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Abstract

The study of manufacturability, fluid transport characteristics, and mechanical

properties of additively manufactured bone scaffolds is of paramount importance

in the field of bone tissue engineering. Understanding the manufacturability en-

sures that these complex structures can be produced efficiently and reproducibly,

which is crucial for large-scale adoption. Evaluating fluid transport properties

helps assess the scaffold’s ability to facilitate nutrient diffusion and waste removal,

vital for cell growth and tissue regeneration. Additionally, examining mechanical

properties ensures that these scaffolds can bear the physiological loads encountered

in the human body, guaranteeing structural integrity and long-term functionality.

This interdisciplinary research not only advances the development of effective bone

scaffolds but also contributes to the broader application of additive manufactur-

ing in biomedical and clinical settings, potentially revolutionizing the treatment

of bone injuries and diseases. The current dissertation is focused on utilizing two

distinct additive manufacturing techniques: PolyJet and micro- stereolithography

(µSLA). These techniques were explored for their potential to fabricate complex

bone scaffold structures designed to aid in the repair and replacement of damaged

or fractured bone tissue. The primary objective is to create scaffold structures

that mimic the mechanical properties of natural human bone while allowing for

adjustability in structural parameters of bone scaffolds. Various combinations

of structural parameters such as pore size, porosity and pore shape were em-

ployed in the design of these 3D scaffold structures. This dissertation rigorously

examines and compares the dimensional accuracy, permeability, and mechanical

properties of the 3D-printed scaffold structures produced through these two dis-

tinct techniques. It investigates fluid flow rates through these scaffolds, utilizing

both experimental measurements and numerical calculations using Darcy’s Law

and Kozeny Karman equation, respectively. Additionally, compression tests were

carried out to assess the mechanical response as well as the impact of the printing

techniques on the mechanical properties of the printed scaffold structures. The

findings of this investigation reveal that the µSLA printing technique outperformed



x

the PolyJet printing technique, exhibiting superior permeability and mechanical

properties in the fabricated scaffold structures.

Furthermore, the study extends its scope to finite element modeling, specifically

analyzing the deformation characteristics of 3D bone scaffolds generated through

micro-stereolithography (µSLA) and PolyJet (PJ) 3D printing methods. The scaf-

folds mechanical response to quasi-static compression was methodically evaluated,

employing a crushable foam plasticity model. The experimental validation of the

finite element outcomes demonstrated a favorable agreement, with an average per-

centage error of 12.27%. Furthermore, the yield strength and elastic modulus of the

scaffolds were evaluated and compared, revealing noteworthy disparities between

cubic and hexagonal closed packed designs. Specifically, cubic pore-shaped bone

scaffolds with porosities of 30%, 50%, and 70% exhibited significantly higher yield

strengths of 46.89%, 58.29%, and 66.09%, when contrasted with the hexagonal

closed packed bone scaffolds at percentage strains of 5%, 6%, and 7% respectively.

Similarly, the elastic modulus of the cubic pore-shaped bone scaffolds with porosi-

ties of 30%, 50%, and 70% was 42.68%, 59.70%, and 58.18% higher, respectively,

compared to the hexagonal closed packed bone scaffolds at the same percentage

strain levels. Furthermore, the µSLA-printed bone scaffolds demonstrated elastic

moduli and yield strengths that were 1.5 times higher than those of the PJ-printed

bone scaffolds.
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Chapter 1

Introduction

Bone grafting is recorded as the second most performed procedure every year after

blood transfusion. It integrates the field of orthopedics and reconstructive surgery

for healing and regeneration of bone tissue. The choice and effectiveness of bone

scaffolds, which play a crucial role in offering temporary support and promoting

the regeneration of new bone tissue, are essential to this endeavour [1]. This

chapter serves as an introductory overview of the research conducted in this study,

providing a comprehensive understanding of the importance of bone grafts in bone

tissue engineering. It delves into the background knowledge, highlighting the need

for bone grafts in addressing bone defects and discussing the challenges associated

with both natural and synthetic bone scaffolds. Furthermore, it explores the merits

and demerits of each scaffold type, emphasizing their respective advantages and

limitations in supporting bone regeneration. The chapter also explores various

manufacturing techniques employed for bone scaffold fabrication, outlining the

pros and cons of each approach. Building upon this background knowledge, the

chapter then states the aim and objectives of the research, focusing on addressing

specific research gaps and contributing to the field of Bone Tissue Engineering

(BTE). By establishing a solid foundation through background knowledge, a clear

aim, well-defined objectives, and a robust methodology, this research chapter sets

the stage for the subsequent chapters. These subsequent chapters will delve into

detailed investigations, analysis, and discussions of the research findings.

1
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Figure 1.1: Bone Scaffolds [2]

1.1 Background

Bone has regenerative and healing capabilities through a dynamic biological pro-

cess. This regenerative capacity is attributed to the presence of specialized cells

called osteoblasts and osteoclasts, which work in harmony to remodel and rebuild

damaged bone tissue. New bone matrix is created by osteoblasts, whereas old or

damaged bone tissue is broken down and removed by osteoclasts. Additionally, the

bone healing process is facilitated by the recruitment of mesenchymal stem cells,

growth factors, and signaling molecules that orchestrate the regeneration of bone

cells and blood vessels. These inherent regenerative properties of bone make it

capable of restoring its structure, strength, and functionality over time [3]. How-

ever, Large bone defects pose significant challenges for bone regeneration. The

dimensions of large bone defects can vary, but they typically refer to bone loss or

damage exceeding 2-3 centimeters in length and depth. The size and complexity

of these defects often exceed the regenerative capacity of the body’s natural heal-

ing mechanisms. These defects often require immediate mechanical stability for

weight-bearing and functional restoration [4]. In such cases, external support and

structural guidance are required to facilitate the regeneration process. External

support in the form of implants can offer the required stability, allowing the bone

to heal without excessive strain or deformity. Implants can provide a scaffold that

accelerates the healing process and support functional restoration, allowing for

quicker recovery and improved outcomes. The difficulties in bone healing present

a notable threat to health and well-being. From $3.78 billion in 2022 to $5.71 bil-

lion in 2029, the global market for bone graft alternatives is expected to increase
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at a compound annual growth rate (CAGR) of 6.1 percent [5]. There are several

types of natural bone grafts used in clinical practice, each with its own advantages

and limitations. Natural bone grafts come in two main forms: autografts and al-

lografts. Autografts are derived from the patient’s body, often from areas like the

hip bone or fibula. They’re highly regarded for their living cells, growth factors,

and structural support crucial for effective bone regeneration. Their main advan-

tage is their high osteogenic potential and excellent integration with the host bone.

However, autografts have limitations such as limited availability, increased surgical

time, additional donor site morbidity, and the possibility of complications at the

donor site [6]. Allografts as an alternative to autografts, are bone grafts obtained

Figure 1.2: Natural bone grafts and their limitations

from cadaveric human donors. They are processed and sterilized to remove any

potential risk of disease transmission. Allografts provide a structural scaffold and

contain growth factors that promote bone regeneration. Their main advantage is

their ready availability, avoiding the need for a second surgical site. Allografts

have limitations, such as the risk of immune rejection, and they tend to integrate

with the host bone more slowly compared to autografts. Additionally, although

extensive screening and processing minimize the risk, there is also the potential

for disease transmission associated with allografts [7]. Some other limitations of

natural bone grafts are also mention in Figure 1.2.

Common limitations among all types of natural bone grafts include limited avail-

ability and the potential risk of disease transmission, though rigorous processing

and screening help reduce this risk. Variations in graft quality and viability are also
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typical issues with natural bone grafts. Additionally, it’s challenging to precisely

control the characteristics of these grafts. Furthermore, natural bone grafts may

not provide immediate mechanical stability. Their potential for osteoinduction and

osteogenesis can vary depending on factors like the patient’s age, general health,

and the presence of underlying medical conditions [8]. These constraints have led

Figure 1.3: Global bone graft substitutes market share 2022 [5]

to considerable focus on creating synthetic bone graft substitutes and employing

additively manufactured scaffolds. These alternatives provide better manipula-

tion of graft traits, improved bioactivity, and a scalable, customizable method for

bone regeneration. However, natural bone grafts remain valuable and widely used

in clinical practice, particularly in cases where their unique advantages outweigh

their limitations. Figure 1.3 showed the global bone graft substitute market share

where synthetic bone scaffolds have major contributions worldwide [5].

Synthetic bone scaffolds, also called engineered bone scaffolds, are biomaterial

structures crafted to replicate the form and role of natural bone tissue. These

scaffolds are typically made from biocompatible materials that promote cell at-

tachment, proliferation, and tissue ingrowth. Synthetic bone scaffolds offer sev-

eral advantages over natural bone grafts, including the ability to be precisely en-

gineered, controlled degradation, and the incorporation of bioactive components

[9]. There are several forms of synthetic bone scaffolds, such as the composite

scaffolds, polymer scaffolds, and ceramic scaffolds shown in Figure 1.4.

Ceramic scaffolds are made from biocompatible materials, typically calcium phos-

phate ceramics such as hydroxyapatite (HA) and tricalcium phosphate (TCP).
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Figure 1.4: Generation of materials used to develop the synthetic scaffolds

These materials closely resemble the mineral component of natural bone, pro-

viding excellent biocompatibility and osteoconductivity. Ceramic scaffolds offer

structural support and serve as a scaffold for new bone formation. They can be

manufactured with precise pore sizes, pore interconnectivity, and surface charac-

teristics, allowing for cell infiltration and promoting tissue integration. Ceramic

scaffolds possess durable mechanical traits and can be customized to align with

the mechanical needs of bone tissue. However, their brittleness and slower degra-

dation rate compared to natural bone are some limitations to consider [10]. Poly-

mer scaffolds are fabricated from biodegradable polymers such as polylactic acid

(PLA), polyglycolic acid (PGA), or their copolymers polylactic-co-glycolic acid

(PLGA). These scaffolds have a high level of mechanical property, disintegration

rate, and porosity tunability. Polymer scaffolds offer a porous structure that fa-

cilitates cell infiltration, nutrient diffusion, and extracellular matrix deposition.

The degradation products of polymers are generally biocompatible and can be

safely metabolized by the body. However, their relatively low stiffness compared

to natural bone can be a limitation for load-bearing applications. Surface modi-

fications or incorporation of reinforcing materials can help address this limitation

[11]. Composite scaffolds combine different biomaterial components to leverage

their advantages. For example, a composite scaffold may consist of a ceramic phase

for structural support and a polymer phase for enhanced mechanical properties

or controlled drug release. The combination of materials allows for synergistic
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effects and tailoring of properties to meet specific requirements. Composite scaf-

folds can offer improved mechanical strength, stability, and bioactivity compared

to individual materials alone. Different combinations of ceramics, polymers, met-

als, and bio-glasses have been studied to create composite scaffolds with improved

properties for applications in bone tissue engineering. Each type of synthetic scaf-

fold offers distinct advantages and limitations, and the selection depends on the

specific requirements of the bone defect or implant application. Researchers are

actively exploring and optimizing synthetic scaffolds through material innovation

and scaffold design optimization. They are also incorporating bioactive cues to

further enhance their regenerative potential and clinical efficacy in bone tissue

engineering [12]. Classification of synthetic bone scaffolds based on the porosity

type, unit cell arrangement and lattice structure is also presented in the Figure

1.5. Synthetic scaffolds can be open pores (bubble in a block) and closed pores

(like trabecular). On the basis of unit cell arrangement, they can be stochastic

(irregular arrangement of unit cell and non-stochastic (regular arrangement of unit

cell) [13].

The manufacturing technique employed to fabricate synthetic bone scaffolds plays

a critical role in determining their structural properties, porosity, bioactivity, and

overall performance in bone tissue engineering. Numerous techniques, includ-

ing salt leaching, solvent casting, electrospinning, as well as methods such as 3D

printing, have been utilized for the production of these scaffolds [14]. Salt leaching

involves mixing a biocompatible polymer with salt particles that act as sacrificial

templates. After shaping the polymer-salt mixture into the desired scaffold geom-

etry, the salt particles are leached out using a solvent, leaving behind a porous

scaffold structure. The advantages of salt leaching include its simplicity, cost-

effectiveness, and ability to generate interconnected porous structures that mimic

natural bone. However, limitations include limited control over pore size, difficulty

in achieving uniform porosity, and potential for residual salt within the scaffold,

which can affect cell behavior and scaffold degradation [15]. Solvent casting entails

dissolving a biocompatible polymer in a solvent, pouring it into a mold, and sub-

sequently evaporating the solvent to produce the scaffold. Particulate leaching is
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similar, but involves the addition of salt particles that are later removed to create

porosity. This technique allows for control over scaffold geometry and porosity.

Advantages include simplicity, cost-effectiveness, and the ability to incorporate

bioactive agents. However, limitations include the potential for residual solvent,

lack of control over pore interconnectivity, and difficulty in achieving high poros-

ity [16]. Electrospinning utilizes an electric field to create ultrafine polymer fibers

Figure 1.5: Classification of Bone Scaffolds

that form a non-woven mesh structure. The resulting scaffold exhibits a substantial

surface-to-volume ratio and can replicate the fibrous composition of the extracellu-

lar matrix. Advantages of electrospinning include the ability to generate scaffolds

with high porosity, tunable fiber diameter, and controlled alignment. Electrospun

scaffolds also exhibit good mechanical properties and the potential for controlled

drug release [17]. However, challenges include difficulties in achieving large-scale

production, limitations in fabricating complex three-dimensional structures, and

potential fiber alignment issues. Additive manufacturing also known as 3D print-

ing, is a flexible method enabling meticulous regulation of scaffold design, pore

structure, and integration of various materials. This approach entails step-by-step

application of biomaterials to construct a three-dimensional scaffold according to

computer-aided design (CAD) models. Benefits encompass the capability to craft

patient-specific scaffolds, intricate geometries, and internal arrangements with a

remarkable degree of precision. 3D-printed scaffolds can also incorporate bioac-

tive agents and multiple materials. However, limitations include cost, material

availability, defects, and mechanical properties [18].
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1.2 Limitations of Conventional Technologies

i. Limited control over the scaffold structure: Conventional manufactur-

ing techniques often result in scaffolds with a random or irregular structure,

which can lead to poor mechanical properties and uneven distribution of

nutrients and growth factors.

ii. Inability to mimic the complexity of natural bone tissue: Conven-

tional methods frequently encounter limitations in reproducing the intricate

structure and composition of natural bone tissue. This limitation can lead to

scaffolds that exhibit inadequate biological activity and limited compatibility

with the host tissue.

iii. Poor reproducibility: Conventional manufacturing techniques often rely

on manual labor and are therefore subject to human error, resulting in incon-

sistencies in the final product. This can lead to issues with reproducibility

and quality control.

iv. Limited scalability: Conventional techniques can be time-consuming and

labor-intensive, making it difficult to scale up production to meet the growing

demand for bone scaffolds.

v. High cost: Conventional techniques often require expensive equipment and

materials, resulting in high production costs that can make bone scaffolds

prohibitively expensive for many patients.

In conclusion, the inherent limitations in conventional bone scaffold manufactur-

ing significantly impede progress in achieving optimal mechanical strength and

efficient nutrient transport for bone tissue engineering. The challenges arising

from limited control over scaffold structure contribute to compromised mechanical

properties, fostering irregularities that can impede the scaffold’s ability to pro-

vide the necessary structural support. Simultaneously, the inability to faithfully

mimic the intricate architecture of natural bone tissue hampers nutrient transport

within the scaffold, by hindering the delivery of essential elements crucial for cell

proliferation and tissue regeneration.
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1.3 Limitations of 3D Printing Technologies

Emerging techniques, such as 3D printing, offer potential solutions to some of

the issues associated with conventional technique discussed previously. Additive

manufacturing methods hold significant potential in generating bone scaffolds.

However, there are still some challenges and limitations that need to be addressed

such as;

i. Material limitations: Not all materials can be effectively used in 3D print-

ing. The available range of printable materials is still limited compared to

the wide variety of materials found in nature. Additionally, certain materi-

als may have specific requirements or limitations during the printing process,

which can restrict their use in certain applications. The mechanical, chem-

ical, and biological properties of 3D-printed materials may not fully match

those of the natural tissues they aim to replicate. This can affect the func-

tionality, integration, and long-term performance of the printed structures.

Finding or developing suitable materials that closely resemble the properties

of the target tissues remains an ongoing challenge. Ensuring the biocompat-

ibility and bioactivity of 3D-printed materials is crucial for their successful

application in medical fields. Some materials used in 3D printing may not ex-

hibit optimal biocompatibility or bioactivity, potentially leading to adverse

reactions, inflammation, or poor tissue integration.

ii. Architectural limitations: Attaining accurate management of pore size

and porosity in 3D-printed constructs can pose difficulties. The printing

resolution and the size of the printing nozzle can limit the achievable range

of pore sizes. This limitation can be problematic when it comes to mimicking

the intricate and hierarchical nature of bone, which have specific pore sizes

and porosity crucial for their function.

iii. Manufacturability limitations: One of the key limitations of 3D printers

in terms of manufacturability is dimensional accuracy. Dimensional accuracy

for Fused Deposition Modeling (FDM), Micro Stereolithography (µSLA), and
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Selective Laser Sintering (SLS) is 0.16 percent, 0.15 percent, and 0.11 per-

cent, with lower limits of ±0.2 mm, ±0.01 mm, and ±0.3 mm respectively

[19]. With a lower limit of ±0.05 mm and a dimensional accuracy of 0.5

percent, Micro Jetting (MJ) stands out as the approach with the highest

level of precision. Moreover, achieving precise dimensional accuracy can be

challenging due to various factors involved in the 3D printing process. These

factors include thermal expansion and shrinkage of the material, inaccuracies

in the positioning and movement of the print head or build platform, and the

inherent limitations of the printing technology itself. As a result, there can

be slight variations or deviations from the intended dimensions of the printed

object. This limitation can impact the fit, function, and overall quality of

the printed parts, particularly in applications that require tight tolerances

or precise assemblies. Ongoing research aims to improve 3D printing’s di-

mensional accuracy through advancements in techniques, control systems,

and materials, expanding its application possibilities. The additively manu-

factured scaffolds had a maximum acceptable dimensional error of 0.54 mm,

which is an acceptable dimensional error for the 3D printing of scaffolds.

1.4 Problem Statement

Severe bone defects compromise their inherent ability to regenerate for functional

recovery, necessitating immediate external support for load-bearing and regen-

eration. In response to the limitations of natural bone scaffolds, such as limited

availability and the potential for disease transmission and site infections, synthetic

bone scaffolds are being developed. Traditional manufacturing techniques offer

limited control over the structural aspects of synthetic scaffolds, leading to subpar

mechanical properties and an uneven distribution of nutrients and growth factors.

In contrast, additive manufacturing techniques present promising solutions to the

challenges associated with conventional methods. Materials like ceramics, due to

their brittleness, metals, due to ion release, and polymers, owing to their inade-

quate mechanical strength, hinder their suitability for load-bearing applications.
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Considering these limitations, the focus of this study is to investigate the possi-

bility of creating acrylate-based polymer bone scaffolds with improved transport

and mechanical properties through the application of PolyJet printing technology

while maintaining high precision.

1.5 Objectives

The objectives encompass crucial stages in bone scaffold development. Firstly,

the focus lies on designing and developing the scaffolds, ensuring they meet the

necessary specifications for biomedical applications. Following this, the feasibility

of various manufacturing techniques is assessed to determine the most suitable

approach in terms of quality and scalability. Subsequently, fluid transport anal-

ysis is conducted to understand how fluids interact within the scaffold structure,

influencing nutrient distribution and waste removal crucial for tissue regeneration.

Meanwhile, finite element analysis evaluates mechanical behavior to optimize scaf-

fold design for withstanding physiological loads and promoting tissue integration.

Objective 1 - To review the challenges in bone scaffolding in term of architectural

design, mechanical response and manufacturing technique.

Objective 2 - To design and develop polymeric bone scaffolds using CAD software

and 3D printing techniques.

Objective 3 – To investigate the manufacturability of the selected 3D printed

techniques.

Objective 4 - To measure the fluid transport properties of the polymeric bone

scaffolds.

Objective 5 - To investigate the compressive strength of polymeric bone scaffolds

through mechanical testing.

Objective 6 - To perform Finite element analysis for investigating the deforma-

tion patterns of polymeric bone scaffolds under quasi-static compression.
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1.6 Methodology

The methodology section of this study elucidates the systematic approach and

research techniques employed to investigate and analyze the objectives of the study

in order to derive meaningful and rigorous conclusions. Four stages of adopted

methodology is presented in the Figure 1.6.

Figure 1.6: Stages of adopted methodology

It is comprising of four key stages. In the first stage, the design and develop-

ment of 3D printed bone scaffolds were undertaken. The second stage involved

the experimentation of 3D printed bone scaffolds, exploring their physical charac-

teristics. Moving on to the third stage, the bone scaffolds underwent mechanical

testing to assess their structural integrity. In the fourth and final stage, a nu-

merical analysis of the deformation pattern of the bone scaffold was conducted.

These stages were meticulously executed to contribute to a comprehensive under-

standing of the dynamic interplay between design, experimentation, mechanics,

and numerical intricacies within the realm of 3D printed bone scaffolds.
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1.7 Thesis Layout

The subsequent section outlines the structure and organization of this study, pre-

senting a comprehensive overview of the chapters and their respective contributions

in addressing the research problem and achieving the stated objectives. It consists

of total seven chapters and organized according to the layout shown in Figure 1.7.

Chapter 1 - In the introduction chapter of the thesis titled ”Experimental and

Numerical Analysis of Bone Scaffolds,” the groundwork is laid for a comprehensive

investigation into bone scaffold development and evaluation. This chapter com-

mences with a broad introduction to the research topic, elucidating the central

objectives, research methodology, and providing an outline of the thesis structure.

Subsequently, the background section explores the pivotal role of bone scaffolds in

orthopedic applications, emphasizing the importance of scaffold materials and me-

chanical properties. The discussion then shifts to the limitations of conventional

bone scaffold fabrication technologies, highlighting deficiencies in design flexibil-

ity and mechanical properties customization. It further addresses the constraints

of 3D printing technologies, particularly in terms of material selection and pro-

cess optimization. The problem statement identifies the research gap concerning

scaffold properties and mechanical behavior, setting the stage for the study’s ob-

jectives, which aim to bridge this gap by integrating experimental and numerical

analyses. The methodology section outlines the research methods, data collection,

and analysis techniques, while the thesis layout provides a roadmap for readers

to navigate the subsequent chapters. This introductory chapter thus establishes

the context, motivations, and framework for the comprehensive exploration that

follows in the thesis.

Chapter 2 - This chapter offers a comprehensive exploration of the crucial role

played by bone scaffolds in the domain of bone tissue engineering. It begins with

an introduction that sets the stage for the ensuing discussion by framing the sig-

nificance of bone scaffolds in orthopedic applications. Subsequently, the chapter

includes an in-depth analysis of materials commonly employed in bone scaffold
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Figure 1.7: Thesis Layout

fabrication, elucidating their properties and suitability for the task. The synthetic

bone scaffold challenges section discusses designing and making effective synthetic

scaffolds. It talks about limitations and advantages of polymer-based bone scaf-

folds too. It sheds light on their benefits and drawbacks in bone tissue engineering.

As a concluding note, the chapter provides a summary that synthesizes the key



Introduction 15

insights and prepares the reader for the subsequent chapters, offering a solid foun-

dation for understanding the complexities and potential of bone scaffolds in the

field of Bone Tissue Engineering.

Chapter 3 - This chapter serves as a comprehensive exploration of the method-

ologies employed in the fabrication of bone scaffolds. The introduction lays the

foundation by providing context for the subsequent discussions, highlighting the

critical importance of scaffold manufacturing techniques in the field of bone tis-

sue engineering. The chapter then delves into an examination of conventional

techniques used for scaffold production, elucidating their historical significance

and limitations. It subsequently explores additive manufacturing techniques, such

as 3D printing, as innovative approaches to scaffold fabrication, showcasing their

advantages and capabilities. Moreover, the chapter addresses the various design-

ing techniques employed specifically for bone scaffolds, offering insights into the

intricate design considerations necessary to achieve optimal functionality. As a

concluding note, the chapter provides a summary that synthesizes key findings

and insights, offering a comprehensive overview of the diverse methodologies used

in the manufacturing of bone scaffolds, which play a pivotal role in advancing the

field of Bone Tissue Engineering.

Chapter 4 - This chapter includes an intricate exploration of the various stages

and facets involved in the fabrication and assessment of bone scaffolds. The intro-

duction provides a contextual framework for the ensuing discussions, emphasizing

the paramount importance of scaffold design and experimentation in the realm

of bone tissue engineering. Subsequently, the chapter delves into the design and

development of bone scaffolds using advanced techniques such as PolyJet and

micro-stereolithography, elucidating the specific methodologies and considerations

unique to each approach. It further details the experimentation process for 3D-

printed bone scaffolds, offering insights into the intricacies of data collection and

analysis. The chapter also encompasses a thorough investigation of permeability

analysis for bone scaffolds, shedding light on the fluid flow characteristics within

these structures. Additionally, it covers the design and development of standard

samples and the mechanical testing of bone scaffolds, providing a comprehensive
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understanding of the structural and mechanical properties critical for scaffold per-

formance evaluation. In essence, this chapter serves as a holistic journey through

the design, development, and experimental phases of bone scaffold research, illumi-

nating the complexities and advancements in the field of Bone Tissue Engineering.

Chapter 5 - This chapter presents a comprehensive examination of experimental

findings pertaining to bone scaffold properties and performance. The introduc-

tion provides a context for the ensuing discussions by framing the importance

of these experiments in understanding bone scaffold behavior. The chapter goes

on to explore various aspects, including the impact of contact angle and surface

energy on bone scaffolds, elucidating how these factors influence scaffold perfor-

mance. It further delves into experimental measurements of permeability for both

PolyJet and micro-stereolithography printed bone scaffolds, shedding light on the

fluid flow characteristics within these structures. Numerical calculations of perme-

ability are presented, providing valuable insights into the predictive capabilities

of computational models in this context. The discussion also touches upon the

relationship between surface area and permeability, revealing the role of geometry

in scaffold behavior. Moreover, the chapter explores the mechanical properties of

bone scaffolds, examining how different printing directions can affect their struc-

tural integrity. Overall, this chapter offers a detailed overview of the experimental

results that contribute significantly in understanding of bone scaffold performance

and properties in the context of Bone Tissue Engineering.

Chapter 6 - This chapter presents a comprehensive exploration of the numerical

aspects in understanding bone scaffold behavior. The introduction sets the stage

by providing context for the ensuing discussions, emphasizing the significance of

numerical simulations in elucidating the mechanical response of bone scaffolds.

The chapter then delves into the material and methods employed in conducting

these simulations, detailing the computational techniques and parameters crucial

for accurate numerical investigations. It explores the fabrication of bone scaf-

folds through numerical models, offering insights into the virtual creation and

analysis of scaffold structures. The chapter further investigates different levels

of compression within bone scaffolds, simulating the mechanical loads they may
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experience in practical applications. It examines the experimental validation of

finite element (FE) results, highlighting the convergence of numerical predictions

with real-world experimental data. Lastly, the chapter delves into the deforma-

tion behaviors exhibited by bone scaffolds under varying conditions, shedding light

on how numerical simulations contribute in understanding of their mechanical re-

sponses. In summary, this chapter serves as a pivotal exploration of the numerical

dimension in bone scaffold analysis, unveiling the intricacies and insights offered

by computational models in the field of bone tissue engineering.

Chapter 7 - The chapter titled ”Numerical Investigation of Bone Scaffolds” within

the thesis ”Experimental and Numerical Analysis of Bone Scaffolds” draws to a

close with a concluding segment that synthesizes the key findings and insights gar-

nered from the numerical exploration of bone scaffolds. In this concluding section,

the chapter encapsulates the cumulative results and implications of the numerical

investigations, shedding light on their significance in advancing the understand-

ing of bone scaffold behavior. Additionally, the chapter extends into the territory

of future recommendations, offering valuable insights and directions for further

research endeavors. It outlines potential avenues for enhancing numerical simu-

lations, refining models, and expanding the scope of analysis in pursuit of more

comprehensive and precise assessments of bone scaffold performance. This con-

cluding chapter, therefore, serves as a crucial reflection on the numerical dimension

of bone scaffold analysis, paving the way for future research and innovations in

the field of Bone Tissue Engineering.



Chapter 2

Overview of Bone Scaffolds

2.1 Introduction

Over the past decade, the realm of Bone Tissue Engineering (BTE) has gained

increasing attention, witnessing notable advancements in materials, manufactur-

ing techniques, and bone healing pathways. These strides have paved the way

for promising avenues in research. However, creating synthetic bone scaffolds for

BTE that can both withstand mechanical loads and effectively engage with the

nearby extracellular matrix to promote the initiation of bone regeneration presents

challenges. This chapter delves into the utilization and manipulation of diverse

materials and hierarchical architectures, aimed at emulating the intricate arrange-

ment of natural bone tissue. The aim is to produce a synthetic bone scaffold that

matches the load-bearing capacity and fluid transport attributes of native tissue.

The chapter begins by discussing the physiological aspects of bone healing and

the interplay during different recovery phases. It then examines previous research

on biomaterials in Bone Tissue Engineering (BTE) scaffolds. The chapter also

investigates multi-material integration strategies and highlights the importance of

studying scaffold structure’s impact on bone healing. A detailed analysis of the

pivotal role of hierarchical architecture within the scaffold is emphasized. Lastly,

the review outlines emerging trends in BTE scaffold development. These trends

18
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hold the promise of inspiring novel approaches in tissue engineering and setting

the stage for the next generation of synthetic scaffold advancements.

2.2 The Role of Scaffolds in Bone Tissue Engi-

neering

2.2.1 Overview of Bone Tissue Structure

The musculoskeletal system’s skeleton is made up mostly of bone, an evolving

material that is constantly changing. Besides providing structural support, it

serves as a reservoir for calcium and houses the bone marrow. The intricate

hierarchical arrangement spans scales from nanometers to micrometers, as depicted

in Figure 2.1.

Figure 2.1: The four cell types comprising bone tissue are osteoblasts, osteo-
clasts, osteocytes, and osteogenic cells (John Wiley and Sons, copyright 2023)

[20]

The extracellular matrix (ECM) of these bone tissues contains various specialized

cell types that enable continuous repair and remodeling. Osteoblasts, osteoclasts,

bone lining cells, and osteocytes—each present at the site of injury—fulfill unique
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functions in instigating and maintaining the process of bone healing. Osteoblasts,

responsible for bone tissue formation, actively synthesize crucial components of the

bone extracellular matrix (ECM). These components include glycoproteins with

attached glycosaminoglycan chains. Additionally, proteins distinct from type I

collagen within extracellular matrices play a significant role in cell adhesion and

interaction. They also release matrix vesicles into the ECM, fostering an envi-

ronment conducive to the initiation of calcium phosphate nucleation [21]. The

mineralization process of these vesicles begins with the emergence of crystalline

calcium phosphates within them, overseen by transporter membranes and enzymes

[22]. Osteoclasts, originating from monocytes and existing as multi-nucleated cells,

hold a vital function in bone resorption, activated by local stimuli [23]. This re-

sorption process is essential for maintaining blood calcium levels [24]. Osteocytes,

Figure 2.2: Bone architecture shaped by assembling collagen into microfibrils
and fibrils (John Wiley and Sons, copyright 2023) [20]

enveloped by mineralized bone tissue, are strategically located osteoblast cells with

interconnectedness that enables them to perceive and translate mechanical strains

into physiological reactions [24]. Functioning as a safeguard against ongoing osteo-

clast activity, osteogenic cells (also known as bone lining cells) generate a delicate

layer that envelops bone surfaces. Nevertheless, given suitable stimuli, these cells

can transition into osteoblasts [24]. These osteogenic cell varieties, varying based

on location, typically have sizes in the range of a few microns, constituting fun-

damental units for the establishment and upkeep of bone tissue. The well-being
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and recuperation of bone tissue hinge on a variety of cell types, encompassing

osteoblasts, osteoclasts, bone lining cells, and osteocytes. For these cells to sur-

vive, it is essential to provide them with enough oxygen and nutrition. Oxygen

diffusion within tissues is generally limited to about 100–200 µm, indicating that

tissues located beyond 200 µm from an oxygen source might face reduced oxygen

availability. [25]. Capillaries within the circulatory system play a crucial role in

distributing oxygen and nutrients to bone tissues.

As a result of the inflammatory wound healing response, cells at the injured lo-

cation commonly experience a condition of hypoxia after an injury. In response,

vascular endothelial growth factor (VEGF) is released [26]. Vasculogenesis, often

known as the conversion of angioblasts into primitive blood vessels, is started by

VEGF. Prior to angiogenesis, this vasculogenesis stage is essential. Then, via a pro-

cess known as angiogenesis, endothelial cells in the tissue join the spaces between

these first blood vessels to become capillary buds and sprouts [26]. The structural

elements of bone tissues can be categorised into numerous categories based on

their relative sizes, such as osteons, lamellae, collagen fibres, and collagen fibrils

[27]. Collagen fibrils are made up of plate-like crystals of hydroxyapatite (HAp),

as well as other impurities including HPO4, Na, Mg, and K, and sub-nanometer-

sized type I collagen molecules [28]. These collagen fibrils are capable of forming

collagen fibres with sizes ranging from 3 to 7 µSLA by self-organizing into bundles

and aligning in certain orientations [29]. The concentric alignment of these fibers

results in the formation of osteons, commonly ranging in size from 10 to 500 µSLA

[29, 30]. When these collagen fibers are arranged in concentric fashion around

Haversian canals, they give rise to Haversian systems, characterized by a thickness

of 150–300 µSLA, as illustrated in the Figure 2.2. In the field of BTE, synthetic

scaffolds function as a structure that directs tissue development and stimulates the

regeneration of bone tissue by interacting with the extracellular matrix (ECM). A

key goal of these scaffolds is to emulate the particular surroundings of the regen-

erating tissue. To ensure the functional effectiveness of the synthetic scaffold, it

is crucial to promote angiogenesis within the scaffold. Angiogenesis facilitates the

transfer of essential nutrients, waste products, and biomolecules [31]. The progress
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of osteogenesis is enhanced through the successful vascularization of the synthetic

scaffold, occurring concurrently with the previously mentioned steps. Vital phys-

ical attributes of the scaffold, including pore size, porosity, pore structure, and

interconnectivity, are pivotal in mimicking the precise microenvironments of the

nearby tissue. Recent advancements in BTE scaffold design are significant as they

enhance in vivo interactions with surrounding tissue. To fulfil the chemical and

physical requirements of a good BTE structure, a variety of materials may be used.

2.2.2 Mechanisms of Bone Regeneration

The body’s intricate mechanisms for regeneration in response to damage play a

vital role in the intricate process of bone repair. The processes leading to bone

formation can be divided into distinct phases: an initial inflammatory stage, fol-

lowed by a reparative phase, and finally, a remodeling stage, as illustrated in the

accompanying visual representation in Figure 2.3 [32]. Osteoblasts and osteo-

Figure 2.3: Bone healing: inflammation, repair, remodeling; stages -
hematoma, granular tissue, fibrous tissue, soft hard callus. (John Wiley and

Sons, copyright 2023) [20]

clasts are assumed to play crucial roles in instigating and concluding the bone

healing process in reaction to the injury. Following the trauma, an immediate

inflammatory response is set in motion. This response contributes to the attrac-

tion of inflammatory cells and pivotal proinflammatory cytokines that include

interleukin-1 (IL-1), interleukin-6 (IL-6), tumor necrosis factor-alpha (TNF-α),

Chemokine ligand 2 (CCL2), among others. These signaling molecules are indis-

pensable for facilitating effective intercellular communication, a critical step that

marks the commencement of the bone healing process [31, 33]. Past research has

shown the notable engagement of macrophages (both M1 and M2 phenotypes)
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during this stage of bone healing. These macrophages are essential for mobilising

inflammatory cells and enhancing osteopontin and osteocalcin levels in mesenchy-

mal stem cells (MSCs) [34]. Subsequently, the MSCs undergo differentiation into

osteoblasts, with osteocytes contributing to the substitution of impaired tissue, as

illustrated in the provided Figure 2.4.

Figure 2.4: Bone maturation: apoptosis, osteoclast mineralization, MSC to
osteoblasts with growth factors, matrix shift to osteocytes, surface osteoblasts

to bone lining cells.(John Wiley and Sons, copyright 2023) [20]

M1 macrophages, representing the pro-inflammatory phenotype, remain at the

site of damage for about four days before undergoing a significant transition to

the anti-inflammatory M2 morphologies. This transition aids in diminishing in-

flammation at the site of injury [35]. As illustrated in the preceding Figure 2.4(B),

osteoclasts at the fracture site are crucial in absorbing bone fragments and success-

fully conserving the total amount of bone mass. The precise mechanisms governing

the interactions between macrophages and osteoclasts remain undisclosed. Conse-

quently, the question of whether macrophages exert direct or indirect control over

this critical phase of bone resorption remains unresolved.
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The inflammation at the wounded region starts to decrease, signalling an increased

presence of M2 phenotype macrophages, and the repair or regeneration phase oc-

curs. As shown in the accompanying Figure 2.5, These M2 macrophages trigger

the bone healing response by inducing the production of development factors such

IL-10, TGF-β, and interleukin-1 receptor antagonist (IL-1Ra), which in turn ac-

tivates the response [36].

Figure 2.5: Growth factors and cytokines trigger monocyte-MSC interaction,
differentiating MSCs for bone healing response. (John Wiley and Sons, copy-

right 2023) [20]

In this stage, intramembranous ossification and endochondral ossification, two pro-

cesses that promote bone production, are actively being promoted by osteoblasts

[37]. During endochondral ossification, collagen fibres that are secreted become a

flexible, braided callus. Over time, this soft callus goes through mineralization via

hypertrophic differentiation, culminating in the transformation from cartilage to

bone [37].

Conversely, in intramembranous ossification, secreted collagen fibers are directly

converted into a solid callus. The shattered ends must, however, osseointegrate

with the scaffold that has been implanted for the healing phase to be effective.

In order to avoid fracture non-unions, which can cause further fractures, proper

alignment is essential. As seen in the supplied Figure 2.6, the mineralized matrix

eventually completely envelops the osteoblasts and are then referred to as osteo-

cytes [37, 38]. These osteocytes are crucial to the long-term process of remodelling

or functionally adjusting bone tissue, which occurs in response to various mechani-

cal stimuli [39]. An intricate balance between osteoblastic and osteoclastic activity
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characterises the regrowth phase of bone repair. The aforementioned osteocytes

serve as mechanical transmitters, translating mechanical cues from bone loading

into the initiation of remodeling procedures [39]. The beginning of the bone healing

process causes osteoclasts to go to particular areas, starting the bone resorption

process. Usually, this stage of bone resorption lasts for two to four weeks until the

osteoclasts undergo apoptosis, which ends the activity of bone resorption [37, 40].

The voids created by resorption subsequently become sites for fresh bone genera-

tion. Osteoblasts, monocytes, and pre-osteoblasts within these voids collaborate

to establish a new bone matrix, following a process akin to the one outlined in the

recovery stage [40, 41].

The remodeling phase is a natural occurrence linked to age and influenced by

metabolic activity. Cortical and trabecular bone both have the same healing

mechanism, but there are differences in each type’s bone balance, which repre-

sents the balance between bone creation and bone resorption [40]. Cortical bones

usually display a slightly positive bone balance, while trabecular bone exhibits a

negative balance. Therefore, the gradual loss of trabecular bone brought on by

ageing, metabolic processes, and mechanical factors might result in different struc-

tural results in different people. The above processes, including the inflammatory

response, repair, and remodelling, depend on the extracellular matrix’s (ECM)

existence.

The composition of the ECM varies by tissue type. In bone tissues, it typically

consists of 40% to 60% inorganic materials, including calcium-deficient apatite and

other trace minerals, and 40% to 60% organic materials, such as type 1 collagen

and non-collagenous proteins [42]. However, other elements including sex, gender,

and health issues may also have an impact on this makeup. Osteoblast cells are

the primary producers of extracellular matrix (ECM) in bone tissues prior to min-

eralization. To facilitate processes like bone remodeling, mesenchymal stem cell

(MSC) differentiation, and the maintenance of bone mass, bone cells embedded in

the extracellular matrix (ECM) utilize specific glycoproteins including osteonectin,

thrombospondins, Rspondins, small integrin-binding ligand N-linked glycoproteins

(SIBLINGS), and transforming growth factor-beta (TGF-β) [42]. Osteoblast cells



Overview of Bone Scaffolds 26

are positioned in the ECM using the collagen as a scaffolding, which leads to the

development of well-organized bone structures [43]. Apart from bone formation,

another vital task carried out by osteoclasts within bone tissue is bone remodeling.

Changes in the rigidity of the extracellular matrix (ECM) surrounding osteoclast

cells regulate dentin matrix protein-1 (DMP1) production, which in turn impacts

osteoclast attachment and initiates the remodelling process [44]. Hence, osteo-

cytes perceive mechanical stimuli via glycoproteins like DMP1, found within the

extracellular matrix (ECM).

Figure 2.6: Arrangement of various tissue components in cancellous and cor-
tical bone. (John Wiley and Sons, copyright 2023) [20]

2.3 Materials for Bone Scaffolds

Different qualities offered by metals, ceramics, and polymers are necessary for

starting and maintaining bone healing processes [20]. But for bones to repair

properly, materials must be able to bind to particular proteins, interact with the

surrounding extracellular matrix (ECM) through ion exchange, and draw par-

ticular biomolecules or growth hormones. According to the kind of interaction,

materials used to make scaffolds may be categorised into three groups: bioin-

ert, bioactive, and biomimetic, as indicated in the provided Figure 2.7. When

evaluated from the perspective of the materials, differences in their interactions

can be attributed to elements including surface chemistry, roughness, solubility,
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and crystallinity. Protein adsorption is often followed by interactions with the

extracellular matrix (ECM), and the specific proteins that bind to the surface of

the substance will decide the physiological reaction that the body starts [45]. As

Figure 2.7: Bioinert repels ECM, bioactives release biomolecules for engage-
ment, biomimetics mimic tissues, enhancing cellular communication. (John

Wiley and Sons, copyright 2023) [20]

shown in the accompanying Figure 2.8, the release of growth factors like Vascular

Endothelial Growth Factor (VEGF) and Bone Morphogenetic Proteins (BMPs)

can be triggered by the liberation of ions from the substance. Inappropriate ma-

terials, on the other hand, may result in a foreign body reaction in which fibrin is

preferentially adhered to the implant’s surface. Only a few examples of the factors

that may affect the selectivity in adsorption include surface charge, wettability,

chemical content, and protein structure [45]. Neutrophils around the implant, as

previously mentioned, attract monocytes to the fibrin-rich implant surface. These

activated monocytes develop into type M1 pro-inflammatory macrophages, which

release substances including TNF-alpha, IL-6, and IL-8. As seen in the given Fig-

ure 2.9, these macrophage clusters near the damage site cover the surface with

fibrous tissue [46]. In this segment, we will delve deeper into the fascinating world
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Figure 2.8: Bioceramic-ECM aids osteo/angiogenesis; ECM cues prompt
MSCs to osteoblasts/osteocytes; osteoclasts remodel, osteoblasts enhance bone

formation. (John Wiley and Sons, copyright 2023) [20]

of cellular interactions that occur when materials interface with the nearby extra-

cellular matrix (ECM). The ECM is not merely a passive scaffold but a dynamic

and intricate network that plays a pivotal role in various physiological processes,

tissue regeneration, and even pathological conditions. Central to these interac-

tions lie the cells themselves, acting as the biological artisans responsible for the

construction and upkeep of the ECM. Through a sophisticated dance of molec-

ular signals, adhesion molecules, and mechanical forces, cells engage in intricate

communication with their surroundings. This dynamic interplay between cells

and the ECM forms the bedrock of tissue homeostasis and repair mechanisms,

orchestrating the delicate balance required for optimal physiological function and

regenerative processes. This intricate dialogue not only sustains tissue integrity

but also underpins the adaptability of living organisms to ever-changing environ-

mental cues. Understanding these nuanced cellular interactions holds the key to

unlocking novel strategies for therapeutic interventions and regenerative medicine,

paving the way for transformative advancements in healthcare.
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Figure 2.9: Implant response: Adsorption, inflammation, macrophage coop-
eration, fibroblast-driven collagen. (John Wiley and Sons, copyright 2023) [20]

2.3.1 Ceramic Bone Scaffolds

Due to its inertness, hardness, and resistance to abrasion, ceramics have found

widespread acceptance in biomedical uses [47]. For instance, 3Y-ZrO2’s inert prop-

erties, mechanical toughness, and tribological performance have led to its broad

application in dental crowns and bridges [48]. Ceramics like alumina, zirconia,

zirconia toughened alumina, or silicon nitride are replacing the traditionally used

metal femoral heads in hip replacement joints due to their enhanced tribological
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properties and wear resistance [49]. While these ceramics fulfill the mechanical

demands of the mentioned applications, they lack interaction with the body due

to their inert characteristics.

Bio-glasses (BGs) and calcium phosphates stand out among ceramics that can in-

teract with the body. Bio-glasses are artificial vitreous materials that have chem-

ical properties with the minerals found in bone. They are easily broken down and

produce hydroxyapatite (HAp) on their surface, which makes biological fixation

easier [50]. Latest research has devised methods to modulate their degradation

rates to align with tissue growth [51]. They function better when it comes to

interacting with the body than phosphate-based ceramics, but they still lack the

necessary mechanical qualities to operate as a stand-alone support [51]. Calcium

phosphate ceramics (CPCs) utilized in Bone Tissue Engineering (BTE) scaffolds

are renowned for their osteoinductive and osteoconductive properties. The effec-

tiveness of CPCs in promoting bone healing is significantly affected by factors such

as Ca/P ratios, crystallinity, and composition. CPCs with a Ca/P ratio of 1.5 have

higher solubility in aqueous environments, releasing Ca2+ and PO3−
4 ions, which

catalyze a carbonated apatite layer formation. In contrast, hydroxyapatite, with a

1.67 stoichiometric ratio, is more stable and less soluble within the body’s aqueous

environment [20]. Through mechanisms driven by liquids and controlled by cells,

bioceramics enhance protein adsorption and interaction with the local extracellular

matrix (ECM). Although the exact mechanism of this interaction with the ECM is

not fully understood, it is significantly affected by the specific proteins adhering to

the ceramic surface [46]. In order to change this property, cationic or anionic im-

purities are added to CPCs in order to alter their rate of dissolution, increase their

stability, or improve their biological performance. However, due to their limited

mechanical strength and brittleness, CPCs are unsuitable for load-bearing regions

[52]. To enhance their structural robustness, they are combined with polymers,

metals, or alternative ceramics, yielding multi-material scaffolds. Various meth-

ods, such as homogeneous mixtures, polymer matrix composites, coatings, ceramic

matrix composites, and layering, are employed to integrate diverse materials into

the scaffold. The Figure 2.10 shows an illustration of Synthetic Bioactive Ceramic
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Structures for Critical Size Bone Inconsistencies by Powder Bed Selective Laser

Processing (PBSLP).

Figure 2.10: PBSLP employs three primary categories of synthetic bioactive
ceramic scaffolds for bone repair [53]

2.3.2 Polymeric Bone Scaffolds

Based on where they come from, the polymers used in Bone Tissue Engineering

(BTE) can be categorised as natural or synthetic. In BTE applications, natu-

ral polymers including alginate, chitosan, and collagen are used. Due to their

ease of protein binding to their surfaces and resemblance to the body’s origi-

nal tissues, natural polymers frequently evoke a favourable reaction in ECM in-

teractions [54]. However, its poor structural strength, difficult processing, and

possible danger of disease transfer limit its use in BTE [55]. The limitations

of natural polymers can be overcome by synthetic polymers, such as polylactic

acid (PLA), polycaprolactone (PCL), polyglycolic acid (PGA), and polyurethane

(PU). However, the hydrophobic properties of these synthetic polymers prohibit

proteins from attaching to them, necessitating direct contact with the ECM to
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stimulate a bone repair response [56]. To bolster cell adhesion and prolifera-

tion, polymers are frequently augmented with bioactive molecules like Arginine-

Glycine-Aspartic (RGD), Tyrosine-Isoleucine-Glycine-Serine-Arginine (YIGSR),

and Isoleucine-Lysine-Valine-Alanine-Valine (IKVAV) [57]. Ester linkage hydrol-

ysis is used to break down polymers including PLA, PGA, and PCL, with degra-

dation rates ranging from months to years. These rates depend on factors like

polymer crystallinity, composition, and hydrophilicity. Common degradation du-

rations are approximately 3-6 years for PLA, 1-2 years for PCL, and 3-4 months

for PGA [58]. The scaffold interacts with the ECM, which leads to the breakdown

Figure 2.11: Schematic illustration of the method used to fabricate 3D porous
PLA/Ti64 composite scaffolds [59]

of the polymer and changes in the mechanical and physiological properties of the

implanted scaffold. As an illustration, the hydrolysis of PGA may result in an

increase in the local pH, which may impede the development of osteogenesis [60].

Proteins, biomolecules, growth factors, and peptides bound to the polymer sur-

face also initiate a series of bone healing activities, which enhances the scaffold’s
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ability to encourage tissue regeneration [61]. These bioactive polymers may also

transport growth factors and other biomolecules, which is crucial for easing the

complex process of bone healing. By providing a controlled release mechanism,

they contribute to orchestrating the cellular responses necessary for successful tis-

sue regeneration and bone formation. This capability enhances their therapeutic

potential in Bone Tissue Engineering (BTE) applications, where precise delivery

of bioactive agents is essential for optimal healing outcomes [62].

Polymer scaffolds exhibit significant potential in Bone Tissue Engineering (BTE)

due to their favorable biological interactions. However, their limited mechanical

strength and propensity to increase in porosity over time hinder their suitability

for load-bearing applications. While these scaffolds promote cellular activities,

their inability to withstand substantial mechanical loads poses challenges. The

gradual rise in porosity further compromises their structural integrity. Addressing

these concerns necessitates innovative approaches. These approaches may involve

incorporating reinforcing agents and utilizing advanced fabrication techniques to

enhance the mechanical properties and overall performance of polymer scaffolds in

load-bearing BTE scenarios. However, these enhancements can compromise the

scaffolds’ ability to provide robust structural support for load-bearing scenarios

[20]. A schematic depiction of the process employed to create 3D porous PLA/Ti64

composite scaffolds is presented in the Figure 2.11.

2.3.3 Metal and Alloy Based Bone Scaffolds

The word ”bioinert” refers to metals often utilised in bone tissue engineering

(BTE), which implies they do not trigger a foreign body reaction when implanted

[20]. There are titanium and tantalum alloys among these metals, as well as mag-

nesium alloys and zinc used in BTE applications. These materials can be applied as

bulk forms, nanoparticles, or a hybrid combination of both [20, 63]. The observed

functionalities exhibit significant variations depending on the form of utilization.

However, a significant issue arises because of the mechanical mismatch between

metal alloys and natural bone when using them as bulk materials. This difference
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in load-bearing capacity may cause bone resorption near the implant, which might

result in attachment failure or loosening [20, 64]. Additionally, whether in bulk or

nanoparticle forms, the bioinert nature of several metals and alloys restricts their

capacity to interact positively with the local extracellular matrix (ECM) and foster

a good bone healing response [63, 65].

Figure 2.12: The generated models encompass (a) a structured porous frame-
work, (b) an unstructured porous arrangement, and (c) a gradient unstructured

porous configuration [66]

The main reason titanium alloys are widely used for orthopaedic purposes is be-

cause they are bioinert [65]. These metal alloys are introduced with alloying

elements including Zr, Nb, Al, and V to increase their usefulness in BTE applica-

tions. These alloying elements enhance interactions with the local environment and

bolster corrosion resistance [67]. Research has demonstrated heightened alkaline

phosphatase (ALP) activity and reduced cytotoxicity through the incorporation

of Nb and Zr into Ti alloys [67, 68]. Zn, Fe, and Mg are three bioresorbable metals

that are gaining popularity due to their potential for use in Bone Tissue Engineer-

ing (BTE) procedures. Due to its slow rate of degradation and the importance of

Zn finger proteins (ZFPs) in the human body, Zn is being used increasingly fre-

quently in BTE. ZFPs have a role in regulating a variety of biological activities as

DNA-binding transcription factors [69]. Upon implantation, Zn undergoes degra-

dation through galvanic coupling, resulting in the release of Zn ions. These ions

interact with Ca2+ and PO3−
4 ions present in simulated body fluids (SBF) [69].

But only about 15 to 40 mg of zinc ions may be absorbed daily by the body [69, 70].

Hence, it is vital to regulate the scaffold’s degradation rate to remain within this

physiological threshold. Similarly, magnesium is also bioresorbable like Zn, but
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a notable distinction lies in its degradation rate. Magnesium degrades swiftly

within the body, resulting in the release of hydrogen gas H2 [71]. Regrettably, the

discharge of H2 gas has been observed to disturb the bone healing cascade, as it

leads to an elevation in the local pH of the nearby region [72]. Despite these chal-

lenges, magnesium is regarded as a potential substitute for bone. This is because

it exhibits mechanical strength similar to that of bone and plays a crucial role

in numerous physiological processes within the body through its ions [71]. When

combined with other bioactive materials, nanoparticles can provide osteogenic or

other essential qualities needed to start and maintain the bone repair cascade [63].

Figure 2.13: Porous structures for Ti6Al4V, formed through EDM, include
regular, irregular, and gradient irregular arrangements [66]

Gold (AuNP), silver (AgNP), iron, aluminium, copper, zirconium, and hydrox-

yapatite nanoparticles are examples of commonly used nanoparticles [63]. At low

doses, AuNP has been found to act as synthetic alternatives to bone morphogenetic

proteins (BMP), crucial for bone mass regulation through the Wnt/β-Catenin sig-

naling pathways [73]. The ability of silver nanoparticles to penetrate bacterial cell

walls and cause DNA damage makes them well known for their bactericidal effects

[63]. Polymer scaffolds are frequently combined with titanium oxide nanoparti-

cles for use in bone tissue engineering (BTE). It has been shown that including

them improves the wettability and mechanical properties of the resultant poly-

mer scaffold [74]. In Figure 2.12, the generated models showcase various porous

frameworks, including a structured framework (a), an unstructured arrangement

(b), and a gradient unstructured configuration (c). Additionally, Figure 2.13 il-

lustrates porous structures for Ti6Al4V, produced via EDM, featuring regular,

irregular, and gradient irregular arrangements.
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2.3.4 Multi-materials Bone Scaffolds

The use of two or more materials combined in a variety of ways, such as homoge-

neous mixes, different structures, doping agents, or surface coatings, is referred to

as the use of multi-material scaffolds. Depending on the type of combination, the

qualities of the composite might significantly alter. For instance, a bioactive site

is created when zirconia-based scaffolds are mixed uniformly with nano-HAp, and

this combination also increases mechanical strength by preventing fracture propa-

gation [75]. On the other hand, scaffolds made of Ti alloys with nano-HAp coatings

improve osseointegration by interacting with the ECM. However, due to their poor

surface adherence, these coatings do not greatly increase the material’s strength

[76]. Bioactive glasses (BG) demonstrate considerable bioactivity and can speed

up the process of osteointegration, as was previously mentioned. This leads to

the use of BG coatings on materials including stainless steel, Ti-6Al-7Nb, nitinol,

and other biocompatible alloys [77]. Multi-material scaffolds have extended their

utility as drug delivery systems by combining organic and inorganic biomaterials.

An instance of this is seen in chitosan-HAp-based scaffolds, functioning as carriers

for therapeutic metal ions. These scaffolds emit strontium ions, which have been

found to promote bone formation and affect the expression of the osteoclast gene.

Additionally, the first burst release of copper ions from the chitosan polysaccha-

ride, which serves as a transporter for copper ions, prevents bacterial proliferation

[78, 79].

Because higher post-processing temperatures are required to increase the strength

of ceramic materials, integrating natural polymers into bioceramic scaffolds present

challenges. However, the combination of HAp-PCL-based composites with starch-

based natural polymers provides a solution by acting as a binding agent to improve

mechanical characteristics. Additionally, the addition of starch prolongs the time

until these scaffolds degrade, which is important for promoting cellular develop-

ment and adhesion in Bone Tissue Engineering (BTE) scaffolds [80].

Due to their inherent limitations, the use of particular materials alone may not

be optimal for Bone Tissue Engineering (BTE) applications. Consequently, the
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amalgamation of materials into composites offers a solution to surpass these limita-

tions. Recent studies have focused on examining multi-material scaffolds designed

for BTE applications [81]. Incorporating a secondary phase significantly alters

the composite’s chemical properties, whether in the form of nanoparticles, dop-

ing agents, or uniform blends. It requires careful procedure selection to achieve

desired outcomes. For instance, processing magnesium alloys incorporating nano-

bioactive glass (BG) particles via powder metallurgy results in intermetallicMg2Si

and MgO phases, which accelerate the in vitro breakdown of the magnesium com-

posite [82]. However, a different result is obtained when the same composite

is processed using spark plasma sintering (SPS). In this case, the BG remains

integrated within the matrix of the magnesium alloy and the production of inter-

metallic phases is inhibited. Cell viability is enhanced and in vitro degradation

is decreased as a result. This underscores the significance of processing methods

in attaining the intended characteristics of the composite [83]. Therefore, the si-

multaneous processing of these materials poses challenges when aiming to create

multi-material scaffolds with specific properties and desired interactions.

2.4 Bone Scaffolds Structure

There are four crucial factors that may be used to determine the porosity struc-

ture of BTE scaffolds: Figure 2.14 illustrates porosity (%), pore size, surface area,

and interconnectivity [84]. Porosity reflects open space within the scaffold. Pore

Figure 2.14: Structural parameters of the synthetic bone scaffolds [85]

size defines pore dimensions. Surface area combines surface pore sizes and over-

all porosity. Interconnectivity, determined by pore arrangement and sizes, affects
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cell infiltration and nutrient diffusion post-implantation. The scaffold’s pore size

plays a critical role in defining both its mechanical strength and infiltration ca-

pability. Figure 2.14 demonstrates that increasing pore size reduces scaffold com-

pression strength, highlighting the need for a balanced pore size for fluid ingress

and strength. Pore diameters in common BTE scaffolds range from 100 to 900 µm.

Pore diameters greater than 300 µm are preferred by osteoblast cells (10–50 µm),

which facilitates nutrition exchange and biomolecule infiltration [86]. Reduced wa-

ter contact angles are another benefit of larger pores for fluid penetration. For the

scaffold to integrate with native bone and transmit loads, bone must continue to

develop inside it. Smaller pore sizes (200–300 µSLA) that limit infiltration tend to

induce chondrogenesis in MSCs, resulting in cartilaginous tissue formation instead

of bone. Optimal in-growth pore sizes are typically within the 250–500 µSLA

range. While larger pores can enhance functionalization, they may compromise

scaffold strength and structural integrity [87].

Smaller holes (≤100 µm) on the other hand cause the production of fibrous tissue,

which reduces the interaction between the scaffold and angiogenesis. Micropores

(within 10 µm) enhance surface area, facilitating ion exchange and protein adsorp-

tion.

These varied effects of pore sizes highlight their distinct contributions to the phys-

iological and structural aspects of BTE scaffolds. Thus, incorporating heteroge-

neous pore sizes can provide multifaceted benefits crucial for effective bone healing.

Additionally, the scaffold’s capacity to accommodate diverse stages of tissue de-

velopment, including osteogenesis, angiogenesis, and cell migration, is influenced

by the hierarchical arrangement of hole diameters. This arrangement mimics the

native bone’s complex structure, providing cues for the orchestrated healing pro-

cess. Notably, the interplay between pore sizes within the scaffold can significantly

influence nutrient diffusion, waste removal, and overall mechanical stability, all of

which are fundamental for successful bone tissue engineering applications [88].

Notably, the interplay between pore sizes within the scaffold can significantly in-

fluence nutrient diffusion, waste removal, and overall mechanical stability, all of

which are fundamental for successful bone tissue engineering applications.
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2.4.1 Porosity

The pore size and overall geometry of a BTE scaffold influence its porosity. After

being implanted, the scaffold’s porous volume offers a surface for osteoblast cells to

live on and promote cellular connections. Porosities of BTE scaffolds commonly

fall within the range of 50% to 80%, which varies based on desired mechanical

characteristics [89]. Elevated porosities (above 65%) facilitate improved infiltration

of the extracellular matrix (ECM), yet they might compromise the scaffold’s overall

structural strength.

Increasing the scaffold’s porosity creates more surface area, which improves in-

teraction with the ECM, speeds up bone ingrowth, and encourages vasculariza-

tion. However, sustained ECM contact can lead to eventual pore occlusion. Thus,

higher porosities ensure ample permeability for nutrient and biomolecule trans-

port. Conversely, porosities under 65% offer superior mechanical strength but

may limit ECM interaction, potentially reducing cellular Alkaline Phosphatase

(ALP) activity [90]. Permeability, a critical need, hinges on both porosity and in-

terconnectivity. The required permeability varies based on defect size, with larger

defects demanding greater oxygen and nutrient supply for effective bone healing.

For example, when comparing 3D-printed stainless-steel scaffolds with porosities

of 60 and 70 percent, those with a porosity of 58 percent exhibited stronger cell

proliferation and growth. This could be attributed to their superior retention of

cell media over longer periods of time [91].

Balancing scaffold porosity also influences the scaffold’s mechanical properties, as

excessive porosity can compromise its structural integrity. Therefore, it’s crucial to

design scaffolds with a porosity level that aligns with the specific requirements of

the bone regeneration site. Achieving this balance requires a deep understanding

of the tissue’s natural healing processes and the biocompatibility of the scaffold

materials [92]. Moreover, the interconnectedness of pores within the scaffold plays

a pivotal role in nutrient diffusion and waste removal, directly impacting the cel-

lular responses. An optimized scaffold design should address both porosity and

pore interconnectivity to maximize its therapeutic potential in bone healing.
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In this study, the formula used to calculate the porosity of CAD-based lattice

structures, such as bone scaffolds, is expressed as

Porosity (%) = 1−
(
Vsolid

Vtotal

)
× 100 (2.1)

Porosity distribution in synthetic bone scaffolds varies through techniques like

gradient control, random patterns, ordered designs, and hybrid methods. Gradient

porosity aids nutrient diffusion, randomness ensures uniform cell seeding, ordered

structures offer mechanical strength, while hybrid approaches balance structure

and cell function. Tailoring porosity distribution optimizes scaffold performance

in bone tissue engineering.

2.4.2 Bone Scaffolds Geometry

In Bone Tissue Engineering (BTE), scaffold geometry refers to the spatial ar-

rangement of pores within the scaffold matrix, a critical factor influencing its per-

formance. This aspect can be broadly classified into two main types: stochastic

and non-stochastic. Stochastic geometry exhibits a random distribution of pores

throughout the scaffold, while non-stochastic geometry involves a more ordered ar-

rangement of pores. Each type offers distinct advantages and challenges, shaping

the scaffold’s ability to support cell infiltration, nutrient diffusion, and ultimately,

tissue regeneration.

2.4.2.1 Stochastic Bone Scaffolds

Stochastic scaffold orientation refers to structures lacking repeating patterns. De-

spite the fact that they resemble normal bone architecture, their erratic orienta-

tions cause variances in scaffold compression strength and make replication diffi-

cult. Stochastic bone scaffolds are three-dimensional structures employed in regen-

erative medicine and tissue engineering to facilitate bone tissue regeneration [93].

Unlike non-stochastic scaffolds, which have a regular and predetermined pat-

tern, stochastic scaffolds feature a random arrangement of pores throughout the
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Figure 2.15: Stochastic scaffold design involves: A) Establishing a 3D domain
with dispersed seeds; B) Generating subdomains from these seeds; and C) Ap-

plying a randomly oriented lattice to each subdomain [94]

Figure 2.16: Functionally gradient stochastic scaffolds with 58 to 70 percent
porosity along one axis, two axes, or all three axes [94]

structure. This randomness provides unique advantages and characteristics that

make them valuable in various applications within the field of BTE. The random

pore arrangement allows for easier modification and customization, making them

suitable for different anatomical shapes and defect sizes. Moreover, stochastic scaf-

folds enhance cell interactions, as bone-forming cells can attach to the scaffold at

multiple points due to the scattered pores. This characteristic encourages cell pro-

liferation and the generation of new bone tissue, ultimately resulting in enhanced

bone regeneration outcomes. Additionally, the irregular configuration of holes

makes it easier for nutrients and oxygen to diffuse to more cells inside the scaffold,

better enabling the development of new bone tissue [95]. However, the stochas-

tic nature of these structures presents difficulties in precisely manipulating the

scaffold’s mechanical properties, potentially leading to less consistent outcomes

compared to non-stochastic scaffolds. Nonetheless, stochastic bone scaffolds re-

main valuable tools in bone tissue engineering, offering promising approaches to

promoting bone regeneration and addressing various bone-related challenges in

regenerative medicine [96]. As research and technology advance, both stochastic
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and non-stochastic scaffolds hold great potential in improving patient outcomes

and advancing the field further. Figure 2.15 and Figure 2.16 show the stochastic

bone scaffolds and change in porosity in three different axes respectively.

2.4.2.2 Non-Stochastic Bone Scaffolds

Non-stochastic scaffolds with regular orientations contain a variety of forms, in-

cluding cubic, hexagonal, triply periodic minimum surfaces (TPMS), spherical,

and honeycomb structures. The figure 2.17 displays them. Scaffold geometry it-

self does not directly influence bone healing, regular structures offer advantages

in terms of ensuring vascular growth, nutrient diffusion, and load-bearing capac-

ity [97]. The regular and ordered pore architecture of non-stochastic scaffolds

enhances cell interaction. The scaffold allows for effective cell attachment, migra-

tion, and proliferation, which is essential for tissue ingrowth and the development

of new bone. Non-stochastic scaffolds can be designed to incorporate channels or

interconnected pores, promoting vascularization within the scaffold structure. As

a result, blood vessels may develop more easily, supplying the nutrients and oxygen

vital for tissue growth and cell survival. Another significant benefit is the reduced

risk of foreign body reactions. Controlled pore arrangement in non-stochastic scaf-

folds reduces the likelihood of causing inflammation or adverse reactions in the host

tissue [98]. This, in turn, enhances the scaffold’s biocompatibility and integration

with the surrounding bone. In practical applications, non-stochastic bone scaffolds

find use in various clinical scenarios. They are employed to facilitate the healing

of bone defects caused by trauma, tumor resection, or congenital abnormalities.

In orthopedic implants, non-stochastic scaffolds can serve as bioactive coatings or

porous components to enhance their integration with the host bone. In dentistry,

these scaffolds are valuable for guided bone regeneration to augment bone volume,

enabling the successful placement of dental implants. Non-stochastic scaffolds can

be fabricated using various biomaterials with tunable degradation rates [99]. This

makes it possible for the scaffold to deteriorate in step with the growth of new

bone tissue. A seamless transition from the scaffold to the regenerated bone tissue

is ensured as the scaffold deteriorates and the newly produced bone progressively
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takes on the load-bearing function. The capacity to modify the mechanical prop-

(a) (b) (c)

(d) (e) (f)

Figure 2.17: Non – stochastic bone scaffolds with pore shapes (a) Triangular
(b) Square (c) Hexagonal (d) Hexa honeycomb (e) Re-entrant honeycomb (f)

Triangular honeycomb

erties of non-stochastic scaffolds such that they mimic real bone is one of their

key benefits. This includes adjusting parameters like porosity, pore size, and stiff-

ness. By fine-tuning these properties, the scaffold can offer optimal support to

bone cells during the healing process, leading to more successful outcomes in bone

tissue regeneration [100].

The ability of TPMS structures to create an ideal balance between stiffness and

permeability has recently led to an increase in their usage in BTE scaffolds. Ac-

cording to research, gyroid-based scaffolds for bone defect restoration have com-

pressive strengths between 1.5 and 45 MPa that are comparable to human trabecu-

lar bone at porosities of 75 and 90 percent [101]. These scaffolds collapse in layers,

and the orientation of the elliptical struts in the load direction gives the scaffold a

substantial amount of stiffness and strength. Importantly, the scaffold responds to

stresses quite differently at 45° angles than it does under axial loading, highlighting

the need of taking load direction into account when choosing scaffold geometry.

Pore geometry affects bone healing in a way that interacts with other elements
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such as porosity, pore diameters, interconnectivity, and surface area, although its

effects on mechanical characteristics may be studied independently. Therefore, a

common strategy involves evaluating mechanical properties by isolating the study

of pore geometry, as demonstrated in previous research. Additionally, bone healing

behavior is analyzed based on specific scaffold features, such as pore size, porosity,

and interconnectivity. This comprehensive understanding guides the design and

fabrication of scaffolds that holistically address the multifaceted requirements of

effective bone tissue engineering [102]. Moreover, researchers continue to explore

innovative methods for assessing the in vivo performance of these intricate scaffold

designs. This encompasses the utilization of cutting-edge imaging modalities and

continuous monitoring techniques to glean invaluable insights into the intricate

interplay between scaffolds and the host tissue environment. By leveraging these

tools, researchers can adopt a more responsive and flexible strategy in optimizing

and refining scaffolds tailored to specific clinical contexts. Such comprehensive

understanding not only enhances the efficacy of tissue engineering interventions

but also paves the way for personalized therapeutic solutions and improved patient

outcomes.

2.4.3 Triply Periodic Minimal Surface Based Bone Scaf-

folds

(a) (b) (c)

Figure 2.18: (a) Gyroid type (b) Diamond type (c) Primitive type

The smallest surface area feasible inside a restricted zone and zero mean curva-

ture are the two characteristics of minimal surfaces. Triply periodic minimum
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surfaces (TPMS) are such surfaces that are regularly replicated along three axes.

Trigonometric operations, unit cell length, and unit cell type may all be used to

mathematically represent these structures [103]. Customization of this mathemat-

ical framework is possible by changing the variables listed in Table 2.1.

Table 2.1: Mathematical formulas defining structures with TPMS [104, 105]

TPMS Structures Equation
Gyroid cos(wx) + cos(wy) + cos(wz) = c

Diamond

sin(wx) sin(wy) sin(wz)+

cos(wx) sin(wy) sin(wz)+

sin(wx) cos(wy) sin(wz)+

sin(wx) sin(wy) cos(wz) = c
Primitive (wx) + cos(wy) + cos(wz) = c

TPMS structures have three fundamental types: primitive type, gyroid type, and

diamond type shown in Figure 2.18. The structural type of TPMS structures has

a greater impact on their mechanical strength and energy absorption than does

the material itself. During the plateau stage, P-type structures show localised

buckling of curved walls, which causes stress variations. In contrast, Gyroid-type

structures, characterized by unconnected porous formations, demonstrate superior

structural strength by preventing microcrack propagation. Diamond-based TPMS

structures offer the highest mechanical strength, with variations in plateau stress

between sheet and skeletal diamond structures affecting energy absorption and

toughness [106].

2.4.4 Bone’s Mechanical Properties

The mechanical strength parameters in the context of bone implants and tissue

engineering related to the required amount of strength and stability that the im-

plant must have to successfully perform its load-bearing job. Load-bearing appli-

cations involve implants that are expected to support the mechanical stresses and

loads that natural bone typically experiences in the body. These specifications are

crucial because inadequate mechanical strength could lead to implant failure, com-

promising the healing process and patient outcomes [107]. One key consideration
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in designing bone substitutes for load-bearing applications is the level of porosity

or porousness. Porosity refers to the presence of void spaces or pores within the

implant’s structure. Porous bone substitutes are desirable as they facilitate cell in-

filtration, nutrient diffusion, and tissue integration, promoting bone regeneration.

However, an excessive level of porosity could compromise the mechanical strength

of the implant, making it less capable of withstanding the necessary mechani-

cal loads. Therefore, it is important to strike a compromise between mechanical

strength and porosity. Starting with in vitro seeding process, the bone substi-

tute is typically pre-seeded with bone-forming cells, such as osteoblasts, before

implantation. This seeding process aims to encourage cell attachment and pro-

liferation within the scaffold’s pores, promoting tissue formation and integration

[108]. Throughout the in vitro phase and after implantation in vivo, the bone

substitute should offer physical support to the surrounding tissue. The chosen

scaffold should possess appropriate mechanical properties, including compressive

and tensile strength, within the context of in vitro cell culture for bone tissue

engineering. These properties are crucial for facilitating cell adhesion, migration,

and proliferation. This ensures that the scaffold can withstand the forces exerted

by cells during tissue formation, contributing to a successful environment for cell

growth and tissue regeneration. In tandem with suitable mechanical properties,

the scaffold should also exhibit stability to uphold its structural integrity through-

out the duration of cell culture. This stability ensures that the scaffold can provide

a consistent and supportive substrate for cellular processes, fostering optimal cell

attachment, proliferation, and ultimately, successful tissue development [109].

Table 2.2: Bone’s mechanical characteristics in humans [110, 111]

Type of bone
Compressive strength Tensile strength Elastic Modulus

(MPa) (MPa) (GPa)
Cortical bone 130-225 60-160 3-30

Trabecular bone 4-12 N. A 0.01-0.5

After implantation in vivo, the bone substitute continues to serve as a support

structure for the developing tissue. As the surrounding tissue remodels and re-

generates, the mechanical strength of the implant is essential in maintaining its

structural integrity and resisting the loads imposed on it by daily activities or
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movements. A well-designed bone substitute with adequate mechanical strength

ensures that the implant can support the surrounding tissue during the healing

process and eventually integrate seamlessly with the host bone [112]. In summary,

when developing bone substitutes for load-bearing applications, careful consider-

ation must be given to the mechanical strength specifications. The porosity level

should be optimized to strike a balance between tissue integration and mechanical

strength. This optimization ensures that the implant can effectively support the

surrounding tissue during the in vitro seeding process and maintain its support

throughout in vivo modification. Ultimately, a bone substitute with the appro-

priate mechanical properties will contribute to successful bone regeneration and

a positive clinical outcome for the patient [113]. Table 2.2 lists the mechanical

properties of human cancellous and cortical bone.

2.5 Synthetic Bone Scaffolds Challenges

Production of best and optimized porous bone substitutes in terms of their me-

chanical and structural characteristics is extremely difficult due to a number of

variables. With respect to the architectural perspective, the bone substitute sup-

ports both mechanical and biological activities, which may compete with one an-

other [114]. For instance, a denser material is required to increase the material’s

load-bearing capacity, which clashes with the necessity for a permeable structure

to promote bone penetration and liquid porosity [115]. The adjusting of a sin-

gle variable with little thought to how additional scaffold qualities are changed is

probably what is typically referred to as an enhancement of scaffold characteris-

tics. In addition to this, it is challenging to characterize, digitize, and manufacture

the scaffold architecture. Digitizing information to interpret production methods

can be challenging, particularly when examining structural parameters and inter-

connectivity in bone tissues through continuous or discrete approaches [114]. The

interconnected macro-porosity should typically be greater than 50 µm with a par-

ticular direction to fit the nutrient transport mechanics. Fluid and stress loading

constraints and conditions [111, 114, 116]. The biological response of scaffolds has
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been demonstrated to be influenced by what is known as micro-porosity, which

has a diameter range between 0.1 and 10 µSLA. As a result, the pores at this

particular scale need to be identified, described and incorporated into the final

design [115, 117] The advancement and development of effective software design

strategies are essential to translate the desired porous architecture and mechanical

properties of the bone to be replaced into appropriate voxel units. These units can

then be manufactured using various manufacturing platforms [118, 119]. Another

concern regarding the production of a suitable bone substitute architecture. Such

voxels can be analytically calculated through the use of topological optimization

techniques or numerical simulation [113, 118, 119].

Developing architectures that are capable of undergoing in vivo bio-resorption at

a specific pace acceptable for bone remodeling presents challenges from a material

perspective. The terms ”materials with biodegradable, bioresorbable, bio-erodible,

and bioabsorbable properties” are frequently used in the context of regenerative

medicine [120]. The mechanical, structural, and biochemical features of the scaf-

fold will be impacted by the biodegradation pathway, which necessitates a thor-

ough understanding [114]. Furthermore, factors such as pore size, pore intercon-

nectivity, porosity, scaffold shape and volume, and the position of implantation

within the musculoskeletal system all play pivotal roles in determining the degra-

dation rate of the scaffold. Additionally, it is imperative to take into account the

long-term response of native tissue to the degradation products of the scaffold.

This includes considering the biochemical, structural, and mechanical character-

istics of the bone substitute to ensure they align with the unique requirements of

each patient. Such comprehensive considerations are essential for optimizing the

effectiveness and safety of tissue engineering implants in clinical practice. These

multifaceted factors collectively influence not only the degradation kinetics of the

scaffold but also its ability to support tissue regeneration and integration within

the host environment. These requirements encompass factors like age, gender,

overall health, metabolic rate, implant location, and loading conditions, which

contribute to the complexity of achieving an ideal implant [114]. This underscores

the multifaceted nature of achieving optimal outcomes in bone tissue engineering.
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2.6 Limitations and Benefits of Polymer-Based

Bone Scaffolds

Polymer-based bone scaffolds have garnered attention in the field of regenerative

medicine and tissue engineering due to their adaptability, customizability, high

biocompatibility, and ability to mimic the natural extracellular matrix. While

these scaffolds offer notable advantages, they also come with inherent limitations.

Here, we delve into the pros and cons of utilizing polymer-based bone scaffolds.

2.6.1 Benefits of Polymer-Based Bone Scaffolds

i. Biocompatibility: Polymers chosen for bone scaffolds are frequently bio-

compatible, signifying their compatibility with the body and their ability

to avoid triggering harmful immune reactions. This characteristic facilitates

seamless integration between the scaffold and the host tissue, thereby fos-

tering effective tissue regeneration.

ii. Tunable Mechanical Properties: Polymers offer the advantage of tun-

able mechanical properties, allowing researchers to adjust the scaffold’s stiff-

ness and strength to match those of natural bone. This tailoring is crucial

for load-bearing applications and ensures proper support during the healing

process.

iii. Porosity and Interconnectivity: Polymer-based scaffolds can be designed

with controlled porosity and interconnectivity, providing pathways for cell

infiltration, nutrient diffusion, and waste removal. These features enhance

cell attachment, proliferation, and tissue formation within the scaffold.

iv. Degradability: Some polymers used in bone scaffolds are biodegradable,

meaning they can gradually degrade over time as the new bone tissue forms.

The biocompatibility of these polymers eliminates the necessity for a sec-

ondary surgical procedure to remove the scaffold, effectively minimizing the

potential for complications.
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v. Versatility: Polymers offer a wide range of choices, allowing researchers

to select the most suitable material for specific applications. Furthermore,

these scaffolds can be produced using diverse methods such as 3D printing,

electrospinning, or solvent casting, providing versatility in scaffold design.

vi. Drug Delivery Capability: Polymers can be engineered to incorporate

drug delivery systems within the scaffold. This feature enables the con-

trolled release of bioactive molecules, growth factors, or antibiotics, further

promoting tissue regeneration and preventing infections.

2.6.2 Limitations of Polymer-based Bone Scaffolds

i. Mechanical Strength: While polymer-based scaffolds offer tunable me-

chanical properties, they may not always match the strength of natural bone.

In load-bearing applications, the scaffold’s mechanical strength may be a

limitation, potentially leading to premature failure or inadequate support.

ii. Degradation Rate: Matching the rate of scaffold degradation with the

formation of new bone tissue is crucial. If the polymer degrades too rapidly,

it might not offer adequate support during the healing process. On the other

hand, slow degradation could hinder bone regeneration and lead to long-term

foreign body reactions.

iii. Lack of Osteoinductivity: While polymers can serve as a framework for

tissue growth, they may lack inherent osteoinductivity, meaning they do not

actively stimulate bone-forming cells. Additional modifications, such as the

incorporation of growth factors, may be required to enhance osteoinductivity.

iv. Inflammatory Response: Some polymer-based scaffolds may trigger a

mild inflammatory response during the degradation process. Although bio-

compatible, the scaffold’s degradation products could cause local inflamma-

tion in the surrounding tissue.

v. Limited Vascularization: Achieving efficient vascularization within poly-

mer based scaffolds can be challenging. The lack of a well-developed vascular
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network may impede the delivery of nutrients and oxygen to cells within the

scaffold, limiting its overall effectiveness in larger or more complex defects.

Therefore, strategies to promote vascular growth and integration are pivotal

for enhancing the functionality and success of these scaffolds.

Figure 2.19: Advantages and disadvantages of natural and synthetic bone
scaffolds

The graphic representation in Figure 2.19 concisely presents the pros and cons

related to the application of natural and synthetic polymers. This visualization

serves as a comprehensive guide for assessing the advantages and disadvantages

of both types of polymers in various contexts, offering invaluable insights for re-

searchers and industry professionals alike [121–124].
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2.7 Research Gap

In order to create efficient bone scaffolds for tissue engineering applications, it is

essential to understand the physical and mechanical characteristics of bone. These

properties depend on its hierarchical structure, which consists of nanoscale collagen

fibrils and hydroxyapatite crystals. Creating an ideal bone scaffold poses several

challenges. First, mimicking the complex hierarchical structure of natural bone at

different length scales is difficult. Achieving proper mechanical strength, porosity,

and biocompatibility while maintaining a suitable degradation rate is also chal-

lenging. Moreover, ensuring adequate nutrient and oxygen supply to cells within

the scaffold can be problematic. Polymeric bone scaffolds have gained attention

due to their tunable properties and versatility. However, they have limitations.

For instance, matching the mechanical properties of natural bone is challenging,

as polymers may not possess the same strength or toughness. Degradation rates

must be carefully controlled to avoid premature breakdown or excessive persis-

tence. In order to facilitate cell proliferation and tissue ingrowth, it’s also critical

to have ideal pore size and interconnectivity.

Polymeric bone scaffolds, despite limitations, offer tailored customization and di-

verse fabrication methods like 3D printing. They also provide biocompatibility

for cell functions, along with osteoinductive and osteoconductive traits. Further-

more, these scaffolds present reduced immunogenicity and lower risks of disease

transmission when compared to natural bone grafts. These advantages position

polymeric bone scaffolds as promising solutions in bone tissue engineering.

In conclusion, polymer-based bone scaffolds offer significant benefits in tissue en-

gineering and regenerative medicine due to their biocompatibility, tunable prop-

erties, and controlled degradation. However, they also have limitations related to

mechanical strength, degradation rate, osteoinductivity, and vascularization. To

tackle these challenges, current research focuses on to explore the potential for

enhancing the transport and mechanical characteristics of acrylate-based polymer

bone scaffolds using PolyJet printing technology, all while upholding a high level

of precision as stated in problem statement.



Chapter 3

Conventional and Additive

Manufacturing Techniques

3.1 Introduction

Conventional and additive manufacturing techniques offer diverse approaches to

fabricate synthetic bone scaffolds, while CAD-based and formula-based models

contribute valuable designing techniques. Traditional fabrication methods like gas

foaming and particulate leaching are employed to craft scaffolds possessing inter-

connected porosity and customized mechanical attributes. Electrospinning, on the

other hand, produces fine fibers that mimic the bone’s extracellular matrix. Ad-

ditive manufacturing, particularly 3D printing, enables precise layer-by-layer con-

struction of scaffolds with complex geometries. CAD-based models aid in designing

patient-specific scaffolds, utilizing medical imaging to customize the structure ac-

cording to individual anatomies. On the other hand, formula-based models help

optimize material composition, porosity, and mechanical strength based on specific

formulas and requirements. The fusion of these manufacturing and design method-

ologies presents compelling prospects for the development of highly sophisticated

synthetic bone scaffolds. These breakthroughs hold immense potential to trans-

form the landscape of bone tissue engineering and regenerative medicine, offering

53
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unprecedented avenues for addressing complex clinical challenges and advancing

patient care. With continued innovation and collaboration across disciplines, the

future holds exciting possibilities for enhancing skeletal repair and regeneration.

3.2 Conventional Techniques for the Developme-

nt of Bone Scaffolds

3.2.1 Solvent Casting and Particulate Leaching

Conventional fabrication methods like solvent casting/particulate leaching offer

control over porosity and pore size based on polymer and salt selection. These

techniques provide control over porosity and pore size, depending on the choice

of polymer and salt used [125]. In this technique polymers are dissolved with

organic solvent, mixed with porogen that are water soluble such as sodium chlo-

ride, sodium nitrate, gelatin particle and waxy hydrocarbons. The solution is then

poured into the mold, solvent evaporated and a porous structure is achieved. Steps

involved in the solvent casting and particulate leaching technique are summarized

in Figure 3.1. Porosity and pore size depend upon the porogen amount and crystal

Figure 3.1: Solvent Casting and Particulate Leaching bone scaffolding tech-
nique

size respectively. It was observed that 70 wt.% of porogen exhibits higher pores

interconnectivity. No special equipment is required for solvent casting technique.

The disadvantage of this technique is the use of toxic solvents that can reduce
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bioactivity of molecules, and cause denaturation of incorporated molecules. Fea-

ture controlled porosity and pores interconnectivity can be obtained in case of

polymer-ceramics fabricated synthetic scaffolds [126]. The main drawbacks of sol-

vent casting are: (i) the potential for hazardous solvent to remain in the polymer;

and (ii) the shape restrictions (mostly flat sheets and tubes). Moreover, organic

solvents can induce protein denaturation in the polymer. Porosity can be con-

trolled by altering the salt/polymer ratio and salt particle size. However, there is

relatively little control on the interconnectivity and morphology of the pores [127].

3.2.2 Gas-Foaming Process

Efficient fabrication of synthetic porous scaffolds for tissue engineering can be

achieved through gas foaming, a process that involves generating pores using gas

expansion. This technique uses a gas with high pressure instead of toxic solvent

to fabricate porous structure [128]. Steps involved in the gas-foaming process are

summarized in Figure 3.2. In this technique, polymer is placed in the chamber with

Figure 3.2: Gas foaming technique for bone scaffolding

a gas such as CO2 and increase the pressure to that extent where gas sufficiently

become soluble in the polymer. After that lower the pressure to the atmospheric
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pressure that will induce thermodynamic instability in gaseous phase, that results

in porous structure. Scaffolds fabricated through this technique offers a maximum

porosity of 90% and pore size around 100 µm but poor pore interconnectivity

specifically on the surface of scaffold just between 10 % - 30 % [129]. Trabecular

structure-based scaffold cab be fabricated through gas foaming process. Porous

structure with pore sizes of 100 µm to 500 µm cab be created with high cell

viability and higher cell seeding efficiency. Gas foaming is relatively easy and cheap

method for scaffold fabrication. The disadvantages of has foaming techniques are

that it cannot use glassy and hydrophobic polymers such as chitosan that has less

solubility in CO2. The solubility problem can be resolved by using the solvent

such as diluted acid and ethanol [130].

3.2.3 Thermally Induced Phase Separation

Porous scaffold structure conventionally fabricated through thermally induced

phase separation method (TIPS) can be controlled easily and exhibits low defect

probability for both soft and hard tissues [131]. Steps involved in the thermally

induced phase separation are summarized in Figure 3.3. In this process, polymer

Figure 3.3: Thermally induced phase separation for bone scaffolding

is generally dissolved in the solvent at higher temperature. Homogenous mixture

is cooled to remove the solvent from the mixture, which develops microstructure
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porous structure scaffold. Degradation rate, bioactivity, mechanics and pore mor-

phology properties of porous scaffold structures depend on the volume and the

concentration of secondary phase fraction and polymers respectively. However, it

is not suitable for cell seeding and bone growth because of pore size range i.e., 10

µm – 100 µm. To overcome this issue, pore size of scaffold is increased (greater

than 100 µm) by using a coarsening process [132]. TIPS manufactured scaffold’s

properties depend upon the temperature gradient, solvent type and polymer con-

centration. The drawback of this process is the use of organic process which takes

long time to sublimate. Universal crystallizable solvent DMSO2 (Dimethyl sulfone)

is recommended for polymers due to which it is called a green method because

solvent can be recovered by sublimation and recrystallization. Another biodegrad-

able, water soluble and environment friendly solvent, PolarClean, is recommended

to use in TIPS as a solvent [133].

3.2.4 Microsphere Sintering

This technique involves sintering polymer microspheres that were previously pro-

duced using an emulsion/solvent evaporation technique, shown in Figure 3.4.

Based on the technique utilized to combine and blend the microspheres into a cohe-

sive structure, the sintering process might be chemically or thermally activated, i.e.

heat or vapor from a solvent [135]. In the case of composites, the microspheres

have been filled with inorganic particles. Three-dimensional biodegradable and

bioactive scaffolds offer mechanical qualities that are more similar to cancellous

bone than solvent casting or TIPS, but with lesser porosity.

3.2.5 Electrospinning

Recently, electrospinning has received a great deal of consideration in the scaffold

fabrication field, especially for use in reconstructive surgery. Making fibrous mats

out of biodegradable polymers is an easy and diverse method. In an effort to

artificially replicate the extracellular matrix of biological tissues, the size of the
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Figure 3.4: Schematics of microsphere sintering [134]

fibers at the micro-nanoscale is of special relevance [108]. During the procedure, a

capillary is pressed to contain a polymer solution, which creates a jet of solution

at the tip. A high voltage is used to deposit the thin fibre mat between the tip

and the collector after a volatile solvent has evaporated.

This approach is particularly attractive for tissue engineering applications because

of the ease with which biological signals, such as drugs, growth factors, or enzymes,

can be incorporated. Nonetheless, this approach has notable drawbacks, including:

(i)) limited use of synthetic (PLGA, PCL, PLA) and natural (fibrinogen, colla-

gen) polymers for random fiber scaffold creation; (ii) the production of only thin

layers, posing challenges for crafting 3D support structures with controlled pore

morphology and intricate geometry [136]. Finally, fibre diameter can occasionally

be in the range of micrometer, which is incorrect for the extracellular matrix seen

naturally.

In conclude, Table 3.1 provides a concise overview of the primary benefits and con-

straints associated with conventional fabrication techniques. This snapshot offers

valuable insights into the strengths and weaknesses of established methods, aiding
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Table 3.1: Advantages and disadvantages of conventional techniques for bone
scaffolding

Technique Advantages Disadvantages

Solvent casting/partic-
ulate leaching

Easy, quick and highly
porous scaffolds

Organic solvents

Thermally induced
phase separation

Easily combined with
other techniques and
high porous scaffolds

Shrinkage of scaffolds,
use of organic solvent
and anisotropic pores

Microsphere sintering Pore size gradient and
complex shapes are pos-
sible to achieve

Lack of interconnectiv-
ity

Gas Foaming High temperature and or-
ganic solvents are not re-
quired

Low control on struc-
tural parameters

Electrospinning Structure similar to ECM
with high surface area
and aspect ratio

Use of organic solvent
and low control on
structural parameters

researchers and practitioners in navigating the intricacies of scaffold production

and guiding future advancements in the field.

3.3 Additive Manufacturing Techniques for the

Development of Bone Scaffolds

Additive manufacturing (AM), which emerged in the 1980s, has revolutionized

scaffold production. It allows for the rapid construction of structures with intri-

cate external profiles and internal porosity configurations. Rapid customisation of

implants is made possible by combining AM with Computed Tomography (CT)

data from damage locations, which is helpful for orthopaedic applications. Var-

ious established additive manufacturing (AM) processes, such as selective laser

sintering (SLS), selective laser melting (SLM), fused deposition modeling (FDM),

electron beam melting (EBM) and micro-stereolithography (µSLA) have been suc-

cessfully employed to produce intricate bone implants. In addition to established

AM methods, novel techniques like continuous liquid interface polymerization hold

promise for scaffold fabrication [137]. Two-photon polymerization (TPP) has also
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shown significant potential in advancing scaffold fabrication [138]. This chapter

concentrates on the pertinent additive manufacturing (AM) techniques tailored for

creating bone scaffolds. Additive manufacturing (AM) methods for scaffold fabri-

cation can accommodate a wide range of biomaterials, including metals, polymers,

and ceramics. This versatility results in scaffolds that create favorable biomechan-

ical and biochemical environments, promoting cell proliferation and tissue devel-

opment. Conversely, the scaffold-free AM approach employs multicellular bio-inks

for crafting 3D tissues and organs, with a primary emphasis on generating soft

tissue structures [139, 140].

3.3.1 Selective Laser Sintering (SLS)

Figure 3.5: Schematics of Selective Laser Sintering [141]

Selective laser sintering (SLS) was initially proposed as an idea in 1986 [142]. A

laser, a powder bed, a piston that moves vertically, and a roller for applying fresh

layers of powder make up the fundamental building blocks of an SLS (Selective

Laser Sintering) system. The powder is sinterized by a laser beam that is con-

trolled by a computer, and the untreated powder serves as structural support for

the scaffold that is being constructed. Figure 3.5 shows a schematic of the SLS

procedure. Consolidation happens through solid or semisolid processes during the
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SLS process at a sintering temperature below the material’s melting point [143].

During semisolid sintering, powder particles undergo partial melting, resulting in a

small liquid phase that binds adjacent solid particles together, forming solid parts.

Processing of low melting point polymers like polylactic acid (PLA) [144], polyg-

lycolide [145], poly(L-lactide) (PLLA) [146], and poly(-caprolactone) (PCL)[147]

is well suited to the use of semisolid consolidation processes in SLS.

SLS has also been used by researchers to treat polymer and ceramic compos-

ites. For example, Du et al. utilized SLS to create composite scaffolds based

on microsphere-based hydroxyapatite (HA)/PCL composites [148, 149]. The suc-

cessful connectivity of microspheres created by laser sintering in the composite

scaffolds was confirmed by scanning electron microscope (SEM) pictures. These

scaffolds promoted cell adhesion, proliferation, and differentiation, according to in

vitro tests. Moreover, in vivo assays revealed remarkable histocompatibility and

the stimulation of new vascularized tissue. Another notable application of SLS was

showcased in the creation of polyamide/HA composite scaffolds, as demonstrated

by Kumaresan et al [150]. The porosities of these composite scaffolds ranged from

40% to 70%. The scaffolds achieved favourable mechanical properties, including

a peak tensile strength of 21.4 MPa and a compression stress of 25.2 MPa, by

meticulous optimisation and the addition of 15 wt% of HA.

SLS processes bioceramic scaffolds like Hydroxyapatite (HA) [151], β-tricalcium

phosphate (β-TCP) [152], and Bioglass [153] effectively. Due to their higher melt-

ing points compared to polymers, the SLS process for bioceramics primarily relies

on the solid consolidation mechanism [154]. This method involves shining a power-

ful laser beam at the ceramic particles, which raises their surface temperature and

causes them to sinter together. Additionally, material along the grain boundary

diffuses into the pores, facilitating densification. SLS has the ability to effectively

limit the diffusion of grain boundaries, resulting in the creation of ceramic scaf-

folds with nanoscale grains. This procedure is characterised by a short sintering

duration due to the high heating rate and brief holding time. Additionally, SLS

shows great potential in the creation of scaffolds reinforced with low-dimensional

nanomaterials (LDNs), such as carbon nanotubes, graphene, and boron nitride
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nanotubes [155]. The structure of LDNs is preserved by the short sintering time

and low sintering temperature employed in SLS, reducing damage throughout the

production [156]. The increased biological qualities and better mechanical proper-

ties of these scaffolds supplemented with LDNs have been confirmed by mechanical

testing and in vitro cell culture experiments [157, 158]. Addressing the challenge

of limited liquid formation in SLS is crucial to prevent inadequate densification

and uneven microstructures. Incorporating low melting point infiltration into the

SLS procedure is an alternate remedy. This method improves the overall densifi-

cation process by promoting the formation of a liquid phase and facilitating the

rearrangment of crystallites.

Duan et al. [159] introduced a CaO − Al2O3-SiO2 liquid phase into HA scaffolds

using SLS. This led to a significant enhancement in densification during sintering,

resulting in improved mechanical properties. The compression strength, fracture

toughness, and hardness all witnessed noteworthy increases of 105%, 63%, and

11%, respectively. These improvements were particularly noticeable in the main

mechanical parameters. Likewise, in Liu et al.’s study [160], incorporating Poly-

L-Lactic Acid (PLLA) as a liquid phase into β-TCP scaffolds during SLS led to a

notable 18.18% rise in fracture toughness.

3.3.2 Selective Laser Melting (SLM)

SLM was first developed to make it possible to fabricate metals in three dimen-

sions with freeform shapes [154]. When compared to SLS, SLM uses a laser with

a higher energy density to fully melt and solidify the metal material [161]. As

a result, items created by SLM often have better surface quality, density, and

mechanical strength. Selective Laser Melting (SLM) is predominantly favored for

the fabrication of metal scaffolds owing to its exceptional energy density. This

characteristic enables precise control over the melting and solidification process,

facilitating the creation of intricately designed structures with enhanced mechan-

ical properties and structural integrity. Figure 3.6 illustrates the SLM process.

For instance, Čapek et al. [163] used SLM to create a joint replacement scaffold
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Figure 3.6: Schematics of Selective Laser Melting [162]

out of 316 L stainless steel, which is very porous (87 vol.%). The generated scaf-

folds had a compressive modulus of elasticity of 0.15 GPa and a compressive yield

strength of 3 MPa, which were similar to those of trabecular bone in terms of their

mechanical characteristics.

Weißmann et al. [164] employed Selective Laser Melting (SLM) to fabricate porous

scaffolds using Ti-6Al-4V alloy. Their study demonstrated a wide range of elastic

modulus values, ranging from 3.4 to 26.3 GPa, along with porosities falling within

the 54% to 60% range. Notably, their findings highlighted the significant impact

of unit cell orientation on the elastic modulus, compressive strength, and strain

characteristics of the scaffolds. This underscores the importance of meticulous

design considerations in optimizing scaffold properties for specific biomedical ap-

plications. Wang et al. [165] performed a study to determine how different factors

affected the mechanical properties of scaffolds made using SLM. Their findings

demonstrated that the porous architecture design led to a reduction of approxi-

mately 75–80% in the effective modulus of the resulting scaffolds. Furthermore,

Shah et al. [166] produced Ti-6Al-4V scaffolds for load-bearing orthopaedic ap-

plications using SLM. Following a 6-month implantation period in adult sheep,

an examination of the bone/scaffold interface was conducted. The compressive

strength was observed to vary between 35 and 120 MPa, corresponding to the

porosity levels ranging from 55% to 75%.
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3.3.3 Fused Deposition Modelling (FDM)

Figure 3.7: Schematic of Fused Deposition Modelling [167]

Crump originally proposed FDM, commonly referred to as extrusion-based meth-

ods, in 1988. Materials are heated to a molten state and then extruded or pushed

out of a nozzle when using the FDM process. Following layer-by-layer deposition

of the extruded material onto a substrate, a 3D scaffold is finally created. The

FDM procedure is demonstrated in Figure 3.7. The characteristics of the printing

nozzle have a significant impact on the precision and accuracy of the extruded

scaffolds. FDM technology is mainly employed for processing polymers with low

melting temperatures. With PCL and orientation patterns of 0°, 60°, and 120°,

Hutmacher et al. [168] used FDM to create porous scaffolds, reaching a porosity

of more than 56% with pore diameters ranging from 380 to 590 µm. Zhou et al.

[169] used FDM to effectively create hierarchical polymer scaffolds with macrop-

ore sizes ranging from 100 to 800 µm. The study demonstrated that FDM is a

useful technique for producing scaffolds with a relatively high precision of pore

structure by highlighting that the porosity printing errors between the manufac-

tured scaffolds and the intended design were below 5 percent. Tellis et al. [170]
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used micro-CT imaging together with FDM to create scaffolds out of polybuty-

lene terephthalate. These scaffolds were designed for applications involving the

repair of trabecular bone. Kosorn et al. [171] carried out a study on the fabri-

cation of porous scaffolds by FDM utilising a mixture of poly(caprolactone) and

poly(hydroxybutyrate-co-valerate) (PHBV). Their results showed that the com-

pressive strength of the scaffolds increased with the addition of a greater quantity

of PHBV. Furthermore, the researchers successfully created composite scaffolds

using FDM by combining PCL with poly(ethylene glycol) (PEG) [172].

Certainly, in recent advancements, even polymers with higher melting points

have become valuable for FDM applications. An illustration of this is seen with

polyether ether ketone (PEEK), which boasts a notably elevated melting point

within the range of 330°C to 340°C. This distinctive attribute has paved the way

for scaffold fabrication through a dedicated FDM system, precisely engineered to

accommodate the properties of PEEK material [173]. The designed FDM system

included a syringe with two different metal tubes: an accompanying stainless steel

tube and a brass tube with an internal diameter of 17 mm and a 500 µm nozzle.

The employment of the thermally conductive brass tube facilitated the efficient

absorption of energy by the PEEK material, resulting in its complete melting.

The effective production of PEEK scaffolds with a 38 percent porosity was accom-

plished by carefully controlling the nozzle temperature within the range of 400°C

to 430°C and an extrusion rate set at 2.2 mg/s. Interestingly, these scaffold spec-

imens showed a compressive yield strength of 29.34 MPa and a compressive yield

strain of 4.4%.

Additionally, Rinaldi et al. [174] delved into the utilization of FDM for the pro-

duction of PEEK scaffolds. Nevertheless, the utilization of high melting point

polymers in Fused Deposition Modeling (FDM) poses several challenges. The

notably high extrusion temperature creates a significant temperature gradient,

leading to noticeable issues such as shrinkage, warping, and delamination. Conse-

quently, meticulous regulation of the cooling process within the FDM framework

is imperative to address these concerns. Notably, FDM techniques have been har-

nessed for the creation of composite scaffolds that incorporate a blend of both
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polymers and ceramics, showcasing the versatility of this method in scaffold fabri-

cation [175, 176]. Xu et al. [177] harnessed CT-guided FDM to craft bone scaffolds

that combined PCL and HA, resulting in structures with attributes reminiscent

of cortical bone. Interestingly, the structural characteristics and chemical makeup

of these scaffolds were very similar to those of native bone. In compared to pure

PCL scaffolds, in vivo evaluations demonstrated significantly enhanced biodegrad-

ability and greater capacity to promote new bone growth. Likewise, Kim et al.

[178] used FDM to create a scaffold from a mixture of β-TCP and polylactic-co-

glycolic acid (PLGA). Impressively, these scaffolds showed strong integration with

the surrounding bone tissue after a 12-week implantation period, confirming their

exceptional biocompatibility.

Poh et al. [179] built composite scaffolds out of PCL and bioglass using FDM.

Intriguingly, in vitro research showed that the composite scaffold increased the

expression of osteogenic genes. Furthermore, host tissue was observed to infiltrate

the scaffolds effectively after an 8-week implantation period in nude rats. Although

adding bioactive ceramics can improve the biological qualities of polymer scaffolds,

doing so also presents unique difficulties. The addition of bioceramics with higher

melting temperatures to the FDM process of composites causes the slurry to be-

come more viscous and less fluid, which affects the precision and effectiveness of

moulding. Additionally, many holes develop between the ceramic particles and

matrix as a result of the various shrinkage characteristics, greatly reducing the

mechanical properties of the scaffold. Therefore, supplementary processing steps

play a crucial role in ensuring the scaffold’s structural integrity and augmenting

its mechanical properties.

3.3.4 Electron Beam Melting (EBM)

Arcam, a Swedish business, invented and first patented EBM technology [180].

Figure 3.8 illustrates the division of the EBM equipment into two main com-

partments: one housing the electron beam cannon and the other designated for

specimen fabrication. Both compartments are maintained within a high vacuum
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environment. EBM technique uses a high-energy electron beam to melt metal

Figure 3.8: Developments on Electron Beam Melting (EBM) of Ti-6Al-4V: A
Review: Electron Beam Melting Schematic [181]

powder as opposed to SLS or SLM. The powder layer is quickly scanned by the

electron beam before to the EBM process, slightly heating it. The warmed pow-

der is then selectively scanned by the electron beam using 3D hierarchical data,

melting and solidifying it. High beam-material coupling efficiency of EBM, which

enables processing of metals with extraordinarily high melting points, is a key ben-

efit over SLS/SLM [182]. As a result, much study has been focused on using EBM

for the creation of porous metal scaffolds. Certainly, Yan et al. [183] discussed a

notable instance in which a 3D titanium scaffold was created utilising EBM after

being modelled for a patient with a full mandibular deformity. The subsequent

mandible graft exhibited successful integration, underscoring EBM’s potential in

bone grafting applications. Moreover, EBM was used by Ataee et al. [184] to

create titanium alloy (Ti-6Al-4V) gyroid scaffolds with unusually high porosities

between 82 and 85%. The resulting scaffolds demonstrated yield strengths of

13.1–15.0 MPa and elastic moduli of 637–1084 MPa, falling within the range of

trabecular bone properties. Surmeneva et al. [185] demonstrated the fabrication of
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triple- and double-layered titanium-based scaffolds through EBM, featuring gradi-

ent porosities spanning 21% to 65%. Comprehensive mechanical studies revealed

that these scaffolds have compressive strengths between 31 MPa and 212 MPa

and elastic moduli between 0.9 GPa and 3.6 GPa. Additionally, by adjusting the

cellular shape, the mechanical properties of EBM-produced Ti-6Al-4V scaffolds,

including their compressive strength, elastic modulus, and deformation behaviour,

could be fine-tuned [186].

By utilizing Electron Beam Melting (EBM), Shah et al. [187] effectively produced

Ti-6Al-4V and CoCr scaffolds that exhibited similar architectural characteristics.

Later in vivo tests intended to investigate their impact on bone tissue growth.

Nevertheless, both scaffold types exhibited similar patterns of bone formation

within their porous structures. However, the CoCr scaffolds displayed a higher

osteocyte density at their outer boundaries, which was attributed to their superior

biomechanical properties. These results highlight the promising future of CoCr

scaffolds in load-bearing applications requiring successful osseointegration. It is

important to recognise that the limited resolution of the electron beam used in

EBM, caused by focusing issues, causes a significant amount of surface roughness

in the created scaffolds [188]. Additionally, the precision of EBM is limited to

0.3–0.4 mm, which presents difficulties when making scaffolds with small pore

diameters. Eldesoukya et al. [189] looked into this restriction by measuring the

geometric differences between the scaffolds made by EBM and the original CAD

model under a digital optical microscope. According to the study, struts made

with thinner walls produced more than they needed to, which reduced pore size

and increased relative density. Furthermore, it was shown that strut thicknesses

of less than 0.5 mm are insufficient for effective EBM processing.

3.3.5 µStereolithography (µSLA)

Vat polymerization, generally known as µSLA, is a manufacturing process that

creates products by selectively curing photoreactive resin [190]. It starts with cre-

ating a liquid photopolymer inside of a container. Then, the surface of the liquid
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is exposed to ultraviolet light in a preset pattern, which causes the photoreactive

liquid to begin polymerizing. After each fresh layer has dried, the platform grad-

ually lowers the partially completed components. This process is repeated until

the entire item is constructed. The completed product has the desired structure

once the extra resin has been drained. Free-radical polymerization and cationic

polymerization are the two types of polymerization processes that µSLA often uses

[191, 192].

The vector scan approach and the mask projection approach are the two subcate-

gories of µSLA’s irradiation types. In the vector scan method, a single UV beam

acts as the radiation source and is focused using optics and a scanning galvanome-

ter onto the liquid surface for polymerization. The mask projection method, on

the other hand, uses a radiation source to create a broad pattern with a digi-

tal micromirror device, allowing one layer to harden at a time. In contrast, the

vector scan technique often offers superior accuracy while the mask projection ap-

proach can yield improved construction efficiency. Figure 3.9 is an illustration of

the µSLA technique . µSLA leverages specific synthetic polymers with photoreac-

Figure 3.9: Schematics of micro-Stereolithography [193]

tive properties, high biocompatibility, and suitable mechanical characteristics. For
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example, PCL has been employed in the µSLA process to create scaffolds [194].

The elastic characteristics of the µSLA-fabricated PCL scaffolds, demonstrated by

a Young’s modulus ranging from 6.7 to 15.4 MPa, were highlighted by mechan-

ical assessments. Additionally, tests using cell culture verified their favourable

biocompatibility. Poly(tetrahydrofuran), a different polymer with a Young’s mod-

ulus range of 5.7 to 27.5 MPa and a bending strength range of 1.1 to 3.5 MPa,

was also utilised in the creation of printed scaffolds [195]. This material exhibited

no cytotoxic effects [196]. Additionally, Polyethylene glycol (PEG) was used in

conjunction with µSLA procedures to create scaffolds with a wide elastic modulus

range (5.3 ± 0.9 – 74.6 ± 1.5 kPa). µSLA has furthermore been used to make

composite scaffolds for bone tissue engineering.

In an instance, µSLA was successfully used by Guillaume et al. [197] to create

composite scaffolds made of poly(trimethylene carbonate) (PTMC) and HA. A mi-

croscale structure was created on the scaffold’s surface as a result of the addition

of HA. Experiments in both the lab and on animals showed that the microscale-

structured PTMC/HA scaffolds expedited bone repair kinetics and improved dif-

ferentiation of marrow stem cells. µSLA has also demonstrated its applicability for

crafting ceramic scaffolds. In this method, ceramic particles are typically evenly

suspended within a resin and subsequently subjected to photopolymerization dur-

ing the µSLA process.

Following this, the resin is incinerated, leaving the ceramic particles to sinter and

fuse together. Thavornyutikarn et al. [198] created bioceramic scaffolds by mixing

41 volume percent bioglass, 49 volume percent acrylate-based photopolymer resin,

and 10 volume percent dispersion agent. The scaffolds were heated to 550°C for

three hours to remove the binder, after which they underwent two hours of 950°C

sintering. Similarly, Du et al. [199] used µSLA to successfully create customised

ceramic scaffolds based on a model of a rabbit femoral segment. The cells consis-

tently attached and multiplied over the scaffolds after a 5-day culture in oscillatory

perfusion. Moreover, Levy et al. [200] successfully used µSLA methods to create

HA ceramic scaffolds for orbital floor prostheses. It’s noteworthy that employing

µSLA to produce composite resins incorporating ceramics can present significant
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challenges due to the substantial increase in viscosity. Furthermore, it’s crucial

that the particle size of the added ceramics is smaller than the curing thickness

to prevent compromising processing accuracy. An alternative approach to scaf-

fold production through µSLA has also been explored. For instance, Sabree et al.

[201] used µSLA to make an epoxy mould from distorted pictures of implants. The

mould was then filled with a very concentrated HA-acrylate suspension. Following

that, pyrolysis was used to get rid of the mould and the acrylic binder. To speed

up the densification procedure, sintering was applied to the remaining HA scaf-

folds. These resultant scaffolds had pores that ranged in size from 300 to 600 µm

and had a porosity of around 42%. In comparison to previous ceramic scaffolds

with equivalent porosity produced utilising various fabrication techniques, their

average crushing strength ranged from 10 to 25 MPa. Similarly, Kim et al.[202]

used a similar deceptive method to create HA scaffolds.

µSLA is distinguished from other additive manufacturing (AM) methods by its

remarkable precision and resolution. µSLA has the capacity to create components

with an accuracy as fine as 200 nm using the two-photon curing technique [203].

µSLA has been used to create vascular scaffolds with complex and smaller pore

architectures thanks to its special property. However, limitations in material se-

lection and time-consuming post-processing steps continue to prevent µSLA from

being used more widely in a range of biological settings.

3.3.6 PolyJet Printing (PJ)

PolyJet, an additive manufacturing technique, uses inkjet technology to fabricate

a high-resolution physical model with a layer thickness of 16 micro -m. PolyJet

technique uses a UV cured a photopolymer, inkjet head travel along x and y-axis

to fabricate a final 3D product. Water soluble support material is used in this

technique that can be removed with pressurized water. PolyJet technology boasts

the unique capability to concurrently print multiple materials within a single prod-

uct, which can result in enhanced material strength [204]. PolyJet 3D printing is a

cutting-edge additive manufacturing method that relies on a photopolymer resin
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to construct objects layer by layer. This technique holds substantial potential

for producing bone scaffolds due to its capacity to craft intricate geometries with

exceptional precision and accuracy.

One advantage of PolyJet 3D printing is that it can produce scaffolds with high

resolution and smooth surfaces. This is because the technique uses inkjet print

heads to deposit droplets of the photopolymer resin, which can be as small as 16

microns. This makes it possible to create scaffolds with complicated geometries

and minute features that can imitate the intricate structure of real bone tissue.

Another advantage of PolyJet 3D printing is that it can use a range of different

materials to produce scaffolds with varying mechanical properties and biological

activity. For example, researchers have harnessed PolyJet 3D printing to produce

bone scaffolds by combining biocompatible polymers with hydroxyapatite nanopar-

ticles. This combination enhances the scaffold’s mechanical strength and biological

activity. PolyJet 3D printing also offers the potential for mass customization of

bone scaffolds, as the technique can produce multiple designs simultaneously, each

with a different shape or porosity. This allows for the creation of scaffolds that are

tailored to the specific needs of individual patients, improving their efficacy and

reducing the risk of rejection or implant failure.

In summary, PolyJet 3D printing offers a promising approach to bone scaffold man-

ufacturing. Its advantages include superior resolution, customizable designs, and

the flexibility to employ various materials, resulting in scaffolds with a wide range

of mechanical and biological characteristics. Nevertheless, continued research is

essential to fine-tune the technique and comprehensively assess its performance in

real-life scenarios, particularly in vivo applications.

3.4 Designing Technique for Bone Scaffolds

The design of scaffolds holds a pivotal role in the advancement of bone scaffold

development through additive manufacturing (AM). Porosity, pore size, and inter-

connectivity are fundamental characteristics of the porous structure that have a
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significant impact on both their biological effectiveness and mechanical properties

[205–207].

In particular, an ideal pore size in combination with increased porosity promotes

the intake of nutrients and the ejection of metabolic waste, producing a setting

favourable to the growth of bone formation [208].

Furthermore, the interior pore structure and material distribution within the scaf-

fold exert a nuanced impact on its flexibility and stiffness. These factors play a

crucial role in determining the stress dynamics experienced by the adjacent bone

tissue following implantation [209]. Equally vital is the assessment of how the

scaffold’s mechanical performance evolves after implantation, a critical aspect wo-

ven into the fabric of the design process. Furthermore, the external geometry of

the scaffold must align harmoniously with the unique morphological characteris-

tics of the injury site, ensuring a seamless integration. Importantly, the design

considerations should also cater to the specific requirements of additive manufac-

turing (AM) techniques, guaranteeing a smooth and efficient fabrication process.

This holistic approach ensures not only the initial success of the implant but also

its long-term functionality and compatibility with the surrounding tissue environ-

ment. For instance, accounting for overhanging structures devoid of corresponding

support during the construction phase can avert undesired flaws [210].

3.4.1 CAD-Based Method

The common technique for designing scaffolds relies heavily on computer-aided de-

sign (CAD) approaches and a variety of CAD programmes, including UG, CATIA,

and Pro/E [211, 212].

These tools make it easier to build models based on the ideas of boundary represen-

tation (B-Rep) or constructive solid geometry (CSG). Through a series of Boolean

operations utilising common solid primitives including cubes, cylinders, spheres,

and prisms, CSG involves creating models. In contrast, B-Rep encapsulates solid

models by delineating their borders, which are made up of vertices, edges, and
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loops, without any direct relationship between these parts [213]. Models emerg-

ing from the B-Rep paradigm necessitate more storage space than CSG-generated

models.

Consequently, when model complexity escalates or intricate internal structures

are involved, B-Rep-derived models exhibit significantly larger file sizes, posing

challenges for subsequent operations. Leveraging these modeling principles, CAD

tools formulate an array of porous unit cells that amalgamate to construct com-

prehensive scaffolds. Researchers have crafted a diverse assortment of unit cells

to typify bone scaffold architectures [214, 215]. For instance, Melchels et al. [216]

developed three complex unit cells, the cube, diamond, and gyroid, which com-

bined to create computer models that filled space and had different architectures.

In comparison to the cube construction, gyroid architecture enabled a more equal

distribution of stress and strain, according to finite element simulations of com-

pression behaviour. Consequently, scaffolds adopting the gyroid architecture hold

potential for affording adherent cells relatively uniform mechanical stimuli, poten-

tially enhancing bone regeneration.

In a separate investigation, Sercombe et al. [217] created a unit cell with oc-

tahedral geometry. This structure’s ability to withstand high tensile stress was

demonstrated via finite element analysis. Specialised software has been created

as a result of the need to streamline the CAD-based design process. Notably, the

Belgian business Materialise unveiled Magics, a pre-processing tool for 3D print-

ing that enables designers to easily combine a variety of connected unit cells. In

a specific case, Murr et al. [218] used cross 1, G6, G7, and code thin components

from the MATERIALISE programme to quickly build scaffolds. Researchers have

developed the Computer-Aided System for Tissue Scaffolds (CASTS). This sys-

tem incorporates a parametric library of scaffold architectures and an algorithm

to regulate parameters such as pore size, porosity, and surface-to-volume ratio

[214, 219]. By adjusting a number of factors, CASTS gives designers the ability to

create scaffold models that are suited for porosity and pore size. Although CAD-

based methods provide strong design skills, they do have certain drawbacks. The

limited ability to influence the mechanical properties and structural performance
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of the developed scaffolds is a key limitation. However, the utilization of Boolean

operations introduces an inherent ”staircase effect” on the external contours of

models, which contributes to geometric distortions and potential mechanical in-

stability [220]. The investigation of more complex and irregular designs is further

hindered by the CAD-based methodology’s restriction to developing scaffolds with

periodic and regular structures.

3.4.2 Topology Optimization Top of Form

The optimal design of bone scaffolds requires a delicate balance between highly

porous structures for cell infiltration and nutrient transport, and adequate me-

chanical properties for stable structural support [221–224]. This balance becomes

even more challenging since increasing porosity to enhance material transport can

often lead to compromised mechanical performance. Striking this equilibrium

demands careful consideration of both aspects to achieve a comprehensive and op-

timal scaffold design. To address this challenge, topology optimization emerges as

a valuable approach. This technique optimizes material distribution within a de-

fined space, taking into account loading conditions, constraints, and performance

criteria [225]. By applying topology optimization to scaffold design, it becomes

possible to achieve an overall optimized performance while adhering to specific

requirements. This could involve maximizing mechanical properties while main-

taining a desired porosity level or achieving the highest permeability within defined

constraints. In scaffold topology optimization, the problem is usually approached

indirectly by optimizing a fundamental unit cell using specialized algorithms.

Once this optimized unit cell architecture is determined, it is replicated throughout

the scaffold. The Solid Isotropic Material with Penalization (SIMP) technique and

the Evolutionary Structural Optimization (ESO) method are recognized optimiza-

tion algorithms for scaffold topology. They both analyze the structure point-by-

point to achieve desired outcomes [226]. For instance, researchers have employed

the SIMP algorithm to tailor competing properties, such as modulus and perme-

ability, through a unified objective function [227, 228]. This approach has also
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been used to optimize elastic properties, leading to scaffolds with bone-like re-

modeling rates [229]. The ESO-based topology optimization has resulted in unit

cells with specific stiffness ratios and functionally graded structures [230]. The

bidirectional evolutionary ESO method has been applied to optimize scaffold bulk

and shear moduli under various volume fractions [231].

Another widely used technique in topology optimization is the level-set algorithm,

which traces phase boundaries to describe smooth transitions between different

materials [232]. This approach has been applied to scaffold design to maximize

permeability [233], addressing fluid dynamics in porous structures [234]. Addi-

tionally, topology optimization has been utilized to tailor the thermal expansion

properties of multimaterial porous structures [235]. Indeed, while topology opti-

mization offers valuable insights into scaffold design, it’s important to acknowl-

edge its limitations. The conventional approach of optimizing unit cells and then

arranging them periodically restricts the achievable architectures to regular and

repetitive patterns. This stands in contrast to the intricate and irregular structures

found in natural bone. Consequently, while topology optimization is a powerful

tool, it may not fully capture the complexity of natural bone’s architecture. Fur-

ther research and innovation are needed to develop approaches that can mimic the

irregular and hierarchical structures seen in real bone tissue.

3.4.3 Reverse Modelling

The process of directly reconstructing bone tissue microstructures involves using

imaging modalities such as computed tomography (CT) or magnetic resonance

imaging (MRI) scans of the item of interest. This approach is referred to as re-

verse modeling design, also known as image-based design [236]. In this approach,

key elements for the reconstruction process are extracted from the CT/MRI slice

images through a series of analysis. The slice data is often analysed using a binary

value technique, where ”1” denotes the solid region and ”0” denotes the empti-

ness [237]. The information extracted from the slices is then utilized to map a

predefined unit cell, generating a 2D model. The 3D model is then built layer by
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layer using an additive manufacturing (AM) method using this 2D representation

that has been turned into STL files. Reverse modelling details using pictorial

illustrations are given in [238]. To provide a more precise architecture for bone

tissue creation, this reverse modelling technology combines cutting-edge medical

imaging tools, powerful image processing software, and quick AM techniques. Re-

searchers are very interested in reverse modelling since it makes it possible to make

customised scaffolds.

Sun et al. [239] used a unit library technique while methodically investigating mod-

elling concepts to biomimetic construct porous structures. Similar methodologies

were investigated by Hollister et al. [240, 241], wherein internal architectures were

generated by modifying density in voxel datasets. Podshivalov et al. [242] created

microscale structural scaffolds based on genuine micro-CT scans, building on these

ground-breaking findings to produce geometrically exact models that closely re-

semble natural trabecular bone structures. Corroborating research has shown that

the porous structures achieved through reverse modeling are highly favorable for

cell growth. This further validates the benefits of irregular porous architectures

[243, 244]. It’s important to note, however, that the accuracy of reverse modeling

is intricately tied to the resolution of the image acquisition apparatus. Addition-

ally, this method calls for a significant amount of processing power and storage

space, which presents difficulties for both consumers and software developers.

The process of directly reconstructing bone tissue microstructures involves using

imaging modalities such as computed tomography (CT) or magnetic resonance

imaging (MRI) scans of the item of interest. This approach is referred to as re-

verse modeling design, also known as image-based design [236]. In this approach,

key elements for the reconstruction process are extracted from the CT/MRI slice

images through a series of analysis. The slice data is often analysed using a binary

value technique, where ”1” denotes the solid region and ”0” denotes the emptiness

[237]. The information extracted from the slices is then utilized to map a prede-

fined unit cell, generating a 2D model. The 3D model is then built layer by layer

using an additive manufacturing (AM) method using this 2D representation that

has been turned into STL files. To provide a more precise architecture for bone
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tissue creation, this reverse modelling technology combines cutting-edge medical

imaging tools, powerful image processing software, and quick AM techniques. Re-

searchers are very interested in reverse modelling since it makes it possible to make

customised scaffolds. Sun et al. [239] used a unit library technique while method-

ically investigating modelling concepts to biomimetic construct porous structures.

Similar methodologies were investigated by Hollister et al. [240, 241], wherein

internal architectures were generated by modifying density in voxel datasets.

Podshivalov et al. [242] created microscale structural scaffolds based on genuine

micro-CT scans, building on these ground-breaking findings to produce geometri-

cally exact models that closely resemble natural trabecular bone structures. Cor-

roborating research has shown that the porous structures achieved through reverse

modeling are highly favorable for cell growth. This further validates the benefits

of irregular porous architectures [243, 244]. It’s important to note, however, that

the accuracy of reverse modeling is intricately tied to the resolution of the image

acquisition apparatus. Additionally, this method calls for a significant amount of

processing power and storage space, which presents difficulties for both consumers

and software developers.

3.4.4 Mathematical Modelling

When designing scaffolds, mathematical modelling is essential because it makes it

possible to use irregular polygonal models or implicit function surfaces to create

porous structures with improved qualities. The triply periodic minimum surface

(TPMS) method, a well-established technique in this strategy, employs trigono-

metric functions to craft intricate porous structures. These structures exhibit

minimal surfaces, with zero curvature at every point [237]. Due to the periodic

nature of trigonometric functions, TPMS structures also display periodicity in

three distinct directions, guaranteeing that there are no sealed cavities in the ge-

ometry [245]. Surprisingly, natural objects like beetle shells, butterfly wings, and

crab bones have limited surface geometries [246]. Rajagopalan et al. [247] in-

vented a TPMS-based method for creating tissue scaffolds that makes use of a
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straightforward primitive (P-type) unit. For the design of bone scaffolds, other

TPMS unit types, such as diamond (D-type) and gyroid (G-type), have also been

proposed [248].

Research on the impact of TPMS-based morphologies on cell migration showed

that, in comparison to salt-leached scaffolds with random-pore architectures, scaf-

folds with minimum surfaces had increased permeability. They also exhibited

improved wetting qualities and a more uniform dispersion of cells [249]. Kapfer et

al. [248] investigated network solids and sheet solids as two different TPMS-based

structural types. In sheet solids, porous structures are generated by extending the

minimal surfaces into sheets with a predefined thickness. In network solids, the

minimal surface forms the solid/void interface. With comparable volume fractions

and Poisson’s ratios, sheet solids showed much better mechanical stiffness than

network solids, according to a finite element analysis.

Sheet solids also demonstrated superior material utilisation, providing more pore

space and surface area for cell activity. The development of gradient, heteroge-

neous, hybrid, and irregular porous structures using TPMS has received substan-

tial research. For instance, Melchels et al. [216] used a linear function to illustrate

gradient porous structures based on TPMS. Feng et al. [250] used TPMS with

solid T-splines to create heterogeneous porous scaffolds with irregular thresholds,

periods, and units. Yang et al. [251] introduced CAD techniques for hybrid porous

structures with various TPMS-based substructures and specified transition bor-

ders. These techniques allow TPMS-based substructures to be positioned fluidly

inside the scaffold domain [252–255]. Similarly, Yoo et al. [256–258] combined dis-

tance fields with TPMS-based functions to create pseudorandom porous scaffolds

with specific goals. Yang et al. [259] created gradient and completely irregular

porous structures using coordinate transformation based on TPMS, extending the

use of TPMS to irregular design fields. The stochastic porous structures made us-

ing this technique, however, had porosities lower than 74 percent, the threshold at

which the solid phase detached. The Voronoi-Tessellation method, which creates

porous models using Voronoi diagrams, is another widely used mathematical mod-

elling technique. In this method, the design volume is divided into regions by a
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series of points (called seeds). To build a porous scaffold, the partitioned sections’

edges are given a thickness [260, 261]. With a focus on 2D pore structures, Kou

and Tan introduced the idea of building porous structures based on the Voronoi

diagram. They did this by utilising the vertices of the Voronoi diagram as control

points for a closed B-spline curve to produce convex-shaped cells [262, 263].

Chow et al. [264] arranged the Voronoi seeds into concentric circles to create

a 2D shape area. By adding a time dimension to the dynamic pattern in the

third dimension of the 2D shape region, chow extended it to create 3D porous

structures. Significant improvements in Voronoi-Tessellation-based scaffold design

have been made recently. Fantini et al. [265] combined the Grasshopper Plug-in

with Rhinoceros CAD 3D software to create bone scaffolds using the Voronoi-

Tessellation approach, creating relationships between input variables and scaffold

structures. [266].

Gómez et al. [267] offered a concept for a trabecular structure that resembles

a bone utilising the Voronoi-Tessellation method and seeds taken from micro-

CT images of trabecular bone. The primary histomorphometric indices of the

isotropic porous scaffolds matched those of normal bone. Wang et al. [268] intro-

duced a probability sphere method for random seed generation based on Voronoi-

Tessellation, achieving a balance between irregularity and controllability. The

method enabled precise design of highly mimic scaffolds with adjustable porosi-

ties, pore sizes, and porosity gradients. The Voronoi-Tessellation method combines

the benefits of reverse modeling and topology optimization. This approach allows

for the creation of bionic structures while improving their porosity, permeability,

and mechanical strength.

3.5 Research Gap

Additive manufacturing techniques have revolutionized the field of bone scaffold

development by providing distinct advantages along with their own set of chal-

lenges. Among these techniques, Selective Laser Sintering (SLS) stands out as a
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powerful method capable of processing a diverse range of biomaterials, including

polymers, ceramics, and metals. Selective laser sintering (SLS) boasts remark-

able beam-material coupling efficiency, making it highly effective for processing

metals with high melting points. Furthermore, it has the potential to manufac-

ture ceramic scaffolds with nanoscale grains, which can enhance their mechanical

properties. However, SLS’s inherent limitation in resolution can lead to surface

roughness, and its relatively brief sintering duration may hinder complete densifi-

cation and efficient grain boundary diffusion.

Selective Laser Melting (SLM) distinguishes itself through its comprehensive melt-

ing and solidification process, yielding fabricated parts with remarkable surface

quality, density, and mechanical strength. This technique is particularly well-

suited for crafting metal scaffolds featuring intricate geometries. Nonetheless,

SLM’s applicability is confined to conductive metal materials. The elevated extru-

sion temperature it employs can give rise to challenges such as shrinkage, warpage,

and delamination during the manufacturing process. Furthermore, the prolonged

cooling period inherent in SLM can have a detrimental effect on efficiency. This

emphasizes the importance of thorough material selection and the careful consid-

eration of design parameters.

Fused Deposition Modeling (FDM) stands out as a versatile and cost-effective ap-

proach, particularly adept at handling polymers with lower fusing temperatures.

This method excels at creating scaffolds with an admirable degree of pore struc-

tural precision, making it a desirable option for applications in bone tissue creation.

FDM also makes it possible to build scaffolds that are strengthened with nanoma-

terials with small dimensions. Nonetheless, its utility is governed by the selection

of polymers with lower fusing temperatures, which can potentially constrain the

range of available materials. Moreover, the potential for shrinkage and warpage

exists due to the pronounced temperature gradients during the fabrication process.

Achieving smaller pore sizes can also be a challenging task.

Electron Beam Melting (EBM) is distinguished by its remarkable efficiency in cou-

pling the electron beam with materials, thereby enabling the processing of metals
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boasting exceedingly high melting points. This technique showcases impressive

mechanical strength and offers porosities that align well with the requirements

of bone tissue engineering. Furthermore, EBM’s promise extends to the creation

of Osseointegrated scaffolds designed for load-bearing scenarios. However, EBM

does encounter resolution limitations due to the difficulties in precisely focusing

the electron beam. This complexity can arise when attempting to fabricate scaf-

folds with smaller pore sizes. Moreover, the extended periods required for sintering

and cooling can impact overall efficiency, necessitating meticulous process control

measures. In summary, each additive manufacturing technique brings distinct ad-

vantages and limitations to the realm of bone scaffold fabrication. Researchers

and practitioners must meticulously assess the particular requirements of their

intended applications and consider the properties of the biomaterials involved.

This thoughtful assessment will guide the selection of the most fitting technique,

ensuring optimal scaffold design and performance outcomes. This study aims to

overcome challenges related to material constraints, manufacturing techniques,

and fluid transport properties. In light of these limitations, this study aims to

examine the feasibility of enhancing the transport and mechanical properties of

acrylate-based polymer bone scaffolds by leveraging PolyJet printing technology,

all the while ensuring the maintenance of a high degree of precision. The investiga-

tion will encompass not only experimental assessments but also numerical analyses

to scrutinize the deformation behaviors exhibited by these 3D-printed scaffolds as

stated in problem statement.



Chapter 4

Design, Development and

Experimentation

4.1 Introduction

This chapter is primarily concerned with the design and development of all the

elements employed in the experimental examination of the synthetic bone scaffolds.

CAD- based technique is used to create bone scaffolds for 3D printing, as it allows

for precise and accurate design specifications for tailoring the scaffold’s geometry

to match specific patient needs. An experimental setup for flow rate measurement

along with scaffold holding clamp is developed for permeability analysis. The

experimentation included test fluid preparation and viscosity measurement of bone

scaffolds. To ensure the reliability and safety of the scaffold holding clamp, a leak

tightness test is performed using a blind sample. The blind sample is specially

designed and 3D printed to assess the leak-proof characteristics and its capability

to securely hold the scaffolds during permeability analysis. The mechanical testing

of synthetic bone scaffolds for compressive response is an integral part of this

chapter. Alongside this, standard samples are designed and developed to examine

the compressive properties under various printing orientations. Through these

83
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investigations, we gain invaluable insights into how the structural arrangement of

the scaffold impact its overall mechanical behavior and performance.

4.2 Design and Development of Bone Scaffolds

Through PolyJet Technique

Scaffolds inherently differ from the intricate and variable structure of natural bone

tissue. Hence, there is a need for research into simpler scaffold designs that can

effectively mimic the mechanical and functional aspects of the target tissue. This

includes aspects like pore size, porosity, pore shape, and other characteristics.

Careful consideration is given to the scaffolds’ pore size, porosity, and pore shape

in order to address this. The choice of pore sizes was guided by cellular responses,

aiming to emulate the natural bone environment for optimal tissue regeneration.

Furthermore, the study incorporated three distinct porosity levels to minimize the

stiffness discrepancy between the scaffold and native tissue, thereby alleviating the

stress shielding phenomenon. Specific pore shapes were also identified to optimize

mechanical properties, enhancing scaffold efficacy. In healthy human bones, pores

typically fall within the range of 300 to 600 µm. However, in cases of osteoporosis,

this range can expand to 3000 µm, accompanied by porosity levels that span from

30% to 90%. By harmonizing scaffold parameters with these characteristic ranges,

the study endeavors to forge more efficient load-bearing bone scaffolds.

Creo Parametric 4.0 and SolidWorks modelling software were employed to care-

fully select and generate 3D CAD models of bone scaffold constructs after carefully

assessing all relevant factors. The chosen structures were hexagonal and cubic

closed-packed pore geometries, selected for their simplicity. In these structures,

all of their struts are arranged perpendicularly at angles of either 90° or 60° to one

another. Referring to Figures 4.1 & 4.2, The CAD models depicted the enclosed

cylindrical structure as having dimensions of 15 millimetres in height and 30 mil-

limetres in diameter. The closed-packed cubic and hexagonal formations in Table

4.1, CAD models of 3D scaffolds were developed to show the capabilities of the



Design, Development and Experimentation 85

selected additive manufacturing technologies. The inner length of the cube’s sides

and the smallest diameter of the inscribed circle in the hexagonal closed-packed

structure geometries were measured to determine the pore diameters. With the

use of these particular pore geometries, a thorough design process for CAD-based

scaffolds is being undertaken in an effort to maximise mechanical performance and

appropriateness for bone tissue regeneration.

Table 4.1: Selected structural parameters for bone scaffold. (C- cubic struc-
tures, H- hexagonal closed packed structures, Bold* - not possible because of

the thinner struts)

Pore Size Porosity Level

mm 30% 50% 70%

0.2 C* H* C* H* C* H*
0.34 C H* C* H* C* H*
0.6 C H C H* C* H*
1.5 C H C H C H
2 C H C H C H
2.5 C H C H C H
3 C H C H C H

Figures 4.1 depicts front and isometric views of the 3D CAD models of the scaf-

folds with cubic and hexagonal closed-packed pore geometries (a) and (b), as well

as Figures 4.2 (a) and (b). Figures 4.1 (c) and 4.2(c) exhibit optical pictures of

the 3D-printed scaffold structures taken with a Keyence-Digital microscope model

VHX-2000. The cylindrical structures that contained the cubic and hexagonal

closed-packed structures were made to lock them in place within a particular rig

for performing permeability tests. The 3D printing process commenced by export-

ing and saving the CAD models in the µSTL (micro-stereolithography) format.

This format is widely used in additive manufacturing because of its simplicity,

lightweight nature, and ease of handling. The cubic and hexagonal closed-packed

scaffolds were produced using the PolyJet and micro-stereolithography (µSLA)

printers. STRATASYS and ASIGA provide several alternatives for 3D printing

materials. For this project, it was decided to print the scaffold structures using
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commercially available VeroClear material from STRATASYS and PlasWhite ma-

terial from ASIGA. These materials were selected based on their suitability for the

intended purpose of the study.

(a) (b) (c)

Figure 4.1: A 3D printed scaffold pore is shown in (a) an isometric view, (b) a
front view, and (c) an optical microscopic image. scaffold structure in 3D CAD

with hexagonal pore shapes

(a) (b) (c)

Figure 4.2: Optical microscopic image of a scaffold pore taken with a 3D
printer in (a) an isometric perspective, (b) a front view, and (c) a 3D CAD

model of the scaffold structure with a cubic pore shape

4.2.1 Specifications of Stratasys Objet260 Connex 1

The 3D printer is equipped with a high-capacity material cabinet capable of hold-

ing up to eight sealed 3.6 kg cartridges. This enables the loading of three different

model materials simultaneously and facilitates hot-swapping when necessary. The

printer’s net build size is 255 x 252 x 200 mm (10.0 x 9.9 x 7.9 in.), allowing for

the construction of rather big sculptures. Impressively, the printer provides excep-

tionally accurate printing by providing horizontal build layers with a maximum

thickness of 16 microns (0.0006 in.). The build resolution is equally impressive

with a 600 dpi resolution for both the X and Y axes and an outstanding 1600 dpi
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resolution for the Z-axis. The printer delivers enhanced precision, with features

smaller than 50 mm falling within a range of 20-85 µm and full model sizes up to

200 µm (relevant to rigid materials only). The outcome is influenced by factors

such as geometry, build settings, and model orientation.

In terms of its physical dimensions, the printer measures 870 × 735 × 1200 mm

(34.25 × 28.9 × 47.25 inches) and weighs 410 kg. Additionally, it has a material

cabinet with enough storage for the different printing-related supplies, measuring

330 x 1170 x 640 mm (13 x 46.1 x 26.2 in.) and weighing 76 kg. Overall, the printer

is a fantastic tool for a variety of 3D printing applications due to its remarkable

capabilities and exact output.

4.2.2 Material Used in PolyJet Technique

VeroClear (acrylic monomer < 30%, acrylic oligomer < 15%, isobornyl acrylate

< 25%, photoinitiator < 2%, and acrylic acid ester < 0.3%) is a type of 3D

printing material that offers high clarity and transparency, making it well-suited for

creating objects with a glass-like appearance. It is often used in various industries,

including product design, prototyping, architecture, and medical modeling. Here’s

a detailed explanation of VeroClear material:

i. Material Composition: VeroClear is typically a photopolymer resin used

in a specific type of 3D printing called PolyJet technology. PolyJet printers

use a UV-curable liquid resin that is jetted onto a build platform layer by

layer and then cured with UV light. The resulting object is built up from

these cured layers.

ii. Transparency and Clarity: VeroClear is specifically formulated to achieve

a high level of optical clarity and transparency, similar to glass or clear

plastic. This unique property allows for the creation of objects that are see-

through, allowing light to pass through the material and giving it a visually

appealing, glass-like appearance.
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iii. Applications: Due to its clarity, VeroClear is often used in applications

where visual representation, aesthetics, and transparency are important. It’s

commonly employed in product design and prototyping to create realistic,

transparent prototypes that accurately mimic the look of the final product.

iv. Prototyping and Visualization: Engineers, designers, and manufacturers

utilize VeroClear for prototyping purposes. This allows them to visualize

internal structures, mechanisms, and other design features that may not be

easily observable when using opaque materials. This is particularly useful

for testing fit, form, and function before proceeding to production.

v. Medical and Scientific Models: VeroClear is also used in medical and

scientific fields to create anatomical models, medical devices, and research

prototypes. Its transparency is advantageous for creating accurate models

that can be examined, studied, and even used for surgical planning.

vi. Multi-Material Printing: Some PolyJet 3D printers allow for multi-

material printing, where different materials can be jetted simultaneously

to create objects with varying properties. VeroClear can be used in con-

junction with other materials to achieve specific effects, such as combining

transparent and opaque components within the same model.

vii. Post-Processing and Finishing: Although VeroClear produces objects

with impressive transparency, post-processing steps, such as sanding and

polishing, can further improve the clarity and smoothness of the final printed

piece. This can result in an even more glass-like appearance.

viii. Limitations: Despite its optical clarity, VeroClear may not have the same

level of impact resistance or mechanical strength as some other 3D printing

materials like ABS or nylon. Care must be taken when designing functional

parts that require durability.

In summary, VeroClear stands out as a specialized material tailored for 3D print-

ing, renowned for its remarkable transparency and clarity. This particular material
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finds application across diverse industries, serving purposes such as prototyping,

visualization, and crafting objects with a striking glass-like finish.

VeroClear’s exceptional characteristics make it an invaluable tool for a wide range

of professionals, including designers, engineers, and researchers. It enables them

to create models and prototypes that not only have visual appeal but also demon-

strate functional precision and accuracy. This distinctive material choice empowers

the creation of aesthetically appealing yet fully functional models across various

fields of endeavor.

4.2.3 PolyJet Printing of Bone Scaffolds

Figure 4.3: Procedure followed for the fabrication of 3D synthetic scaffold
structure by using PolyJet Technique

PolyJet 3D printing (3DP) involved a series of steps to fabricate the scaffold struc-

tures. The scaffold structure is designed before the CAD assembly file is prepared.

The assembly file is then converted into an .STL file, which is subsequently in-

serted into ObjetStudio. In ObjetStudio, the models are placed and validated,

ensuring the correct positioning and avoidance of any potential issues during the

printing process. The build plate is sent to the printer through Connex1, and the

3D printing is carried out. Upon completion of the printing process, the printed
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object is cleaned, with support structures being removed, and any necessary post-

processing steps being performed to enhance structural integrity and surface finish.

Six scaffold samples were successfully produced on the PolyJet printer in around

90 minutes, and all 28 samples were printed successfully in a total of 7 hours.

Figure 4.4: 3D printing of polymeric bone scaffold using PolyJet Technique

It is important to note that the scaffold samples with hexagonal pore geometry

took somewhat longer to print than those with cubic pore geometry. The longer

printing time can be ascribed to the hexagonal pore shape’s higher complexity. The

support material (SUP706) that was employed during printing was taken out of the

structures thereafter. After being treated to a water jet at a pressure of 30 bars, the

structures were cleaned using compressed air at 4 bars. The full elimination of any

lingering support material residues was guaranteed by this comprehensive cleaning

procedure. However, it’s important to mention that the successful printing of

scaffold structures can sometimes be influenced by specific design parameters. In

the case of certain scaffold structures marked with an asterisk (*) in Table 4.1, their

smaller strut thickness presented challenges during the PolyJet printing process.

It was challenging to replicate these structures precisely due to the complexity

of these designs and the constraints of the printing technology. This highlights

the sensitivity of additive manufacturing to design intricacies and emphasizes the

need for careful consideration of design parameters to ensure successful fabrication.

Such insights are valuable for researchers and practitioners aiming to optimize the

additive manufacturing process for intricate scaffold designs.
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4.3 Design and Development of Bone Scaffolds

Through µSLA Technique

4.3.1 Specifications of Asiga - Freeform Pico Plus 27 –

Specifications

The ”Asiga - Freeform Pico Plus 27” printer boasts compact dimensions of 35

x 21.8 x 76mm*, offering precise printing with a layer thickness of 27 microns.

The printer’s high-resolution capabilities are enhanced by a pixel density of 0.5

pixels per centimetre, adjustable in 1-micron increments. This versatile printer

features a UV LED light source and supports both STL and SLC file formats.

It is compatible with various operating systems, including PC, Linux, and Mac.

Additionally, it comes with Composer software included. With a built-in 10/100

Ethernet connection, it ensures seamless communication.

The Freeform Pico Plus 27 finds applications in both medical and general set-

tings. Despite its powerful performance, the printer maintains a relatively small

footprint, measuring 220 x 225 x 505mm and weighing only 10Kg. For transporta-

tion or storage, the dimensions with packaging are 320 x 320 x 700mm, with a

total weight of 15.5Kg. The printer supports a wide range of power inputs, ranging

from 100V to 240V at 50 to 60Hz, with a maximum current of 2A. Its exceptional

features and capabilities make it an ideal choice for precision 3D printing tasks

across various industries.

4.3.2 Material Used in µSLA Technique

PlasWHITE is a durable and versatile 3D printing material designed to replicate

the properties of tough materials like ABS (Acrylonitrile Butadiene Styrene) and

Polypropylene (PP). It offers a combination of high strength and intricate de-

tailing, making it well-suited for a variety of prototyping applications. Here’s a

breakdown of the key features and characteristics of PlasWHITE material:
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i. Material Composition: PlasWHITE is a specialized polymer-based ma-

terial that shares similarities with ABS and Polypropylene. These materials

are known for their toughness, impact resistance, and versatility.

ii. Strength and Durability: PlasWHITE is engineered to provide elevated

levels of strength, making it capable of withstanding mechanical stress and

impact. This property is crucial for creating functional prototypes, jigs,

fixtures, and other components that need to endure real-world conditions.

iii. Prototyping Applications: PlasWHITE is particularly well-suited for

general prototyping purposes. It can be used to create functional proto-

types that closely resemble the properties of the final product, allowing for

testing and evaluation before committing to mass production.

iv. Versatility in Applications: In addition to prototyping, PlasWHITE can

be utilized for crafting jigs and fixtures. These tools are used to assist

in manufacturing and assembly processes. The material’s durability and

strength make it suitable for creating custom tools that withstand repetitive

use.

v. Printer Compatibility: PlasWHITE is designed to be used with 3D print-

ers that operate at wavelengths of 385nm and 405nm. This compatibility

ensures that the material can be effectively used with specific types of 3D

printing equipment. The material is formulated to retain fine details and in-

tricate features during the 3D printing process. This characteristic ensures

that the printed objects have a high level of precision and accuracy, suitable

for creating prototypes with complex geometries.

vi. Quality Assurance: PlasWHITE, manufactured by Asiga, embodies the

pinnacle of quality and reliability in additive manufacturing. Asiga’s unwa-

vering commitment to excellence is evident in every aspect of PlasWHITE’s

production, meticulously adhering to internationally recognized quality stan-

dards. With certifications such as ISO 13485:2016 and EN ISO 13485:2016,

specifically tailored for medical devices, PlasWHITE is meticulously crafted

to meet and exceed the stringent requirements of the medical industry.
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In summary, PlasWHITE is a robust 3D printing material that combines the

toughness of ABS and Polypropylene with the precision and detail definition re-

quired for various prototyping and functional applications. Its properties make

it a valuable choice for industries that require durable and accurately detailed

prototypes, tools, enclosures, and more.

4.3.3 µSLA Printing of Bone Scaffolds

When utilizing microstereolithography (µSLA) 3D printing, the process involved

sending the scaffold’s .STL files to the µSLA printer through the associated soft-

ware are shown in Figure 4.5 The scaffold structure is designed before the CAD

assembly file is prepared. The assembly file is then converted into an .STL file,

which is subsequently inserted into Composer software. In Composer, the mod-

els are placed and validated, ensuring the correct positioning and avoidance of

any potential issues during the printing process. The build plate is sent to the

printer through Connex1, and the 3D printing is carried out. Upon completion

of the printing process, the printed object is cleaned, with support structures be-

ing removed, and any necessary post-processing steps being performed to enhance

structural integrity and surface finish. The printing process was subsequently com-

pleted by the µSLA printer, which produced one scaffold at a time in around three

hours and twelve minutes. To get precise details, a slice thickness of 0.025 mm was

used. After printing, the printed scaffold structures underwent a post-processing

step. Initially, the structures were subjected to sonication in Isopropyl Alcohol

(IPA) for a duration of 20 minutes. This step aided in the removal of any residual

resin material that might have remained on the scaffold surfaces. Subsequently,

the solid support structures that were used during printing were manually removed

from the scaffold structures. This multi-step post-processing procedure ensured

the cleanliness and integrity of the final printed scaffold products. This study was

more focused on investigating the effect of the different pore geometry on the com-

pression performance of AM parts; hence the input processing parameters were

unified and kept constant so that a direct comparison can be carried out.
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Figure 4.5: Procedure followed for the fabrication of 3D synthetic scaffold
structure by using micro-stereolithography

4.4 Experimentation of 3D Printed Bone Scaf-

folds

4.4.1 Experimental Setup of Flow Rate Measurement

In order to assess the inherent permeability of the scaffold structures, a constant

head permeability testing setup was carefully designed and conducted, as illus-

trated in Figure 4.6. The fluid storage tank for the device had a substantial

Figure 4.6: An experimental setup for an investigation of the permeability of
3D-printed porous bone scaffolds

20-liter capacity and was positioned 800 millimetres above the scaffold’s surface.
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This arrangement was devised to apply a hydrostatic pressure to the scaffold,

ensuring a consistent head of fluid above the structure during testing. This hydro-

static pressure was essential for generating a controlled flow through the scaffold,

enabling accurate measurements of its intrinsic permeability characteristics.

4.4.2 Scaffold Holding Clamp and Blind Sample

Stainless-steel holding clamps were precision-machined with a high-precision CNC

machine and created using Creo Parametric 4.0 software to anchor the scaffold

structures during flow rate measurements. This made sure that the scaffold was

placed correctly and consistently for the flow rate measurements.

(a) (b) (c) (d)

Figure 4.7: Clamping device: (a) an isometric view of the lower section (b)
a side view of the lower part (c), and (d) an isometric view of the top part (d)

Side view of the upper part

4.4.3 Leak Tight Test of Scaffolds Holding Clamp

To validate the effectiveness and sealing performance of the clamp, a leak-tight

test was conducted. Three copies of a dummy sample that had dimensions similar

to those of the scaffold were created using the PolyJet printer. These samples

were then subjected to a three-hour leak-tight test using tap water, mimicking

the conditions of the subsequent permeability tests. The clamping process was

repeated periodically to ensure the integrity of the O-rings and their resistance to

wear or flattening. The laboratory temperature was maintained at 22◦C to avoid

any potential impact on the samples, test fluids, and seals, in consideration of the

ambient conditions.
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4.4.4 Test Fluid Preparation

Tap water, a 15% glycerol-water mixture, and a 20% glycerol-water mixture were

carefully chosen as the three test fluids to carefully assess the permeability of the

3D printed scaffolds samples. Previous studies have used these specific test fluids

in permeability assessments of different scaffold topologies [269]. A variety of test

fluids have also been used in other research, including raw seed oil [270], olive oil

[271], acrylic cement [272], silicone oil [273], and corn oil [274].

The inclusion of these three distinct test fluids aimed to examine how fluid vis-

cosity affects permeability. The compositions of the water-glycerol solutions were

meticulously adjusted to mimic human blood viscosity in the absence of cells, cov-

ering a viscosity range from 1×10−3 Pa·s to 1.3×10−3 Pa·s [275]. The glycerol

used in the test fluids was sourced from Alfa Aesar in England.

4.4.5 Viscosity Measurement

Figure 4.8: Viscosity measurement (a) Physica MCR-301 (b) 3ml solution
sample (c) measurement setting

The viscosity of the prepared test fluids was measured using the Anton Paar

Physica MCR-301 Rheometer. To ensure accuracy, three 3 ml samples were used

for each test fluid.

Viscosity measurements were taken at the 100th iteration, yielding average viscosi-

ties of approximately 1.1mPa·s, 2.35mPa·s, and 2.87mPa·s at 22°C for tap water,

a 15% glycerol-water solution, and a 20% glycerol-water solution, respectively.
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4.4.6 Calculating Contact Angle and Surface Energy

The surface energy and contact angle of a material have a significant impact on

and result in increased permeability. It’s important to remember that experimen-

tally measured permeability may be affected by higher contact angles caused by

the surface energy of the material used to construct the 3D scaffold structures. To

investigate the effect of contact angle and the surface energy of the printed scaf-

folds on fluid penetration through the pores, the FTA 200 Dynamic contact angle

analyzer was employed. Using test liquids such tap water, a 15 percent glycerol-

water solution, and a 20 percent glycerol-water solution, this equipment made it

possible to determine contact angles. This approach provided new understanding

of how permeability, surface energy, and contact angle interact.

In this work, the contact angle was determined using the sessile drop technique.

Scaffold constructions with a height of 5 mm were created and 3D printed utilising

the PolyJet and µSLA printing technologies to enable precise measurements. It’s

critical to keep in mind that the original scaffold designs were 15 millimetres tall.

To match the maximum working height of the FTA 200 Dynamic contact angle

analyzer, which also measured 15 millimetres, special scaffold designs with a height

of 5 mm were created. The intention was to guarantee correct angle measurement

and the entire creation of a hanging drop.

The scaffold constructions were set up for testing on a horizontal stage in the

direction they were built. Using a micro syringe, 3 µL of the probe liquid were

then injected at a regulated flow rate of 1 µL/s onto the scaffold surface. In

order to provide accurate results, each reported contact angle value is the average

of at least three measurements taken at various points on the 3D printed sample

surface. This method ensures accurate data collection and a precise representation

of the scaffold’s wetting behaviour. This methodical testing procedure, in general,

enables correct perceptions of the interactions between the probe liquid and the

scaffold surface. To calculate surface energy, we considered the measured contact

angle along with the surface tension, including polar and dispersive components,

as well as surface tension alone. A number of models, including the Girifalco,
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Owens, Wendt geometric mean, Wu harmonic mean, and Lewis acid/base theory,

can be used to study surface energy.

However, there are certain limitations on the number of test liquids that may be

used and the allowed angles for each model. For this inquiry, the Zisman critical

wetting tension model was used since it only calls for two test liquids and has the

capacity to offer a precise assessment of surface energy.

(a) (b)

Figure 4.9: Measurement of Contact Angle: (a) Utilizing the FTA 200 Dy-
namic Contact Angle Analyzer (b) Employing the Sessile Drop Test

4.5 Permeability Analysis of Bone Scaffolds

4.5.1 Experimental Measurement of Permeability

By timing the flow of 500 millilitres of fluid through scaffolding erected in the

direction of the sample, flow rate was calculated. Despite having omnidirectional

characteristics, cubic scaffold layouts were only explored in one direction. In con-

trast, hexagonal closed packed constructions with a primary axis having minimal

blockage were employed in this specific direction.

Three time readings per scaffold sample were averaged to determine the time for

500 ml fluid traversal, repeated for all test fluids. Using Darcy’s Law and the

collected data, experimental permeability was calculated.
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k =
q · l · µ
p · d

(4.1)

where ”p” is defined as:

p = ρg∆h (4.2)

Within this context, the computation of permeability (k) in m2 involves the ap-

plication of Darcy’s Law. Here, d refers to the entire cross-sectional area in m2,

q denotes the volumetric flow rate in m3/s, t signifies the duration in seconds

required for the traversal of 500 mililiter through a sample, l corresponds to the

length of the sample in meters, h represents the fluid head, µ stands for the fluid’s

dynamic viscosity in Pa·s, and p represents the pressure in Pa, which is evaluated

utilizing Equation 4.2. The accompanying Table 4.2 shows test fluids’ appropriate

pressure and density levels.

Table 4.2: Test fluid pressure and density for measuring permeability

Test Fluids Tap Water 15 % glycerol-water 20 % glycerol-water

Density (Kg/m3) 998 1045 1060

Pressure (Pa) 7833 8192 8318

4.5.2 Numerical Calculation of Permeability

The Kozeny-Carman equation, initially introduced by Kozeny and subsequently

refined by Carman, serves as a widely adopted tool for predicting intrinsic per-

meability [270]. This equation has been employed in the current study to nu-

merically calculate permeability. In the equation, permeability is influenced by

structural characteristics such as porosity, surface area, and density. The specific

form utilized in this research to ascertain the permeability factor, denoted as k

and expressed in units of m2, is outlined as follows:

k = C · g

µwρw
· e3

S2D2
r(1 + e)

(4.3)

In the provided equation, k represents the coefficient of permeability in m2, C is

a constant (with a value of 0.2) that considers the morphology of flow-through
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channels within a spongy medium [57], e stands for porosity, S signifies specific

surface area in m2/kg, Dr denotes the ratio of solid density to fluid density, µw

represents the dynamic viscosity of water in Pa·s, g represents the gravitational

acceleration in m/s2, and ρw corresponds to the density of water in kg/m3.

This equation can also be utilized to determine the intrinsic permeability K as

follows:

k = K∗ · ρwg
µw

(4.4)

The Kozeny-Carman equation can be reformulated to express it in terms of per-

meability using equations 4.3 and 4.4:

k =
C

ρ2
· e3

S2D2
r(1 + e)

(4.5)

The density of PolyJet material varies from 1182 to 1920 kg/m³, while the density

of µSLA material is 1182 kg/m³. Equation 4.5 shows that the fluid densities

cancel each other out, proving that the results of the calculated permeability are

not affected by the fluid type.

4.6 Design and Development of Standard Sam-

ples

To analyze the influence of printing direction on mechanical characteristics, stan-

dard circular and rectangular samples were designed following ASTM D-695 (ISO

604) norms [276]. These were 3D-printed and cleaned in a manner similar to bone

scaffolds. Replicas were meticulously crafted in three-dimensional space, spanning

across the x, y, and z directions, resulting in a comprehensive set of eighteen sam-

ples. The intricate printing process ensured the faithful reproduction of each spec-

imen with precision and accuracy. In Figure 4.10(a), the intricate details of their

printing orientation are vividly depicted, showcasing the deliberate arrangement

necessary for optimal fabrication. Meanwhile, Figure 4.10(b) offers an insightful
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glimpse into the samples’ diverse geometric forms, presenting cross-sectional views

of both cylindrical and rectangular shapes. This deliberate variation in shapes

adds richness to the dataset, allowing for comprehensive analysis and comparison

across different structural configurations.

(a)

(b)

Figure 4.10: (a) Standard Sample printed along the x, y, and z axes (b)
cylindrical as well as rectangular cross sections standard samples

4.7 Mechanical Testing of Bone Scaffolds

4.7.1 Structural Characterization of Bone Scaffolds

After 3D printing, optical microscopic images of the as-built polymeric bone scaf-

folds were captured using the Keyence-Digital microscope VHX-2000. This was
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done to identify any discrepancies in the measurements of architectural param-

eters between the as-built scaffolds and the CAD-based models. These discrep-

Figure 4.11: Keyence-Digital microscope VHX-2000

ancies could potentially explain variations in the experimental and finite element

(FE) mechanical responses of the bone scaffolds. Progressive scanning method

was used by the Keyence-Digital microscope VHX-2000 to capture 28 frames/sec

with a resolution of 8 million pixels.

Before imaging, initialization of the x-y motorized stage was made following the

color and brightness adjustment. After that, the x-y motorized stage was moved

and tilted for angle adjustment to capture high quality images of the polymeric

bone scaffolds.

4.7.2 Quasi-Static Compression Testing

Compression testing that complies with the ASTM D-695 (ISO 604) standard is

carried out to evaluate the compressive qualities of rigid polymers. The universal

testing machine utilised was a Zwick/Roel Z50 with a 50 kN maximum load capac-

ity and Zwick TestXpert simulation software. Preparatory activities were carried

out prior to starting the compression testing on the scaffold constructions. Us-

ing a Startrite-20RWF machine, the 3D-printed scaffolding was carefully removed

from its circular packaging. Any surplus material was meticulously removed with

a grinder, ensuring the samples were well-prepared for compression tests. The ac-

tual compression process involved inserting the prepared samples into the testing
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Figure 4.12: Sample preparation for compression testing

machine. An incremental application of controlled force was made at a 2 mm/min

compression rate. As the force was applied, the vertical deformation that resulted

was measured. The compression continued until the samples experienced failure,

reaching a point where they could no longer withstand the applied force and un-

derwent more pronounced deformation. During the compression test, the testing

machine generated data that included the relationship between the force applied

(measured in Newtons, N) and the displacement (measured in millimeters, mm) of

the samples. This data was recorded in the Zwick TestXpert simulation software.

From this data, key parameters were derived:

i. Stress (σ) Calculation: The stress experienced by the samples was calcu-

lated using the formula σ = F
A
, where σ stands for stress, F for applied force,

and A for the sample’s cross-sectional area. This calculation quantified how

the samples reacted to the applied force in relation to their surface area.

ii. Strain (ε) Calculation: Strain, which measures the amount of deforma-

tion, was calculated using the formula ε = δ
L
, where ε represents strain, δ is

the change in length of the sample due to deformation, and L is the origi-

nal length of the sample. This calculation indicated how much the samples

deformed in response to the applied force.
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Utilizing the acquired stress and strain data, a stress-strain diagram was formu-

lated. This visual representation provided insight into the behavior of the samples

under the compression force. Important compressive parameters, including yield

strength (the stress at which plastic deformation begins), elastic moduli (a measure

of stiffness), and compressive strength (the greatest stress the sample can sustain),

were extracted using the stress-strain diagram. The surface finish is mainly af-

fecting the fatigue performance. Since this study is focused on the compression

strength, it was decided to carry out this test directly after removing the support

structure (as-built).



Chapter 5

Experimental Results

5.1 Introduction

In this chapter, the comprehensive presentation of experimental results on the

permeability and mechanical properties of 3D printed bone scaffolds serves as

a critical cornerstone in the field of tissue engineering. By precisely examining

the influence of contact angle and surface energy on scaffold permeability us-

ing both PolyJet and micro-stereolithography techniques, invaluable insights are

gained into the optimization of scaffold designs for enhanced biocompatibility.

Moreover, the numerical permeability assessments delve into the complex inter-

play between fluids and solids within the scaffold’s porous structure, providing

a quantitative comprehension of its transport properties. This in-depth analysis

sheds light on the intricate mechanisms governing fluid flow through the scaffold,

offering valuable insights into its performance characteristics. The investigation of

structural parameters not only explains their impact on permeability but also un-

veils new avenues for tailoring scaffolds to specific tissue engineering applications.

The thorough analysis of mechanical properties serves a dual purpose, safeguard-

ing both the immediate structural integrity and the long-term viability of the bone

scaffolds. These comprehensive findings represent a significant stride forward in

105
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the fields of tissue engineering and regenerative medicine, offering valuable insights

that pave the way for further research and eventual clinical application.

5.2 Effect of Contact Angle and Surface Energy

on Permeability

The tendency of a surface to repelled or resist water is known as hydrophobicity.

A hydrophobic surface is one that does not easily interact with water molecules,

causing water to bead up and roll off the surface. This property is typically

measured by the contact angle formed between a liquid droplet and the surface. A

higher contact angle indicates greater hydrophobicity, while a lower angle suggests

a more hydrophilic (water-attracting) surface. Permeability refers to how easily

a substance can pass through a material or surface. In this case, it frequently

refers to how quickly liquids may travel through a certain substance. The angle

that is created when a liquid droplet collides with a solid surface is known as the

contact angle. It shows how thoroughly the liquid has wettened the surface. A

greater contact angle signifies more hydrophobicity since the liquid is less likely to

spread out on the surface. The energy needed to expand a material’s surface area

is referred to as surface energy. In general, materials with lower surface energies

are more hydrophobic because water molecules stick to them. Contact angles and

surface energies of 3D-printed scaffold structures using PolyJet (VeroClear) and

µSLA (PlasWhite) are outlined in Table 5.1.

Table 5.1: Contact angle and surface energy of PolyJet (VeroClear) and µSLA
(PlasWhite) 3D printed scaffold structures

Test Liquids
Contact Angle Surface Energy

(mN/m)
VeroClear PlasWhite VeroClear PlasWhite

Tap Water 67 69.1 41.7 38.5
15% Glycerol –
Water

70 72.6 40 37.9

20% Glycerol –
Water

72.9 73.7 39.8 37.1
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For both materials, VeroClear and PlasWhite, tap water shows contact angles of

around 67.0° and 69.1°, respectively. These angles are moderate, indicating that

the surfaces have a certain level of hydrophobicity but are not strongly water-

repellent. The surface energy values are around 41.7 mN/m and 38.5 mN/m,

which implies moderate water-attracting characteristics.

In the case of 15% Glycerol - Water solution the contact angles increase to around

70.0° and 72.6° for VeroClear and PlasWhite, respectively. This suggests an in-

crease in hydrophobicity compared to tap water, as the droplets are less likely to

spread out. The surface energy values decrease to around 40.0 mN/m and 37.9

mN/m, indicating a reduction in water-attracting tendencies. In the case of 20%

Glycerol - Water solution the contact angles increase further to approximately

72.9° and 73.7° for VeroClear and PlasWhite, respectively. This indicates even

higher hydrophobicity compared to the previous liquids. The surface energy val-

ues decrease again to around 39.8 mN/m and 37.1 mN/m, suggesting that the

surfaces are becoming more water-repellent.

Overall, the trend in the data shows that as the glycerol concentration in wa-

ter increases, the contact angles increase and the surface energy values decrease.

This suggests that the surfaces of both VeroClear and PlasWhite become more

hydrophobic and less permeable to these liquid mixtures. This information could

be important when selecting materials for applications where water resistance and

permeability are important factors.

5.3 Experimental Measurement of Permeability

for PolyJet Printed Bone Scaffolds

In Figure 5.1, The data shows the findings of an experimentally measured perme-

ability of bone scaffolds fabricated permeability of scaffold structures made with

a 3D printer called PolyJet. Cubic and closed packed hexagonal shapes were an-

alyzed. The permeability was evaluated using three distinct liquids: tap water, a
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15% glycerol-water solution, and a 20% glycerol-water solution. It is important

to assess how well change in viscosity allow the flow of fluids with properties sim-

ilar to blood. This ensures that the materials will function effectively within the

human body body.

(a)

(b)

Figure 5.1: Permeability experiments were conducted on PolyJet 3D-printed
scaffold structures with tap water, 15% glycerol-water solution, and 20%
glycerol-water solution. The results are shown for both cubic and hexagonal

closed packed configurations (a) and (b), respectively
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The following are the main conclusions from the data:

i. Effect of Pore Size, Porosity, and Viscosity: The gathered information

reveals a distinct correlation between the observed permeability of scaffold

structures and pore size, porosity, and fluid viscosity. Larger pores, higher

porosity, and thicker fluid viscosity all contribute to increased permeability,

unveiling a multifaceted interplay between these factors. This understanding

has significant implications for scaffold design and applications. It provides

the potential to finely adjust scaffold properties to attain the desired per-

meability tailored to specific functional requirements in tissue engineering.

By harnessing these relationships, researchers can create tailored scaffold ar-

chitectures. These architectures facilitate optimal nutrient transport, waste

removal, and cellular communication within engineered tissues. Beyond im-

mediate practical applications, this study contributes to our fundamental

understanding of scaffold-fluid interactions. This knowledge aids in design-

ing biomimetic systems that closely mimic natural tissue functions, thereby

advancing the fields of regenerative medicine and biomedical engineering.

ii. Dominance of Pore Size: Within the realm of factors influencing perme-

ability, including pore size, porosity, and viscosity, this study unveiled the

preeminence of pore size in driving notable effects. This observation suggests

that modifications in pore size carry a more significant weight in influencing

permeability than adjustments in porosity or viscosity.

iii. Permeability Range: The predicted permeability values of the 3D-printed

scaffold constructs with cubic pore shapes varied from 1.05 × 10−10m2 to

2.83× 10−10m2, indicating a considerable 69% disparity between the lowest

and highest values. The materials with hexagonal closed packed pore shapes

also showed a permeability range of 0.46 × 10−10m2 and 2.75 × 10−10m2,

with a substantial 78% difference between the lowest and highest values.

iv. Comparison between Pore Shapes: Furthermore, the data supports

the idea that 3D printed scaffold structures, characterized by cubic pores,
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generally demonstrate higher permeability values. This is in contrast to

structures that utilize a hexagonal closed-packed pore arrangement. This

result underscores the pivotal role that the precise geometric arrangement

of pores plays. Whether cubic or hexagonally closed-packed, it significantly

influences the permeability properties of scaffold architectures.

The results of this work highlight the complex interactions between fluid viscosity,

permeability, pore size, and porosity in 3D printed scaffold architectures. Notably,

larger pores, higher porosity levels, and the presence of more viscous fluids tend

to correlate with increased permeability. Among the variables examined, pore

size emerges as the dominant factor influencing permeability. Additionally, the

geometric arrangement of pores also exerts its influence. Such insights hold the

potential to inform the design of scaffold structures tailored for precise applications

that necessitate well-regulated fluid flow and permeability characteristics. These

findings contribute to advancing our comprehension of the intricate mechanisms

governing fluid transport through engineered biomaterials. They can also assist in

optimizing scaffold design for various tissue engineering and regenerative medicine

applications.

5.4 Experimental Measurement of Permeability

for µSLA Printed Bone Scaffolds

The influence of micro-stereolithography (µSLA) printing techniques on the ability

of bone scaffolds to facilitate fluid flow is rigorously investigated and quantified.

These permeability characteristics are being analyzed through a series of experi-

ments, setting the stage for a comprehensive understanding of how µSLA printed

bone scaffolds impact fluid transport properties in the context of cutting-edge scaf-

fold design and fabrication. The permeability of 3D scaffold structures created by

micro-stereolithography (µSLA) printing is shown in the Figure 5.2. This data is

comparable to the results obtained from PolyJet printing, as both techniques in-

volve creating scaffold structures and assessing their permeability characteristics.
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The results of permeability tests performed on µSLA 3D-printed scaffold structures

with two different pore arrangements—cubic and hexagonal closed packed—are

shown in Figure 5.2. Tap water, a 15 % glycerol-water solution, and a 20 %

glycerol-water solution were used as test fluids in the tests.

Figure 5.2: Permeability measurements for µSLA 3D-printed scaffold struc-
tures, using tap water, 15% glycerol-water solution, and 20% glycerol-water
solution, are displayed for 30% porosity in cubic and hexagonal closed packed

configurations.

The following are the main findings from the data:

i. Effects of Porosity, Viscosity, and Pore Size: Similar to the previous

case of PolyJet printing, the data demonstrates that higher values of pore

size, porosity, and viscosity lead to higher permeability values. This suggests

that in scaffold structures created via µSLA printing, larger pore sizes, higher

porosity, and more viscous test fluids collectively contribute to increased

permeability.

ii. Dominance of Pore Size: Just like in the previous findings, the data

highlights that among the factors affecting permeability—pore size, porosity,
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and viscosity—pore size has a more pronounced effect. Changes in pore size

exert a stronger influence on permeability compared to variations in porosity

or viscosity.

iii. Permeability Range: The permeability of µSLA 3D-printed scaffold struc-

tures with cubic pore shape varied from 0.52× 10−10m2 to 2.23× 10−10m2,

exhibiting a 76% difference between the lowest and highest readings. Sim-

ilarly, for hexagonal closed packed pore shape structures, the permeability

ranged from 1.05 × 10−10m2 to 1.99 × 10−10m2, with a 47% difference be-

tween the lowest and highest values. These ranges provide insight into the

variation in permeability for different pore shapes.

iv. Comparison between Pore Shapes: The study revealed that, at 30%

porosity, µSLA 3D printed scaffold structures with cubic pore shapes fre-

quently exhibited superior permeability values. This was in contrast to those

with hexagonal closed-packed pore forms. This emphasises the impact of

pore configuration on the scaffold structures’ permeability properties.

In conclusion, the findings imply that the permeability behaviour of µSLA printed

3D scaffold structures and PolyJet printed samples is similar. The relationships

between pore size, porosity, viscosity, and permeability are consistent between the

two printing techniques. Larger pore sizes and higher porosity levels enhance per-

meability, with pore size exerting a stronger impact. The comparison between

cubic and hexagonal closed packed pore shapes indicates that geometric arrange-

ment plays a role in determining permeability. These findings can aid in designing

scaffold structures to meet specific requirements for controlled fluid flow and per-

meability in various applications.

The information in Figure 5.3 compares the experimentally determined permeabil-

ity of scaffold structure made using two different 3D printing processes: Micro-

stereolithography (µSLA) and PolyJet. The data aims to understand how these

printing techniques influence the permeability characteristics of the resulting scaf-

fold structures.
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Figure 5.3: For both cubic and hexagonal closed packed configurations at
30% porosity, the experimentally observed permeability of 3D-printed scaffold
constructs using tap water, 15% glycerol-water solution, and 20% glycerol-water

solution

The key points from the data are as follows:

i. Precision and Permeability: The data draws attention to an aspect high-

lighted earlier in the development section: µSLA printing is known for its

higher precision in creating fine and detailed structures. This accuracy ap-

pears to play a role in the tendency that scaffold structures produced using

µSLA exhibit greater permeability values than structures printed using Poly-

Jet, especially when dealing with smaller pore sizes.

ii. Impact of Pore Sizes: It is hypothesised that samples produced using

µSLA have greater permeability values at smaller pore sizes than those

printed using PolyJet. This observation indicates that the µSLA technique’s

precision allows for the creation of finer pores, which can influence fluid flow

and permeability within the scaffold structures.
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In summary, the data from Figure 5.3 emphasizes the comparison between the

permeability of scaffold structures produced using PolyJet and µSLA 3D printing

methods. The difference between these structures and those produced by PolyJet

printing is in the accuracy of µSLA printing, which produces smaller pore sizes

and, as a result, greater permeability values for these structures. This research

emphasises the importance of choosing the right printing technique when trying

to obtain specified permeability properties in 3D printed scaffold structures, es-

pecially where accuracy and pore size are important aspects. In the presented

Table 5.2, the permeability values for scaffold structures made with two distinct

3D printing technologies—PolyJet and micro-stereolithography (µSLA)—are thor-

oughly compared in units of 10–10 m2. The values for permeability are shown for

two different pore types: cubic (C) and hexagonal (H).

Table 5.2: Density and pressure of test fluids used in permeability measure-
ment

Permeability
(x 10−10 m2)

PolyJet µSLA
C H C H

Measured 1.05 – 2.83 0.46 - 2.75 0.52 – 2.23 1.05 – 1.99
Theoretical 0.3 – 2.11 0.12 - 2.0 0.3 – 2.11 0.12 - 2.0

The permeability of scaffold structures produced through PolyJet printing with

cubic pore shapes ranges from 1.05× 10−10m2 to 2.83× 10−10m2. This represents

a difference of 1.78 × 10−10m2 between the highest and lowest measured values.

The permeability for PolyJet printed structures with hexagonal pores falls be-

tween 0.46 × 10−10m2 and 2.75 × 10−10m2, showing a range of 2.29 × 10−10m2.

The measured permeability for scaffold structures created through µSLA print-

ing with cubic pores varies from 0.52 × 10−10m2 to 2.23 × 10−10m2, indicating

a range of 1.71 × 10−10m2. The permeability range for µSLA-printed structures

with hexagonal pores is from 1.05× 10−10m2 to 1.99× 10−10m2, indicating a span

of 0.94 × 10−10m2. The Table 5.2 also provides theoretical permeability ranges

for both printing methods and pore shapes. These theoretical values serve as

references or expectations based on modeling or calculations. They give insight

into the potential range of permeability that could be achieved in an ideal sce-

nario. The theoretical permeability ranges are similar for both printing methods
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and pore shapes. For cubic pore structures, the theoretical permeability spans

from 0.3 × 10−10m2 to 2.11 × 10−10m2. For hexagonal pore structures, the the-

oretical permeability range is 0.12 × 10−10m2 to 2.0 × 10−10m2. In summary,

the Table 5.2 provides a comprehensive overview of measured and theoretical per-

meability values for scaffold structures produced through PolyJet and µSLA 3D

printing techniques. The data demonstrates the variations in permeability based

on printing method and pore shape, giving valuable insights into the performance

and potential of these structures in terms of fluid flow and permeability. The

experimentally determined permeability consistently decreased with respect to

numerically calculated permeability across all scenarios. The disparity between

the measured and estimated permeability could be attributed to several factors.

These may include improper cleaning of the 3D-printed scaffold structures or as-

pects not considered by the Kozeny-Carman equation, such as pressure drop across

the sample, fluid viscosity, and surface energy. As a result, a hybrid model that

combines the advantages of both computed and experimental techniques could

provide a more precise way to measure permeability. Furthermore, future research

should focus on refining the cleaning procedures for 3D-printed scaffold structures

to minimize potential contaminants that could affect permeability measurements.

Additionally, investigating the impact of pressure drop variations, fluid viscosity

fluctuations, and surface energy alterations on permeability could help bridge the

gap between experimental and numerical results. Developing an improved Kozeny-

Carman equation that accounts for these factors may also enhance the accuracy

of permeability predictions.

5.5 Numerical Calculation of Permeability

Cubic scaffold structures excel due to their well-defined geometry, fostering inter-

connected porosity that eases fluid flow, reducing resistance, and boosting perme-

ability. The Kozeny-Carman equation reliably predicts permeability across dif-

ferent 3D printing methods, relying on porosity and specific surface area. This
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has implications for scaffold design optimization, crucial in fields like tissue en-

gineering, where controlled fluid transport is essential for cell growth and tissue

regeneration. In summary, cubic scaffolds outperform counterparts due to geom-

etry, interconnected porosity, and reduced flow resistance, offering tailored design

possibilities for diverse scientific and engineering applications.

Cubic scaffold structures have greater permeability values than other types of

scaffolding, according to calculations, with values ranging from 0.3× 10−10 m2 to

2.4 × 10−10 m2, Compared to scaffolds that were hexagonally closed-packed and

varied from 0.13× 10−10 m2 to 2.0× 10−10 m2.

Interestingly, the calculated permeability was consistent for both PolyJet 3D

printed and µSLA 3D printed scaffold structures. This is due to the Kozeny-

Carman equation relying solely on structural properties, where porosity and spe-

cific surface area played vital roles. These properties were accurately derived from

CAD models, remaining consistent across both 3D printing techniques employed

in this study. Visual representation in Figure 5.4 revealed that in both cubic and

hexagonal closed packed scaffold structures, permeability improved with greater

pore size and higher porosity. This underscores the considerable influence of pore

characteristics on scaffold permeability.

5.6 Effect of Surface Area on Permeability

In the context of this research, Equation 4.5 offers a mathematical explanation that

emphasises the critical part that the precise surface area plays in determining the

permeability of scaffold systems. Each unit volume of the scaffold has a specified

surface area that describes how much surface is accessible for fluid interaction.

This particular parameter holds immense importance as it dictates how easily

fluids can move through the scaffold’s matrix.

It’s essential to note that the specific surface area isn’t a constant value; rather,

it varies depending on the unique configuration of each scaffold design. This
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(a)

(b)

Figure 5.4: Calculated numerically: permeability (a) Cubic (b) closed-packed
hexagonal scaffold structures
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variation is attributed to differences in the arrangement of pores and the overall

structural layout. It is crucial to investigate the complex interaction between pore

size, porosity, and the particular surface area in order to fully comprehend the

impact of permeability.

(a)

(b)

Figure 5.5: Correlation of specific surface area with pore size and porosity is
shown for (a) cubic structures and (b) hexagonal closed-packed structures
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While porosity level quantifies the volume of these voids in relation to the overall

volume of the scaffold, pore size measures the size of the empty spaces present

inside the scaffold construction. Both these factors play a substantial role in

determining the specific surface area inherent in the scaffold’s architecture. As a

result, the research underscores the importance of comprehending how variations in

pore size and porosity interact dynamically. These variations influence the specific

surface area and collectively have a significant impact on the overall permeability

properties of the scaffold.

This work emphasises the need of understanding the complex interactions between

pore size, porosity, and specific surface area. An in-depth examination of these

elements can provide a clearer understanding of how variations in pore size and

porosity levels can successfully regulate a given surface area. This, in turn, exerts

a notable influence on the permeability of the scaffold structure, adding a new

layer of understanding to the field of scaffold design and fluid transport within

such structures.

This dynamic relationship between specific surface area, pore size, and porosity is

vividly elucidated in Figure 5.5. The graphical representation demonstrates how

a rise in pore size and porosity corresponds with a decrease in specific surface

area. This reduction in specific surface area, in turn, translates into an augmented

permeability of the scaffold structures. In essence, the Figure 5.5 visually captures

the concept that larger pores and higher porosity configurations result in a more

efficient fluid flow through the scaffold, thereby shedding light on optimal design

principles for applications such as tissue engineering.

5.7 Mechanical Properties of Bone Scaffolds

The mechanical characteristics of scaffold structures created by 3D printing were

experimentally tested in this study. The total samples were twenty-eight and

according to the 95% confidence level author should have to perform three repeti-

tions of compression test on each type of sample. Therefore, eighty-four samples
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(three copies of each sample) were printed to perform compression test. Figure

5.6 demonstrates the stress-strain curves of the PolyJet printed, uniaxially printed

scaffold constructs for a range of pore diameters and porosities. Comparing 3D

printed cellular structures to conventional solid materials, the stress-strain rela-

tionship shows unique behaviours. In the initial stages of loading a 3D printed

cellular structure, the stress-strain curve demonstrates a linear elastic region. As

an external force is applied, the cellular lattice deforms proportionally to the ap-

plied stress within this linear regime. The elastic modulus of the material from

which the lattice is manufactured principally controls this deformation. When the

imposed stress is removed during this phase, the cellular structure maintains its

original shape, demonstrating the ability to experience reversible deformation.

(a) (b)

(c)

Figure 5.6: Stress-strain curves of cubic-shaped PolyJet 3D-printed scaffold
structures at (a) 30%, (b) 50%, and (c) 70% for the following pore sizes: 1.5mm,

2.0mm, 2.5mm, and 3.0mm

The stress-strain curve for the cellular structure gradually shifts into a nonlinear
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zone as the applied stress rises. This nonlinear phase is characterized by plastic

deformation within the lattice elements. Unlike traditional solid materials, 3D

printed cellular structures often exhibit a gradual yielding behavior without a dis-

tinct yield point. The interconnected lattice geometry allows for energy absorption

and dissipation through the redistribution of stresses along multiple load paths.

Consequently, the cellular structure can sustain significant deformation without

undergoing catastrophic failure.

In the later stages of loading, the stress-strain curve may exhibit a plateau, indicat-

ing a relatively constant stress level while the deformation continues. This behavior

is attributed to the intricate geometry of the cellular lattice, which facilitates a

complex redistribution of stresses and strains. This plateau phase contributes to

the unique energy-absorbing capabilities of 3D printed cellular structures, making

them suitable for applications requiring impact resistance and damping. In the

end, the post-plateau zone, where the structure gets close to its maximal load-

carrying capacity, is where the stress-strain curve of 3D printed cellular structures

reaches its peak. Fracture or failure of the lattice elements may occur as the stress

continues to increase, leading to a steep decline in load-carrying capacity and the

eventual collapse of the structure.

In summary, the stress-strain trend for 3D printed cellular structures reflects their

intricate geometry and unique mechanical behavior. These structures exhibit lin-

ear elastic deformation, gradual yielding, a stress plateau, and ultimately fracture.

Their ability to withstand substantial deformation while maintaining load-carrying

capacity makes them valuable for applications ranging from lightweight structural

components to impact-absorbing elements in engineering and design. The results

in Figure 5.6 show that, with the exception of pore widths 2.0 mm, 2.5 mm, and

3.0 mm at 70% porosity, the 3D printed scaffold structures bent like a ductile

material. The massive reduction in mechanical properties of scaffolds H- 0.6 mm

is due to its very small strut thickness which was 0.12 mm. Similar patterns were

seen in the polyjet 3D scaffolds with hexagonal closed packed pore shapes in Figure

5.7. Table 5.3 display the numerical value of stress-strain curves used to calculate
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(a) (b)

(c)

Figure 5.7: Stress-strain curves for hexagonal closed-packed PolyJet 3D-
printed scaffold structures are shown at various porosities (a) 30%, (b) 50%,

and (c) 70%, with pore diameters of 1.5 mm to 3.0 mm

the elastic moduli and yield strengths of the scaffold constructs created by PolyJet

3D printing.

i. Pore Size and Elastic Modulus: As the pore size increases, the elastic

modulus tends to decrease. For instance, while comparing the same porosity

level (such as 30%), we find that the elastic modulus falls from 1.3 GPa to

0.7 GPa when the pore size grows from 1.5 mm to 3.0 mm. This suggests

that larger pore sizes are associated with reduced material stiffness, leading

to a more compliant structure.

ii. Porosity and Elastic Modulus: At a given pore size, increasing porosity

generally results in a lower elastic modulus. For example, at a pore size of 1.5,

as porosity increases from 30% to 70%, the elastic modulus decreases from
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1.3 GPa to 1.0 GPa. This indicates that higher levels of porosity contribute

to decreased material rigidity.

iii. Pore Size and Yield Strength: In general, larger pore sizes are associated

with lower yield strengths. For instance, at a porosity of 30%, as the pore

size increases from 0.34 to 3.0, the yield strength decreases from 72 MPa

to 56 MPa. This trend suggests that materials with larger pores are more

susceptible to plastic deformation at lower stress levels.

iv. Porosity and Yield Strength: The relationship between porosity and

yield strength is somewhat complex. For certain pore sizes, increasing poros-

ity results in lower yield strength, while for others, it leads to higher yield

strength. For example, at a pore size of 1.5, the yield strength increases

from 42 MPa (50% porosity) to 60 MPa (70% porosity), indicating that the

material becomes stronger as porosity increases. However, at a pore size of

3.0, the yield strength decreases from 25 MPa (50% porosity) to 30 MPa

(70% porosity), suggesting a decrease in strength with higher porosity.

The tabulated numerical data encapsulates intricate relationships among pore size,

porosity, elastic modulus, and yield strength within 3D printed cellular structures.

These connections illuminate how adjustments in pore size and porosity signifi-

cantly influence mechanical properties, encompassing stiffness and resistance to

deformation. This information holds paramount importance for fine-tuning the

design and engineering of cellular structures in applications where specific me-

chanical behaviors are crucially required.

The data presented in Table 5.3 demonstrates a clear correlation between the

porosity and pore size of PolyJet 3D printed scaffold constructs and their mechan-

ical properties. Both elastic moduli and yield strength significantly decrease as

porosity and pore size rise. The relationship between material density and mechan-

ical resilience is highlighted as being critically important. The results highlight

the importance of careful pore size and porosity optimisation to obtain desirable

mechanical characteristics while fulfilling functional requirements. These findings
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underscore the intricate interplay between pore characteristics and mechanical

properties in scaffold materials. Notably, as pore size increases, the scaffold’s

stiffness and resistance to deformation decrease significantly. This correlation is

of paramount importance in applications where precise control over mechanical

behavior is essential, such as orthopedic implants and tissue engineering scaffolds.

The relationship between porosity and mechanical properties is evident from the

data in Table 5.3. As porosity and pore size increase, both the elastic modulus

and yield strength decrease. This behavior can be attributed to the reduction in

material density, as higher porosity leads to a larger volume of void spaces within

the scaffold, resulting in decreased structural integrity.

These insights have far-reaching implications for scaffold design and engineering.

They emphasize the need for meticulous optimization of pore size and porosity to

achieve desired mechanical characteristics while meeting functional requirements.

Tailoring these parameters according to specific application needs can result in

scaffolds that provide the necessary support and biomechanical compatibility for

tissue regeneration, implantation, or other uses.

Furthermore, this research paves the way for the development of advanced materi-

als with tunable mechanical properties. By systematically adjusting pore charac-

teristics, researchers and engineers can create scaffolds that mimic the mechanical

behavior of natural tissues and organs, enhancing their functionality and biocom-

patibility in biomedical applications.

In conclusion, the correlation between pore size, porosity, and mechanical prop-

erties in PolyJet 3D printed scaffold constructs reveals the critical importance of

precise control over these parameters in scaffold design. This knowledge empow-

ers scientists and engineers to craft tailored materials with optimal mechanical

characteristics for various applications, ultimately advancing the field of tissue

engineering and biomaterials science.

Comparing cubic pores to hexagonal closed packed pore shapes in scaffold struc-

tures also reveals that the former exhibits higher elastic moduli and yield strengths.
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Table 5.3: Mechanical characteristics of scaffold structures printed in polyJet

Elastic Modulus Yield Strength
(GPa) (MPa)

30 % 50% 70% 30 % 50 % 70 %
Pore Size

C H C H C H C H C H C H

0.34 0.4 - - - - - 28 - - - - -
0.6 0.5 0.4 0.5 - - - 30 25 29 - - -
1.5 1.3 0.6 1.1 0.7 1.0 0.9 72 42 60 40 48 38
2.0 0.9 0.5 0.8 0.6 0.7 0.5 60 37 50 33 28 19
2.5 0.7 0.4 0.6 0.2 0.5 0.2 58 30 34 13 26 8
3.0 0.7 0.3 0.5 0.2 0.4 0.2 56 25 30 10 18 7.5

Table 5.4: Mechanical characteristics of scaffold structures produced via µSLA
3D printing

Mechanical
Properties (MPa)

Pore Shape
Pore Size (mm)
0.34 0.6 1.5

Elastic Modulus
C 600 800 1900
H - 600 900

Yield Strength
C 42 45 108
H - 38 63

This indicates the important role that pore shape plays in influencing mechani-

cal behaviour, maybe as a result of improved stress distribution. These find-

ings have significant ramifications for improving the engineering and design of

3D-printed scaffold structures, particularly for uses needing certain mechanical

properties. Figure 5.8 shows the stress-strain curves of µSLA printed scaffold

structures. With increased porosity, such as in scaffolding made with PolyJet 3D

printing, mechanical characteristics declined. Figure 5.8 provides an additional

perspective by comparing scaffold structures generated through the PolyJet and

µSLA 3D printing methods. Notably, the scaffold structures produced using µSLA

have mechanical qualities that are 1.5 times better than their PolyJet 3D printed

equivalents. Similarly, Table 5.4 shows how, as porosity and pore size increase, the

elastic moduli and yield strength of µSLA 3D printed scaffold structures decrease.

Comparing scaffold structures with hexagonal closed packed pore configurations to

those with cubic pore geometries reveals better elastic moduli and yield strength.
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The insights gained from these findings have profound implications for the en-

hancement of 3D-printed scaffold structures, especially in applications demanding

specific mechanical properties. As depicted in Figure 5.8, the stress-strain curves

of µSLA printed scaffold structures exhibit a clear relationship between porosity

and mechanical behavior, mirroring the trends observed in PolyJet 3D printed

scaffolds. Comparing the mechanical properties of scaffold structures produced

Figure 5.8: Stress-strain curves for 3D-printed scaffold structures, produced
using polyjet and micro-stereolithography techniques, feature cubic and hexag-

onal closed packed pores at 30% porosity.
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through PolyJet and µSLA 3D printing methods offers valuable insights. Notably,

µSLA-printed scaffold structures display mechanical characteristics that outper-

form their PolyJet 3D printed counterparts by a factor of 1.5. This substantial

difference underscores the importance of selecting the appropriate 3D printing

method to achieve desired mechanical outcomes in scaffold design.

The data presented in Table 5.4 further emphasizes the impact of porosity and

pore size on the mechanical properties of µSLA 3D printed scaffold structures. As

porosity and pore size increase, both the elastic moduli and yield strength decrease,

aligning with the observed trends in PolyJet scaffolds. This consistency in behavior

across different 3D printing methods highlights the universal importance of pore

characteristics in dictating scaffold mechanical performance.

5.8 Effect of Printing Direction on the Mechan-

ical Properties

In order to comprehensively investigate how printing direction and method im-

pact the mechanical characteristics of 3D printed scaffold structures, the study

employed standardised samples as a starting point for investigation. Figure 5.9

displays how samples generated using a traditional PolyJet 3D printer in the x, y,

and z axes responded to stress-strain analysis. These curves collectively illustrate

the ductile deformation behavior observed across all standard samples printed us-

ing the PolyJet 3D printing method. Notably, printing the standard samples in

the z-direction notably enhances their mechanical characteristics, underscoring the

pivotal role that directionality plays in shaping structural integrity and behavior.

Understanding the influence of printing orientation on mechanical properties pro-

vides valuable insights for tailored scaffold design. Table 5.5 shows the elastic

moduli and yield strength of test samples manufactured in the x, y, and z direc-

tions. A noteworthy finding was that PolyJet samples printed in the z-direction

exhibited superior mechanical properties to those printed in the y and x directions.
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Figure 5.9: Stress-strain profiles of standard samples created within 3D space
across the x, y, and z directions

Table 5.5: Mechanical characteristics of standard samples

Mechanical
Properties
(MPa)

Rectangular Direction Cylindrical Direction

x y z x y z

Elastic Modulus 1400 1300 1600 1300 1200 1600
Yield Strength 82 80 96 78 74 100
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The standard sample could only be printed in the z-direction due to the limitations

on the build area imposed by µSLA. The compression test results indicated that

the yield strength and Young’s modulus values of the standard µSLA-produced

samples were 1.3 times higher compared to the same standard samples printed

using PolyJet 3D technology.



Chapter 6

Numerical Investigation

6.1 Introduction

This chapter presents a comprehensive investigation of the deformation patterns

exhibited by polymeric bone scaffolds. Within this pursuit, cubic and hexagonal

closed-packed uniform scaffolds, distinguished by porosities of 30%, 50%, and 70%,

serve as pivotal subjects in finite element (FE) models. The design of polymeric

bone scaffolds is a critical stage where the process of creating scaffold structures

is explained that closely mimic the properties and architecture of natural bone.

Boundary conditions, a crucial aspect of numerical simulations, will be discussed

in detail, shedding light on the parameters that influence the interactions between

bone scaffolds and external loads. Crushable foam plasticity model, a fundamen-

tal tool for analyzing the deformation pattern of these scaffolds is utilized in this

study under compression loading conditions. The development and structural

characterization of the polymeric bone scaffold is another focal point, allowing to

gain a deeper understanding of the scaffold’s properties, composition, and archi-

tecture. Experimental validation of finite element (FE) results serves as a crucial

link between numerical and experimental predictions, demonstrating the depend-

ability and precision of the numerical simulations. This process not only verifies

the accuracy of the computational models but also reinforces confidence in their

130
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real-world applicability by confirming their alignment with empirical observations.

In summary, this chapter serves as a foundational introduction to the numerical

investigation of deformation pattern of bone scaffolds in the field of bone tissue

engineering.

6.2 Finite Element Modelling

6.2.1 CAD Model of Bone Scaffolds

In this study, the 30%, 50% and 70% porous 3D finite element models of bone

scaffolds with overall dimensions of 15 mm x 15 mm x 15 mm having pore size of

2.5 mm are designed using PTC Creo 7.0. The cubic and hexagonal unit cells with

2.5 mm pore size and struts at an angle of 90° and 60° are tessellated in 3D space

to get an overall cubic structure of bone scaffolds. This study was focused on the

testing of materials and the characterization of its properties both experimentally

and by modelling. For this reason, the current dimensions were applied in order to

obtained higher resolution and more loading capacity to prove and the validation

of the mathematical model on wide range of data.

Strut diameters of 3D finite element models are mutated to introduce a required

porosity of 30%, 50% and 70% of porosity. The pore sizes of hexagonal closed

packed and cubic finite element models are defined as an inscribed circle and

length of sides respectively. The detailed 3D finite element models of polymeric

bone scaffolds with different views are presented in Figure 6.1.

6.2.2 Meshing of Bone Scaffolds

In finite element analysis, mesh size has great influence on the computational re-

sults. Therefore, the effect of mesh size on the mechanical response of polymeric

bone scaffolds and ultimately on the damage was investigated at first. Different

sizes of tetrahedral mesh on 70% porous polymeric bone scaffold were generated
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(a) 30% - Porosity (b) 50% - Porosity (c) 70% - Porosity

(d) 30% - Porosity (e) 50% - Porosity (f) 70% - Porosity

(g) 30% - Porosity (h) 50% - Porosity (i) 70% - Porosity

(j) 30% - Porosity (k) 50% - Porosity (l) 70% - Porosity

Figure 6.1: (a) to (c) present the 2D views of the 3D CAD models; (d) to (f)
present the 3D views of the 3D CAD models. (g) to (h) presents the 2D views
of the 3D CAD models; (j) to (l) presents the 3D views of the 3D CAD models

by keeping all other parameters same. The yield strength against every decreas-

ing mesh size was calculated as an output parameter to measure the convergence.

The element size, number of tetrahedral elements, computational time and yield

strength are presented in Table 6.1. The Table 6.1 shows that the yield strength

changed by 7.04% if the element size was reduced from 5.0 mm to 0.8 mm. whereas,
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Table 6.1: Tetrahedral entities with computational time and yield strength
for convergence

Mesh 1 Mesh 2 Mesh 3

Bone Scaffold

Element size (mm) 5 3 2
No. of tetrahedral
elements

333945 656999 1121900

Computational
time (min)

15 20 28

Yield strength
(MPA)

26.57 25.54 25.47

Mesh 3 Mesh 4 Mesh 5

Bone Scaffold

Element size (mm) 1 0.8 0.6
No. of tetrahedral
elements

3198744 4550711 7472326

Computational
time (min)

41 47 72

Yield strength
(MPA)

25.38 24.9 24.7

it only changed by 0.80% if the mesh size was further reduced to 0.6 mm. How-

ever, utilizing the element size of 0.6mm required more computational power as

compared to the 0.8 mm element size. Hence, 0.6 mm tetrahedral mesh size was

generated on each polymeric bone scaffold and produced computational results

with good accuracy and reasonable computational time.

6.2.3 Boundary Conditions

For the FE simulations, 3D CAD models of the polymeric bone scaffolds with

cubic and hexagonal closed packed unit cells were saved into the .STEP files and

imported into the explicit dynamics ANSYS. The plates were added at the top and
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bottom of the polymeric bone scaffolds to imitate clamps of compression testing

machine. Frictionless connections were developed between the polymeric bone

scaffolds and loading plates to mimic the real connection between the compression

machine clamps and as-built polymeric bone scaffolds. The top and bottom plates

were defined as rigid bodies and polymeric bone scaffolds were defined as a flexible

body. Remote displacement-controlled boundary conditions were applied on the

plates to simulate compression testing. The polymeric bone scaffolds were quasi-

Figure 6.2: Top and bottom plates to mimic machine clamps, frictionless
connection between plates and boundary conditions for FE simulations

statically compressed with a displacement rate of 2 mm/min. Bottom plate was

fixed to the ground by using the remote displacement with all the translation

and rotations values set to zero and compressive displacement was applied in -

z direction on the top plate of each polymeric bone scaffolds to solve the FEM

problems. FE simulation setup with loading plates, connections and boundary

conditions is presented in Figure 6.2.

6.2.4 Crushable Foam Plasticity Model

To analyze the deformation of the polymeric bone scaffolds, the research utilized

the crushable foam plasticity model. The governing factors for the Crushable

Foam model, which incorporates an isotropic hardening rule, are the von Mises

equivalent stress (referred to as ’q’) and the hydrostatic pressure (denoted as ’p’)

[277]. Within the stress plane of ’p-q,’ the yield surface is portrayed as a centered

ellipse, as illustrated in Figure 6.3. In the condition of hydrostatic equilibrium, the
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Figure 6.3: Crushable foam model: yield surface and flow potential in the p-q
stress plane

yield surface extends along the pressure axis. The yield surface of the Crushable

Foam model featuring isotropic hardening is defined as follows:

F =
√

q2 + α2p2 −B (6.1)

The expression incorporates ’B,’ which signifies the q-axis dimension of the yield

ellipse. Moreover, ’σuc’ denotes the absolute compressive strength under uniaxial

loading, whereas ’a’ represents the shape factor of the yield ellipse. Their respective

definitions are as follows:

B = α · pc = σuc ·
√

1 +
a2

3
(6.2)

α =
3k√
9− k2

(6.3)

The parameters in the aforementioned equations carry specific meanings. ’α’ char-

acterizes the shape of the yield ellipse in the ’p-q’ stress plane, while ’B’ represents

the size of the yield ellipse. Additionally, ’pc’ indicates the yield strength under hy-

drostatic compression, ’k’ signifies the compression yield stress ratio, ’σ0
uc’ stands

for the initial yield strength under uniaxial compression, and ’p0c ’ represents the
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initial yield strength when exposed to hydrostatic compression. It is important

to note that, due to the inherent challenges associated with directly measuring

hydrostatic compressive and tensile strength, several researchers, as cited in [278],

often make assumptions about constant ratios ’k’ based on experimental data.

Therefore, the sole parameter needed to define the yield surface is the value of

’k’. In the case of many low-density foams, the parameter ’α’ was found to be

close to one, allowing the value of ’k’ to be set to unity, as reported in [277], which

corresponds to a value of 1. Furthermore, the flow potential is defined as presented

in [279]:

k =
σ0
uc

p0c
(6.4)

G =
√

q2 + β2p2 (6.5)

The parameter ′β′ represents the lengths of the principal axes of the flow potential

ellipse in the ’p-q’ stress plane, and its correlation is established by the plastic

Poisson’s ratio.

β = 3
√
2

√
1− 2vp
1 + vp

(6.6)

The geometry of the isotropic Crushable Foam yield criterion in the ’q-p’ plane is

determined by these relationships. Additionally, the evolving yield stress’s work

hardening slope (H) was determined using the following linear equation, as refer-

enced in [279]:

H =
(σe

σ̂

)
· hσ +

(
1− σe

σ̂

)
· hp (6.7)

’σe’ represents the von Mises effective stress, while ’σ̂’ denotes the equivalent stress.

Additionally, ’hσ’ and ’hp’ indicate the slopes of the stress versus logarithmic plas-

tic strain curve during uniaxial and hydrostatic compression, respectively. Nu-

merous finite element (FE) solvers have been integrated with the crushable foam

plasticity model, requiring a complete definition that consists of five parameters:

modulus of elasticity, Poisson’s ratio, density, stress-strain curve, and maximum

tensile stress for tension cut-off. The specific values of these parameters, as de-

tailed in Table 6.2, were obtained from the prior study [19]. The previous study

primarily focused on investigating the mechanical response of 3D printed standard
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solid samples under compression. For the finite element analysis in this current

study, the stress-strain curves obtained from the 3D printed standard solid sam-

ples in the z-direction were utilized. This choice was made due to the fact that

the polymeric bone scaffolds used in this study were also printed in the same

z-direction.

Table 6.2: Material properties for crushable foam plasticity model used in FE
modelling [19]

Parameters Values

Elastic modulus (GPa) 1.6
Poison ratio 0.32
Maximum tensile stress (MPa) 50
Density (kg/m3) 1190

6.3 Fabrication of Bone Scaffolds and Solid Sam-

ples

The process of fabricating the polymeric bone scaffolds began by converting the

3D CAD models into the widely used .stl format to facilitate manufacturing. Sub-

sequently, a PolyJet printer, the Stratasys Objet260 Connex 1 (located at the

Stratasys EMEA Regional Office in Baden-Baden, Germany), was employed for

printing these scaffolds. This PolyJet printer is equipped with a high-capacity ma-

terial cabinet capable of holding up to eight sealed 3.6 kg cartridges, enabling the

simultaneous use of three different model materials and facilitating hot-swapping

when necessary. The printer’s net build size is 255 × 252 × 200 mm³ (10.0 ×

9.9 × 7.9 in.). It provides exceptionally accurate printing with horizontal build

layers having a maximum thickness of 16 microns (0.0006 in.). The build reso-

lution is equally impressive, featuring a 600-dpi resolution for both the x and y

axes, and a remarkable 1600 dpi resolution for the z-axis. This high precision

allows for features smaller than 50 mm to fall within a range of 20–85 microns,

and full model sizes can be as small as 200 microns. For the printing process,
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the specific material used was VeroClear from STRATASYS. VeroClear was cho-

sen for its transparency, which aids in visualizing porosity and scaffold structure

during the design and prototyping phases. Additionally, it is a popular material

for 3D printing substrates in biomedical engineering applications [280–282], mak-

ing it a suitable choice for this study. Its cost-effectiveness in the early stages

of the project allowed for a focus on porosity and deformation behavior analy-

sis, with plans for biocompatibility enhancements in future research phases. The

PolyJet printer took approximately ninety minutes to print six polymeric bone

scaffolds. After printing, the support material (SUP706) was removed using pres-

surized water, followed by the elimination of residual particles using compressed

air. The support material was a non-toxic gel-like photopolymer support man-

ufactured and designed by Stratasys (North America—Stratasys Units). During

the PolyJet printing process, SUP 706 was simultaneously deposited alongside

the model material in areas where support was needed. These support structures

were essential for upholding overhanging features and complex geometries of the

model. In contrast, in a previous study [19], conducted using µSLA (located at

Krämpferstraße 4, 99084 Erfurt, Germany), each scaffold took approximately three

hours and twelve minutes to print individually, with a thickness of 0.025 mm. The

support material for these as-built polymeric bone scaffolds was removed through

sonication in isopropyl alcohol (IPA) for twenty minutes, and the solid support

beams were manually removed, as detailed in the previous study [19]. The IPA

used for this process was obtained from Sigma Aldrich, Ireland, and had been pre-

viously employed for rinsing 3D-printed parts by the co-authors in other studies

[280]. For the visual representation of the stages involved in the development of the

polymeric bone scaffolds, are represented in Figure 6.4. These same stages were

followed for fabricating the standard solid samples required for the crushable foam

plasticity model in finite element modeling. For the solid samples, three replicates

were created in the x-, y-, and z-directions and printed in the x-direction using

the printer. It’s important to note that the crooked appearance of the samples is

due to the angular perspective from which the images were captured. The build

direction for the polymeric bone scaffolds was in the z-direction, while different
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printing directions were utilized to assess the effect of the printing direction on the

mechanical properties of the samples and to determine the most relevant results

for the crushable foam plasticity model.

Figure 6.4: Summary of stages involved in the development of additively
manufactured polymeric bone scaffolds and standard solid samples

6.4 Quasi-Static Compression Testing

After capturing optical microscopy images, the as-built polymeric bone scaffolds

underwent compression testing using the Zwick/Roel Z50, a universal testing ma-

chine produced by Zwick/Roell GmbH Co. KG in Ulm, Germany. The testing

apparatus was coupled with the Zwick TestXpert III simulation software. The

characterization of the as-built scaffolds followed the ASTM D-695 standard, ap-

plying a deformation rate of 2 mm/min and a maximum loading capacity of 50

kN. To ensure proper contact between the mating parts and minimize potential

sliding effects, a pre-loading force of 5 N was employed. In this study, the struts of

the scaffolds functioned as short columns, given their slenderness ratio of less than

9. Short columns typically fail due to compression rather than buckling, which

eliminated the need for additional buckling supports during the compression test-

ing. There were a total of twenty-eight samples. To establish a 95% confidence

level, three repetitions of the compression test were performed on each sample,

resulting in a total of eighty-four samples (three copies of each sample) that were

fabricated for the compression tests. The compression test was conducted three

times for each of the three replicates of the as-built polymeric bone scaffolds.
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Figure 6.5: Different levels of compression testing of additively manufactured
polymeric bone scaffolds and 3D printed standard solid samples

Figure 6.6: Crushed Sample

Figure 6.5 visually illustrates the different stages of the compression process. The

force versus displacement data obtained from Zwick TestXpert III were utilized

to construct stress-strain diagrams for the as-built polymeric bone scaffolds. A

similar procedure, as outlined in a prior study [19], was employed to characterize

the mechanical behavior of the 3D printed standard solid samples. The mechanical
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properties derived from the compression testing of the 3D printed solid samples

were subsequently integrated into the finite element analysis conducted in this

study. Figure 6.6 shows the crushed sample.

6.5 Experimental Validation of FE Results

Figure 6.7 depicts the mechanical response of polymeric bone scaffolds featuring

porosities of 30%, 50%, and 70%, with a consistent pore size of 2.5 mm. The

stress-strain curve presented in Figure 6.7 represents the averaged performance

derived from three separate replicates of polymeric bone scaffolds, and this average

exhibits an impressively low average percentage error of under 1% (specifically

0.32). Additionally, the inclusion of the solid sample curve within Figure 6.7 serves

as a valuable reference point when evaluating the behavior of the porous samples

(30%, 50%, and 70%). This strategic use of the solid sample curve provides a

clear means of assessing how varying porosities (30%, 50%, and 70%) influence

the material’s characteristics.

The stress-strain curves for all the bone scaffolds exhibit a pattern similar to that

of cellular materials. After the elastic region, energy absorption occurs during the

plateau phase until the onset of densification. In cellular materials, the plateau

region can be marked by either strain hardening or strain softening. In our study,

we observed a stress decrease at the end of the initial peak in the stress-strain

curve for the 30% and 50% porous polymeric bone scaffolds with a cubic unit cell,

indicating strain softening leading up to the onset of densification. However, for

the 70% porous polymeric bone scaffolds with a cubic unit cell, no densification

region was observed. Among the hexagonal closed-packed unit cell types, only

the 30% porous bone scaffolds exhibited a plateau and densification region. No

other bone scaffolds displayed densification. The presence of a densification region

is contingent on the deformation and failure mechanisms, particularly at higher

strain values during the crushing stage. The absence of a densification region

and the subsequent terminal hardening were anticipated in cases involving highly
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brittle failure of thin struts and delamination of the material. Additionally, the

Figure 6.7: Experimental stress-strain curves for 3D printed porous polymeric
bone scaffolds and 3D printed standard solid samples

stress-strain curves revealed that the 50% porous bone scaffolds with a hexagonal

pore shape and the 70% porous bone scaffolds with a cubic pore shape did not

reach the densification region up to a strain value of 0.35 mm/mm. This behavior

aligns with the findings of the prior study [19], which investigated bone scaffolds

fabricated using the µSLA technique. Figure 6.7 provides a comparison between

the mechanical responses of the 3D printed standard solid samples, cubic poly-

meric bone scaffolds, and hexagonal polymeric bone scaffolds. It is evident that

the elastic moduli and yield strength values are higher for the cubic pore shape

compared to the hexagonal pore shape. Additionally, the mechanical response of

denser or less porous polymeric bone scaffolds closely resembles that of the solid

sample, while it deviates for higher porosity polymeric bone scaffolds.

The mechanical properties of the polymeric bone scaffolds, as assessed using the

crushable foam plasticity model, exhibited strong agreement with the experimental

data, with an average percentage error of 12.27% (standard deviation = 3.05). This
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Figure 6.8: Experimental and FE elastic moduli and yield strengths of poly-
meric bone scaffolds

percentage error is calculated as (% error = (measured value - numerical value) /

measured value). Figures 6.7 and 6.8 provide a comprehensive comparison between

different regions of the experimental and finite element (FE) stress-strain behavior.

In the elastic regions of the experimental and FE stress-strain curves, there is a

commendable alignment between the two. In the plastic region, while the FE

stress magnitude was slightly higher than the experimental stress, the trend of the

plateau stress closely matched the numerical results. Additionally, the Young’s

moduli and yield strengths of the polymeric bone scaffolds, as presented in Figure

6.10, affirm the accuracy of the crushable foam plasticity model in predicting the

maximum and plateau stress, with an overall percentage error of 12.27% when

compared to the experimental values. A similar pattern was observed for bone

scaffolds created through µSLA, with a percentage error of less than 3% [19].

The differences between the experimental and finite element (FE) mechanical prop-

erties of the polymeric bone scaffolds can be attributed to significant variations in

strut diameters and deviations of the struts from the intended building direction.

Figure 6.9 displays microscopic images of the as-built polymeric bone scaffolds,
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which were acquired using the Keyence-Digital microscope VHX-2000. These im-

ages were instrumental in studying these geometric discrepancies.

(a) (b) (c) (d)

Figure 6.9: Optically measured architectural parameters of as-built polymeric
bone scaffolds using Keyence-Digital microscope VHX-2000 (a) cubic pore shape
with 30% porosity (b) hexagonal pore shape with 30% porosity (c) cubic pore

shape with 50% porosity (b) hexagonal pore shape with 50% porosity [19]

Table 6.3: Deviations in the architectural parameters of CAD-based (actual)
polymeric bone scaffolds and additively manufactured polymeric bone scaffolds

Pore shapes
Porosities (%)

Diff. (%)
Pore sizes (mm)

Diff. (%)
Strut diameters (mm)

Diff. (%)
Actual As-built Actual As-built Actual As-built

H 30 29.29 ± 4.05% 2.37 2.5 2.56 ± 5.75% 2.34 1.004 1.027 ± 1.08% 2.34

H 50 49.22 ± 3.42% 1.56 2.5 2.54 ± 4.05% 1.57 0.802 0.815 ± 0.09% 1.57

H 70 69.45 ± 3.15% 0.78 2.5 2.52 ± 4.05% 0.79 0.59 0.595 ± 0.08% 0.78

C 30 29.29 ± 1.33% 2.37 2.5 2.56 ± 4.05% 2.34 6.6 6.754 ± 0.13% 2.35

C 50 49.41 ± 1.05% 1.18 2.5 2.53 ± 4.05% 1.18 3.28 3.319 ± 0.11% 1.18

C 70 69.72 ± 0.08% 0.4 2.5 2.51 ± 4.05% 0.4 1.75 1.757 ± 0.09% 0.41

The variations in architectural parameters between the as-built polymeric bone

scaffolds and the CAD-based models (the actual) are summarized in Table 6.3.

Following a detailed geometric characterization, it was noted that the strut diam-

eter of the as-built polymeric bone scaffolds exhibited a consistent trend of gradual

increase with decreasing porosity. This phenomenon was observed across all sam-

ples, with an average difference of approximately 2.53% and 2.54%. The observed

augmentation in strut diameters within each as-built polymeric bone scaffold can

be attributed to the overcuring of the printed layers during the fabrication process.

This finding underscores the importance of meticulous control over the printing

parameters to achieve the desired structural characteristics and porosity levels

in additive manufacturing processes. Moreover, in the case of SLA, there was a

slight discrepancy of approximately 2.5% observed in the architectural parame-

ters between the as-built polymeric bone scaffold and the CAD-based polymeric

bone scaffolds. This underscores the importance of meticulous calibration and
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optimization of printing parameters to ensure precise replication of the intended

scaffold design [19].

6.6 Deformation in Bone Scaffolds

The numerical analysis of the deformation of polymeric bone scaffolds under com-

pression levels of 40%, 60%, and 80% is illustrated in Figure 6.10. It’s evident that

the 30% porous polymeric bone scaffolds with a hexagonal pore shape exhibit de-

formations approximately 4% higher than those of the polymeric bone scaffolds

with a cubic pore shape. This percentage error decreases to 1% as the porosity

increases from 50% to 70%. Overall, the polymeric bone scaffolds consistently

displayed outward bulging during compression, progressing from 40% to 80%.

Similarly, compressive stress contours were generated to examine the stress dis-

tribution in polymeric bone scaffolds with a cubic pore shape following the finite

element analysis, as depicted in Figure 6.11. Figure 6.11(a) illustrates the uniform

deformation of vertical struts in the elastic region for the 30% porous polymeric

bone scaffolds. After reaching the maximum stress in the elastic region, post-yield

softening initiated, leading to the breakage of struts.

Subsequently, deformation was accompanied by pore blockage due to extensive

strut failure in the plateau region, which continued until the start of the densifica-

tion region. Ultimately, the entire structure was crushed and transformed into a

disc-like shape at the end of densification. A similar failure pattern was observed

for the 50% porous polymeric bone scaffolds, as depicted in Figure 6.11(b).

However, for the 70% porous polymeric bone scaffolds shown in Figure 6.11(c),

post-yield softening was absent, and the collapse of the structure occurred before

reaching a strain of 0.35 (mm/mm) due to continuous buckling and breakage of

micro-struts. During the failure process, minor stress fluctuations were also ob-

served, which corresponded to the failure and buckling of micro-struts within both

the plateau and densification regions of the scaffold structure. These fluctuations,
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Figure 6.10: Deformation of polymeric bone scaffold under the compression
level of 40%, 60% and 80%

although minor in magnitude, played a significant role in the overall failure mech-

anism, highlighting the complex interplay between structural integrity and me-

chanical behavior in bone scaffold materials. Understanding these nuanced stress

fluctuations provides valuable insights for optimizing scaffold design and fabrica-

tion processes to enhance their mechanical performance and long-term durability

in biomedical applications. Polymeric bone scaffolds with a hexagonal closed-

packed pore shape, characterized by porosities of 30%, 50%, and 70%, displayed
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(a) (b)

(c)

Figure 6.11: FE deformation mechanism through compressive stress contours
of cubic pore shape at different level of strains consisted of (a) 30% (b) 50% and
(c) 70% porosity in comparison with actual defor-mation behaviour of polymeric

bone scaffolds

unique mechanical behaviors. Compressive stress contours obtained from the finite

element analysis were categorized into different regions based on their associated

strain levels, as illustrated in Figure 6.12. Figure 6.12(a) illustrates the defor-

mation behavior of the 30% porous bone scaffolds, featuring uniform deformation

along with strut breakage in the elastic region. Subsequently, the deformation

progresses with pore blockage observed in the plateau region until the start of

the densification region. Ultimately, the entire structure undergoes crushing and

transforms into a disc-like shape at the end of the densification. In Figure 6.12(b),

the deformation is characterized by post-yield softening, leading to the collapse
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of the structure before reaching a strain of 0.35 (mm/mm). Similarly, the defor-

mation behavior of the 70% porous bone scaffolds, as observed in Figure 6.12(c),

follows a pattern akin to that of the 30% porous bone scaffolds. Initially, pore

blockage occurs in the plateau region, gradually progressing towards the densifi-

cation region. During this process, the entire structure undergoes crushing, ulti-

(a) (b)

(c)

Figure 6.12: FE deformation mechanism through compressive stress contours
of hexagonal closed packed pore shape at different level of strains consisted of
(a) 30% (b) 50% and (c) 70% porosity in com-parison with actual deformation

behaviour of polymeric bone scaffolds

mately transforming into a disc-like shape by the end of the densification phase.

This deformation mechanism highlights the complex interplay between pore struc-

ture, material properties, and external loading conditions, underscoring the need

for comprehensive computational modeling and experimental validation to eluci-

date the underlying phenomena. Furthermore, understanding these deformation
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mechanisms is crucial for optimizing scaffold design and fabrication processes to

achieve desired mechanical properties and structural integrity, thereby enhancing

their suitability for biomedical applications.

6.7 Discussion

The development of bone scaffolds with complex shapes and controlled architec-

tural parameters is crucial. It is essential when fabricating scaffolds intended to

accurately mimic native tissue in bone tissue engineering applications [280]. Ad-

ditive manufacturing technique permits such control and allows the fabrication of

biocompatible and mechanically appropriate bone scaffolds that serve as a bone

substitute in orthopaedics [281]. In tissue engineering, finite element (FE) analy-

sis has become increasingly popular, particularly for improving the design of bone

scaffolds. According to prior research, this method emphasises the influence of ar-

chitectural elements on the mechanical characteristics and fluid transport features

of such scaffolds [282]. There were very few studies which predict the deformation

and failure mechanism of the additively manufactured bone scaffolds. Neverthe-

less, it remains a significant challenge to develop finite element models capable of

accurately predicting the deformation and failure mechanisms of bone scaffolds.

Ongoing research is being conducted to propose a material model that can enable

precise simulations of the deformation of bone scaffolds. By keeping this in mind,

authors focused to investigate the deformation of the polymeric bone scaffolds

using finite element analysis. Six CAD-based polymeric bone scaffolds were de-

signed in this study and fabricated through micro-stereolithography (µSLA) and

PolyJet (PJ) using two different polymeric materials. Crushable foam plasticity

model was utilized in finite element modeling for defining the plastic range of

the polymeric bone scaffolds. Compression testing of standard solid samples and

polymeric bone scaffolds was conducted to experimentally validate the FE results.

The discrepancy of 12.27% between the experimental data and finite element re-

sults may be attributed to the assumption of material isotropy. Additionally,

deviations of nearly 2.5% in the architectural parameters were observed between



Numerical Investigation 150

CAD-based polymeric bone scaffolds and the as-built polymeric bone scaffolds.

Strut diameters of almost every as-built polymeric bone scaffold were larger than

the CAD-based polymeric bone scaffolds could be due to the overcuring of layers

during printing. Due to the deviations in architectural parameters the porosity of

as-built polymeric bone scaffold was also reduced to 29.29%, 49.41% and 69.72%,

very close to the CAD-based polymeric bone scaffolds. This also represents the

high fidelity of the CAD-based bone scaffold models used for the additive manu-

facturing. Consequently, it can be reasonably anticipated that CAD-based finite

element models provide a satisfactory approximation of the real porous bone scaf-

folds. Nonetheless, deviations in the architectural parameters of as-built bone

scaffolds from their nominal values were observed, which might have the potential

to influence the outcomes of finite element analyses. Hence, it is recommended

that the reconstruction of as-built bone scaffolds using optical microscopy images

be considered. This approach has the potential to further reduce discrepancies

between experimental and finite element results in future studies and enhance the

accuracy of finite element analysis.

The CAD-designed polymeric bone scaffolds in this study, featuring various combi-

nations of architectural parameters, exhibited distinct deformation patterns under

investigation through finite element analysis coupled with a damage model. No-

tably, for 30% and 50% porous polymeric bone scaffolds with cubic pore shapes, a

stress decline was observed following the initial stress-strain curve peak, indicating

a softening region. This was followed by the failure of struts within the polymeric

bone scaffolds. Afterwards plateau region showed the pore blockage upto the

beginning of densification region. On the other hand, no densification region was

observed in case of 70% porous polymeric bone scaffolds with same pore shape. Ab-

sence of densification region in case of 70% polymeric bone scaffolds was expected

when deformation was followed by the high brittle failure of thin struts. In case

polymeric bone scaffolds with hexagonal closed packed pore shape, only of 30%

porous bone scaffolds showed the plateau and densification region. 50% and 70%

porous bone scaffolds crushed before densification region upto the 0.35mm/mm
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strain values. The findings revealed that while cubic pore shapes exhibited supe-

rior mechanical responses compared to hexagonal closed packed shapes, the failure

mode in the latter was more uniform. Interestingly, 50% porous scaffolds for both

pore shapes closely resembled human bone in terms of mechanical properties. Sig-

nificantly, the crushable foam plasticity model has proven to be a valuable tool for

simulating deformations in polymeric bone scaffolds. This model facilitates the

redesign of bone scaffolds to mitigate the risk of harming native tissues in bone

tissue engineering applications.

This research work focused on evaluating the crushable foam plasticity model. It

aimed to assess its effectiveness in predicting the deformation and failure mecha-

nisms of 3D printed polymeric bone scaffolds. These scaffolds were fabricated using

micro-stereolithography (µSLA) and PolyJet (PJ) 3D printing techniques. Three

distinct porosity levels, such as 30%, 50%, and 70%, were obtained by modify-

ing strut diameters in CAD-based bone scaffolds with cubic and hexagonal closed

packed pore forms. These CAD-based models were used in the finite element anal-

ysis to investigate the deformation at different strain values. Stress-strain curves of

almost all the bone scaffolds showed different region of deformations correspond-

ing to the strain values such as elastic region, post-yield softening region, plateau

region and densification region. A comparison between the two different polymeric

bone scaffolds was conducted. The results revealed that the bone scaffolds with a

cubic pore shape exhibited higher mechanical properties. This makes them a more

suitable choice for bone replacement applications in orthopedics. Moreover, dis-

crepancy between the FE results and experimental results showed that crushable

foam plasticity model can properly estimate the maximum and plateau stresses

of polymeric bone scaffolds with a percentage error of 12.27%. Therefore, devel-

oping more detailed numerical methods consisting of failure mode can improve

understanding effect of deformation of 3D printed polymeric bone scaffolds. The

comparison of finite element (FE) stress-strain curves with experimental results

was conducted. This comparison highlighted the robustness of the crushable foam

plasticity model in assessing stress at the first peak and plateau regions. However,

a comprehensive investigation is still necessary, especially concerning factors such
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as architectural parameters and the production process. In essence, the simulation

methods provided a more elucidating perspective on the deformation behavior of

polymeric bone scaffolds characterized by diverse architectural parameters. Fur-

thermore, based on the mode of failure and deformation observed, new structures

can be redesigned. These redesigns aim to create more suitable options for bone

replacement in bone tissue engineering applications.



Chapter 7

Conclusion and Future

Recommendation

7.1 Conclusion

This study investigated at the hydrophobicity, permeability, and mechanical char-

acteristics of 3D printed scaffold constructions using two distinct 3D printing tech-

nologies: PolyJet and micro-stereolithography (µSLA).

7.1.1 Hydrophobicity and Surface Energy

In the experiment, the contact angle and surface energy of 3D printed scaffold

constructs were examined using PolyJet (VeroClear) and µSLA (PlasWhite) tech-

niques with various liquids. The results showed that when glycerol content in

water rose, contact angles trended upward and surface energy trended downward.

This observation indicated heightened hydrophobicity and reduced permeability

of both VeroClear and PlasWhite materials in response to liquid mixtures with

elevated glycerol content. For both VeroClear and PlasWhite materials, the con-

tact angles with tap water measure approximately 67.0° and 69.1°, respectively,

153
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indicating a moderate level of hydrophobicity without strong water-repellent prop-

erties, as their surface energy values stand at around 41.7 mN/m and 38.5 mN/m,

signifying a moderate attraction to water. When a 15% Glycerol-Water solution is

introduced, the contact angles rise to approximately 70.0° and 72.6° for VeroClear

and PlasWhite, respectively, demonstrating increased hydrophobicity compared

to tap water, with decreased surface energy values of around 40.0 mN/m and

37.9 mN/m, indicating reduced water-attracting tendencies. Furthermore, with a

20% Glycerol-Water solution, the contact angles further increase to approximately

72.9° and 73.7° for VeroClear and PlasWhite, signifying even greater hydrophobic-

ity, and the surface energy values decrease once more to around 39.8 mN/m and

37.1 mN/m, suggesting an increasing degree of water repellency.

7.1.2 Permeability Analysis

Using various pore sizes and test fluids, permeability studies were carried out on

both PolyJet and µSLA 3D printed scaffold constructions. The data revealed

that pore size, porosity, and viscosity had significant impacts on permeability.

Larger pore sizes, higher porosity, and more viscous fluids led to greater perme-

ability. Pore size was found to be the most influential factor, and the geometric

arrangement of pores also affected permeability. The experimentally determined

permeability consistently exceeded the permeability calculated numerically in all

scenarios. The difference between the measured and estimated permeability can

be attributed to various factors, including inadequate cleaning of the 3D-printed

scaffold structures and factors not accounted for by the Kozeny-Carman equa-

tion, such as pressure drop across the sample, fluid viscosity, and surface energy.

Consequently, a hybrid model that combines the strengths of both computational

and experimental techniques could offer a more precise approach to permeability

measurement. Furthermore, future research should emphasize the refinement of

cleaning procedures for 3D-printed scaffold structures to minimize potential con-

taminants that could impact permeability measurements. Additionally, exploring

the effects of variations in pressure drop, fluctuations in fluid viscosity, and changes
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in surface energy on permeability could help bridge the gap between experimental

and numerical results. The development of an improved Kozeny-Carman equation

that takes these factors into account could also enhance the accuracy of perme-

ability predictions.

7.1.3 Comparison between Printing Techniques

A comparison was made between PolyJet and µSLA printing techniques. µSLA is

more precise than PolyJet technique when printing complex shapes while PolyJet is

faster than µSLA. The comparison revealed that µSLA printed scaffold structures

typically displayed higher permeability values. This outcome can be attributed

to µSLA’s higher precision in creating fine and detailed structures. The specific

geometric arrangement of pores influenced the permeability characteristics of the

scaffold structures. Analyzing the mechanical attributes of scaffold structures fab-

ricated using PolyJet and µSLA 3D printing techniques provides valuable insights.

Significantly, scaffold structures created through µSLA printing exhibit mechanical

properties that surpass those of their PolyJet 3D printed counterparts by a factor

of 1.5. This marked contrast emphasizes the critical role of choosing the right 3D

printing method to attain the desired mechanical characteristics in scaffold design.

7.1.4 Effect of Surface Area

The study underscored the pivotal role of specific surface area in shaping the per-

meability of scaffold structures. Through the investigation of the relationship be-

tween pore size, porosity, and specific surface area, it became evident that scaffold

configurations featuring larger pores and higher porosity values exhibited reduced

specific surface area, thereby contributing to heightened permeability. This rela-

tionship between the interplay of pore size, porosity, and specific surface area is

crucial in understanding and optimizing the permeability of scaffold structures,

with implications for various applications in fields such as tissue engineering and

filtration systems.
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7.1.5 Mechanical Properties

Compression testing was used to examine the mechanical properties of scaffold

constructions made with 3D printing. The stress-strain curves displayed differ-

ent patterns that included linear elastic deformation, progressive yielding, a stress

plateau, and ultimately fracture. Notably, the elastic modulus and yield strength

exhibited a decline with rising porosity and pore size. Comparative research of 3D

printed scaffold constructions produced using PolyJet and µSLA revealed that the

latter often had higher mechanical properties. The study employed compression

testing as a robust method to thoroughly assess the mechanical characteristics of

scaffold structures fabricated through 3D printing. The stress-strain curves de-

rived from these tests revealed distinctive patterns, encompassing phases of linear

elastic deformation, progressive yielding, a stress plateau, and ultimately frac-

ture, providing a comprehensive view of the scaffold’s mechanical behavior. It was

particularly noteworthy that as porosity and pore size increased, both the elas-

tic modulus (indicative of material stiffness) and yield strength (point at which

permanent deformation occurs) exhibited a consistent decline. This finding under-

scores the direct influence of pore-related factors on the mechanical properties of

3D-printed scaffolds, implying that designs with larger pores and higher porosity

may sacrifice some mechanical strength.

Additionally, when comparing scaffold constructions produced through PolyJet

and µSLA 3D printing methods, the latter often displayed superior mechanical

qualities. This suggests that the choice of 3D printing technology can significantly

impact the mechanical performance of scaffold structures, with µSLA exhibiting a

propensity for higher mechanical integrity, potentially due to differences in print-

ing precision, material properties, or layer bonding. These findings are essential

in guiding the selection of 3D printing methods for specific applications, where

mechanical strength is a critical consideration in scaffold design.
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7.1.6 Standard Samples and Printing Direction

The impact of printing direction on mechanical properties was assessed using stan-

dard samples. When compared to PolyJet samples printed in the x and y direc-

tions, those printed in the z-direction had better mechanical properties. In contrast

to normal PolyJet samples, µSLA samples were only printed in the z-direction and

shown improved mechanical characteristics. The study suggested the potential for

a combined model that integrates experimental and calculated methods to mea-

sure permeability more accurately. In order to improve permeability calculations,

future study may examine the influence of other factors such pressure drop, fluid

viscosity, and surface energy. Moreover, the study highlighted the need for further

exploration of 3D printing techniques and material designs to optimize scaffold

structures for specific applications. The study provided useful knowledge on the

hydrophobicity, permeability, and mechanical properties of 3D-printed scaffold

structures built of different pore shapes and materials. These findings contribute

to the understanding of how these structures can be designed and optimized for

various applications, including tissue engineering, fluid flow control, and impact

resistance.

7.1.7 Finite Element Analysis (FEA)

The CAD-based models were subjected to finite element analysis to investigate

the behaviour of deformation under various strain levels. Stress-strain curves ex-

hibited distinct regions: elastic, post-yield softening, plateau, and densification.

A discrepancy between finite element (FE) results and experimental data was ob-

served. Despite this, the crushable foam plasticity model accurately estimated

maximum and plateau stresses with an average percentage error of 12.27%. De-

spite the need for refinement, comparing FE stress-strain curves with experimental

results demonstrated the crushable foam plasticity model’s efficacy in evaluating

stress at initial peak and plateau regions.
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7.1.8 Potential Applications in Bone Tissue Engineering

Simulation methods offer valuable insights into the deformation behavior of poly-

meric bone scaffolds with various architectural parameters. This knowledge plays

a pivotal role in guiding the redesign of structures that are more aptly tailored for

bone replacement within the field of bone tissue engineering. Such redesign takes

into account the observed modes of failure and deformation, thus facilitating the

creation of more effective and efficient bone tissue engineering solutions.

7.2 Future Recommendations

The current study lays a solid foundation for future research in several promising

directions within the field of bone tissue engineering and additive manufacturing.

Some potential avenues for future work based on the findings and scope of this

study include:

7.2.1 Advanced Printing Techniques

Given the dynamic nature of the 3D printing field, it is prudent to consider the

exploration of emerging 3D printing technologies and hybrid approaches in scaffold

design. These innovative approaches have the potential to harness the strengths

of both PolyJet and µSLA printing techniques to create scaffold structures with

improved mechanical properties, precision, and intricate geometries. By blend-

ing the advantages of different printing methods, such as the high resolution and

material diversity of PolyJet with the superior mechanical performance of µSLA,

researchers can achieve a synergy that leads to advanced scaffold designs. This hy-

bridization may enable the production of intricate, patient-specific bone scaffolds

that not only mimic the mechanical properties of natural bone but also facilitate

more accurate and personalized regenerative treatments.
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Moreover, the pursuit of such hybrid approaches aligns with the broader trend

in the 3D printing field towards enhancing the biofabrication of scaffolds for var-

ious tissue engineering applications. As we delve deeper into the integration of

advanced biomaterials and precise printing techniques, the potential for more re-

alistic and functional bone scaffolds becomes increasingly attainable. These in-

novations promise to drive forward the capabilities of 3D printing in regenerative

medicine, and it’s essential to continue exploring such avenues to remain at the

forefront of scaffold design and manufacturing. This forward-looking approach

opens new horizons for the development of scaffold structures that can offer not

only mechanical support but also foster effective tissue regeneration and healing.

7.2.2 Material Selection and Optimization

Explore a wider range of biomaterials and composite materials to enhance the

mechanical performance, biocompatibility, and overall functionality of the printed

bone scaffolds. Optimization of material composition and printing parameters can

lead to improved scaffold properties. Diversifying the exploration of biomaterials

and composite materials represents another pivotal avenue for advancing the field

of 3D-printed bone scaffolds. While existing materials have demonstrated their

utility, further research should encompass a broader spectrum of materials to en-

hance mechanical performance, biocompatibility, and overall functionality. The

quest for innovative materials can potentially lead to the development of scaffold

structures that more closely replicate the characteristics of natural bone, such

as its strength, density, and mineral composition. Optimizing material composi-

tion and refining printing parameters are integral steps in this journey, as they

can have a profound impact on the final scaffold properties. Through systematic

experimentation and material science research, it’s possible to achieve a deeper

understanding of how different biomaterials and composites interact with printing

processes, thereby enabling the production of highly tailored, patient-specific bone

scaffolds.
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Furthermore, this quest for diverse biomaterials aligns with the overarching goal

of expanding the range of applications for 3D-printed bone scaffolds. Beyond tra-

ditional regenerative medicine, these innovative materials may find use in drug

delivery systems, diagnostic tools, and even as models for studying bone-related

diseases. By pushing the boundaries of material exploration and development, re-

searchers can pioneer advancements that enhance the versatility, adaptability, and

overall efficacy of 3D-printed bone scaffolds, ultimately benefitting a wide array

of healthcare and biomedical applications. The journey towards more advanced

and versatile scaffold designs underscores the ever-evolving nature of medical 3D

printing and its transformative potential in modern medicine.

7.2.3 Biological Integration

An essential aspect of advancing the field of 3D-printed bone scaffolds is the in-

depth study of their biological response and compatibility within the human body.

To accomplish this, researchers should conduct comprehensive investigations into

how these scaffolds interact with living tissues. Such studies can involve assessing

the potential for cell attachment, proliferation, and tissue regeneration, both in

controlled laboratory settings (in vitro) and within living organisms (in vivo).

In vitro research provides a controlled environment to evaluate how cells, such as

osteoblasts or mesenchymal stem cells, interact with the scaffold materials. This

controlled setting allows for meticulous examination of cell attachment and prolif-

eration on the scaffold’s surface and within its pores. Researchers can manipulate

various factors to optimize conditions for encouraging cell growth and tissue regen-

eration, such as scaffold surface modifications, growth factors, and biocompatible

coatings.

Concurrently, in vivo research takes these investigations to the next level by in-

troducing the 3D-printed bone scaffolds into animal models or, eventually, human

subjects. This provides a more accurate representation of how the scaffold behaves
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within a living organism. Researchers can evaluate how the scaffold influences tis-

sue regeneration and natural bone formation in a dynamic, biological context. The

goal here is to closely simulate and understand how the scaffold interacts with the

host’s own biological processes, aiding not only in the development of improved

scaffolds but also in the potential for personalized regenerative treatments.

Ultimately, this dual approach of in vitro and in vivo research is essential to com-

prehensively assess the performance of 3D-printed bone scaffolds. By scrutinizing

the biological response and compatibility of these scaffolds in varying biological

contexts, we move closer to harnessing their full potential in clinical applications,

including bone reconstruction, repair, and regenerative medicine.

7.2.4 Functional Gradients

A promising avenue of research in the development of 3D-printed bone scaffolds

is the exploration of functional gradients within the scaffold structure. This inno-

vative approach involves carefully tailoring the scaffold’s characteristics, such as

porosity or material properties, to create seamless transitions between the scaffold

and the adjacent natural tissues, which can be bone or other types of tissues. The

primary objective of these modifications is to enhance the integration and healing

processes, particularly in the context of tissue engineering applications.

Functional gradients within the scaffold can serve multiple purposes. They can

provide a gradual shift in mechanical properties, transitioning from the scaffold’s

stiffness to the natural tissue’s properties, which can be essential for load-bearing

regions where a sudden transition might cause stress concentrations and lead to

complications. Furthermore, these gradients can facilitate the gradual transfer of

biological signals, promoting the recruitment of cells and tissue regeneration at

the scaffold-tissue interface. This strategy can significantly improve the long-term

stability and functionality of the engineered tissue.

In the context of bone tissue engineering, these functional gradients can be par-

ticularly beneficial when dealing with complex structures like the bone-cartilage
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interface or bone-tendon junctions, where a gradual shift in mechanical properties

and tissue types is a critical design consideration. By meticulously fine-tuning

the scaffold’s properties to match the surrounding tissues, researchers can pave

the way for more successful and efficient regenerative treatments and significantly

enhance the patient’s quality of life after bone injuries or degenerative diseases.

7.2.5 Patient-Specific Design

An essential advancement in the field of 3D-printed bone scaffolds involves the

development of methods for crafting patient-specific scaffolds by harnessing the

power of medical imaging data and computer modeling. This approach centers

around the idea of tailoring scaffold designs to precisely match the unique needs

and anatomical variations of each individual patient. By doing so, the potential

emerges for creating highly effective and personalized solutions for bone repair and

regeneration.

The process begins with the acquisition of detailed medical imaging data, such as

CT scans or MRI images, which provide comprehensive insights into the patient’s

specific bone structure and any existing defects or injuries. This data is then

translated into digital 3D models through computer modeling software, offering a

highly accurate representation of the patient’s anatomy.

The next step involves using these digital models as a blueprint for 3D printing

patient-specific bone scaffolds. By customizing the design to align with the pa-

tient’s precise requirements, including the size, shape, and unique features of the

affected bone or area, the resulting scaffold can provide an exact fit. This level of

personalization enhances the scaffold’s ability to support bone repair and regener-

ation while minimizing potential complications associated with ill-fitting, generic

solutions.

In essence, the development of patient-specific bone scaffolds represents a signifi-

cant leap forward in the field of regenerative medicine. It not only addresses the
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challenges of anatomical variation but also opens doors to more efficient and suc-

cessful bone repair treatments, ultimately improving the quality of life for patients

facing bone-related injuries and conditions.

7.2.6 Mechanical Performance under Dynamic Loading

Broadening the scope of research to comprehensively evaluate the mechanical per-

formance of 3D-printed bone scaffolds is a recommended approach. This expanded

assessment should encompass not only static loading scenarios but also dynamic

or cyclic loading conditions. These dynamic loading conditions are designed to

mimic the real-world pressures and stresses that bones endure during everyday

activities, such as walking, running, or engaging in physical activities.

Static loading tests provide valuable insights into a scaffold’s initial response to a

constant force, but dynamic or cyclic loading experiments are essential for a more

holistic understanding of how these scaffolds perform over time. This dynamic

loading replication helps researchers better predict how scaffolds will function in

practical scenarios, as bones rarely encounter static loads in real life. By simulating

the repetitive stresses associated with dynamic activities, researchers can assess

factors like fatigue resistance, long-term durability, and the ability of the scaffold

to support healing and regeneration in a more realistic manner.

Incorporating dynamic or cyclic loading tests is particularly important when de-

veloping 3D-printed bone scaffolds, as these structures must not only provide me-

chanical support but also withstand the rigors of daily life. This approach ensures

that the scaffolds meet the stringent requirements for long-term stability and effec-

tiveness, ultimately contributing to their potential success in clinical applications,

such as bone reconstruction and regenerative medicine.
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7.2.7 Long-Term Degradation Studies

An important facet of advancing the field of 3D-printed scaffolds, particularly in

the context of regenerative medicine and tissue engineering, involves conducting

thorough investigations into the long-term degradation behavior of these printed

structures within various biological environments. This research aims to gain a

comprehensive understanding of how these scaffolds change and deteriorate over

extended periods. This knowledge is instrumental in assessing their durability and

lifespan, critical factors in evaluating their efficacy for clinical applications.

Scaffold degradation over time is a multifaceted process influenced by several fac-

tors, including the choice of materials, the scaffold’s porosity, and the specific bio-

logical environment it is placed within. Monitoring this degradation is essential as

it helps researchers and medical practitioners anticipate how long the scaffold can

effectively provide structural support, encourage tissue regeneration, and facilitate

healing. It also aids in predicting when the scaffold may need to be replaced or if

it can naturally integrate with the host tissue over time.

In practical terms, this research involves studying how the scaffold’s physical and

chemical properties change over time, whether it undergoes controlled degradation,

and how these changes might influence its mechanical properties and its ability

to promote tissue growth. An in-depth understanding of the long-term degrada-

tion behavior is pivotal for optimizing scaffold designs, ensuring their safety and

effectiveness, and ultimately enhancing the success of regenerative treatments and

tissue repair over extended periods of patient care.

7.2.8 Multi-Material Printing

A valuable avenue of exploration in the realm of 3D-printed bone scaffolds is the as-

sessment of the feasibility of multi-material printing techniques. These advanced

techniques have the potential to create scaffolds with varying mechanical prop-

erties, enabling a more precise replication of the different regions found within

natural bone.
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Natural bone is a complex composite material that exhibits variations in mechan-

ical properties throughout its structure. For instance, the outer cortical bone is

denser and stiffer, providing robust support and protection, while the inner tra-

becular bone is more porous, allowing for flexibility and absorbing impact forces.

To better emulate these distinct characteristics within 3D-printed bone scaffolds,

the integration of multi-material printing becomes paramount.

Multi-material 3D printing allows for the strategic incorporation of different ma-

terials or material compositions into various regions of the scaffold. This opens

up the possibility of achieving a seamless transition in mechanical properties from

one part of the scaffold to another, much like the natural variations in bone. The

ability to replicate these gradients in mechanical properties within the scaffold is

particularly advantageous for areas such as bone-cartilage interfaces or the junc-

tions between tendons and bone, where a gradual shift in stiffness is crucial.

By investigating the feasibility and refining the techniques for multi-material 3D

printing, researchers aim to create more biomimetic and functional bone scaffolds.

These scaffolds can offer an improved match to the diverse mechanical properties of

natural bone, which in turn can enhance their performance in clinical applications,

such as bone repair and regenerative medicine. The versatility of multi-material

printing holds great potential for advancing the field of bone scaffold design, pro-

moting better patient outcomes, and contributing to the development of more

sophisticated and personalized regenerative treatments.

7.2.9 Clinical Translation

A crucial step in the advancement of 3D-printed bone scaffolds is to establish

collaborative partnerships with medical professionals. These partnerships aim to

bridge the gap between laboratory research and the practical implementation of

these scaffolds in clinical settings. This collaboration involves conducting preclini-

cal trials and safety assessments, which serve as essential intermediary steps before

the potential utilization of these innovative scaffolds in real patient scenarios.
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In this collaborative approach, medical professionals, including clinicians and sur-

geons, provide valuable input and expertise to guide the research and development

process. Their insights are instrumental in aligning the scaffold designs with the

specific requirements and challenges encountered in clinical practice. By working

closely with these experts, researchers can better tailor the scaffolds to address

real-world medical needs and considerations.

Preclinical trials and safety assessments serve as a vital phase in this journey.

These evaluations involve testing the scaffold’s performance, biocompatibility, and

safety in controlled settings that simulate aspects of human biology without di-

rectly involving patients. This step is critical for identifying any potential issues,

refining the scaffold’s design, and ensuring its safety and effectiveness before mov-

ing to clinical trials with human subjects.

By following this collaborative and methodical approach, researchers are not only

better equipped to create scaffold designs that genuinely meet the needs of med-

ical professionals and patients but also to facilitate a smoother transition from

laboratory research to clinical application. This process ultimately contributes to

the development of safer and more effective treatments, potentially transforming

the landscape of bone repair, reconstruction, and regenerative medicine.

7.2.10 Incorporating Bioactive Factors

One promising avenue of research in the development of 3D-printed bone scaf-

folds involves a deeper investigation into the incorporation of bioactive molecules.

These molecules, which can include growth factors, signaling molecules, or other

bioactive agents, are strategically integrated into the scaffold’s design to enhance

the processes of tissue regeneration and healing.

Bioactive molecules play a critical role in regulating various cellular activities, such

as cell proliferation, differentiation, and tissue development. By embedding these

molecules within the scaffold, researchers could aim to create a more conducive

environment for these vital cellular processes. This, in turn, can significantly
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accelerate the body’s natural healing mechanisms and promote efficient tissue

regeneration.

The incorporation of bioactive molecules into the scaffold design is especially rel-

evant for bone regeneration, as it can help stimulate the formation of new bone

tissue at an optimal rate. This approach can be tailored to address specific clinical

scenarios, such as cases of bone defects or fractures where enhanced regrowth is

desired.

In practical terms, the choice of bioactive molecules and the spatial distribution

within the scaffold must be carefully considered. This requires a thorough un-

derstanding of the molecular signaling pathways involved in bone regeneration.

Additionally, factors like the release kinetics of these molecules from the scaffold,

their stability, and their compatibility with the scaffold materials need to be eval-

uated.

By exploring this avenue of research, scientists aim to develop advanced 3D-printed

bone scaffolds that not only provide mechanical support but also actively partici-

pate in the healing process. This holds great potential for improving the outcomes

of bone repair, reconstruction, and regenerative medicine by enhancing the body’s

own regenerative capabilities and potentially reducing the need for additional med-

ical interventions.

Overall, the current study opens up a multitude of avenues for future investiga-

tions that can advance the field of BTE, refine scaffold design, and ultimately

contribute to more effective and innovative bone repair and replacement strate-

gies. The future steps for the study are to perform more work on the modelling

of the scaffolds and perform accelerated aging simulations to evaluate the scaffold

performance. In order to perform in-vitro biocompatibility tests using human and

model animal cells, coatings of the scaffolds could be planned. For the prolifera-

tion and cytotoxicity, in-vitro and in-vivo biocompatibility tests will be performed.

Sustainability of the scaffolds will need to be investigated.
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[84] M. Bartoš, T. Suchỳ, and R. Foltán, “Note on the use of different approaches

to determine the pore sizes of tissue engineering scaffolds: what do we mea-

sure?,” Biomedical Engineering Online, vol. 17, pp. 1–15, 2018.

[85] T. M. Koushik, C. M. Miller, and E. Antunes, “Bone tissue engineering

scaffolds: Function of multi-material hierarchically structured scaffolds,” Ad-

vanced Healthcare Materials, p. 2202766, 2023.

[86] J. Krieghoff, A.-K. Picke, J. Salbach-Hirsch, S. Rother, C. Heinemann,
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