 5.9(b)) and the ultimate tensile strength (Fig. 5.9(c)) more than threefold in
a constant volume fraction of nHA. This is due to the increased degree of cross-linking in the
mSP30 and mSP30h nanocomposite systems in which OH groups are replaced with methacrylate
groups through functionalization. Two-way ANOVA was performed on the data collected for
strength, elastic modulus, and fracture strain (n=7). Functionalized and non-functionalized
strength and elastic modulus values show statistically significant differences while no significant

differences were detected between non-heated and heated data. For fracture strain data (Fig. 5.9(d),
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and toughness (Fig. 5.9(e) no statistically significant changes were observed across groups.
Considering all data, no significant interactions between heating and functionalization were

detected according to the Two-Way ANOVA analysis.

Fig. 5.10(a-h) shows the fracture surfaces of filaments from the SP30, SP30h, mSP30 and mSP30h
groups after tensile test. The lower magnification images of fracture surfaces of mSP30 and
mSP30h are smoother compared to SP30 and SP30h which suggests more brittle failure.

Fig. 5.10. Representative SEM images of fracture surfaces of extruded filaments after tensile tests. a-h) Transverse

cross-section of SP30, SP30h, mSP30 and mSP30h respectively in 250x and 500x magnifications
5.3.5. DMA Results

The DMA results for the nanocomposites and their neat resins are shown in Fig. 5.11(a-c). The
storage modulus versus temperature is shown in Fig. 5.11(a). At room temperature, the storage
modulus (E) of neat AESO resin increased from 0.8 GPa to 4.2 GPa (increased more than four
times) by extra functionalizing of AESO. Moreover, the addition of 30% volume nHA particles to
this resin increased the storage modulus from 0.8 GPa to 5.9 GPa. Heat-treated SP30h
nanocomposite resulted in a similar storage modulus at room temperature compared to non-heated
SP30 nanocomposite whereas heat treatment of mMAESO-based nanocomposite at room
temperature resulted in a minor drop in modulus, which is consistent with the static modulus trend.
Adding 30% volume nHA to the functionalized pure resin at room temperature increased the

storage modulus from 4.1 GPa to 10.8 GPa. Finally, comparing the functionalized nanocomposite
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mSP30 with the non-functionalized SP30 nanocomposite system, the storage modulus increased
from 5.9 GPa to 10.8 GPa.
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Fig. 5.11. DMA results of AESO and mAESO based neat resins and SP30, SP30h, mSP30 and mSP30h

nanocomposites a) Storage modulus vs Temperature b) Loss Modulus vs Temperature ¢) Tan & vs Temperature

The loss modulus plots are presented in Fig. 5.11(b) for the neat resins as well as four
nanocomposites. The loss modulus (E’) of functionalized pure resin at room temperature, increased
about three times compared to the non-functionalized pure resin. While the loss modulus of
functionalized nanocomposite (mMSP30) at room temperature compared to SP30 has decreased
from 0.61 GPa to 0.38 GPa. This suggests that at room temperature, the loss modulus of non-
functionalized nanocomposites is higher than functionalized nanocomposite groups. Moreover,
adding nHA particles to the functionalized resin lowers the loss modulus whereas adding nHA
particles to the non-functionalized resin raises the loss modulus. Heat treatment in both
functionalized and non-functionalized nanocomposites (SP30 vs SP30h and mSP30 vs mSP30h)

lowered the loss modulus at room temperature.
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The loss tangent plots are shown in Fig. 5.11(c). The peak of the tan & curves can be used to
determine the glass transition temperature, Tg. Tg increased from 34.65 °C in AESO-based neat
resin to 67.9 °C in functionalized neat resin. The introduction of nHA particles to both
functionalized and non-functionalized resin systems enhanced the Tg as expected. The glass
transition temperature also increased dramatically in mSP30 and mSP30h compared to SP30 and
SP30h, reaching from 60 °C to 120 °C. In the non-functionalized resin system, heat treatment of
nHA particles enhanced the Tg only slightly. In the functionalized system, there was no detectable
change in Tg due to heat treatment of nHA particles.

5.4. Discussion

It has been demonstrated that by manipulating the structure of nanocomposites opportunities will
be opened to develop new bone-inspired material systems [2,3,321]. The implementation of
appropriate material composition and manufacturing methods that can mimic the mechanical and
physiological features of bone composite will pave the way for emerging mechanically competent

bone-inspired nanocomposite grafts.

In this study, four groups of 3D printable nanocomposite inks were developed using nHA as
inclusions and AESO combined with PEGDA as the matrix. Liu et al demonstrated that additional
functionalization of AESO increased the cross-linking density and the levels of C=C bonds in the
resin [161], so in two groups of our nanocomposite inks, the AESO-based biopolymer matrix was
further functionalized to test the effect of functionalization on the final mechanical properties of
printed nanocomposite filaments. [63]. The tensile test results demonstrated that the mean ultimate
strength and elastic modulus of our mMAESO/PEGDA/nHA nanocomposites reached 75.5 MPa and
6.6 GPa respectively. While AESO is a promising candidate for a variety of biomedical
applications including biopolymer matrix of nanocomposite biomaterials [64,84,219], we
demonstrated that additional functionalization of the AESO boosts the strength and elastic
modulus of our nanocomposites more than threefold, making it more suitable for fabricating bone-
mimetic 3D printed grafts. Cortical bone experiences a maximum in vivo stress of approximately
45 MPa under normal physiological circumstances [364]. By the current mechanical properties
obtained for our functionalized 3D printable nanocomposites, we achieved a strength safety factor
of 1.5 without altering the nHA volume fraction or changing the composition of ink and just by

further functionalizing our AESO-based biopolymer resin. The functionalized nanocomposite

95



group surpasses the minimum needed standard mechanical properties for bone cement according
to 1SO standard 5833 standards (Tensile strength >50 MPa) [365]. A crucial need for creating
stronger nanocomposites is the homogeneous dispersion of nanoparticles in the polymer matrix
[366]. Using an ultrasonic homogenizer, we dispersed the nHA particles in the resin in different
steps for all nanocomposite inks in this work. To investigate the effect of heat treatment on nHA
particle dispersion, we added the nHA particles to the resin after heating at 120 °C to minimize the
probability of hydrophilic nHA particle agglomeration [354] trapped in the hydrophobic AESO
biopolymer matrix [353]. Further image processing analysis of SEM images revealed that the
combination of heat-treatment and functionalization reduced the frequency of agglomerations
larger than 7um compared to the non-heated functionalized group (mSP30) while there were no
significant differences in the frequency of larger agglomerations in the non-functionalized-heated
nanocomposite systems. Drying the nano-hydroxyapatite at 120 °© C removes surface-absorbed
water and increases its reactivity towards organic functional groups [354]. This is the most likely
explanation for the observed reduction in nano-hydroxyapatite agglomeration sizes in the
functionalized nanocomposites, however, it did not detectably improve the mechanical properties.
There were still micron-sized agglomerations detected in the SEM images of all of the
nanocomposites. They can cause the particles to not be wetted by the matrix sufficiently resulting
in a reduced interfacial area [347,367] and also may act as stress concentrators for the matrix which
all effects the final mechanical properties [81]. Optimal rheological behaviour is the primary
requirement for successful direct ink writing. The developed inks’ rheology displayed proper
viscosity and shear yield strength for DIW, allowing the ink to retain its shape for single filament
extrusion prior to UV curing. The shear yield stress in functionalized nanocomposite inks has
enhanced, resulting in improved shape holding and less ink dispersion during printing multilayered

structures, as seen in 3D printed samples (Fig. 5.2(a-b)).

In the presence of sufficient UV light, UV-curable multifunctional monomers can undergo free
radical polymerization, resulting in strongly cross-linked thermoset polymers [20]. Successful
curing is required for good mechanical characteristics, controlled degradation behaviour, and
favourable cell-material interactions in biomaterial nanocomposites, as partial curing results in the
presence of unreacted monomers in the matrices [63]. By producing standard cure-depth curves,
it is feasible to compute the minimal UV radiation necessary for curing a given nanocomposite
thickness[20]. We discovered that over the same UV dosage, the cure depth for mSP0 and mSP30h
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was less than for SP30 and SP30h groups. An additional methyl group is attached to the alpha
carbon of the -C=C- double bond in methacrylates. This additional methyl group causes steric
hindrance [363]. As a result, methacrylates have lower reactivity than equivalent acrylates. During
extrusion, all of the nanocomposite filaments in this study were exposed to UV dose for longer
than required based on the cure depth data to ensure efficient curing as demonstrated by the FTIR
spectra for all extruded nanocomposite filaments proving successful and efficient curing after
extrusion. The TGA results demonstrate a higher temperature required for decomposition initiation
in the functionalized nanocomposite groups, presumably due to different interactions between
nanoparticles, higher levels of C=C bonds and higher cross-linking density in the functionalized
resin. The nHA volume fraction after burnout samples for all groups was calculated to be 29.61+

0.67 % (n=3) which was close to the target volume fraction of 30%.

Like any other extrusion process, DIW does have a significant driving force for inducing polymer
chain alignment in the direction of flow [20,303-305]. The enthalpy of melting, which measures
the degree of crystallinity in thermoset polymers [287], rises on functionalized extruded
nanocomposite inks, according to the DSC data. Polymer properties such as rheology,
crystallization and mechanical properties are influenced by a higher molecular weight [368-371].
It has been reported that high molecular weight chains stretch during shear flow [372,373] and
promote the formation of the strong orientation of high molecular weight chains, resulting in
enhanced shear-flow induced crystallization [371]. The presence of additional methacrylate groups
in the functionalized mSP30 and mSP30h nanocomposite systems raise the molecular weight
compared to the SP30 and SP30h systems, resulting in an increase in the enthalpy of melting of
their extruded nanocomposite filaments, as evidenced by DSC data and consistent with mechanical
properties results. No significant change was observed regarding the enthalpy of melting in the

groups with heated nHA.

The SEM images of fracture surfaces of mSP30 and mSP30h are smooth and less featured
compared to the SP30 and SP30h which is consistent with brittle behaviour for highly-cross linked
thermoset polymers [309]. The absence of flaws and entrapped bubbles in SEM images of
longitudinal and transversal cross-sections of extruded filaments indicates that the nanocomposite

filaments were properly processed and printed.
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The DMA results also demonstrated that additional functionalization in the mSP30 and mSP30h
nanocomposites as well as in pure resins boosted the glass transition temperature by two-fold when
compared to non-functionalized groups. This is a result of the higher degree of cross-linking in the
functionalized groups. This indicates that by further functionalization of the biopolymer matrix,
better thermal stability is obtained which is comparable to high-temperature expensive epoxy
resins [374]. The storage modulus at the room temperature of functionalized nanocomposites and

functionalized pure resins was also two times greater.

Finally, we demonstrated that the ultimate strength, elastic modulus and glass transition
temperature were enhanced significantly by converting the non-functionalized AESO biopolymer
to functionalized mMAESO. These significant enhancements in both tensile and thermo-mechanical
properties are attributed to the increased density of cross-linking in the mAESO-based
nanocomposites. The heat treatment in the mMAESO nanocomposites had smaller agglomerations
sizes but this did not enhance the final mechanical properties. By further enhancing the dispersion
of the nanohyroxyapatite particles within the mAESO matrix, it may be possible to achieve even

greater mechanical properties than those observed in this study.

5.5. Conclusion

The novel nanocomposite inks developed in this study were successfully 3D printed using DIW
technique. The extruded functionalized 3D printable nanocomposite inks had greatly improved
tensile (ultimate strength and elastic modulus), rheological and thermo-mechanical properties.
They displayed higher glass transition temperature and enthalpy of melting as a result of additional
high molecular weight methacrylate groups in these nanocomposites implying good thermal
stability and making them suitable candidates for a wide range of biomedical applications. The
heat treatment of nHA decreased the frequency of larger agglomerations while no significant
differences were observed in the mechanical properties across these groups. The findings of this
work, as well as the innovative 3D printable nanocomposite inks, may be useful for 3D printing
grafts and scaffolds for advanced bone reconstruction technologies to be used in clinical

translations.
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Chapter 6
Improved Dispersion and Interfacial Bonding of Nanoparticles in
3D Printable Nanocomposite Biomaterials via Innovative Surface

Modification and Processing of Nanohydroxyapatite Particles

6.1. Introduction

Synthetic hydroxyapatite (HA) has both composition and structure that are almost identical to the
natural HA found in human teeth and bones [375,376]. It is a ceramic that belongs to an important
class of apatite minerals and is widely applied in the repair of bone defects due to its bioactivity,
non-immunogenicity, biocompatibility, and bone conductivity [217,377-379]. Nanoscale
hydroxyapatite (nHA) particles, in particular, which have physical and chemical properties similar
to natural bone minerals, have been researched for decades due to their bioactivity and
osteoconductivity in vitro and in vivo [301,302,380-382]. It has been demonstrated that the high
surface area-to-volume ratio of the nanoscale hydroxyapatite leads to improved in vitro cell-
biomaterial interaction [301,382] as well as enhanced mechanical properties [20,63,84]. As a
result, incorporating nHA into composites can improve their chemical, mechanical, and biological

performance when compared to conventional micro-scale composites [381].

Bone is a natural nanocomposite of collagen, other organic molecules, hydroxyapatite, and
structural water. The mineral phase of natural bone is composed of plate-like crystals of
nanometric size, which are dispersed throughout collagen fibrils [383-386]. To mimic natural
features with synthetic materials, highly homogenous and stable nHA dispersions with intimate
contact with the organic component are desired as intermediates, which may then be moulded into
final structures that will function as bone substitutes. Therefore, reinforcing polymers with nHA
can mimic natural bone by acting as the "organic" and "mineral” phases of the composite,
respectively [84]. However, nHA is associated with some drawbacks, such as brittleness and
aggregation due to their hydrophilic nature and weak interfacial adhesion with polymers, which
can limit the dispersion of the nanoparticles and negatively impact the material properties and its
applications in biomedical fields and bone tissue engineering [387,388]. The calcium-deficient

sites in nHA can be occupied by different cations through a process called cation binding or
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substitution. This allows for the introduction of desired ions into the nHA structure, which can
alter its properties and functionalities [389]. Barium, being a divalent cation with a similar size
and charge to calcium [390], can replace calcium ions within the crystal lattice. This substitution
process allows for the introduction of barium ions into the nHA structure.

One of the main issues with creating nanocomposite inks, particularly for use in 3D printing is
achieving homogeneous nanoscale dispersion of nanoparticles into the polymer matrix.
Aggregation/agglomeration can occur during the manufacturing of nanoparticles or their
incorporation into polymers [391]. Nanoparticles tend to form agglomerates owing to their surface
chemistry, high surface area, and interparticle forces, which can result in poor mechanical
properties, bulk degradation of nanocomposites and affect the ink rheology for 3D printing as well
as biocompatibility. Nanoparticle aggregation/agglomeration reduces the potential enhancement
of mechanical properties in nanocomposites due to the restriction of the interfacial area [347,348],
affecting the final macroscopic properties and eliminating a wide range of potential material
applications [392,393]. Nanocomposite properties are determined not only by the properties of
their constituents but also by the extent of filler dispersion and agglomeration, where dispersion in
composites with random particle distribution can be defined by the average inter-particle distance.
The fabrication of nanocomposites may benefit from the formation of homogeneous dispersions,
as the high surface-to-volume ratio is projected to result in higher interfacial particle-matrix
interactions, which can improve the overall characteristics of the resultant material [394,395].
However, preparing homogeneous dispersions remains a significant challenge. There are several
reasons why nHA particles may agglomerate in nanocomposites, including van der Waals forces,
electrostatic interactions, and capillary forces. To address this problem, several approaches have
been proposed to disperse nHA particles and prevent agglomeration. One approach is to modify
the surface of the nHA particles by coating them with a surfactant or polymer. This can reduce the

surface energy of the particles and increase their stability in the matrix material [396,397].

Another approach is to use a processing technique that can break up agglomerations and disperse
the particles more evenly throughout the matrix material. For example, high-energy ball milling,
sonication, or shear mixing can be used to mechanically break up agglomerates and improve the
dispersion of the particles [126,127]. However, ball milling produces undesirable damage to the

surface and structure of the ceramic particles due to the repetitive process of high-impact grinding.
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In addition, the use of a coupling agent can enhance the compatibility between the nHA particles
and the matrix material, which can reduce the tendency for agglomeration. Coupling agents can
form chemical bonds between the nHA particles and the matrix material, improving the interfacial
bonding and preventing the particles from clustering together.

A coupling agent can help increase dispersion by increasing miscibility and having two (or more)
functional groups can help generate covalent or ionic connections to link the phases via interfacial
bonding [398,399]. HA has been modified with a variety of coupling agents, monomers, and
polymers to improve the cell-material interactions, mechanical properties, its physical, biological,
and chemical properties and increase the effectiveness of nanoscale reinforcement in the
nanocomposites [168,175,183,400,401]. However, achieving a uniform dispersion of nanoscale
HA particles and preventing micron-scale agglomeration continues to pose a significant challenge
in the field.

In the previous studies by the WCBS group, different approaches have been implied for improving
the dispersion of nHA particles, such as using an ultrasonic homogenizer for dispersing nHA in
developed inks with [20] and without solvent [63,84], heating nHA up to 120 °C before adding to
ink [136] and silanization of nHA particles [402] before adding to ink. Although encouraging
results were obtained regarding mechanical properties through these modifications, getting a
nanoscale particle dispersion has not yet been achieved. The nHA agglomerations can also affect
the efficacy of nHA particle surface functionalization. Since microscale aggregation provides a
lower surface/area ratio, the functional material has fewer chances of interacting with the nHA

surface.

In this paper, a novel approach for developing and obtaining a well-dispersed nHA-based bone-
inspired nanocomposite system with enhanced interfacial bonding is introduced. We hypothesized
that by separating the fine nHA through steps of centrifuging and surface functionalization of fine
nHA, a nanocomposite with effective interfacial bonding and improved dispersion of nHA would
be achieved. To do this, the nHA particles were refined, and the refined nHA were functionalized
with sulfopropyl methacrylate (SPM) to enhance the interfacial bonding as well as help for further
improvement of dispersion. The nHA dispersion, effectiveness of surface functionalization and
interfacial bonding were assessed thoroughly in the developed nanocomposite system through

different characterization experiments. The effect of dispersion and surface functionalization of
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nHA on the tensile mechanical properties of nanocomposite inks and on their rheology for 3D
printing was further assessed. Developing a well-dispersed nHA-based nanocomposite system
with improved interfacial bonding will enhance the potential applications of these materials in the
field of bone tissue engineering due to enhanced mechanical properties and/or improved cell

interaction.
6.2. Materials and Method
6.2.1. Ink Composition

All reagents including acrylated epoxidized soybean oil (AESO, average molecular weight 1200),
methacrylic anhydride (MAA), polyethylene glycol diacrylate (PEGDA; MW 250), 3-sulfopropyl
methacrylate (SPM),sodium hydroxide (NaOH), and phenylbis(2,4,6-trimethylbenzoyl)phosphine
oxide (Irgacure 819) were purchased from Sigma Aldrich Co. The nanocomposite ink developed
herein used rod-shaped hydroxyapatite nanoparticles (nHA) with 120nm length, 30-40 nm
diameter, and a calcium-to-phosphorous ratio of 1.52 (MKNano, M K Impex Corp., Mississauga,
Canada). On average, the nanoparticles had a specific gravity of 2.92 and a crystallinity index of
0.52-0.54 [20].

6.2.2. Ink Preparation
6.2.2.1. nHA Purification

To eliminate nHA particle agglomeration, the as purchased raw nHA powder was first purified to
obtain fine nHA particles (Fig. 6.1-a). To do this, 60 g of nHA was measured in a 500 ml glass
beaker. Then the nHA particles were heat treated at 120 °C for 1 hour to remove absorbed moisture
[6]. The beaker was covered with aluminum foil and placed back inside the fume hood. Then 600
ml of ethanol was added to a 1000 ml beaker, and the nHA powder was added to the ethanol
gradually using a spatula. The nHA and ethanol were mixed for 5 minutes with a mechanical
homogenizer and further dispersed for 20 minutes using an ultrasonic homogenizer. The beaker
with the covered lid was mixed on the stirrer plate at 300 rpm for 24 hours. After 24 hours, 35 ml
of the emulsion was added to 50 ml conical centrifuge tubes. Tubes were centrifuged at 500 RCF
for 10 minutes at room temperature. The tubes were then gently taken, and the top emulsion was
carefully collected in a container. This supernatant contained refined nHA. The remaining nHA

102



pellets on the bottom of the centrifuge tubes were mixed with ethanol, and these steps were

repeated until the entire fine particles were collected from the nHA-ethanol emulsion.

6.2.2.2. Surface Functionalization of nHA

The measured refined nHA from the purification process was further functionalized using
sulfopropyl methacrylate (Fig. 6.1.b). First, 13.86 g of barium chloride was dissolved in 500 ml
deionized H>O (1mol nHA:1 mol BaCl,) and then added to the fine nHA-ethanol emulsion
obtained from section 2.2.1 and homogenized using an ultrasonic homogenizer. Then the mixture
was stirred at 300 rpm for 24 h in an uncovered beaker inside the fume hood at ambient temperature

to evaporate the ethanol.

Sonicate the remain nHA+ Ethanol
Centrifuge nHA + Ethanol mixture and repeat centrifuge
Mixing nHA with Ethanol to collect fine nHA
(24 h) . o
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Fig. 6.1. nHA purification procedure and functionalization process. a) several steps of centrifuging until obtaining the

fine nHA b) Functionalization of nHA particles with 3-sulfopropyl methacrylate by several phases of reaction with

Ba and SPM.

After 24 hours, 14.07g of sulfopropyl methacrylate was dissolved in 100 ml deionized H>O and
then added to the nHA-Ba/water mixture. The mixture was stirred at 300 rpm for another 24 hours.
After 24 hours of reaction, to separate the water from the mixture, 35 ml of the mixture was added
to each 50 ml conical centrifuge tube and centrifuged at 1000 RCF for 5 minutes at room

temperature. The supernatant water containing unreacted BaCl, and SPM was discarded, and then
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30ml of acetone was added to each conical centrifuge tube. The functionalized nHA-acetone
mixture was then homogenized and centrifuged twice to remove any remaining water. Finally, the
functionalized nHA-acetone emulsion was added to the biopolymer mixture and kept in the fume
hood at ambient temperature until dry. The mixture was sonicated twice daily for 10 min to
maintain homogeneity. For consistency, the preparation of refined nanocomposite ink followed

the same procedure except for the surface functionalization step.
6.2.2.3. Preparation of Functionalized Biopolymer Matrix

AESO was further functionalized with methacrylate groups prior to ink preparation using
methacrylic anhydride (MAA) and 4-(Dimethyl Amino) pyridine (DMAP) as catalyst following
the detailed steps described in reference [136]. During the functionalization process, the AESO's
hydroxyl groups were replaced by methacrylate groups, resulting in methacrylated AESO
(mAESOQ). After the functionalization process, the biopolymer matrix was produced by combining

mMAESO with PEGDA (in equal volume ratio) using an ultrasonic homogenizer.
6.2.2.4. Preparation of Nanocomposite Ink

The novel bone-inspired 3D printable nanocomposite inks developed in this study were composed
of 5% vol. nHA with 47.5% of mAESO and 47.5% of PEGDA. Three groups of nanocomposite
inks were prepared: with i) as purchased nHA (Raw), ii) purified and nanoscale nHA (Refined),
and iii) nHA-Ba-SPM (Functionalized Refined).

6.2.2.5. Rheology

A Bohlin CS Rheometer with a cone and plate arrangement (CP 4/40, with 150 pm gap) was
utilized to determine the viscosity and shear yield strength of various inks and to study the effect
of nHA dispersion and functionalization on their rheology. The aim was to ascertain if the inks
exhibited the appropriate rheological behavior for mSLA 3D printing. Three specimens per group
(n=3) were tested, and measurements were taken at room temperature over a range of shear rates

from 0.01 s to 100 s™. The viscosity was recorded at 10s intervals for each shear rate.
6.2.3. 3D Printing of Nanocomposite Inks

Dogbone test specimens of pure biopolymer matrix as well as nanocomposite ink were 3D printed

using Phrozen Sonic XL 4 K (Phrozen Technology, Taiwan) — an mSLA-based 3D printer. The
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Phrozen slicer software was used to slice the 3D stereolithographic (.stl) files and build adequate
support fixtures around the grip region to appropriately attach the dogbone samples to the print
bed as well as avoid defects to the specimen during printing and facilitate the removal of samples
from the print bed. To eliminate defects that might impair mechanical testing results, no supports
or fixtures were added along the gauge length. All specimens were printed with 50 um layer height.
Except for the first six layers, which were cured for 15 seconds to ensure good build plate adhesion,
each layer was exposed to UV for 6 seconds. After 3D printing was completed, the specimens
were carefully taken from the print bed, the supports discarded carefully and the specimens wiped
thoroughly to remove the residue-uncured ink. Then samples were exposed to further UV for 10
minutes on each side in a post-print curing chamber (CureZone MKII, Creative CADWORKS,

Canada). Finally, samples were thoroughly washed and wiped with ethanol.
6.2.4. Mechanical Testing of Biopolymer Matrix and Nanocomposite Sample

The dogbone-shaped test specimens (Overall length: 30 mm; Gauge length: 10 mm long, 2.5 mm
broad, and 2 mm thick; according to the ASTM D3039, 2017) were 3D printed with the mSLA 3D
printer. Tensile testing was carried out using a Psylotech UTS mechanical testing system with a
1.6 kN load cell (Psylotech Inc., Evanston, IL, United States) (Fig. 6.2). Strain measurements were
performed using a microscope-enabled Digital Image Correlation system (DIC; Vic 2D 6,
Correlated Solutions Inc., USA). During the test, a microscope (BXFM, Olympus Corp., Center
Valley, PA, USA) equipped with a 2.5x objective lens (Olympus Corp., Center Valley, PA, USA)
with a mounted digital camera (Point Grey, 5 MP, 2/3" detector) took magnified images of the
gauge length. Before testing, all specimens (n = 7 per group) were sprayed with high-resolution
laser printer toner powder (4-5 um in diameter, Xerox Phaser 6000) using an atomizer jar to
generate speckle patterns that allowed DIC-based strain measurements. The specimens were
initially preconditioned with a small load (5N) at room temperature for 100 cycles at 1 Hz. The
extension was then conducted at a speed of 16 um/s (average strain rate of 0.0016 s™). The load
cell data was collected at 5 Hz. For the DIC in all experiments, the subset window and step size
were set to 150 and 7 pixels, respectively (1 micron=2.75 pixels) while the filter size was 15 pixels.
This lead to a VSG (Virtual Strain Gage) of 1050 pixels.
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The extensometer tool (Fig.6.2. e) from the DIC was employed over the length of Area of Interest
to calculate the average engineering strains. Using the following formula, the true strain (&) was

calculated accordingly.

l
& =1In (E (6.1)

The extensometer tool provided the current length (1) and the initial length (lo). The extensometer
tool was used to determine the transverse strain (y-axis), assuming that the z-axis strain also is the
same as the transverse strain to obtain the true cross-sectional area for each point. The true stress

was obtained by dividing the applied load by the true cross-sectional area.

Fig. 6.2. Printing dogbone specimens and tensile testing. a) Ink in the resin reservoir of mSLA 3D printer, b) Printed
dogbone specimens on the print bed. c) Tensile testing after postprocessing of the specimens. d) ROI selected on a

speckle patterned specimen.e) DIC map and extensometers used for measuring strains.
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The slope of the stress-strain curve's linear elastic region was used to calculate Young's modulus.

Poisson's ratio (v) was computed using the ASTM standard for tensile testing.

Ag;
V= _A_El (62)

Where v represents the slope of the ¢, — ;.
6.2.5. Characterization of 3D printed Nanocomposite
6.2.5.1. Thermo-Gravimetric Analysis (TGA)

TGA analysis was utilized to assess the volume fraction as well as heat degradation of the 3D-
printed nanocomposites. Samples were cut from different parts of the printed sample to make sure
the obtained volume fraction was representative of the entire nanocomposite. A TA Q500 (TA
Instruments Inc., New Castle, DE) was used to heat and burn about 10-15 mg of each 3D-printed
nanocomposite specimen (n = 3). The samples were heated to 800 °C at a rate of 10 °C/min in an
air environment. The samples were equilibrated at 40°C for 5 minutes before heating. Using the
residual measured mass at 800 °C, the organic-inorganic ratio of the nanocomposites was
estimated. Each nanocomposite specimen’s organic-inorganic volume fraction was calculated by
dividing the residual mass (inorganic) by the density of the nHA (nHA=2.92 g/cc) and the starting

mass of the nanocomposite sample by the density of the nanocomposite ink (Ink=1.628 g/cc).
6.2.5.2. Fourier Transform Infrared Spectroscopy (FTIR)

Fourier Transform Infrared Spectroscopy (FTIR) was performed on the surfaces of raw and
functionalized nHA pallets (n=3) to examine the chemical composition and bonding associated
with the functionalized SPM-nHA particles. The FTIR spectra were obtained using a Nicolet 6700
FT-IR Spectrometer (Thermo Scientific, USA) with a resolution of 4 cm™ and a sample scan of

32. The OMNIC series software was used to analyze all spectra.
6.2.5.3. Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) was employed to observe the nanoparticle dispersion within
the cured biopolymer matrix. 3D printed nanocomposite samples were polished progressively with

polycrystalline diamond suspensions of sizes 6 um, 0.05 um and 0.01 um. After polishing, the
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samples were imaged using a Quanta FEG 250 (ThermoFisher Scientific, USA) in low vacuum
mode for scanning electron microscopy (SEM) and back-scattered electron microscopy (BSEM).
The fracture surfaces resulting from tensile testing were mounted on SEM stubs without any
treatment to obtain SEM images of fracture surfaces for each nanocomposite system.

6.2.5.4. EDX

Energy-Dispersive X-ray spectroscopy (EDX) was used to analyze the elemental composition of
functionalized SPM-nHA and the efficiency of the functionalization procedure. EDX was
performed using a Quanta FEG 250 (ThermoFisher Scientific, USA) fitted with an EDX detector

on the as-purchased and functionalized nHA powders.
6.2.6. TEM Characterization

Sections were taken from the printed nanocomposite specimens using a microtome to examine the
coverage of hydroxyapatite nanoparticles and corresponding particle aggregation using
transmission electron microscopy (TEM). Sections were attached to a copper mesh TEM grid and
sputtered with carbon before conducting scanning transmission electron microscopy (STEM) with
a high-angle annular dark field (HAADF) detector. HAADF-STEM imaging was conducted using
a Talos 200X microscope (Thermofisher Scientific) at 200 kV with a dwell time of 5 ps. Energy-
dispersive X-ray spectroscopy (EDX) was also used to co-localize barium and sulfur from the
functionalization process to individual hydroxyapatite nanoparticles in the energy range of 0-20
keV using a dwell time of 20 ps and drift correction during acquisition. Postprocessing of
elemental maps was conducted in Velox (ThermoFisher Scientific) using recommended average

filters (< 11 px) in both pre-filtering and post-filtering stages.

6.3. Results

6.3.1. TGA

After the preparation of the nanocomposite inks and prior to conducting any experiments, TGA
analysis was performed on three groups of nanocomposites to validate the targeted volume
fractions and ensure that the desired volume fractions of nanoparticles were achieved. By
comparing the remaining mass to the initial mass of the samples after TGA experiments, the

achievement of the targeted volume fractions was confirmed, as reported in Table 6.1.
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Table 6.1. TGA analysis results, volume fraction calculated for each nanocomposite system (n=3)

Nanocomposite ink Calculated Volume Fraction
Raw-nHA 4.8+0.1
Refined nHA 5.0£0.2
Refined-SPM Functionalized nHA 4.9+0.1

6.3.2. Surface Functionalization and Interfacial Bonding Assessment

The EDX results (n=4) demonstrated (Fig. 6.3) the sulfur and Barium elements with the reported
atomic percentage (Table 6.2) on the functionalized SPM-nHA samples. In a full crystalline nHA
(Ca10(PO4)s(OH).), the proportion of Cato P is 10/6=1.67. As the currently studied nHA particles
are calcium deficient, the proportion of Ca/P in raw nHA is 1.55. In the functionalized nHA
specimens, the atomic percentage associated with Ba (Ba/P=0.04) indicates that the Ba atoms
bonded with (PO4)". So according to the (Ca+Ba)/P ratio (1.55+0.04=1.59), Ba has filled part of
the calcium deficiencies in the functionalized nHA specimens and bonded nHA surface. The
increased S atomic percentage also indicates the presence of S on the functionalized nHA surface,
which is representative of sulfopropyl methacrylate. The percentage of S/P is lower than the
percentage of Ba/P, indicating that part of Ba reacted with S and part with Cl. The sum of CI+S
element almost equals Ba percentages which indicates that the washing procedure was successful

and almost no unbond agent remained after multiple steps of washing.

NonFunctionalized nHA 5 Functionalized nHA

0 2 B 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18 2
Full Scale 2210 cts Cursor: 0.000 ke Full Scale 6920 cts Cursor: 8.186 (31 cts) ke'

Fig. 6.3. SEM EDX results of non-functionalized and functionalized nHA
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Table 6.2. EDX-SEM Atomic percentage of non-functionalized raw nHA and SPM functionalized nHA

Element Atomic% NonFunctionalized nHA Atomic% Functionalized nHA
] 68.48+0.79 66.31+1.47
P 12.8240.71 12.80+0.53
Ca 19.90+1.35 19.92+1.21
S - 0.16+0.02
Ba - 0.50+0.04
Cl - 0.30+0.05

6.3.3. TEM Surface Characterization of Functionalized and NonFunctionalized nHA

Nanorods

Imaging microtomed sections of the nHA-biopolymer nanocomposites using HAADF-STEM-
EDX showed a change in surface composition associated with the sulfopropyl methacrylate
functionalization. In the functionalized nanoparticles (Fig. 6.4), the bulk of the nanoparticle
consists of Ca, P, and O with a dominant C background characteristic of the biopolymer matrix.
Examination of unique elements characteristic of the functionalization method (namely S and Ba)
shows a minor degree of localization to the nanoparticle surface, with intensity above that of the

background signal.

Fig. 6.4. a) HAADF-STEM images and (b-g) EDX mapping of a hydroxyapatite nanorod grafted with sulfopropyl
methacrylate. Strong Ca, P, and O signals are associated with the nanoparticle, while C is mostly characteristic of the
resin. A faint signal from both S Ko X-ray energy and Ba Lo X-ray energy appears co-localized to regions of elevated
Ca, P, and O as a result of SPM functionalization.
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As a control, in Fig. 6.5, the elemental analysis of single raw nHA nanoparticles without
sulfopropyl methacrylate functionalization reveals the presence of the same core elements in the
nHA (Ca, P, O), along with carbon (C) from the biopolymer matrix. However, levels of S and Ba
are indistinguishable from the background signal due to the absence of sulphopropyl methacrylate

functionalization.

Fig. 6.5. ) HAADF-STEM images and (b-g) EDX mapping of a hydroxyapatite nanorod (as purchased, without
sulfopropyl methacrylate functionalization). Strong Ca, P, and O signal is associated with the nanoparticle, while C is
mostly characteristic of the resin. There does not appear to be significant localization of either Ba or S on the

nanoparticle surface.

EDX line scans across the major and minor nanoparticle axes validate the trace elemental
localization attributed to the sulfopropyl methacrylate functionalization (Fig. 6.6), where an
increase in Ba and S X-ray generation correspond to the same spatial domain as increases in Ca,
P, and O (characteristic of the particle itself). Variations in Ba and S intensity and associated peeks
greater than the background noise across the nanoparticle may indicate slight variations in
coverage of the sulfopropyl methacrylate across the functionalized particle. Ultimately, the
increase in residual Ba and S content on the processed functionalized nHA demonstrates the

effectiveness of the functionalization method and grafted nHA in the SPM.
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Similar to the EDX maps, the EDS line scans across the major and minor nanoparticle axes in the
absence of functionalization as a control (Fig. 6.7) definitively show the presence of Ca, P, and O

with intensity peeks associated in the range of their major and minor axes lengths. The different
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range of intensity for Ca, P, and O compared to the functionalized sample is due to randomness of
choosing nHA particle. There are no detectable signals for barium (Ba) and sulfur (S) within the
major and minor axes of nHA, and the observed multiple intensity peaks are mostly regarded as
background noise. This affirms the EDX maps of S and Ba in the non-functionalized nHA which
almost no brighter regions rather than signal background noises observed for these elements
(Fig.6.5. f— Fig.6.5.9).

6.3.4. FTIR Results

The FTIR spectra of functionalized and nonfunctionalized nHA are shown in Fig. 6.8. According
to the atomic structure of nHA, the OH, CO3, and PO4 bonds are related to the hydroxyapatite
structure. The FTIR spectra for both functionalized and non-functionalized nHA samples exhibited

peaks associated with these bonds. (Fig. 6.8(a-c)).
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Fig. 6.8. FTIR Spectra for non-functionalized and functionalized SPM-nHA (a,b,c) Peaks associated with the bonds
in the hydroxyapatite structure (d-f) The efficiency of surface functionalization and the investigation of peaks

associated with sulfopropyl methacrylate

According to the atomic structure (Fig. 6.1) of SPM-nHA, the S=O, C=0 Ester, and C=C are the
bonds associated with SPM functional groups, which the functionalized SPM-nHA’s FTIR spectra
demonstrate peaks associated with these bonds in the functionalized SPM-nHA samples (Fig.
6.8(d-f)). These peaks are prominent in functionalized nHA samples, while no peaks associated

with these bonds are demonstrated in the non-functionalized nHA control samples, confirming the
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efficiency of functionalization and associated interfacial bondings in surface functionalized nHA

nanocomposite samples.
6.3.5. nHA Dispersion in Developed Nanocomposite Systems

Imaging of the nHA dispersion using STEM and SEM imaging shows that, in the raw nHA
nanocomposite system, a multiscale range of ceramic aggregates appears throughout the

biopolymer matrix.

Fig. 6.9. SEM images of different processed nanocomposite systems (a-d) Raw nHA nanocomposite system (d-c)
refined nHA nanocomposite system and (d-e) refined-functionalized nHA nanocomposite system. Refining nHA and

SPM functionalization greatly improves nanoparticle dispersion into the nanoscale.

SEM images of raw nHA (Fig. 6.9(a-d)) demonstrate that these globular, quasi-spherical nHA
agglomerations can be as large as 10-15 um in diameter. Fig. 6.9(e-h) demonstrates SEM images
of centrifuged refined-nHA nanocomposite system. While centrifuging significantly improved the
dispersion of nHA in the biopolymer matrix, we still observed random 1-2 pum dense
agglomerations. The SEM images of the refined-functionalized nanocomposite system are shown

in Fig. 6.9(i-1), which demonstrates drastic improvement in the dispersion of nHA with almost no
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dense agglomeration occurring in this nanocomposite system and that nHA particles dispersed

more homogenously with almost no micron-scale agglomerations observed.

STEM imaging of the raw nHA system (Fig. 6.10(a-c)) shows globular agglomerations of the nHA,
most commonly appearing at the microscale. The refined-nHA nanocomposite system (Fig.
6.10(d-f)) demonstrates a greatly improve in the dispersion of nHA, while the high magnification

TEM images of this system demonstrate some agglomerations at the lower end of the microscale.

Fig. 6.10. HAADF-STEM images of hydroxyapatite nanorod aggregation (a-c) Raw nHA nanocomposite system
without sulfopropyl methacrylate functionalization or centrifuging, (d-f) refined nHA system with centrifuging, and
(h-j) SPM-refined functionalized and centrifuged system. Centrifuge refining greatly improves nanoparticle dispersion

into the nanoscale, with SPM functionalization dispersing remaining micron-scale aggregates.

In the refined-functionalized nanocomposite system (Fig. 6.10(e-h)), nHA dispersion enhanced
greatly and became much more homogenous and predictable — with no clear agglomerations in the
microscale. High-magnification STEM images demonstrate small nanoscale agglomerations
(clusters on the order of 100-250 nm in diameter) in the refined-functionalized nHA

nanocomposite system.
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6.3.5.1. Quantitative Comparison of nHA Dispersion

The distributions depicted in Fig. 6.11 are the result of an ImageJ-based quantitative analysis of
nHA particle agglomerations on three developed nanocomposite systems. The histogram shows
that by following the nHA refining procedure, the frequency and size of agglomerations decreased
greatly, with some lower micron scale agglomerations remaining. While the SPM surface
functionalization, in combination with the refinement procedure, assisted in avoiding any micron-

scale nHA particle agglomerations, with only a few nanoscale agglomerations being observed.
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Fig. 6.11. Distribution of nanoparticle agglomerations for the three nanocomposite systems. (n = 3 for each group of

extruded nanocomposite filaments).

6.3.6. Effect of nHA dispersion on Ink rheology

The rheology results for three nanocomposite inks are demonstrated accordingly in Fig. 6.12. The
nanocomposite inks behaved non-newtonian with low shear yield strength. While in all these three
groups of inks, the volume fractions of components are consistent, the dispersion of nHA is
affecting the ink viscosity. By improving the dispersion in the refined-functionalized nHA
nanocomposite system, the viscosity has increased from 150 mPa.s to 236 mPa.s, and the shear
yield strength increased from 0.803 Pa to 2.94 Pa as a result of improved dispersion (Table 6.3).
While the ink viscosity didn’t change significantly in the refined-functionalized system compared

to the refined system, the shear yield strength increased from 1.25 Pa to 2.94 Pa.
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Table 6.3. Viscosity and shear yield strength results of nanocomposite inks (n = 3; data are presented as mean + SD).
Different lower-case letters indicate statistically significant differences (p <0.05).

Shear Yield Strength (Pa) Viscosity (Pa.s)
Raw nHA 0.81+0.142 0.15+0.012
Refine nHA 1.25+0.022P 0.23+0.00°
Refine-SPM nHA 2.94+0.37¢ 0.24+0.01°
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Fig. 6.12. Rheological data of three developed nanocomposite inks at different shear strain rates. a) Shear stress versus

shear strain rate curves. b) Representative viscosity vs. shear strain rate curves

6.3.7. Tensile Testing of 3D-Printed Nanocompsoite Inks

The tensile test results of three developed nanocomposite inks are demonstrated in Fig. 6.13. As
seen by improving the dispersion and addition of SPM functional groups, the fracture strength
(Fig. 6.13. (d)), fracture strain (Fig. 6.13. (e)) and toughness (Fig. 6.13. (f)) increased significantly
while the elastic modulus (Fig. 6.13. (b)) and yield strength (Fig. 6.13. (c)) properties remained
unchanged. Through the combination of nHA refinement and SPM surface functionalization, the
fracture strength and fracture strain increased from 33.9 MPa to 46.4 MPa (37% increase) and
from 0.02 to 0.08 (75% increase), respectively, in a constant volume fraction of nHA and ink
composition and due to enhanced dispersion of nHA as well as improved interfacial bonding. In
calculating the area under the stress-strain curves, we see that the toughness increased by more
than three times from 1.2 MPa to 4.2 MPa,
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Fig. 6.13. a) Representative stress—strain curves, b) Elastic modulus, ¢) Yield strength, d) Fracture strength, e) Fracture
strain, f) Toughness of the three 3D printable nanocomposites in this study. (For plots b-f, data are means + SD (n =5
specimens of each composition). One-way ANOVA followed by Tukey’s multiple comparison tests were used for

statistical analysis)
6.3.8. Fracture Surfaces

SEM was used to observe the fracture surfaces (Fig. 6.14) of all nanocomposites after they
underwent tensile testing. The excellent processing and printing of these nanocomposites are
indicated by the absence of voids or entrapped bubbles in the demonstrated crosssections. The
fracture surfaces of raw nHA nanocomposite samples are smoother compared to refined nHA and
refined-functionalized nHA nanocomposite systems, which suggests more brittle failure compared

to the other two groups.
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Fig. 6.14. SEM images of fracture surfaces of tensile tested nanocomposite samples for (a-c) Raw nHA nanocomposite
system, (d-f) Refined nHA with centrifuging nanocomposite system, and (g-h) SPM-refined nHA nanocomposite

system.

6.4. Discussion

In this study, a series of novel 3D printable nanocomposite inks were synthesized and prepared
using various processing techniques for nHA particles. An innovative method is presented to create
a highly dispersed nanohydroxyapatite (nHA)-based nanocomposite system inspired by bone. This
approach involves two key steps: centrifuging and sulfopropyl methacrylate (SPM) surface
functionalization of refined nHA particles. The centrifuging process is carried out on raw nHA in
multiple steps to separate fine nHA particles from larger aggregates. Following centrifugation, the
refined nHA particles underwent surface functionalization using sulfopropyl methacrylate (SPM).
This treatment modified the surface properties of the nHA particles, making them more compatible
with the matrix material. As a result, the interfacial bonding between the nHA and the matrix is
strengthened, enhancing the overall performance and mechanical properties of the nanocomposite
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system. The refining process, along with SPM functionalization, resulted in great improvement in
the dispersion of nHA in the matrix, with no micro-scale agglomerations being observed. When
particle sizes are around 100 nm or lower, intermolecular van der Waals interactions between them
dominate, causing agglomeration or clustering [403,404]. The addition of functional groups to
nanoparticle surfaces may be advantageous in the production of nanocomposites with strong
interfacial interaction between polymer matrices and nanoparticles [398,405-407], which
contributes to improved dispersion of nanoparticles into matrix due to miscibility [398,407] as
well as resultant material properties [398,406,408]. The bonding might be weak (van der Waals,
hydrogen bonding) or strong (covalent, ionic) depending on the chemical composition of these
functional groups. The addition of functional groups to nanoparticles can improve the interfacial
interactions among the phases and affect the dispersion of nHA, which can lead to further

mechanical properties as well as cell interaction.

The raw nHA was purified and refined following several stages of centrifugation to sediment the
micron-size agglomerations and acquire more of the nanoscale particles as the initial phase of
nanocomposite ink preparation to improve the dispersion and boost the efficiency of surface
functionalization on nHA particles. Washing the functionalized nHA with water to discard the
unreacted parts can lead to the increased tendency of nHA particles for agglomerations, and
secondary agglomerations appear in the functionalized nHA, which limits the effectiveness of
functionalization [160]. In addition, functionalizing nHA without the purification step will reduce
its effectiveness and lead to particles with more amphiphilic nature. In this study, three steps from
the prior studied silanization surface functionalization procedure were modified [160] to increase
the effectiveness of surface functionalization and its effect on the nHA particle dispersion. To
minimize secondary agglomeration of functionalized particles during the drying operation, we first
purified the nHA, then applied surface functionalization to the purified nHA, and lastly added the
reacted nHA directly to the ink after complete washing with acetone. The functionalization of nHA
with SPMA can enhance its dispersibility in aqueous solutions, improve its compatibility with
polymer matrices, and promote interactions with biomolecules or cells. Methacrylate groups can
assist in the covalent cross-linking of inorganic and organic phases within a composite, which can
be particularly useful in the manufacturing and use of nanocomposites in a variety of applications.
To enhance the efficacy of functionalization and successful grafting of nHAwith SPM, nHA

particles were reacted with BaCl for 24 hours. When a calcium-deficient nHA surface is exposed
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to a solution containing barium ions, the barium ions can occupy the vacant calcium ion sites
within the nHA crystal lattice. This substitution occurs due to the similarities in ionic size and
charge between calcium and barium ions. Following the introduction of barium ions, they serve as
bridges or connection points to facilitate the grafting process between nHA and SPM. This step

allows for the successful functionalization of the nHA surface with sulfopropyl methacrylate.

The presence of effective coupling agents on the surfaces of nanoparticles results in significant
interfacial bonding between the fillers and the resin matrices. Several research on the surface
modification of nHA has been conducted [409-412]. Functionalized nanoparticles such as
TiO [413], ZrO2 [414], or dicalcium phosphate [415] lowered the viscosity and enhanced the
dispersion among the polymer matrices. Yadav et al. reported dental composites with nHA filler
treated with various silane coupling agents improved the mechanical properties regardless of the
presence of large lumps or agglomerates [412]. Alosaimi et. al fabricated sulfonated
polyethersulfone composite membranes coated with the 3-sulfopropyl methacrylate functionalized
SBA-15 silica nanoparticles. They investigated that functionalization of SBA nanoparticles with
SPM functionalization, enhanced the interaction of particles with polymer and prevented the

nanofiller agglomeration which resulted in high permeability of the membrane [416].

The SEM-EDX results in this work demonstrated S and Ba elements along with the Ca, O and P
elements in the spectrum of refined-functionalized nHA. The (Ba+ Ca)/P atomic ratio compared
to the Ca/P in the raw nHA demonstrated an increase from 1.55 to 1.59, which confirms the
hypothesis of Ba replacing the calcium deficiency of nHA. Moreover, as the Ba?* attached to the
nHA surface are either bonded with -OSO>" (from SPM) or CI', the S+Cl =0.46 atomic ratio
compared to the Ba =0.5 atomic percentage in the functionalized nHA indicates a thorough
washing of unreacted reagents. It is more likely that Ba* bonds with CI- rather than bonding with
SPM due to the higher steric hindrance in the SPM functional group, so it is not feasible to bond
all the Ba* with SPM while the atomic percentage of S/P in the functionalized nHA specimens
indicates a successful surface functionalization of nHA with SPM. To further investigate the
interfacial bonding, a thorough FTIR analysis was conducted on the functionalized nHA samples
and raw nHA samples as control. The FTIR spectra for the refined-functionalized nHA samples
demonstrated a dominant peak for the S=O, C=0 ester, and C=C bonds which are associated with

the SPM molecule structure and suggest the effectiveness of nHA graft in SPM.
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TEM images of high-resolution images of individual particles for both functionalized and non-
functionalized nHA groups were captured. TEM analysis aimed to discern and quantify the
structural details and surface features, thereby identifying the distinct elements present in the
particles and determining their relative abundance. This information was used to create elemental
distributional maps, which showed the spatial distribution of different elements within the
functionalized and non-functionalized nHA particles. Ca, P, and O compose the majority of the
nanoparticle, with a dominant C background characteristic of the biopolymer matrix. Examining
the unique elements of the functionalization method (namely S and Ba) demonstrates a minor
degree of localization to the nanoparticle surface, with intensity above that of the background
signal. Due to the small diameter of a single nHA particle, it is possible that the entire or majority
of a nanorod’s circumference lies within the TEM section, depending on the axis vector of the
particle for the sectioning orientation. As X-rays are generated throughout the entire thickness of
the TEM section, the appearance of S and B signals throughout the core of the nanoparticle may
not necessarily indicate that these elements are incorporated in the nanoparticle interior but instead
may line the nHA exterior through the thickness of the section. In single nanoparticles without the
sulfopropyl methacrylate functionalization, levels of S and Ba are indistinguishable from the
background signal. EDS line scans across the minor and major axes of nanoparticle increase in Ba
and S X-ray generation correspond to the same spatial domain as increases in Ca, P, and O
(characteristic of the particle itself). Variations in Ba and S intensity across the nanoparticle may
indicate slight variations in coverage of the sulfopropyl methacrylate across the particle.
Ultimately, the increase in residual Ba and S content on the functionalized nHA shows that the
functionalization method is effective. SEM and TEM images of raw nHA nanocomposite and
refined-functionalized nHA nanocomposite demonstrate a significant difference regarding
nanoparticle dispersion. TEM and SEM imaging of nanocomposites on raw nHA nanocomposite
systems demonstrate multiple globular, quasi-spherical nHA agglomerations on the microscale
that can be as large as 10-15 pum in diameter. Where the aim of nHA strengthening is to provide a
dispersed network of the bioceramic phase for ahomogenous and predictable mechanical response.
This form of agglomeration is detrimental to the micromechanical stress distribution and
macroscopic mechanical performance of the nanocomposite materials [417-420]. As these
microscale agglomerations serve as stress concentrators [421-423] within the material, the

addition of nonprocessed nHA without functionalization, which resulted in microscale
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agglomerations, may actually restrict the scope to which the nanocomposite can be used for
biomaterial design and further multiscale simulations as a design tool. The SEM S-TEM images
of the refined nHA nanocomposite system demonstrated a great improvement in the dispersion of
nHA particles, while a few lower micron scale agglomerations were observed. Further
functionalization of refined nHA samples reduced the remaining microscale agglomerations and
demonstrated a homogenous dispersion of nHA particles with no clear agglomerations in the
microscale with few small agglomerations around 100-200 nm. While in the previous studies, the
silanization surface functionalization of nHA reduced the dispersion of nHA due to post-
agglomerations created during the drying step, here in this study, the SPM functionalization in
combination with nHA refinement improved the nHA dispersion significantly. The fracture strain
and fracture strength increased by 75% and 37%, respectively, due to additional SPM
functionalization and nHA refinement, while no significant difference was observed in the elastic
modulus properties. This suggests an improvement in the ductility of SPM nanocomposite system,
which requires further investigation. The increase in mechanical properties is associated with
improved interfacial bonding due to the nanoscale dispersion of particles as well as the surface
functionalization of nHA particles. The rheology results demonstrated that by improving the nHA
dispersion, the ink viscosity and shear yield strength increased while still low enough for 3D
printing on mSLA 3D printer, and they were successfully 3D printed. The increased viscosity and
shear yield stress could be one of the drawbacks of improved dispersion in these nanocomposite
inks, especially when designing higher volume fraction ink compositions if they are aimed to be
printed using mSLA 3D printing techniques otherwise it will require further optimize and dilution
of matrix. This should be considered carefully in designing inks, or DIW-based techniques can be
used instead, which require higher viscosity and shear yield stress ink compositions.It should be
noted that the lower intensity signals attributed for Ba and S elements on EDX and EDS results of
SPM-refined nanocomposites in this study, could be due to the low percentage of nHA (5%) in the
developed nanocomposite system and can be further optimized by increasing the volume fraction
of nHA in the ink. Also, the mechanical properties will further demonstrate an improvement by

increasing the volume fraction of SPM-refined nanocomposite system.
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6.5. Conclusion

A novel technique and surface functionalization has been introduced in this study for improving
the dispersion and interfacial bonding of nHA particles in a functionalized biopolymer matrix. The
centrifuging steps of nHA in combination with SPM surface functionalization improved the
dispersion of nHA particles in nanocomposite drastically, with almost no agglomeration observed
in the microscale. Moreover, SPM functionalization of refined nHA particles improved interfacial
bonding, resulting in 75% and 37% increases in fracture strain and fracture strength, respectively.
The findings of this work, as well as the novel techniques introduced, will assist in the development
and optimization of more mechanically competent 3D-printed nanocomposite grafts for

application in bone reconstruction technologies.
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Chapter 7
Micromechanical Elastoplastic Modeling and Characterization of 3D

Printable Biopolymer Nanocomposites Using Realistic RVES

7.1. Introduction

Polymer nanocomposites are a class of advanced materials that consist of a polymer matrix
reinforced with nanoscale particles. The addition of nanoparticles to a polymer matrix can
significantly enhance the mechanical, thermal, and electrical properties of the resulting composite
material [140,424-428]. One of the key advantages of polymer nanocomposites is their ability to
combine the desirable properties of both the polymer matrix and the nanoparticles. For example,
the polymer matrix may provide elasticity and ductility, while the nanoparticles can provide
increased stiffness, strength, and thermal stability. As a result, polymer nanocomposites have
found applications in a wide range of industries, including aerospace, automotive, electronics, and
biomedical engineering [429-431]. Advanced fabrication methods offer a promising way to tailor
the microstructural characteristics of materials locally. However, the local control of dispersion is
hindered by the inconsistencies in shape, size, and orientation of nanoparticles, as well as the
presence of agglomerations. Therefore, the complex nature of these materials, including the
heterogeneous distribution of nanoparticles within the polymer matrix, makes it challenging to

predict their mechanical performance accurately [96,188,432-437].

Experimental testing and analytical models have been used to investigate the mechanical
properties of polymer nanocomposites [438-441]. However, conducting experiments at the
nanoscale is costly, and determining the correlation between process, microstructure, and property
for these materials is challenging and infeasible for early design purposes. On the other hand,
formulating analytical models can be challenging, and solving them can be overly complex.
Furthermore, analytical models have limitations in accurately describing the complex
microstructure of nanocomposites, capturing their nonlinear material behavior, and assessing local
failures within these systems. These models often struggle to account for the complexity of

nanocomposites’ structures [187,188].
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Numerical modelling is a useful tool for studying the behavior of polymer nanocomposites at
different length scales. These models can provide insight into the mechanical and thermal
properties of nanocomposites, as well as their electronic and optical properties[187-189]. By
simulating the behavior of nanocomposites under different conditions, numerical modelling can
help engineers and scientists optimize the design and performance of these materials for specific
applications while ideally saving on resources. One approach to nanocomposite numerical
modelling involves molecular dynamics simulations [442]. These simulations use classical
mechanics to model the behavior of individual atoms and molecules in a nanocomposite. By
simulating the interactions between these particles, molecular dynamics can provide information
on the mechanical properties of a nanocomposite system, such as its strength and elasticity [187].
Another approach to nanocomposite numerical modelling involves finite element analysis. This
method uses a mesh-based approach to model the behavior of a nanocomposite at the microscopic
level. FEM micromechanical modelling can be used to simulate the behavior of a nanocomposite
under different loading conditions. This information can be used to optimize the design of
nanocomposites for specific applications. Instead of modelling entire objects, which is not feasible
computationally, a representative volume element (RVE) can be used to represent the material
microstructure, where complex microstructures of composites may be reproduced [443]. Hill
defined an RVE as a sample that, on average, is structurally and completely representative of the
total mixture and has enough inclusions to account for the apparent overall moduli [444]. As a
result, each RVE needs to be suitably big and statistically representative of the heterogeneous
material's overall characteristics [445]. On the other hand, the RVE size should be as small as
feasible to allow for roughly homogenous stress and strain levels over the whole RVE and to be
feasible considering the computational cost of simulating the deformation. Utilizing the RVE
approach for micromechanical modelling has the benefit of providing a description of the stress
and strain distributions through the developed microstructure [445]. Although micromechanical
and RVE methods have been used to predict the mechanical properties of nanocomposites,
especially those based on CNT [203-209], the complexity of their microstructure and
inconsistency in the inclusion dispersion, shape, aspect ratios, and clusters have resulted in the use
of simplifying assumptions. As a result, there has been less attention given to the micromechanical
modelling of realistic RVEs generated based on the actual microstructure of a nanocomposite

system. Furthermore, most multiscale and micromechanical simulations of nanocomposites have
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focused more on predicting elasticity and less focused on investigating the elastoplastic properties
of these materials [211,212,214,446]. While few studies have investigated the experimental
aspects of mechanical properties of nHA-based polymer nanocomposites, which are a new
generation of nanocomposites with an intended application in orthopedics [5,77,160,216,217],
there is a noticeable scarcity of research focusing on computational modelling of nHA-based
polymer nanocomposites systems [218,219]. Experimental determination of the relationships
between the process, microstructure, and properties of these nanocomposites is a challenging and
costly task, making it generally impractical for preliminary design purposes. However, the
advancement of general design guidelines is crucial to promote the widespread adoption of these
nanocomposite material systems and help engineers designing these materials. The development
of an elastoplastic micromechanical model based on realistic RVEs derived from image processing
analysis of actual microstructures may offer a novel approach for the early design of
nanocomposite systems. Such a model enables the prediction of performance of the nanocomposite
systems and local failure behavior, ideally reducing the need for extensive experimental tests.
These models would also benefit researchers studying these materials by providing insight into
how different nHA distribution and arrangement will affect the elastoplastic behavior of the
material and facilitate further investigation into the local failure of these materials and interfacial
deboning. To accurately model the elastic-plastic behavior of a polymer nanocomposite system,
in addition to the generation of RVES, which follows the actual microstructure of studied system,
it is important to assign appropriate constitutive material models to the constituents. Polymers
display different levels of yield strength when subjected to compression, tension, and shear, and
they also exhibit pressure-sensitive yielding behavior. Extensive research has been conducted to
explore the impact of hydrostatic pressure on the yield behavior of polymers, as documented in a
number of comprehensive investigations [226-232]. The Drucker-Prager model, is extensively
used to characterize the elastoplastic behavior of polymers [236-242]. It is specifically suitable for
materials that demonstrate plasticity dependent on pressure. The Drucker-Prager model was
developed by smoothing the surface defined by the Mohr-Coulomb yield criterion and introducing
adjustments to the Von Mises yield criterion, as detailed in various studies [243-245].

In this study, a computational tool was developed to predict the elastoplastic micromechanical
behaviour of a novel biopolymer nanocomposite system [447]. First, realistic RVEsS were

generated according to the actual microstructure of the novel nanocomposite, considering nHA
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particle dispersion through the biopolymer matrix, inclusion aspect ratio, and nHA length
distribution. To predict the elastoplastic properties of the novel nanocomposite system properly,
the constitutive model was calibrated, verified and validated by conducting tensile, compression
and shear tests on 3D printed functionalized biopolymer matrix. By employing the constitutive
model in realistic RVESs, the effects of nanoparticle dispersion and arrangement on the elastoplastic
properties of the novel nanocomposite system was further investigated. The findings in this study
can be used as design guidelines for developing mechanically competent 3D printable

nanocomposite materials.

7.2. Materials and Method

In order to simulate the elastoplastic micromechanical properties of the novel nanocomposite
system [447], the appropriate constitutive model should be used for both constituents. Here in this
study, the nHA inclusions were modelled as elastic isotropic [448] and the biopolymer matrix
modelled using the Drucker-Prager elastoplastic constitutive model [236,449]. The elastoplastic
constitutive material model requires calibration, verification and validation [249]. Tensile and
compression tests were performed in this work, to calibrate and verify the Drucker-Prager
constitutive model, and the shear test was used as an independent test to validate the derived
material constants [256].

7.2.1. Preparation of Functionalized Biopolymer Matrix

Acrylated epoxidized soybean oil (AESO) was functionalized with additional methacrylate groups
using methacrylic anhydride (MAA) and 4-(Dimethyl Amino) pyridine (DMAP) following a
detailed protocol [136,160]. During the functionalization process, the AESQO's hydroxyl groups
were replaced by methacrylate groups, resulting in mAESO, a new stronger biopolymer with
additional functional groups for crossliking [136]. After the functionalization of the AESO was
completed, the biopolymer matrix was produced by combining 50% mMAESO with 50%
polyethylene glycol diacrylate (PEGDA) using an ultrasonic homogenizer.

7.2.2. 3D Printing of the Functionalized Biopolymer Matrix
7.2.2.1. Tensile Test Specimens

The dogbone-shaped test specimens (Overall length: 30 mm; Gauge length: 10 mm long, 2.5 mm
wide, and 2 mm thick; according to the ASTM D3039, 2017) were 3D printed using a Phrozen
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Sonic XL 4 K mSLA-type 3D printer (Phrozen Technology, Taiwan). 3D stereolithographic (.stl)
files were sliced using the Phrozen slicer software. The software was utilized to create suitable
support fixtures around the grip area, ensuring the proper attachment of the specimens to the print
bed during printing. Additionally, this helped prevent any defects in the specimen during the
printing process and facilitated easy removal of the samples from the print bed. To eliminate
defects that might impair mechanical testing results, no supports or fixtures were added along the
gauge length. All specimens were printed with 50 um layer height. Except for the first six layers,
which were cured for 15 seconds to ensure good build plate adhesion, each layer was exposed to
UV for 7.5 seconds. After 3D printing was complete, the specimens were carefully removed from
the print bed, the supports removed carefully, and the specimens wiped thoroughly to remove the
residue-uncured resin. Next, the specimens were exposed to further UV for 10 minutes on each
side in a post-print curing chamber (CureZone MKI|I, Creative CADWORKS, Canada).

7.2.2.2. Compression Test Specimens

Guidelines provided by ASTM international testing standard ASTM - D695 for determining the
compression properties of plastics under quasi-static stress were followed for measuring the
behaviour of the functionalized biopolymer matrix under compression and for calibrating the
constitutive model. Several enhancements were made to address the issues of specimen buckling
and barreling and also to respect the capacity of the load cell (1.6 kN) in order to obtain the yield
strength of the biopolymer matrix. According to ASTM-DG695, a right cylinder or prism specimen
with a length, twice the major width or diameter is recommended for compression tests. After
some trial designs, the right cylinder specimen with 2.5 mm in diameter and 5 mm in length was
selected. The cylindrical samples were printed on the mSLA printer without any fixtures and right
on the bed of the 3D printer. In order to have consistency in the diameter of the specimen through
the length, all specimens were printed with 50 um layer height and exposed for 7.5 seconds to UV.
After printing, the specimens were cured the same way as the tensile specimens in the UV chamber

for 10 minutes.
7.2.2.3. Uniaxial Shear Test Specimens
There are no uniaxial testing standards for characterizing the shear properties of plastics.

Consequently, the uniaxial shear specimen geometry was adapted from a unique specimen
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geometry initially proposed for shear testing of metallic alloys under static and dynamic stress
[450,451]. Although the mini-shear sample geometry had some complications related to
fabrication, it has the advantage of enabling the shear test using a uniaxial test frame [452]. To
keep the gaps in the top and bottom of the sample symmetrical and aligned during printing and
after curing and to enable successful printing of the specimen, several beam support designs were
implemented between the gaps on the top and bottom of the shear sample as well as base supports
(Fig. 7.1). Specimens with different support designs were tested, and the Levy Mises equations
[453] were checked in the center of the sample for the shear stress state by comparing the Hencky
principal stresses ratio obtained from DIC (Appendix) to further evaluate the shear stress state in
the centre of the mini-shear sample. Finally, the shown support design in Fig. 7.1 provided the
optimum results. Specimens were printed with 50 um layer height. Each layer was exposed to UV
for 7.5 seconds, except for the first six layers, which were cured for 15 seconds to guarantee proper

build plate adhesion.

Print-Before post cure Print-After post cure

Fig. 7.1. 3D printed mini-shear samples with final beam support design
7.2.3. Mechanical Testing of the Biopolymer Matrix
7.2.3.1. Tensile testing of 3D Printed Biopolymer Matrix and Nanocomposite Specimens

Tensile testing (Fig. 7.2) was carried out using a Psylotech uTS mechanical testing system
equipped with a 1.6 kN load cell (Psylotech Inc., Evanston, IL, United States). Strain
measurements were performed using a microscope-enabled Digital Image Correlation system
(DIC; Vic 2D 6, Correlated Solutions Inc., USA). During the test, a microscope (BXFM, Olympus
Corp., Center Valley, PA, USA) equipped with a 2.5x objective lens (Olympus Corp., Center
Valley, PA, USA) and a mounted digital camera (Point Grey, 5 MP, 2/3" detector) took magnified
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images of the gauge length. Before testing, all specimens (n = 7 per group) were sprayed with
high-resolution laser printer toner powder (4-5 pum in diameter, Xerox Phaser 6000) using an
atomizer jar to generate speckle patterns that allowed DIC-based strain measurements. The
specimens were initially preconditioned with a small load (5N) at room temperature for 100 cycles
at 1 Hz. The extension was then conducted at a speed of 16 um/s (average strain rate of 0.0016 s°
). The load cell data was collected at 5 Hz. For the DIC in all experiments, the subset window and

step size were set to 150 and 7 pixels, respectively (1 micron=2.77 pixels).

Fig. 7.2. Biopolymer matrix Doghone tensile test set-up

The extensometer tool from the DIC was employed over the length of the Area of Interest to
calculate the average engineering strains. The slope of the stress-strain curve's linear elastic region
was used to calculate Young's modulus. Poisson's ratio (v) was computed using the ASTM

standard for tensile testing:

De,
V= Da (7.1)

Where v represents the slope of a €, — ¢; plot. To define the yield strength a 0.2% offset of the
elastic modulus slope line was reported which is commonly accepted in the polymer technical

community [249].
7.2.3.2. Compression Testing

The quasi-static compression tests were performed on a Psylotech TS mechanical testing system
with a 1.6 kN load cell (Psylotech Inc., Evanston, IL, United States) using compression platens
fixtures (Fig. 7.3). To minimize specimen barreling during compression testing and grease was

applied to the platens.
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Fig. 7.3. Biopolymer matrix compression test set-up

The strain was calculated using the local displacement sensor directly connected to the moving
crosshead after calibration due to the limitation of using a 2D DIC setup for analyzing the
cylindrical specimen surface. Using the force-displacement data, the compression stress-strain
curves were obtained accordingly for the biopolymer matrix, and the compression yield strength

value was defined to use for calibrating the Drucker-Prager constitutive model [249].

7.2.3.3. Uniaxial Shear Testing

The same test frame, fixtures, microscopy and camera system used for the uniaxial tension testing
were used for the uniaxial shear tests (Fig.7.3). The same DIC method was employed to analyze
the sample deformation. In order to use the tensile test fixtures for the shear samples, pin inserts
were designed and fabricated from steel in the University of Waterloo’s tool shop to hold the shear

sample during the testing.

Fig. 7.4. Uniaxial shear test setup

To evaluate the simple shear state in the center of the shear sample, the Hencky (logarithmic)
strains were calculated during DIC analysis and the principal logarithmic shear strains were
obtained and compared to investigate the simple shear stress state in the middle of the mini-shear

samples (Appendix) [453].
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7.2.4. Material models
7.2.4.1. Drucker-Prager Elastoplastic Constitutive Model for the Biopolymer Matrix

The Drucker-Prager model is a widely used elastoplastic model for polymers which takes into
account the influence of hydrostatic pressure on the plastic behavior of these materials. As the
hydrostatic pressure increases, the yield surface expands and moves outward. The Drucker-Prager
criterion (Fig.7.5) incorporates the influence of hydrostatic pressure on the resistance of a material
to shearing [243,454].

o

Fig. 7.5. Drucker-Prager yield criterion in principal stresses, m-plane and meridian plane

And the yield criterion is expressed by [455]:

flyn)) =, +al;—k=0 (7.2)

Where a and k are defined as the positive constants at each point of the material and are known
as Drucker-Prager parameters. I; and J, are defined as the first invariants of Cauchy stresses and
the second invariant of the deviatoric part of the Cauchy stresses, respectively. For uniaxial tension

and compression, the a and k are obtained as follows:

1 <at—o'c) I 2 ( 0.0 ) (7.3)
a=— , = — .
V3 \o. + o; V3 \o; + o,

Where g, and o, are yield strength under tension and compression (Table 7.1). The cohesion and

internal friction angles, which are denoted as ¢ and ¢ respectively, are obtained using the following

equation:
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2sin @ 6ccos®

R .
“ V3(3 + sin @) V3(3 +sin @) (7.4)

Using the yield strength values obtained from experiments, the material constants were obtained

accordingly for the biopolymer matrix.
7.2.4.2. Hardening Properties

Once the yield criterion for the elastoplastic simulations has been calibrated and verified, it is
essential to accurately define and capture the hardening properties of the biopolymer matrix using
the available hardening models in Digimat FE. The hardening properties of the biopolymer matrix
were determined by fitting the experimental data to an isotropic exponential hardening model
defined as follows. The fitting was performed using a developed genetic optimization algorithm
[357] by comparing the theory and experiment plastic stress-strain values. Isotropic exponential

hardening model described as follow:

R(ep) = R[1 — exp(—be,)] (7.5)

Where R and b are the hardening constants (hardening modulus and hardening exponents) obtained

accordingly and presented in Table 7.2.
7.2.5. Realistic RVE Generation

The goal of micromechanical modelling is to capture the interactions and behavior of individual
components within the material's microstructure/nanostructure and to determine the effect of the
microstructure on the macroscopic (or effective) response. Solving the entire mechanical problem
at the microscale would be computationally prohibitive. As a result, we distinguish two scales: the
microscopic (that of heterogeneities) and the macroscopic (that of the solid being locally
homogeneous). The concept of representative volume element (RVE) serves as a mesoscale bridge

between the two previously mentioned scales.
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Fig. 7.6. RVE generation algorithm using Digimt-FE

Digimat-FE, a commercial finite element-based homogenization software produced by e-Xstream
Engineering S.A.(MSc Software), was used in this study to generate realistic three-dimensional
periodic RVEs based on the measured microstructure of our novel 3D printed nanocomposite
system [447]. Each RVE was generated following the algorithm demonstrated in Fig. 7.6. After
generating the RVEs, they were exported to the Digimat-FE solver to run the simulations. After
mesh sensitivity analysis (Appendix), RVEs meshed with 500,885 integration three-dimensional
tetrahedral quadratic elements with an average element size of 10 nm. The particles and matrix
were assumed to be perfectly bonded. In the model nanocomposite system, the nHA particles were

further functionalized to improve interfacial bonding as well as to partially address the assumption

135



of perfect bonding in the computational model. Periodic boundary conditions (PBCs) were applied
to the RVEs as they are widely used when determining the effective properties of composites with
periodic microstructures [456]. Microscale homogenization through Digimat-FE was performed
to predict the effective stress—strain response. Uniaxial tensile displacements were imposed on the
surfaces of the RVEs to capture effective elastic modulus and other orthotropic elastic constants

using the FE method.
7.2.5.1. RVE Size Definition

The first step in the micromechanical modelling is to determine an appropriate RVE size for a
sufficient approximation of heterogeneous material systems and for estimating the overall
properties of polymer nanocomposite systems [443]. The computational costs (time, memory,
number of elements, etc.) depend on the RVE size. In general, the size of RVE should be
determined to properly capture the average local material displacement and strain fields while also
balancing the computational effort. So as the first step in RVE micromechanical modelling, the

optimum RVE size was obtained according to the size sensitivity analysis.
7.2.5.2. Orientation Tensors

Since the rod-shaped nHA particles are not aligned in our nanocomposite system, in order to
generate realistic RVES according to the real microstructure, nanorods are randomly dispersed and
oriented through the RVE. The inclusions must not only be non-uniformly dispersed but also
randomly oriented in the RVEs to follow the real microstructure. This requires introducing
additional orientation tensors to individual nanorods. Each individual inclusion's orientation is
described by a unit vector P along its axis of revolution, which can be determined in 3D

configuration with two spherical angles 6 and ¢ (Fig. 7.7).

3
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Fig. 7.7. Nanoparticle oriented in 3D with unit vector p along its axis of a revolution described with two spherical

angles 6 and ¢.

The axis vector p differs between inclusions within the same RVE, so the concept of orientation
distribution function (ODF) (p) was used. (p)dp is the probability of finding fibres within [p, p +
dp] solid angles. The fourth-order orientation tensor is defined as [457,458]:

a4=fP®P®P®P¢(P)dP (7.6)

Where P is the unit vector aligned in the fiber axis direction, " ® " indicates the tensor product
and ¥ (P) is the orientation distribution function which should satisfy the normality condition
(f ¥(P)dP = 1) imposing that the sum of probabilities equals one and also two opposite axis
vectors determining distinct particles (¥; (P) = y;(—P)). The second and fourth-order orientation

tensors a,, a, are defined also as the following orientation averages:

a,=(PQP)y a,=(PQYPQPQP)y (7.7)
These tensors are required to satisfy the following condition:

a;j = aj;

a11, Q22,033 2 0,a; =1 (7.8)
Aijij 2 0,41 = a;;

In practice, only the second-rank orientation tensor, not the ODF, is typically provided for a
composite with misaligned inclusions. However, in some cases, both the second and fourth-rank
orientation tensors are required for homogenization. To compute the fourth-rank orientation tensor

from the second-rank orientation tensor, the following closure problem or exact solution was

implemented [457,458]:

A@=a01Q@1+2(a; - ) F+ (1 ®a+a® 1)+ 2B [l(a+1)-1(a)]

(7.9)

1
and f, =1/7

a1=—£
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The average orientation tensor for randomly orienting inclusions in three dimensions is defined as
a second-order tensor with all diagonal components equal to 1/3 and all off-diagonal components
being null. This tensor is applied to particles to randomly align them in the RVE and assign each
individual particle random 6 and ¢, which define the orientation of each individual particle. The
global error, which computes the difference between the actual reference orientation tensor of RVE

and the reference orientation tensor, is computed as follows:

2 2
Global Eror = \/Z(aﬁ-c“‘al - airief) + 2.0 * Z Z(a?ftum - airjef (7.10)
ii ii

ij
7.2.5.3. Length Distribution

The rod-shaped nanoparticles in the biopolymer matrix are not all the same length in practice, and
their length varies according to high-resolution SEM and TEM images [447] and Image]
measurements. According to ImageJ measurements, the length of nanohydroxyapatite ranges from
80 nm to 160 nm, with the majority of the particles falling between 100 nm and 120 nm. To impose
the length distribution on the nanorods, a normal Gaussian distribution function with the following
distribution parameters was applied (Fig.7.8) as the nanorod size function in Digimat-FE. The
effective size distribution in RVEs was compared to the applied size distribution to check for

discrepancies between the two.

30000 —

25000 [

20000 —

15000 —

10000 —

Probability density

Mean: 1.2 e-4 mm
Variance: 1.68e-10
Size Bound: [0.8e-4 mm, 1.6e-4 mm]

5000

[ |
0.8e-4 1.0e-4 1.2e-4 1.4e-4 1.6e-4

Size

Fig. 7.8. Gaussian probability distribution vs size of rod-shaped nanoparticle in the matrix.
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7.2.5.4. Agglomerations

Despite the fact that dispersion improved significantly in the new 3D printable nanocomposite
system and no micron-scale agglomerations were observed, high-resolution TEM and SEM images
revealed small nanoscale agglomerations. In order to generate RVEs with realistic features, we
introduced small agglomerations with varying volume fractions and randomly dispersed them in
the generated RVEs. While these small nanoscale agglomerations may not affect the elastic
properties of RVES in the elastic region significantly, they may act as stress concentrators in the
microstructure, influencing local stress values and the onset of local failure. As a result,
introducing these clusters aids in obtaining more realistic RVEs for further micromechanical
assessments. By keeping the total volume fraction of the RVEs constant at 5% according to the
volume fraction of the new nanocomposite system, the agglomeration volume fraction ranged from

0.25% to 1.5% by changing their number and individual volume fractions through the RVE.
7.2.6. Application of Periodic Boundary Condition on 3D Periodic RVEs

According to the literature, obtaining the effective mechanical properties in composite structures
by imposing periodic boundary conditions (PBC) has led to better approximations compared to
other boundary conditions [459-462]. Before employing computational homogenization, periodic
boundary conditions were applied to our microscale 3D periodic RVEs (Fig. 7.9).

Fig. 7.9. 3D periodic RVEs; sample RVE cross-section views demonstrate periodic geometry in all three directions

Periodic boundary conditions ensure that the flux of the field variable (displacement, temperature,
electric potential) is periodic with respect to the faces of the volume element. This is imposed by
a large set of equations that, on a two-by-two basis, associate the degrees of freedom of the nodes

on one face to those of the corresponding nodes on the opposite face. Node duplication is used to
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avoid problems caused by non-periodic meshes. The displacement field u for the periodic RVE of
composites under macroscopic strain u is given by [463]:

u; (o1, X2, %3) = U +ui(xy,x5,%3) with u = eljx; (7.11)

In the above equation, u) = eiojxj defines the displacement field in the periodic composite while

u; (xq,x,,x3) is the periodic part of the displacement field on the boundary surfaces which
generally is unknown and can not be directly applied to the RVE’s boundaries. In a periodic RVE,
boundary surfaces appear in parallel pairs, and displacements on two parallel opposite boundary
surfaces can be expressed as follow:

uft = el +uf and uf” = elxfT +u; (7.12)

where k+ and k- denote the k™ pair of two opposite parallel boundary surfaces of an RVE. Because
of the periodicity, u; is identical at the two parallel boundaries.

ket _ k= _ .0 vkt _ K=\ _ 0.k
u—u = g7 —x77) = gD (7.13)

With a specified macroscopic strain sl"] xt — x;~ becomes constant for each pair of nodes located
on the parallel boundary surfaces, edges, and corner vertices in the RVE of composites, and the
right-hand side of Eq. (13) becomes constant, allowing the equations to be easily implemented in
finite element analysis as a nodal displacement constraint. In addition to displacement continuity,
periodic boundary conditions should satisfy the traction continuity as well. As a result, the periodic

boundary condition on the boundary of an RVE for composites is given below:

uf —uy = elpj(x;r — j_) = Dy;

(7.14)

ti = SOTL

+ _ —
t; =—t i1y

i j o
7.2.7. Homogenization and Mesh Sensitivity Analysis

Homogenization, as a critical step in micromechanical modelling with the RVE technique, was
employed in the RVEs to obtain the required bulk mechanical properties of the RVE
[218,464,465]. Homogenization assumes that the material is sufficiently homogeneous at the

macroscale but heterogeneous at the microscale due to the presence of inclusions, grains, clusters,
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etc. [220]. Fig. 7.10 demonstrates a heterogeneous periodic microstructure which comprises at
least two constituents. The body has two length scales, a global length scale, D, that represents the
order of the size of the body, and a local length scale, d, that is proportional to the wavelength of
the variation of the microstructure [465].

¥z

[FAVA
k < 1

Fig. 7.10. a) Heterogeneous periodic microstructure (V) b) RVE of the composite structure (V) with matrix and
inclusions.

d
= — 7.15
) D<<1 (7.15)

In general, the equilibrium equations, strain-displacement relations, and constitutive law for a
heterogeneous material are defined as follows:

X
o;j = Cijkl(g’f)gkz

7.16
Exl = 5 (Up,r + Up ) (7.16)

O'ijnj = Ti on Sa
U =u; on S,
Where V, g;; ; and f; represents the whole volume, the derivatives of stress components with
respect to j and body forces, respectively. ¢;; and C;j; are the strain components in equilibrium

equations and elastic stiffness matrix, respectively. T; and u; demonstrate the prescribed external

force and displacement per unit area on the boundaries S, and S,, respectively.

The coupling of macroscopic and microscopic deformation and stress in first-order

homogenization is achieved through the use of integral averaging theorems [218]. If the RVE is

141



subjected to a macroscopically homogeneous stress or displacement field on its surface without

anybody forces, then the volume-averaged stresses, a, and strains, £, are defined as follow:

_ 1
(0i)) =Vef0ij dVe

. Ve (7.17)
(&) = Ve.fgij dVe
Which @;; is the volume-averaged stress, o;; is the local stress or micro stress, ¢;; is the volume-
averaged strain, and ¢;; are the local strain components. To calculate the effective stiffness
(Compliance) tensor, the averaged stress (strains) should be determined, hence to get this the local
stresses (strains) within the RVE should be defined. The equivalent homogenized stiffness matrix
of % for three-dimensional RVEs are calculated using six independent unit macro strains and

PBCs for six independent cases and could be computed using the evaluated volume averaged

stresses and strains according to the following equation:
(0ij) = Cyyraf &ij) (7.18)

7.3. Results and Discussion
7.3.1. Material Model Calibration and Verification

The experimental tensile, compression and shear test results are presented in Fig. 7.11 to Fig. 7.13.
The obtained tensile and compression yield strengthes of biopolymer matrix were used to calibrate
the elastoplastic constitutive model and derive the material constants for the functionalized

biopolymer matrix.

Table 7.1. The assumed elastic properties of nHA [466] and measured biopolymer matrix properties.

Young Modulus Poisson Tensile Yield Compression Yield
(MPa) E Ratio (v) Strength (MPa) Strength (MPa)
Nanohydroxyapetite 114000 0.29 - -
Biopolymer matrix 1690 0.39 21 35
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Drucker-Prager 2D Yield Surface

50

45

40 -

35r

4 L
30 35 40

Fig. 7.11. Drucker-Prager 2D yield surface for the biopolymer matrix.

Using the experimental data (Table.7.1) and implementing Eq.7.2 to Eq.7.4, the Drucker-Prager
yield surface was obtained for the biopolymer matrix. See Fig.7.11. Single element uniaxial
tension, compression and shear tests were performed to verify the suitability of the Drucker Prager
model to capture the experimentally measured response of the matrix material at quasi-static strain
rates. This was achieved by implementing the appropriate boundry conditions for each case. A 3D
hexahedral element measuring 1 x 1 x 1 mm? was employed, along with the boundary conditions
illustrated in Fig. 7.12- Fig. 7.14.

Stress (MPa)

5 —— Experiment
s /4 - - -Single Element Tensile
A

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07
Strain

Fig. 7.12. Single element verification test models for the biopolymer matrix under tension.

(Ux, Uy, and Uz represent the displacement in the X, y and z directions, respectively).
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Fig. 7.13. Single element verification test models for the biopolymer matrix under compression.

(Ux, Uy, and Uz represent the displacement in the x, y and z directions, respectively).

The tensile hardening values and obtained material constants were input into the material model
to verify the response of the model against independent shear test data. The material properties
utilized were obtained from Table 7.1. The single-element predictions compared well with the
experimentally measured results for the quasi-static strain rates and the stress—strain response are

in good agreement with the experimental results.

i —— Experiment
25 F - Single Element Shear

Shear Displacement Applied

Shear Stress (MPa)

1] 0.005 0.01 0.015 0.02 0.025
Shear Strain

Fig. 7.14. Experimental and single-element quasi-static test results for the biopolymer matrix tested in shear.

(Ux, Uy, and Uz represent the displacement in the x, y and z directions, respectively).
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7.3.1.1. Hardening Properties

Using the derived yield parameters as well as obtained optimized hardening parameters (Table
7.2) for the biopolymer matrix, a single element test conducted in Digimat-FE to examine the
obtained material constants suitability for capturing the elastoplastic properties studied biopolymer
matrix (Fig. 7.15).
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Fig. 7.15. Comparison the Digimat-FE tensile single-element and averaged experimental quasi-static test results for

the biopolymer matrix using derived material and hardening properties.

Table 7.2. Calibrated hardening parameters

Biopolymer matrix 150 145

7.3.2. Micromechanical Simulations

When studying nanocomposites, it is important to determine an appropriate RVE size that captures
the essential features of the material's microstructure while still being computationally feasible
[220]. Finding the optimal RVE size involves a trade-off between computational feasibility and
accuracy. Through different iterative analyses, the RVE size sensitivity was evaluated by
conducting micromechanical elastic modelling on several generated 3D periodic RVEs with
different sizes to obtain the optimal RVE size while also balancing the computational cost.
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Fig. 7.16. RVE size sensitivity analysis. RVE size was increased in all three directions while keeping the volume

fraction of particles constant at 5% in all RVEs.

Fig. 7.16 shows the generated RVEs with varying dimensions but a constant volume fraction of
5%. Due to the sphero-cylindrical shape of the nHA particles [447], particles have been modelled
as sphero-cylindrical nanorods (120 nm, Average aspect ratio of 4). The inclusions were
distributed randomly while random 3D orientation tensors were applied to the inclusions. By
increasing the RVE size, which leads to an increased number of inclusions at a constant volume
fraction, the required computational time increased. Referring to [208], an RVE size with five
inclusions per length of RVE is an appropriate representative size for a nanocomposite system
with rod shaped inclusions. Assuming an average length of inclusion of 120 nm, an RVE size of

0.6 um is therefore appropriate for the studied nanocomposite system. According to Table 7.3 and
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the RVE size sensitivity analysis (Fig. 7.16) and comparing with the experimental elastic modulus
of 1926 MPa [447], the computed elastic modulus converges to an relatively consistent value by
the RVE with 162 inclusion. By exceeding the inclusion number of 200 in the generated RVEs,
the computation time with Digimat-FE increased significantly for only modelling the elastic
properties. Therefore, considering the computational cost and balancing feasibility and accuracy
and consistency in obtained elastic modulus, an RVE size of 0.8 um, 0.6 um, and 0.6 um with 185
inclusions was chosen in this study as the optimum RVE size for running the micromechanical

simulations.

Table 7.3. RVE size sensitivity analysis results.

RVE size (um) Number of Inclusions in RVE Elastic Modulus (MPa)

0.6,0.3,0.3 34 1937.3
0.7,04,04 72 1938.3
0.7,05,0.5 112 1937.6
0.8,0.5,0.5 128 1936.7
0.9,0.5,0.5 144 1938.7
0.7,0.6,0.6 162 1945.3
0.8,0.6,0.6 185 1946.3
0.9,0.6,0.6 208 1947.0
1,0.6,0.6 231 1947.3

7.3.2.1. Nanorod Alignment Effect

In order to examine the impact of nanoparticle dispersion and alignment, a case study was
conducted with the aim to investigate the influence of particle alignment on the elastic properties
of the current nanocomposite system. Six RVEs were created (Fig.7.17), each having a fixed
number of inclusions and identical inclusion properties (length of 120 nm and aspect ratio of 4)
with a consistent volume fraction in order to investigate only the alignment effect on the final
elastic properties. The percentage of aligned nanoparticles in the loading direction (x-axis) was
incrementally varied from 0% to 100%. The elastic modulus (E11) was computed and is reported
in Table 7.4.
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60% Aligned Particles 80% Aligned Particles 100% Aligned Particles

Fig. 7.17. Represented RVEs generated with different percentages of aligned particles at a constant volume fraction.

As seen from the results, the elastic modulus (E11) increases by increasing the percentage of aligned
particles in the x direction. When all the nHA particles are aligned in the x direction, the elastic
modulus increases by 16% in a constant volume fraction, which has also been observed in the other

nanocomposite systems [463].

Table 7.4. The elastic modulus of representative RVES with increasing particle alignment in the uniaxial loading

direction.
Aligned Particles Percentage Elastic Modulus (MPa)

0% 1946.3

20% 2063.3

40% 2112.3

60% 2171

80% 2215
100% 2250

7.3.2.2. Nanorod Length and aspect ratio effect

In addition to inclusion dispersion, the aspect ratio and length effect on the elastic properties of

developed nanocomposite systems was studied.
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Fig. 7.18. Represented RVEs with different length scales of nHA particles with randomly dispersed randomly oriented

and 100 % aligned particles.

To investigate the aspect ratio and inclusion length effect in the current nanocomposite system,
twelve RVEs with a constant volume fraction were generated while increasing the aspect ratio and
length of the inclusions (with constant diameter) in two systems: 1) randomly dispersed, randomly
oriented inclusions and 2) in RVEs with randomly dispersed, all-aligned inclusions aligned in the

loading direction. As seen in Fig. 7.18 by increasing length from 80 nm-180 nm while maintaining
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a constant diameter of 30 nm (changing the aspect ratio from 2.7 to 6), the elastic modulus (E11)
in the randomly dispersed, randomly oriented nanocomposite systems increased by 6 % while in a
randomly dispersed, all-aligned system, the elastic modulus increased by more than 20%.
Comparing randomly oriented RVEs with nHA nanorods of 80 nm length and the all-aligned
nanocomposite system with high aspect ratio nHA nanorods, it is seen that the elastic modulus has
increased from 1913.3 MPa to 2547 MPa which is about 35% increase while keeping the volume
fraction constant (5%). This demonstrates that in designing nanocomposite systems, in addition to
the V: of inclusions, the distribution, alignment and aspect ratio of inclusions play a crucial role.

Table 7.5. The elastic modulus (E11) of represented RVESs with increased nHA aspect ratio in randomly oriented and

100% aligned inclusions in the loading direction.

. . Elastic Modulus (MPa) Elastic Modulus (MPa)
Length of Particle (nm) Aspect Ratio ] .
Randomly oriented Aligned
80 2.7 1913.3 2143
100 3.3 1934.6 2166.2
120 4 1946.3 2253.1
140 4.66 1946.7 2363.3
160 5.35 1985.3 2493.3
180 6 2024.3 2574.7

7.3.2.3. Nanorod length distribution

The high-resolution SEM images demonstrated that, while inclusion diameters are almost constant,
inclusion lengths vary throughout the nanocomposite. According to ImageJ analysis, the length of
inclusions changes from 80 nm to 160 nm. It is demonstrated how the inclusion length and aspect
ratio affects the final elastic modulus, so in order to have realistic RVEs and more accurate
micromechanical modelling, it is necessary to employ a similar length distribution of nHA in the
developed RVEs as of the studied microstructure. The normal Gaussian distribution function with
the mentioned properties was introduced to Digimat-FE to implement the length distribution in the
generated RVEs. Fig. 7.19 illustrates a favorable agreement between the size distribution of
inclusions in the generated RVE (Actual) and the size distribution of inclusions in the reference

microstructure RVE (Reference) as inputted according to the image J analysis.
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Fig. 7.19. Randomly dispersed, randomly oriented, length distributed RVE a) Representative generated RVE b)
Comparison of the length distribution of generated RVE with inputted reference microstructure.

7.3.2.4. RVEs with length distribution and agglomerations

According to TEM images of our nanocomposite system, some small nanoscale agglomerations
can still be seen in the well-dispersed microstructure. To model and predict more accurately the
micromechanical properties of the current system, small nanoscale agglomerations were
introduced in the RVEs accordingly to investigate the effect of different volume fraction
agglomerations on elastic modulus. Later by running the elastoplastic simulations on these RVES
the effect of agglomeration on the onset of failure will be further investigated on the current
nanocomposite system as suggested in literature to act as stress concentration regions [125]. In
Fig. 7.20, nine RVEs with agglomeration volume fractions changing from 0.25%-1.5% were
generated. As seen by introducing the agglomerations to the randomly dispersed randomly oriented
length distributed RVEs, the elastic modulus decreased slightly. According to the results presented
in Table 7.5, the elastic modulus shows a decline with an increase in the volume fraction of
agglomerations. However, when comparing the same volume fraction of agglomerations, it is
evident that the number of agglomerations has a more pronounced negative impact on the elastic
modulus. By increasing the number of agglomerations, the changes in the elastic modulus are more

significant.
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Fig. 7.20. Randomly dispersed, randomly oriented, length-distributed RVEs with nanoscale agglomerations.

Table 7.6. The elastic modulus (E1) of represented RVEs with increased volume fraction of agglomerations in
randomly oriented, randomly dispersed, length distributed RVEs (The elastic modulus of our model nanocomposite
system was 1926 +20 MPa [SPM paper]).

Total 1st Agglomeration  2nd Agglomeration  3rd Agglomeration Elastic Modulus
agglomeration vs size (um) size (um) size (um) E: (MPa)

0 0 0 1944.3
0.0025 0.0025 0 0 1941.6
0.005 0.005 0 0 1941.1
0.005 0.0025 0.0025 0 1938.3
0.01 0.001 0 0 1937.7
0.01 0.005 0.005 0 1933.3
0.0125 0.005 0.005 0.0025 1930.1
0.015 0.015 0 0 1936.7
0.015 0.01 0.005 0 1932.3
0.015 0.01 0.0025 0.0025 1931.6
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7.3.2.5. Orthotropic properties of generated RVEs

The orthotropic elastic properties were computed for different classes of generated RVEs by
inputting the elastic properties of the matrix and nHA provided in Table 7.1. As presented in Table
7.6, the aligned high aspect ratio class of RVEs resulted in the highest E11 due to the enhanced
load transfer efficiency between matrix and inclusion [467,468] and the applied load is effectively
transferred and borne by the inclusions. In the first three classes of all aligned particle RVEs, the
E11 is higher than the E22and Esz due to the anisotropic microstructure of these RVEs. In randomly
oriented RVEs, the random orientation of inclusions introduces statistical variations in the
composite's mechanical properties. While some inclusions may align favourably to contribute to
higher stiffness in certain directions, the overall effect of random alignment is a more isotropic
distribution of elastic moduli, and as it is demonstrated in randomly dispersed and randomly

aligned class of RVEs the value of elastic modulus in three directions are close.

Table 7.7. The orthotropic mechanical properties for five representative classes of generated RVEs; Aligned nanorods

with a constant average length of 120 nm, aligned.

E:1 E2 Es V12 Vi3 V23 G2 Gas Gi3
(v21) (va1) (v32)
Aligned constant 2260.61  1907.93 1908.87 0.38 0.38 042 681.07 669.43 681.57

0.32) (0.32) (0.42)

Aligned High Aspect Ratio | 2571.81  1937.47 192977 0.38 0.38 044 68021 668.21 678.91
(0.29) (0.29) (0.44)

Aligned Length distributed | 2257.22 19075 19068 0.38 038 042 68156 670.433 681.03
(0.32) (0.32) (0.42)

Randomly dispersed & 194452 1936.47 194883 0.38 0.38 0.38 700.33 704.17 703.20
oriented, Length distributed (0.38) (0.38) (0.38)

Randomly dispersed & 1930.11  1928.11 194517 0.38 0.38 0.38 697.53 701.43 704.70
oriented, Length distributed (0.38) (0.38) (0.38)

with three random clusters
(Vt=0.00125)

Fig. 7.21 illustrates stress contours within RVEs belonging to different categories: randomly
dispersed aligned with average constant length, randomly dispersed aligned with high aspect ratio,
randomly dispersed aligned with length distribution, randomly dispersed randomly oriented, and
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randomly dispersed randomly oriented with clusters. The contours provide insights into the load
transfer efficiency within these class of RVEs. The contours reveal that the aligned inclusions

exhibit superior load transfer capabilities compared to randomly oriented inclusions.

Equivalent Von Mises Inclusion Matrix Entire RVE
Stress

700 a)
6125

525

4375

350

2625

EEEETTUTSSEST T s SmaSereremeer 7T s EEEDTOSSIEST T om0 EEESSTaeeT 7 s

' TYY Y
88068

Fig. 7.21. Elastic stress contours (ovm) in the matrix and inclusion through five class of RVEs, a) Average constant
length aligned inclusions, b) Aligned high aspect ratio inclusions, c) aligned length distributed inclusions, d) randomly

oriented, €) randomly oriented with clusters (All inclusions are randomly dispersed).
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Among the aligned RVEs, those with high aspect ratio (longer) inclusions demonstrated enhanced
load transfer efficiency due to the increased interfacial area between the inclusions and the matrix
[468]. This extended interface facilitates more effective distribution of load across the material.
On the other hand, the randomly oriented inclusions, except for those that align favourably with
the load direction, exhibit lower load transfer capabilities. This is primarily due to the absence of
a well-defined alignment, which hampers efficient load transfer within the material.
Agglomerations in nanocomposites disrupt the uniform dispersion and distribution of
nanoparticles or reinforcements within the matrix, which hinders effective load transfer. This
inefficient load transfer negatively impact the overall load-bearing capabilities and compromises
the mechanical properties of the material. Consequently, the inclusions within the agglomerations

experience lower stress levels and are unable to effectively reinforce the matrix material.
7.3.3. Elasto-Plastic Micromechanical Modeling of RVEs

The response of the generated class of RVEs was further examined for predicting the elasto-plastic
behavior of the model nanocomposite system. By incorporating the elastoplastic properties of the
biopolymer matrix and the elastic properties of the nHA inclusions, as outlined in Table 7.1, and
implementing the periodic boundary condition, the predicted homogenized elastoplastic stress-

strain response was obtained for the five representative classes of RVEs, as shown in Fig. 7.22.
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Fig. 7.22. Elasto-plastic stress-strain response of five classes of generated RVES compared with the average

experimental stress-strain response of our novel hanocomposite.
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The RVEs generated with a constant volume fraction exhibit slight disparities in their elastic
regions initially. However, noticeable differences emerge after the yield point, emphasizing the

impact of particle dispersion and distribution on the elastoplastic properties of the material.

Notably, a more pronounced deviation is observed between the stress-strain curves of the aligned
RVE classes compared to the randomly oriented RVE class and the experimental data after
yielding. It is important to highlight that even with a constant volume fraction of inclusions, the
dispersion and aspect ratio of the particles can have a substantial influence on the elastoplastic
response of the nanocomposites. It becomes clear that optimizing the volume fraction alone is
insufficient, and it is necessary to investigate the distribution of nanoparticles (nHA) within the
matrix for obtaining higher elastoplastic mechanical properties due to its significant effect. This
highlights the need to accurately capture realistic microstructures when generating RVEs to
reliably predict the elastoplastic mechanical properties of developed nanocomposite systems. The
stress-strain curves obtained from randomly oriented, length-distributed RVEs with nanoscale
clusters show better agreement with the average experimental stress-strain curves of functionalized
nanocomposite systems [447] with a slight deviation being observed in the after strain of 4%.
Stress contour maps in RVEs for elastoplastic deformation of five classes of studied generated
RVEs are presented in Fig. 7.23. For all classes, the stress contours at the interfaces between the
inclusions and matrix reveal the effects of random and nonuniform dispersion. In all RVEs, the
shear stress contour in the matrix (Fig. 7.23) demonstrates a distinctive shear lag response when
subjected to a normal strain [469]. This response is characterized by higher shear stress in the
matrix, especially near the ends of the fibers, particularly noticeable in the aligned class of RVEs
and more significantly around the high aspect ratio aligned inclusions. The stress contour patterns
at the interfaces between the inclusions and the matrix illustrate that the dispersion of inclusions
is non-uniform in all cases. The stress contour plots within the matrix confirm the shear lag
phenomenon in response to an applied normal strain. This characteristic shear lag behavior is
evident by the presence of elevated shear stresses in the matrix, especially near the ends of the
nanoparticles, as observed more dominantly in the aligned case of RVEs. These stress contours
reveal the importance of considering the microstructure features and inclusions dispersion for
accurate prediction of elastoplastic properties of studied nanocomposite. Under consistent loading
conditions, the elastoplastic stress contours vary significantly in the different classes of RVEs

while all having consistent inclusion shape and volume fraction. The normal stress contours in the
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inclusions also shows how the alignment of inclusions in the loading direction improves the
efficient load-bearing capability of inclusions [468] and how agglomerations hinder the efficient
transfer of load between the matrix and the nanoparticles and comprised of the mechanical
properties of nanocomposites [470].

Matrix nHA Nanoparticles

High Aspect Ratio
Aligned

043 (MPa) 3

Shear Stress

o1 (MPa)
Normal Stress

1.100e+02 1.700e+03
-
8.9002+401 1.531e+03
& Average Constant Length -
Aligned
6.800e+01 1,362e+03
|| 4.700e+01 || 1.193e+03
|| 2.600e+01 || 1.024e+03
Length Distributed
5.000e+00 Aligned 8,550e+02
-1.600e+01 6.860e+02
|| 5.170e+02
Randomly Dispersed L
Length Distributed 34808402
1.790e+02
1.000e+01
Randomly Dispersed
Length Distributed

Nanoscale Clusters

Fig. 7.23. Shear stress (o13) contour in the matrix and normal stress (o1) contour in the inclusion of five class of
generated RVEs

To further investigate the effect of agglomerations on the local deformation of the matrix in the
studied nanocomposite systems, planes were cut through the location of agglomerations. As seen
in the contour plots (Fig.7.24), the agglomerations can act as stress concentrations within the
nanocomposite material. The stress tends to concentrate around the agglomerations, putting
excessive stress on the surrounding matrix material. This concentrated stress can exceed the
material’s strength, leading to local plastic failure or fracture of the matrix material. Moreover, the
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matrix around agglomerations is confined and can restrict the movement of the surrounding matrix
material. This confinement effect can hinder the plastic deformation and flow of the matrix around

the agglomerates and the material may exhibit reduced ductility in these regions [449].
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Fig. 7.24. Von mises stress contour in the regions of agglomerations; the matrix demonstrates higher stress levels and

may act as stress concentration regions for the onset of local failure.

As presented, the stress-strain curves of randomly dispersed, randomly oriented, length-distributed
inclusions with random clusters demonstrate a good agreement with the averaged experimental
stress-stain response of our nanocomposite material except for slight deviations after 4% of strain.
This deviation could arise due to the assumption of perfect bonding between the inclusions and
the matrix in the micromechanical simulation. Although, in practice, through surface
functionalization, enhanced interfacial bonding was sought, the EDX results demonstrated not all
of the nHA particles were functionalized throughout the nanocomposite. The error between the
experimental data and the output of the micromechanical model could be due to this issue. As
shown in the contour plots of RVE at different increments of deformation (Fig.7.25), by increasing
the load, the interfacial area around the inclusions demonstrates the highest stress through the
matrix [390]. The developed elastoplastic micromechanical model, based on the perfect bonding
assumption, does not account for debonding. However, in practical scenarios, damage can initiate
from the interfacial regions of nanoparticles that have not been adequately functionalized. This
limitation in the modelling approach can lead to a slight overestimation of results compared to

experimental observations.
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Fig. 7.25. Stress contours (ovm) in RVESs of randomly dispersed, randomly oriented, length-distributed inclusions with
random clusters through different increments of deformation. Increases in interfacial stresses are observed. (The yield

strength of matrix c1,=35 MPa)

7.4. Conclusion

This paper presents a computational tool for predicting the elastoplastic micromechanical
properties of biopolymer nanocomposite systems. Realistic RVES were generated based on the
microstructure of the studied nanocomposite, and various case studies were conducted to further
investigate the impact of nHA nanorod alignment, dispersion, length distribution, and aspect ratio
on the elastoplastic properties of nanocomposite system. The findings reveal that nanoparticle
alignment can significantly increase the elastic modulus, with an improvement of over 16%.
Furthermore, increasing the aspect ratio of inclusions resulted in a remarkable increase of more
than 35% in the properties in a constant volume fraction of nHA. The results highlighted that
optimizing the volume fraction alone is insufficient for designing mechanically competent nHA
based 3D printable nanocompsoites, and it is necessary to dedicate more investigation on the
distribution and alignment of nanoparticles (nHA) within the matrix due to its significant effect on
both elastic and more importantly on plastic properties. It should be noted that there are limitations
for increasing the volume fraction of inclusions in nanocomposite systems due to challenges

associated with increased viscosity, which can adversely affect 3D printability and processing.
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Therefore, there is a point at which increasing the volume fraction of inclusions becomes limited.
However, the results presented in this work highlight the potential for effectively enhancing the
mechanical properties by focusing on increasing the aspect ratio and alignment of inclusions within
a constant volume fraction. In addition, literature suggests that increasing the length of inclusions
in 3D printable nanocomposite inks, particularly using extrusion-based 3D printing [91,96], can
facilitate the alignment of nanoparticles in the direction of extrusion. While shorter particles may
align less than longer particles during extrusion. Different classes of RVEs, with varying inclusion
arrangements, showed distinct elastoplastic behaviour at a constant volume fraction of inclusions.
Comparisons between experimental data and the different classes of generated RVEs indicated a
good agreement between randomly dispersed, randomly oriented with cluster RVEs with our
experimental data, with a slight deviation observed after 4% strain, likely due to the assumption
of perfect bonding between inclusions and matrix. Although in the studied nanocomposite system,
inclusions were functionalized to improve the interfacial bonding, characterization experiments
revealed that not all nHA particles were effectively functionalized. The examination of equivalent
stress contours emphasized the significance of strengthening the interfacial area for developing
mechanically competent nanocomposite systems. Increasing load results in higher stress transfer
through the matrix to the interfacial area. This observation underscores the importance of
optimizing and strengthening the interfacial region to improve the overall mechanical performance
of nanocomposites. This research contributed valuable insights into the impact of nHA distribution
on the elastoplastic behavior of 3D printable nHA based polymer nanocomposites. It also offers

guidance for further optimizing their microstructure to achieve desired mechanical properties.
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Chapter 8

Conclusion

Bone-inspired 3D Printable nanocomposite grafts present a promising alternative to conventional
bone substitutes due to their osteoconductivity, biocompatibility, biodegradability and customized
patient-specific design. One critical requirement in the design of these grafts is ensuring sufficient
mechanical properties. These grafts need to possess both functionality and load-bearing
capabilities to withstand the physiological loading demands of bone and effectively serve as
substitutes in critically-sized segmental bone defects. To achieve the desired mechanical
properties, several considerations should be taken into account during the design and fabrication
process. The mechanical properties of bone exhibit enhancement across various length scales,
ranging from the nano to the macro scale. The nanohydroxyapatite (nHA) crystals are uniformly
distributed and aligned within the collagen fibers, forming an engineered interface with non-
collagenous proteins that are compatible with the collagen matrix. This unique arrangement
contributes to the preservation of the bone's high mechanical properties and structural integrity at
the microscale. The central objective of this thesis was to improve the mechanical properties of
bone-inspired nanocomposite grafts by exploring micron and submicron features. This was
achieved by optimizing fabrication techniques and refining material design to enhance the overall
performance of the grafts. Additionally, a micromechanical computational tool was developed to
further investigate the elastoplastic mechanical properties of the resulting nanocomposite system
that as a design tool will provide valuable insights to researchers in the early stages of bone-
inspired graft design. To enhance the mechanical competence of bone-inspired nanocomposites at
the nano-to-micro scales, several strategies were implemented. One approach involved utilizing
advanced processing techniques such as DIW 3D printing to align the nanohydroxyapatite (nHA)
nanoparticles and/or polymer chains. This involved increasing shear during extrusion to enhance
the mechanical properties due to the formation of polymer chain crystallites and/or nanoparticle
alignment as well as trying to mimick the aligned organic/inorganic nanostructure found in natural
bone tissue. Another strategy revolved around optimizing the composition of the matrix. This was
achieved by further functionalizing the biopolymer matrix, resulting in improved mechanical
properties. Finally the objective of enhancing interfacial bonding between nHA and the

biopolymer matrix, as well as achieving homogeneous dispersion of nHA particles, was achieved
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through new processing techniques and surface functionalization of nHA. All these measures were
taken to facilitate the development of bone-inspired mechanically competent nanocomposites. In
addition, the developed micromechanical computational model will help to further investigate the
effect of nHA distribution and orientation on elastoplastic properties of studied nanocomposite

systems in the future.
The main conclusions of this thesis are as follows:

» By increasing the shear stress during extrusion using a custom-designed DIW-based 3D
printer to control the shear stress, the tensile mechanical properties including elastic
modulus, fracture strength and toughness of the studied nanocomposite system were
enhanced without modifications to the ink composition. Characterization experiments
confirmed the shear-induced alignment of polymer chains and increased crystallinity of the
thermoset biopolymer matrix as a result of higher shear during extrusion combined with

the nano-confinement crystallinity in thermoset biopolymers.

» A new group of nanocomposite inks was developed by functionalizing the AESO-PEGDA
biopolymer matrix and heat-treating the nHA particles. Functionalization of the AESO to
MAESO increased the degree of cross-linking in the matrix and therefore improved the
tensile and thermo-mechanical properties of the 3D printed nanocomposite filaments
extruded under high shear significantly. The mAESO nanocomposite inks demonstrated
better shape-holding properties making them more suitable for extrusion-based 3D
printing. They demonstrated Young’s modulus of 6.6 GPa and ultimate tensile strength of
75.5 MPa, providing a strength safety factor of approximately 1.5 against the minimum
required standard mechanical properties for bone cement according to ISO standard 5833
(Tensile strength >50 MPa).

» A novel approach for obtaining a well-dispersed nHA-based bone-inspired nanocomposite
system with enhanced interfacial bonding was introduced by refining the nHA through
centrifugation and subsequent sulfopropyl methacrylate (SPM) surface functionalization
of the refined nHA using barium as an interfacial agent. The nHA dispersion, effectiveness

of surface functionalization and interfacial bonding were characterized thoroughly using
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various state-of-the-art characterization experiments. SPM functionalization of the refined
nHA particles greatly improved dispersion and interfacial bonding within the MAESO-
PEGDA matrix with no microscale agglomerations detected. All three SPM-containing
inks printed successfully using our mSLA 3D printer and tensile test results demonstrated

increases of 75% and 37% in fracture strain and fracture strength, respectively.

Realistic RVEs were generated based on the image processing analysis of the studied
nanocomposite’s microstructure and a computational design tool for predicting the
elastoplastic micromechanical properties of the studied nanocomposite system developed
and validated with experimental results. To precisely characterize the matrix material's
yield criterion and hardening parameters, mSLA 3D printed functionalized biopolymer
matrix samples were tested in tension, compression, and shear modes. Several case studies
were carried out to examine the effects of nHA nanorod orientation, dispersion, length
distribution, and aspect ratio on the elastoplastic properties of the nanocomposite systems
and to investigate local failure initiation in critical regions and the elastoplastic response
of model demonstrated a good agreement with the averaged experimental response of latest
nanocomposite system. The findings of these studies may serve as valuable design
guidelines for the development of mechanically robust 3D printable nanocomposite

materials.

8.1. Ideas for Future Work

In closing, the following suggestions are provided for developing more mechanically-competent

bone-inspired nanocomposite grafts:

Likely due to the limitations on the amount of shear stress applied during extrusion, no
significant nHA particle alignment was observed. By further optimizing the shear stress
during extrusion using the custom-design Skeleprint, further particle alignment may be
achieved in the direction of extrusion which may lead to additional improvements in

mechanical properties.

One limitation in achieving alignment during extrusion is related to the aspect ratio

restrictions of the nanohydroxyapatite (nHA) particles utilized in this thesis. By fabricating
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the nHA particles in the laboratory, it may be feasible to generate nanoparticles with higher
aspect ratios. This capability opens up possibilities for improving alignment and optimizing
the properties of the extruded nanocomposite material. As demonstrated in the
micromechanical modelling case studies, increased aspect ratio of nanoparticles with
constant diameters may significantly improve the elastoplastic properties of our

nanocomposite systems.

While matrix optimization and functionalization resulted in a significant increase in the
strength of the nanocomposite system, it is suggested to put more investigation into
toughening the matrix material by possibly adding more toughening agents to the matrix

material.

To improve the effectiveness of SPM surface functionalization, it is suggested to optimize
the method by adjusting the quantity of Sulphopropyl Methacrylate. This optimization
process will aim to assess the effects of varying the quantity on the enhanced incorporation
of surface-functionalized nanoparticles within the nanocompsoite system. Furthermore, it

may seek to further enhance the interfacial properties of the system.

Given the interesting increase in ductility (fracture strain) of the SPM nanocomposites
without loss of modulus or strength, we might test the hypothesis that this increased
ductility would translate into increased fracture toughness. This would be advantageous

toward the robustness of grafts printed from these nanocomposites.

The fatigue properties of bone-inspired 3D printable nanocomposite grafts are vital for
their longer term performance and durability, as they are subjected to repetitive loading
and unloading cycles akin to natural bone. Therefore, investigating how the dispersion,
alignment and modifications of the nHA influence the fatigue resistance of the
nanocomposite systems will be essential for understanding the long-term performance of

these grafts.
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The validated computational micromechanical model can be extended to predict the
elastoplastic properties of bone-inspired nanocomposite under complex loading conditions
that human bone experiences on daily activity basis, such as bending, torsion and
compression or combined loading.

While there is a good agreement between the micromechanical model's elastoplastic
response and the experimental results when employing the current RVE size obtained
through RVE sensitivity analysis in accordance with the literature, it is worthwhile to
extend the RVE sensitivity analysis by comparing the yield strength obtained through
various RVE sizes in order to further optimise the computational cost and accuracy of
results.

The new model can capture the cavitation failure in the polymer matrix by comparing the
hydrostatic stress state of the biopolymer matrix in the RVESs to the triaxial stress value of
the studied biopolymer matrix, which requires additional experimental characterization

using the poker chip test to obtain this value for the polymer.

The computational elastoplastic model can be extended and used for predicting damage
evolution in these nanocomposite systems. Extending the computational model will
require modifications to capture nanoparticle failure and the progressive fiber-matrix
interphase debonding by implementing algorithms to track and quantify the evolution of

damage throughout the nanocomposite system.
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Appendices.

Shear stress state investigation in biopolymer matrix mini-shear tests

Calculation the principal strains for the shown strain field and comparing with the obtained principal

strains:

2 205
e =(e+e)2+(((g -€)/2) +(y /2 €y 0.0023, &y=0.0026,
e e V(6 6)/2) Hy/2)) o G ootos
xy=2 xy=0.0204

2 205 g
e, =& )/2-(((5,8)/2) +(v,_/2)) > S0 0.0103

Exy Exx Eyy

exx [1] - Hencky
0.0078
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0.00128452
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Fig. a.1. The DIC captured shear strain, normal strain and principal strain fields occurring in the shear specimen.
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Fig. a.2. Comparing the emax/ €min during the uniaxial shear test in the centre of the mini shear sample

According to Levy-Mises equations for simple shear stress the theoretical proportion of min principal

shear stress to max principal shear stress should satisfy following equation (e2/ &1 = -1).

By graphing the maximum strain (emax) against the minimum strain (emin) measured at the center of the

mini shear sample (printed with optimized support structures), it is evident that the ratio of &2/ €1 is

approximately -0.94, aligning with the findings reported in the literature [452].

RVE Assessments
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Mesh Sensitivity Analysis:

MeshSensitivity
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Fig. a.4. Mesh sensitivity analysis
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