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Abstract 

This research study shows the enhancing biocompatibility and structural integrity of Hip 

and Femur Implants through PEEK Composite and FDM Techniques. Examines using 

polyether-ether-ketone (PEEK) materials for improved bone implantation. While PEEK 

materials offer benefits such as non-toxicity, high strength, and toughness, they often fall 

short in replicating natural bone strength and biological properties. Addressing these 

limitations, this study presents the development and application of functional PEEK 

composites in designing and manufacturing hip and femur bone implants that closely 

emulate natural bone structures. By adopting fused deposition modelling (FDM) 

techniques,  and have developed porous hip and femur bone implants with 

homogenization lattice structures. The PEEK was enhanced through extrusion, spraying 

and coating deposition methods, incorporating biocomposites like calcium 

hydroxyapatite (cHAp)/reduced graphene oxide (rGO) to boost the material's 

performance. This novel approach also involves creating a novel lattice structure to 

mimic the bone structure within the composite for a more realistic bone implant. The 

research encompasses extensive testing, including compressive and tensile tests on PEEK 

and its composites, comparing these with simulated outcomes. The implants, comprising 

varying composite aggregates (up to 30% weight), were 3D-printed and assessed using 

scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDXS). 

The biocompatibility of these PEEK composites was verified through in-vitro cell 

cytotoxicity experiments, revealing a marked improvement in cell adhesion and overall 

properties. The cells produced PEEK composites quicker than pure PEEK materials was 

observed. Adding cHAp and rGO significantly boosted the material's mechanical 

strengths to match those of a hip bone. The elastic modulus, anisotropy, and cell 

properties were also investigated, resulting in a PEEK-hydroxyapatite (HAp) composite 

with micropores and nanostructures, promoting bioactivity, controlled configuration 

distribution, and cell growth. In conclusion, this thesis not only elucidates the potential 

of PEEK composites in facilitating hip and femur bone implantation but also paves the 

way for developing more biocompatible materials. This will undeniably benefit hip and 

femur implantation's scientific and industries.                                                                                                                             

Keywords: Bone implant; PEEK; cHAp; Biocompatible; Hip implant; rGO; Bioactivity;  
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A (ρ)   Internal free surface area  

a (ρ)  Internal free surface area per unit volume 

Wt%   Weight percentage 

Ɛ   Strain 

σ   Stress 

υ           Piosson Ratio 
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CHAPTER ONE 

 

1.0. INTRODUCTION 

1.1. Background to the research 

This chapter presents the research background of designing and fabricating hip and femur 

medical implants. The significance of the study, the key goals and objectives, the extent 

of the research, the importance (justification), the repercussions, the knowledge additions 

(research innovation), and the form of a condensed thesis are all covered. It is well 

acknowledged that 3D printing and additive manufacturing (AM) is transforming 

industrial processes. There are many challenges in AM competing with specific 

established traditional techniques, which are still considered sluggish. 3D printing for 

mass production requires time, rendering it unsuitable for many industries [1,2]. 

However, the medical sector is very interested in this implant technology since it may 

develop customised treatments for each patient. Physicians use about 7.5 billion distinct 

morphologies for medical 3D printing of bone, thus becoming a viable option for creating 

a custom-made implant to suit patient requirements [3]. According to Allied industry 

research, the medical 3D printing market will reach about $17 billion in 2020 [4]. The 

possibilities of increasing the medical industry market can be attributed to 3D printing 

technology customisation capabilities. Additive Manufacturing of prostheses and 

implants that improve surgical outcomes or medical devices that simplify delicate 

transactions, such as surgical guides or other visual aids [4,5]. 

Technological and health advancements have enhanced people's quality of life by 

extending the average life expectancy to 69.8 years. Millions of people worldwide are 

plagued by degenerative and inflammatory diseases of the bones and joints caused by it 

[5]. These issues cause over half of all chronic illnesses affecting persons over 50 in 

developed countries. Europe's senior population (over 65) has risen in the last decade [6]. 

According to official estimates, the elderly will account for about 26% of the population 

in 2030, increasing to 29% in 2060 [7]. Between 2015 and 2060, the number of 

individuals over 80 will double, from 614,000 to 1,421,000 [8,9]. These findings are 

concerning because, in addition to the problems mentioned previously, this age group has 
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a high prevalence of bone fractures, low back pain, and other musculoskeletal problems 

that require resolution with permanent, temporary, or biodegradable biomaterials.  

Orthopaedics aims to implant biomaterials into the human body to fulfil biological tasks. 

Additionally, when required, it entails replacing or mending various tissues, such as bone 

and cartilage, directing bone healing, as shown in Figure 1.1. There are presently critical 

orthopaedic needs for bone replacement, joint repair, and regeneration. Immense 

biomaterials have been improved over the last 60 years, with three distinct generations 

emerging. The first generation encompasses materials used in wood and metal for bone 

repair and support. Titanium and other alloys are used in the second generation of implant 

materials with selective laser melting (SLM) production. Materials designed to elicit 

specific biological reactions at the molecular level are now in their third generation 

[10,11]. These groups must be understood conceptually since each reflects a development 

in the needs and characteristics of the materials. Figure 1.1 shows that around 1.2 million 

wheelchair users in the UK are due to bone defects. Two-thirds of them are regular users. 

Approximately 160,000 total hip and knee replacement procedures are performed in 

England and Wales yearly. Hip and knee replacements are performed in over 400 

facilities. The market for orthopaedic implants is expected to grow by $10.09 billion 

between 2021 and 2025, according to [12,13]. This result implies that research and 

development efforts focus on first or second-generation biomaterials based on their 

characteristics. New-generation materials do not always necessitate abolishing those 

already in use. 
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Figure 1.1 Background and motivation-problem in a bone defect brings about this research on bone 

defects and the proportion of the population using mobility and device [14, 15]. 

Furthermore, because the human body is very corrosive, prospective materials are 

subjected to stringent requirements. As a result, the first generation of biomaterials was 

made from readily available industrial materials that were required to be as inert as 

possible to prevent corrosion and the release of ions and particles after implantation. 

Mechanical characteristics are also critical in determining whether materials are suitable 

for implant production. Another urgent need is the notion of biocompatibility when 

coupled with standardised in-vitro and in-vivo testing, which enables the assessment of 

synthetic materials' biological behaviour. The sole criterion for synthetic materials was a 

good mix of physical characteristics corresponding to the restored tissue while eliciting 

a minimum harmful reaction from the host. Due to their static nature, these were classified 

as first-generation biomaterials [15,16]. 

The second generation of biomaterials was introduced between 1980 and 2000. It was 

distinguished by developing bioactive materials capable of interacting with biological 

systems. This result enhances biological responsiveness and tissue connection while also 

increasing the ability of bioabsorbable materials to degrade gradually. Materials' contact 

or impact on cells to drive or activate them to fulfil tasks and behaviours is referred to as 
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bioactivity. Mineralisation fortifies the connection between bone tissue and the implant. 

It is one of the most widely used techniques for increasing bioactivity in bone healing 

and fixing applications. Figure 1.2 depicts the current materials used in the production of 

hip implants and the current growth in polymer usage for an implant which shows a 

continuous growth over the years when compared with other materials [17,18]. 

 

Figure 1.2 Human femur bone, depicting (a) a diseased hip bone that needs replacement and (b) a present 

model of a hip bone implant with metal [19,20]. 

The characteristics of these materials must be compatible with their capacity to 

communicate with and promote cellular activity and behaviour. This generation involves 

developing temporary 3D porous structures that encourage cell invasion, proliferation, 

and surfaces functionalised with peptide sequences that imitate extracellular matrix 

components to elicit biological responses. Tissue engineering is a growing field that may 

provide viable tissue and graft transplantation alternatives. Tissue engineering entails 

manipulating cells, which is not an easy task and is a significant shortcoming when 

considering the widespread usage of this method in a hospital setting. Despite this, tissue 

engineering is a promising technique that offers many new opportunities for research and 

study in regenerative medicine [20,21]. 
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Stainless steel alloys were the first metal in orthopaedics throughout the twentieth 

century. It was about the 1940s when titanium and titanium alloys were first produced 

commercially [22]. A new class of memory alloys, nickel-titanium (NiTi) shaped, 

emerged in the 1960s. Their remarkable mechanical properties looked to open a whole 

new field of application to limited allergenicity and its applicability. This develops an 

oxide layer of highly adhering, self-repairing, and corrosion-resistant chromium (III) 

oxyhydroxide (Cr2O3) on the surface. Stainless steel is frequently utilised in temporary 

trauma devices like fracture plates and screws because of its cheap availability and secure 

processing. Due to the better mechanical and corrosion characteristics of titanium (Ti) 

and cobalt-chromium (Co-Cr) based alloys, their application in orthopaedic joint 

prostheses is limited because of the stiffness and significant weight and lack of inadequate 

biocompatibility [23]. 

The first generation's most widely used ceramic biomaterials include alumina and other 

porous ceramics, with alumina being the most common. As a result of its low friction and 

wear coefficients, alumina has been extensively utilised for over two decades. However, 

it has an extremely high modulus of elasticity, measuring 380 GPa [24]. Alumina 

acetabular cup is a spongy bone substitute that produces significant mechanical stress 

issues in older individuals with osteoporosis, ultimately leading to degeneration. In 

particular, the leftover monomer can potentially enter the bloodstream and cause an 

embolism. In some situations, the stiffness difference between a metallic prosthesis and 

the bone can produce stress, leading to cracks and the release of particles, which can 

induce an inflammatory reaction when they touch the surrounding tissues. 

Polyether-ether-ketone (PEEK) and ultrahigh molecular weight polyethene (UHMWPE) 

are especially appealing for orthopaedic applications [25]. Examples include acetabular 

coating cups in total hip arthroplasties and total hip replacements. Tibial implants are 

used as a spacer to replace the artificial knee arthroplasties. PEEK materials are excellent 

alternatives for medical applications due to their unique features, which include excellent 

impact resistance and high toughness while preserving biocompatibility. On the other 

hand, wear occurs, and debris produces unfavourable consequences. Bioactive interfaces, 

which trigger a particular biological reaction, are becoming more critical in creating 

second-generation biomaterials [26,27]. Figure 1.3 shows the fracture stages healing of a 

scaffold implant through the healing and degradation of biomaterials 
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Figure 1.3 Stages of secondary fracture healing [28,29]. 

The PEEK is a semicrystalline, straight-chain polyaromatic polymer that exhibits 

excellent mechanical strength and chemical resistance [25]. For this reason, about two 

decades ago, its use as a biomaterial for orthopaedic, traumatological, and spinal implants 

began to be investigated. One of the most studied strategies currently involves producing 

polymeric composites and nanocomposites in polymers used as biomaterials. The latter 

are composite materials in which the reinforcement has at least one dimension on the 

nanometre scale, usually below 100 nm. Including particles, nanoparticles, or fibres in 

polymers, carbon fibres and nanotubes, hydroxyapatite particles, and nanoparticles, in 

general, increase the materials' strength and modulus and reduce the deformation at the 

break. In orthopaedic applications, polymeric composites have become extensive due to 

the production capacity of low-density materials, high performance, and mechanical 

properties comparable to bone tissue [29,30]. 

Hydroxyapatite (HAp) is an inorganic mineral found in the composition of bones and 

teeth. In addition to having osteoconductive characteristics, it can be manufactured 

synthetically. This material stimulates new bone tissue development on the implant from 
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its muscles, making the prosthesis more stable. It results in a substantial rise in the 

material's elastic modulus and improves its performance. On the other hand, composites 

significantly impact their tensile strength and toughness. It is known that modest 

concentrations of inorganic nanometric particles of 3 to 5%, combined with polymeric 

matrix, may offer the same characteristics and advantages as traditional composites, with 

20-30% reinforcement. Scientific data from [29-31] suggests that a biomaterial substrate 

generated by nanoscale components is superior biologically. As a result, nanostructured 

components are regarded as potentially valuable biomaterials [31,32]. On the other hand, 

the availability of powders containing particles of the nanometric scale is still restricted. 

In the next section, the introduction of product types suitable for PEEK and its 

composites, such as cHAp and rGO will be discussed, in addition to the extrusion process. 

1.2. Extrusion process 

PEEK is a high-performance semicrystalline engineering thermoplastic which is a 

material that becomes plastic on heating and hardens on cooling and can repeat these 

processes and retain its properties. PEEK belongs to the poly (aryl-ether-ketones) PAEK 

class, which is distinguished by the presence of benzene rings linked by oxygen (ether) 

and carbonyls (ketone). Its glass transition temperature is approximately 143oC, and the 

crystalline melting temperature is about 334oC. This result implies a high performance at 

high temperatures and processing temperatures of 355-380oC. Despite the high 

processing temperatures, PEEK is easily moulded using traditional processing techniques 

such as extrusion and injection moulding. PEEK can reach maximum crystallinity values 

between 30% and 35%. After extrusion, the material can also be machined in the chosen 

format. However, PEEK became the top contender for high-performance thermoplastics 

to replace metal implants, particularly in the orthopaedic field, as Force-bearing implants 

in the late 1990s. After repeated heating, the material proved healthy and maintained its 

high mechanical properties [7,33]. 

1.2.1. PEEK for bone implants 

The need for bone implants has skyrocketed in recent years, owing primarily to 

congenital and late-life illnesses and diseases. The hip and femur, placed in the area where 

the therapy is to be done, are options for alleviating or eliminating the effects of these 

disorders. PEEK is a polymer utilised as a raw material in producing orthopaedic 
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implants. This polymer has good mechanical qualities, is biocompatible, and possesses 

features like those found in human bones. In terms of elasticity coefficients, it is almost 

identical to the original implant, suggesting a higher functional efficiency. The usage of 

PEEK has grown significantly in recent years to about 1.5 million kilograms in a 

year[32,33]. 

1.2.2. Motivation for study 

As previously stated, over 190,000 total hip, femur, and knee replacement procedures are 

performed yearly in England and Wales alone. Hip and femur replacements are 

performed in over 400 facilities. Titanium and other metal are the primary materials used 

in implants; however, they are heavier, more expensive than polymer-based materials, 

and difficult to process through fused deposition modelling (FDM) [31,32]. Titanium is 

difficult to machine and process into the different bone implants and mimics bone 

structure through lattice structure. PEEK is a good material recently introduced into bone-

implant, which is easy to machine when compared with titanium and other metal and not 

relatively expensive. The demand for this polymer grew due to the interest in developing 

hip prostheses and fracture fixation plates to make the biomaterial closer to the rigidity 

of human bones[34]. However, doubts and concerns about PEEK's high performance and 

better compatibility are questionable for a hip implant.  

In the cortical bone, the elasticity module is approximately 18 GPa. Without adding other 

elements that can modify its properties, PEEK has an elasticity modulus between 3 to 4 

GPa, which can be improved if a composite is added. It is observed in titanium, another 

biomaterial used, at approximately 110 GPa, which is too heavy and stiff for the body. 

PEEK properties can be manipulated using physical, chemical, and mechanical 

processing methods, combining changes in surface properties to improve their 

applicability and functionality in bone implants to the maximum [35–37]. However, 

biocompatibility is needed to reduce toxicity, increase the bioactivities with body tissue, 

and increase the strength to a higher standard like that of bone. In machinability, PEEK 

is better to machine than titanium and other metal but not easy to machine compared to 

other polymers due to the high melting temperature. It is, therefore, advisable to use FDM 

as a production method in this thesis for the easy operation and manipulation of 

components compared with other AM processes and to archive accurate expected results- 

with good tolerance. This will help medical devices and other manufacturing industries 
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benefit from the design and manufacturing process explained in this work. It will help 

many implant industries with a selection of materials and design prospects in bone-

implant design, especially hip and femur implants. Specifically, the development of 

prostheses and bone implants has spread globally with the rapid advancement of medicine 

and all the associated biotechnology. Parallel to this development, this research will 

benefit from different biocompatible materials that perform structural functions in the 

human body as implants and prostheses of reinforcements.  

1.3. Statement of problems 

In bone repair, osteogenic biomaterials are critical because they provide the required 

substrate for cell growth, tissue regeneration and cell proliferation and differentiation 

while also regulating the activity and function of cells in the bone. The development of 

bone biomaterials has been prioritised, with particular attention on the resulting issues: 

(i) emerging ideal biomaterials with an optimal balance of physical and mechanical 

qualities, (ii) Inducing the purposeful separation of stem cells for artificial-to-biological 

conversion. PEEK materials have proven to be durable and promising in recent years. 

However, the PEEK and its family compounds, such as poly-ether-ketone (PEK) and 

some of their composites, could not support optimum cell proliferation on the surface of 

the materials due to a lack of good biocompatibility properties. Numerous strategies have 

been investigated to address the difficulties associated with tissue engineering 

applications. These methods can be grouped into surface treatments and material 

modifications. When a material is modified, additives that can change the properties of 

the matrix are introduced, or the matrix is blended with another polymer. The 

biocompatibility, mechanical issue, and structural integrity have not been extensively 

investigated using experimental and computational methodologies. Therefore, this PhD 

research explores the above limitations of PEEK towards improving their properties for 

a breakthrough in bone implants. The proposed research method, materials, and solutions 

are discussed in the next section. 

1.4. Proposed research methodology and solutions 

This research aims to create a distinctive composite scaffold for an implant using PEEK 

and two other composites, cHAp and rGO, in various micrometric scale combinations. 

The objective is to create porous three-dimensional structures with organised 
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interconnectivity between the pores and appropriate mechanical characteristics. The 

material selection preparation and the 3D models of the suggested scaffolds are used to 

modify the scaffold's parameters. Experimental and modelling techniques were used to 

examine surface treatment and compatibility suggestions. The study and treatment of 

PEEK's surface structure for bone implants' surface integrity have been suggested based 

on the introduction of a novel composite. Another coating technique is discussed by 

immersing the polymer into the composite dissolved in acetone and ethanol, which 

applies to two distinct extruding machine configurations.  To improve and mimic bone-

like structure compatibility in the implant is necessary to introduce lattice structures, such 

as face centre cubic octahedron (FCCO), diamond, primitive and gyroid. They were 

investigated using microstructural analysis. This needs to be proposed research aim and 

objective in the next section. 

1.5. The research aims and objectives. 

1.5.1. Aim 

This research aims to develop a biomedical PEEK composite for hip and femur implant 

scaffolds.  

1.5.2. Objectives of the study 

The following aim was completed, as described previously, to meet the study's objectives: 

i. Investigate the unique approaches for PEEK composite to manufacture a novel 

composite. 

ii. Develop and optimise a scaffold with PEEK-cHAp-rGO in different ratios: 1 to 

5% for a bone implant. 

iii. Investigate the standard lattices and combination of a distinct lattice with PEEK, 

cHAp and rGO for a bone implant. 

iv. Design modelling and simulating lattice structures for a hip implant and femur 

bone. 

v. To characterise the scaffold's in-vitro biocompatibility, conduct mechanical 

testing, data analysis, and cell culture investigations.  
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1.5.3. Contributions to knowledge (research novelty) 

In this experimental and analytical investigation on developing and analysing a new 

polymer composite for an implant, a thorough and critical evaluation of the most current 

composite designs for biomedical implants was undertaken in the introduction section. 

Following that, the research questions were discussed. The structure and geometry of the 

lattices, the materials and parametric printing techniques used, and the inherent 

difficulties that PEEK composites face were all addressed. The interconnectivity impacts 

of mechanical characteristics that may restrict the samples were also discussed, as are the 

related problems that face the 3D printing of composites in general and the potential 

limitations of the models. In addition, the sample's surface roughness and porosity were 

evaluated for their significance. Surface roughness is more likely to arise in PEEK, cHAp, 

and rGO material producers due to the well-designed bone shape and a complete 

understanding of 3D printing conditions. Compared to other materials, this outcome will 

yield more bone-reinforced composites for an implant. In addition to the different 

anticipated results from the core experimental and theoretical studies and the literature 

study contributions, the following contributions were made as this doctoral research 

progressed.: 

• A novel result of PEEK and PLA composite sample ratios on 3D printing for a 

bone implant was achieved. It is conceivable that the implications include 

appropriate management of surface roughness impacts but are not restricted. The 

optimum printing settings and composite samples have been established with 

pinpoint accuracy in experimental and computational circumstances. 

• Thorough experimental research was conducted on PEEK's scanning electron 

microscope (SEM) and its composites and related calculations. An experimental 

simulation and analytical study of the lattice structure for bone hip and femur 

implants on the samples have yielded promising and early findings, which will 

help to bridge some research gaps.  

• The impact of the new polymer composite's printing geometry integrated into 

PEEK is one of the benefits of this suggested model over the current models in 

the literature. The other advantage is that it is simpler to implement. In addition, 

a combination of concentrated and evenly distributed Force conditions will be 

applied to the samples using experimental and analytical techniques to determine 
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the effect of the structures. The design model was evaluated with several other 

models published in the literature. The findings were produced to show the 

compliant biocompatible bone implant created using the suggested model to 

mimic the outcomes of a bone hip and femur scaffold. 

1.6. Structure of the thesis  

The thesis is organised chronologically into the seven distinct chapters listed below. The 

flow and structure are briefly shown in Figure 1.4. 

 

 

 

 

Figure 1.4 Research structure 
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• Chapter 1: Introduction - This chapter serves as a guide for outlining the work's 

goals and demonstrating the document's structure. 

• Chapter 2: Literature review - This chapter discusses fundamental ideas that help 

contextualise the findings of the doctorate study. Additionally, it contains a 

bibliography evaluation of prior studies that addressed similar goals to those 

addressed in this study. It serves as a reference point for evaluating the acquired 

findings and conclusions. 

• Chapter 3: Materials and Techniques- This chapter discusses the process for 

producing composite formulations and evaluating the composite materials' 

characteristics. Additionally, it elucidates the suggested methods for coating the 

composite samples. 

• Chapter 4: Lattices creation - This chapter discusses the design of novel lattice 

structures relevant to bone structure. Evaluating various composites as additive 

and implant material is provided and analysed. 

• Chapter 5: Characterisation of mechanical strength and AM simulations of bone 

implants - A sequence of computer experiments was conducted, and the 

simulation results were presented, evaluated to the accurate results, and 

thoroughly debated. 

• Chapter 6: Microanalysis of structural cells - AM was used to obtain results from 

sample characterization tests, such as raw materials and structures. Surface 

roughness, SEM analysis, morphology, and infrared spectroscopy are used to 

characterise the mechanical properties of the composite material. At the same 

time, in-vitro tests are performed to determine the cell culture and proliferation 

potential of the composite material's surface porosity. Finally, the development 

of mesenchymal cells on the structures' surfaces was analysed. 

• Chapter 7: Conclusions and future research - The closing comments on the 

experimental and simulation findings are emphasised. Summarised paths for 

future studies are also suggested to continue the study presented in this thesis. 

• Bibliographies and references: Following the Vancouver Referencing Style, this 

part includes a list of all resources used in the thesis text, both cited (references) 

and uncited (bibliographies). 

• Dissemination: The study's publications are in indexed journals, respected 

books/book chapters/encyclopaedias, and regional/international conferences. The 
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lectures are made at various scientific and academic conferences and activities. 

Appendices: This section concludes the thesis by including the names and 

images/figures of other pertinent and supporting documents, codes, and 

certifications, to name a few, to provide further or clear comprehension of what 

has been stated or alluded to throughout the thesis. 
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CHAPTER TWO 

 

2.0. LITERATURE REVIEW 

2.1. Introduction 

This chapter describes the significant features of tissue engineering, emphasising the 

manufacture of support structures in the literature for tissue regeneration in terms of 

manufacturing techniques and materials used. This chapter focuses on the regeneration 

of bone tissue because of the enormous scope of application of the materials and methods 

developed in this doctoral thesis in tissue engineering. In this sense, this chapter includes 

an introduction to the main characteristics of tissue at a biological level and a 

bibliographic review of the main existing techniques used to search for strategies that 

allow the tissue to regenerate effectively. It also presents a compilation of the 

characteristics and main applications of the different materials proposed in the literature 

as potential supports for bone tissue regeneration and their main limitations. The literature 

review justifies polycaprolactone as a polymeric base material to formulate the different 

composites proposed in this work. This section gives an extensive description of the 

previous results on this material, and its main characteristics were studied and reported. 

This study includes a description of the main characteristics of the plant species and a 

review of the background of aloe extracts in tissue engineering applications. Finally, an 

evaluation of techniques based on plasma treatment to enhance the bifunctional properties 

of materials typically used in tissue engineering is included. Plasma treatment offers the 

possibility of introducing carboxyl and efficient hydroxyl groups on the surface of 

relatively simple material. Figure 2.1 depicts a flowchart for a literature review 

categorising composite materials and their production processes of methods used in AM, 

stating a review of a technique of PEEK, its implants, and their purposes in the medical 

field. For this reason, this technique was proposed previously for the polymer coating 

stage and is expected to provide functional groups on the surface of the polycaprolactone 

capable of interacting with the composite present in the extract[38,39]. 
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Figure 2.1 Summary literature review of PEEK, its implants, and their applications in the medical field. 

The various internal and external mechanical cues that control tissue recovery and the 

natural processes of bone formation and healing are discussed in this review chapter. The 

mechanical-biology analysis allows for a more straightforward abstraction of the bone-

implant interface, which leads to the development of a mathematical model of bone 

osseointegration. The following section describes the physiological and biochemical 

processes that allow new bone growth when the bone implant meets the body. Several 

mathematical models are reviewed in the literature, including specific tissue-recovery 

mechanisms, typical bone-bone implant healing, and a condensed mathematical model of 

implant integration and its mechanical-natural reality [40,41]. The next section critically 

reviews biocompatibility, a bioactive composite of different materials suitable for the 

PEEK production of hip and femur implants. 

2.2. Biocomposite materials  

2.2.1. Biomaterials 

A biomaterial is expected to interact with different biological to cure, enhance, or 

substitute tissue that temporarily performs a specific function. Biomaterials are designed 

to close touch with tissues and must meet several requirements to retain inherent 

properties such as biocompatibility. The biomaterial can repair injured tissue. They are 

divided into natural and synthetic [42–44]. When utilising them in specific applications, 
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consideration should be given to biocompatibility, mechanical stress, cost, and shape. As 

the structural components of scaffolds, biomaterials are critical in this setting. Even 

though these materials have been documented for millennia, practical methods for tissue 

regeneration are being developed. The categorisation of biomaterials utilised in tissue 

engineering, and the modification region for this study are shown in Figure 2.2. These 

techniques include an approach centred on altering the implant surface chemistry and 

affecting surface bioactivity[40-42]. The bioactivity of PEEK has been reported to be 

enhanced by wet chemical treatment in several investigations. PEEK surface chemistry 

changed to PEEK-OH and was subjected to various chemical treatments. The H2O 

contact angle of the sample decreased, indicating an increase in the bioactivity of PEEK. 

Another research discovered that the amine and carboxylic functional groups on the 

surface of PEEK could increase cell attachment and proliferation. PEEK-OH, generated 

by wet chemical treatment, were tested for bioactivity using fibronectin (FN) 

adsorption[42-44]. 

The results from [43,44] showed that proteins might be adsorbed, where fibronectin is 

covalently grafted onto PEEK-NCO. According to the findings, the effectiveness of the 

FN-treated substrate increased CaCO2 cell adhesion and proliferation in the absence of 

serum in separate research compared with the FN-coated PEEK substrate. The use of wet 

chemical treatment before enhancing apatite production by immersion in SBF was 

investigated with PEEK in SBF. The impact of NaOH pre-treatment on apatite formation 

was investigated [45,46]. The results indicated that the development of apatite coatings, 

which improved with pre-treatment, was feasible with NaOH. PEEK sulfonate, PEEK 

with subsequent dip and PEEK with a further drop in acetone. According to Figure 2.2, 

the research gap is printed in red ink, which is the modification of PEEK by combining 

cHAp and rGO using the surface modification method of a physical and chemical surface 

coating. 
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Figure 2.2 Classification of implant biomaterials and modification area for this research and gap. 

2.2.2. Bioactive composites 

Bioactive composites are compounds of calcium, phosphorus, and silicon dioxide. They 

are hard solids and osteoinductive since they are bioactive ceramics. This property 

implies that their union with bone is produced without forming an intermediate fibrous 

tissue layer. Therefore, they are used in bone defects as filler material and in compact 

form to create implants. When used as a graft, they form strong bonds with adjacent 

tissues between 52 and 70 MPa and generally increase union over time. The bioactive 

composite modulus of elasticity has a value like bone but still presents stress release. 

Also, the ultra-porosity provides a large bonding surface with the tissue. The ability to be 

also reabsorbed is advantageous. In tissue engineering, biocomposites that mimic living 

matter structures match the properties of tissues to be replaced. Metal matrix composite 

materials can be used for prostheses, with austenitic PEEK, PLA and PCL as a matrix 

and graphene oxide (GO) or HAp as a reinforcement. These composites have excellent 

mechanical properties but little adhesion with the bone [47,48]. Hence some coatings 

solve the compatibility problem. For the replacement of hard tissues, polymer-reinforced 
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ceramic matrix biocomposites can be an alternative. Simultaneously, the polymer 

decreases the elastic modulus of the compound to the extent that it approaches that of the 

actual bone, with the consequent decrease in tensions in the implant-bone joints. The 

best-known biocomposite is the ultra-high molecular weight polyethene hydroxyapatite 

compound.  

2.2.2.1. Hydroxyapatite 

HAp is a biocompatible, bioactive, osteoconductive and absorbable calcium phosphate. 

The use of calcium phosphates in medicine and dentistry began more than 20 years ago. 

Its applications include dental implants, percutaneous systems, orthopaedics, 

maxillofacial surgery, and hip and femur surgery [48,49]. The stability of calcium 

phosphate ceramics depends on the temperature and water content during processing and 

the medium in which they are found. Under the body conditions, the only stable calcium 

phosphates are brushite or dicalcium phosphate for a pH less than 4.5 and HAp for a pH 

greater than 4.5 [50]. cHAp is a ceramic material formed from tricalcium phosphate of 

formula Ca10(PO4)6(OH)2. Its biocompatibility is very high because its composition is 

similar to bones, with an almost equal ratio of calcium and phosphorus. Its most 

prominent property is interacting with bone tissue to stimulate bone growth [1,51,52]. It 

is obtained by sintering from calcium and phosphate salts of phosphoric acid and calcium 

hydroxide. It can also be produced using marine coral as a calcium carbonate source and 

transformed using ammonium phosphate at high pressure and temperature [53,54]. 

The drawback of this material is its low toughness and mechanical strength of high 

brittleness. There are also ceramic matrix compounds where a metal is used as 

reinforcement, improving mechanical properties. In the manufacture of composite 

biomaterials, it must be considered that each component must be biocompatible with the 

body's environment and not degrades the interface between the members. Chitosan-based 

biocomposite scaffolds for bone tissue engineering are shown in Figure 2.3.  
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Figure 2.3 Chitosan-based biocomposite scaffolds for bone tissue creation are being used to repair 

significant measurable bone defects. Cells and biomaterials, or a combination of cells stacked onto 

biodegradable platforms, are used in these scaffolds. [55,57]. 

These scaffolds, which contain cells and biomaterials or a combination of cells packed 

onto biodegradable programs, address fundamentally measurable bone defects. Increased 

bone cell penetration during osteointegration is facilitated by increased porosity; 

nevertheless, the mechanical properties of the coating are weakened as a result [55,56]. 

Because of this subject, a delicate balance must be struck to identify the optimum porosity 

for maximum saturation of bone cells without negatively affecting mechanical properties. 

HAp presents in various forms: in concrete blocks, porous solids, or powder. The 

powders are pressed and sintered at different temperatures, always higher than 100°C and 

at intervals to obtain the solids. The material properties received depend on these 

intervals; its modulus of elasticity can vary from 40 to 150 GPa [58]. With these data, it 

can be observed that the mechanical behaviour of HAp is higher than that of other 

ceramics, such as alumina. HAp stimulates the interaction between the bone and the 
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implant, accelerating its growth and integrating the prosthesis. Due to the excellent 

adhesion, they are coated mainly with PEEK components in femoral stems. The 

drawback of this coating is that it is used for high-temperature thermal spraying, 

transforming part of the HAp into a mixture of CaO, tricalcium phosphate and tetra 

calcium phosphate [59–61]. Therefore, it must undergo a 6-hour steam treatment or 

maintenance at 600°C to restore HAp, affecting the base metal’s properties [62]. Several 

studies are being conducted to explore the combination of PEEK with certain bioactive 

elements, which encourage bone development surrounding the implant to enhance the 

implant’s fixation [63,64]. In biomaterials, cHAp has established itself as standard 

reference material. The structure and chemicals of cHAp are like the mineral portion of 

bones and teeth [13]. It has outstanding biocompatibility and bioactivity characteristics. 

Allowing the growth of bone cells, fibroblasts, and osteoblasts does not differentiate it 

from the bone surface. Its hydrophilicity, which will enable it to be wetted by bodily 

fluids, does not distinguish it from the bone surface. Despite all the benefits of cHAp, its 

clinical use is restricted due to its slow biodegradation. In studies conducted over 

extended periods, it has been shown that cHAp starts to be reabsorbed gradually 4 to 5 

years after implantation [63]. Figure 2.4 from the left side shows the cell development of 

Hap NP forming into the fibre of a polymer matrix, also serving as a drug supplement for 

the polymer treatment for better compatibility to promote cell growth. After testing in 

Invitro for cell growth, a lattice scaffold coated in PEEK and cHAp nanoparticles is 

implanted into the damaged bone. The 3D-printed scaffold with a lattice structure creates 

an effective bone implant for the damaged bone [6,65,66]. 
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Figure 2.4 depicts the cell growth and development of a PEEK and cHAp nanoparticle-coated lattice 

scaffold and 3D-printed scaffolds with carbon nanotube lattices to produce an efficient bone-implant 

bioprinting technique[64,67]. 

HAp is a natural calcium phosphate and a primary mineral component of bone tissues. 

Its ceramics Ca10(PO4)6(OH)2 have been believed to be highly applicable. Grafts treat 

various ruined tissues. Its crystallinity ensures a high rate of extensive decomposition 

when constructed scaffolds, providing their symmetrical shape during tissue self-

regeneration [62-64]. There are also bone substitutes for octa calcium phosphates (OCP) 

and bone regeneration nanocomposites for the tricalcium phosphate (TCP), consisting of 

calcium phosphate phases with low solubility hydroxyapatite. These are all low-

crystallised carbonated cHAp, which began to be used as biomaterials from 

acknowledging the limitations of the cHAp phase use. Composite materials are shaped 

by the fraternisation of two or more biomaterials, one of which will be the base. The other 

will be supporting components, aiming to achieve specific properties for various 

applications. The mechanical properties of scaffolds are determined by their 

biocompatibility and the mixture of calcium phosphates and polymers. For bone tissue 

regeneration, PCL-HAp, PGA-HAp composites, and collagen-chitosan were defined 

[64,67,67]. 
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2.2.3. PEEK as a biomaterial  

PEEK column implants have recently gained popularity for treating spinal injuries. The 

structure of the PEEK molecule is depicted in Figure 2.5. PEEK was first developed as a 

high-performance thermoplastic to replace metal implants in the late 1990s, following 

the groundbreaking work of the British company In-vitro[66,67]. Since April 1998, it has 

been commercially available for this purpose [68,69]. Figure 2.5 also depicts the calcium-

based nanomaterials, such as cHAp, frequently used to construct new bone scaffolds on 

a PEEK surface. Figure 2.5 illustrates a biological macromolecule framework with spinal 

electrostimulation applied longitudinally through an axial channel[70–72].  

 

Figure 2.5 PEEK biological cellular structure, electrostimulation leg scaffold with a longitudinal axial 

channel and electrostimulation spinal scaffold with a longitudinal axial channel [73,74]. 

2.2.3.1. PEEK and other polymers for bone implant 

Ceramic materials are excessively fragile to withstand the mechanical stresses of bone 

tissue grafts. Thus polymers are used either of natural origins, such as collagen or 

chitosan, or synthetics, such as polylactic acid (PLA). PLA polymers are absorbable. 

Therefore, the main advantage is eliminating subsequent surgical processes that remove 

the support structures. Figure 2.6 lists the primary materials used in bone tissue 

regeneration using tissue engineering techniques. This brief section describes the main 
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characteristics of each of them. It presents some references that exemplify how they have 

been used in state-of-the-art. The new bone may develop and penetrate the porous 

sulfonate layer, demonstrating biological cytocompatibility Ossie integration [75,76]. 

Table 1 summarises the functional groups deposited in PEEK through wet chemical 

deposition to improve its bioactivity. When resorbable materials are used, the cell growth 

rate must be approximately equal to the degradation rate of support materials. The graft 

replaces the tissue at a reasonable rate since excessively rapid degradation implies a loss 

in the mechanical properties of the regenerated area. Also, a too-slow process hinders 

proper cell growth. 

On the other hand, some composites take advantage of different materials, especially 

mixtures of polymers and ceramic materials. Hydroxyapatite polycaprolactone is one of 

these most common types. However, polymer combinations with additional features are 

usually made of biofunctional processing products. Hydrogels stand out in biomaterials 

of a polymeric nature, 3D polymeric matrices capable of retaining a quantity of water, 

making them very interesting in simulating biological tissues and drug release. The 

environment provided by the hydrogels makes them suitable for incorporating cells in the 

medium to effectively support the printing process with the cells contained inside the 

hydrogel, with the advantage of controlling proliferation at specific sites [77,78]. This 

type of strategy is known as bioprinting. Polymers that formulate hydrogels are sodium 

alginate, collagen, chitosan, gelatine, fibrin, and hyaluronic acid. 
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Figure. 2.6 Analysis of biodegradable synthetic polymer composites and cHAp and their sustainability 

[79,80]. 

However, despite their outstanding biocompatibility characteristics and capability to 

provide a favourable environment for cell development, the application of such structures 

in bone regeneration is constrained by insufficient mechanical stiffness. It is worth 

highlighting that extensive research is focused on searching for different cross-linking 

systems capable of increasing the mechanical resistance of hydrogels while maintaining 

their cytocompatibility. Studies have also focused on developing additive hydrogels to 

improve structural integrity and mechanical properties. Obtaining printed gelatine 

structures demonstrated that nanohydroxyapatite in these supports is vital in osteogenic 

differentiation. They gave it an exciting potential for application in bone regeneration 

processes [81,81]. One of the primary polymers used in bone regeneration is PEEK. This 

polymer has many advantages and has been cited by many researchers. This critical 

review polymer (PEEK) will be discussed in more detail in the next section.  

2.2.3.2. Characteristics of PEEK 

PEEK can be combined with various additives to produce a variety of composites. A 

composite material comprises two phases, each retaining its unique physical and 

biological performances. Glass and carbon fibres were among the first additions utilised 

to enhance the strength and stiffness of PEEK. PEEK and carbon fibres combine to form 

an effective user interface that transfers mechanical stresses between the fibres and the 

polymer matrix. When carbon fibres are combined with PEEK, their length, size, and 

orientation determine their properties. This composite material is presently being utilised 

in the hip, femur and joint replacement implants, along with certain additives that 

improve the material's biomechanical properties. Barium sulphate is an example of an 

additive having these characteristics. Figure 2.7 shows the flowchart of Amorphous high-

performance polymers that are thermoformed, translucent, and used for bone implant 

through FDM. When combined with PEEK, a radio pacifier improves visibility and 

contrast in the medical image region, allowing easier radiological management during 

and after surgery [82,83]. Table 2.1 compares the molecular structures of several kinds 

of high-performance thermoplastics. 

Table 2.1 Comparison of diverse types of high-performance thermoplastics [84, 85]. 
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Properties Poly-Ether-Ketone-

Ketone (PEKK) 

Poly-Aryl-Ether-

Ketone (PAEK) 

Poly-Ether-

Ether-Ketone 

(PEEK) 

Chemical structure 

 

 

 

Glass transition temperature 

(°C) 

158 147 143 

Processing temperature (°C) 380 330–360 385 

Tensile strength (MPa) 145 149 152 

Youngs’ modulus (GPa) 5.2 4.1 5.2 

Biocompatibility Yes Yes Yes 

Processability Medium Medium Easy 

applications Automotive, chemical, 

and aerospace industries 

Bearings, piston parts, 

pumps, and valves  

Like PEKK and 

PAEK, along with 

biomedical 

applications. 

 

Figure 2.7 Flowchart of amorphous high-performance polymers and thermoformed capable, translucent 

[85,86] 

2.2.3.3. PEEK and its merit 

Different metallic implants and PEEK structures benefit from radiolucency benefits, 

including far more accurate insertion techniques and faster detection of postoperative 

problems. Biomaterials experts are pleased to have supported the goal to accelerate 

medical device innovation by providing innovative solutions and funding for research 

into PEEK. In-vitro is a breakthrough technology that utilises implantable polymers 
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based on high-performance PEEK, such as PEEK-cHAp Enhanced. The work maintains 

the outstanding compression and compression shear performances observed before. The 

actions listed in Table 2.2 may benefit PEEK-based biomedical composites and help 

enhance PEEK quality attributes. Researchers are constantly looking for ways to improve 

the performance of conventional metallic implants by using PEEK materials as 

subordinating materials [70,84,86]. Along the way, PEEK developed a reputation as a 

possible substitute for precious metals. The following table summarises the different 

actions that may benefit PEEK-based biomedical components.  

In contrast to PMMA and composite resins, which exhibited a polymerisation shrinkage 

of about 2% at 4% and deformed the scaffold from the original expected shape, PEEK 

does not shrink during the polymerisation process and remains chemically inert. In 

addition, PEEK exhibits good hardness, stiffness, and strength stability across a broad 

temperature range [86-88]. In comparison to other thermoplastic materials, this results in 

less distortion. A polished surface is essential for both its aesthetics and role in the build-

up of bacterial plaque, as shown by discovering a clear connection between surface 

topography and the development of biofilms on surfaces. Furthermore, the result of the 

biofilm surface of PEEK is comparable to or even less than that of dental materials like 

titanium zirconium. Due to these promising physical-mechanical properties compared 

with traditional alloys and ceramic dental materials [22,87,88].  

Table 2.2 Methods of improving quality of PEEK characteristics. 

Method Material system Affected 

property 

Significant outcome Ref. 

Composite 

fabrication 

PEEK-Alumina Mechanical Using 60% alumina reinforcement 

increased the dynamic strength of the 

resulting composite by 78 %. 

[89–91] 

PEEK, Carbon 

fibres and nano-

ZrO2 

Mechanical and 

tribological 

The stress concentration at the carbon 

fibre interface and the shear stress 

between sliding surfaces were reduced 

using nano-ZrO2 reinforcement. 

[92–94] 

PEEK-HAp Mechanical The resulting composite had a 

significantly higher tensile strength 

because of the strong interaction between 

HAp and PEEK. 

[35,59,65

,73] 

PEEK-inorganic 

tungsten 

disulphide- 

nanoparticles 

Mechanical and 

microscopical 

Since it was first developed, 60 % more 

hardness has been added to the product. 

[95,96] 
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PEEK-carbon 

nanotubes 

Mechanical and 

crystalline 

PEEK’s mechanical characteristics were 

improved because of the addition of the 

reinforcement, which also helped to 

decrease the crystallisation rate. 

[97–100] 

PEEK-β-TCP Biological The proliferation rates of normal human 

osteoblast cells’ growth on -TCP/PEEK 

were lower than normal human cells’ 

growth on PEEK. 

[54,101] 

Blending PEEK-

Polytetrafluoroeth

ylene 

Tribological The usage of polytetrafluoroethylene in 

PEEK has resulted in a reduction 

[94,102,1

03] 

Processing 

temperatur

e 

Injection 

moulding process 

Mechanical and 

tribological 

The hardness of the material rose as the 

processing temperature increased. 

[7,82] 

Use of 

additives 

Polyetherimide Mechanical  The mechanical and processing of 

PEEK-based products were improved 

because of the usage of AM. 

[104,105] 

Sterilisation – It has been discovered that steam therapy 

is more effective than other methods. 

[113,114] 

Electron 

beam 

deposition 

Titanium/PEEK Biological  PEEK implants with titanium coating 

have a higher bone-in-contact ratio than 

implants without the coating, according 

to in-vivo research. 

[22,106,1

07] 

Plasma 

immersion 

ion 

deposition 

– The therapy that was tried out aided in 

developing next-generation orthopaedic 

implants. 

[112] 

Pre-

treatment 

of PEEK 

Piranha solution 

etching and 

abrasion followed 

by chemical 

treatment, and 

Chemical  According to the researchers, PEEK’s 

adhesive qualities were enhanced by 

using a conjunction. 

[108–

110] 

Plasma 

treatment 

– Applying plasma to PEEK at 

atmospheric pressure significantly 

improved the strength polymer. 

[25,37,11

1] 

 

Polymeric composites have remained generally used in orthopaedic applications. 

Compared with bone tissue, they are expected to have modest densities, high 

performances, and mechanical properties. The thermal coating of cHAp is a time-

consuming and complicated procedure. Using traditional melt mixing techniques, the 

dispersion of these particles in a thick polymer matrix is challenging. Biomaterials must 

remain to perform their functions for increasingly prolonged periods since the 

population’s life expectancy has continuously increased [115,116]. There are many 

challenges concerning developing polymeric biomaterials, such as superior properties 

under fatigue, creep, and friction. Thus, this project aimed to produce a PEEK-nHAp 
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nanocomposite for biomaterial application and study the short traction and impact and 

prolonged duration fatigue mechanical behaviour, correlating the results obtained with 

the analysis of dynamic-mechanical thermal and the morphology resulting from the 

injection moulding of the same. Finally, in vitro biocompatibility experiments assessed 

the biomaterial interaction with the living organism [117,118]. The structure of the 

material enhances chemical and heat resistance. It has a melting temperature of about 

343°C, and its elastic modulus is between 3 and 4GPa. 

PEEK is also chemically inert. Since this material has a pearl white or opaque greyish-

brown colour, a composite resin coating is also necessary to achieve the ideal aesthetic. 

Water absorption, polymerisation shrinkage, structural stability, and polishing capacity 

are the most important characteristics to consider when evaluating the clinical lifespan of 

dental restorations. Even after a seven-day immersion at 121°C, it has been shown that 

PEEK absorbs less water than polymethylmethacrylate (PMMA). This brings about the 

difficulty in producing PEEK with other composites in different AM processes. PEEK is 

difficult to have with other composite combines. The next section addresses the various 

methods used in producing PEEK and its composite and the merit and demerit of this 

manufacturing method. 

2.3. Adopted manufacturing techniques for PEEK 

The techniques used to manufacture scaffolds must meet requirements that guarantee 

subsequent elucidation. The proportion accuracy in reproducing the anatomical design is 

necessary for all products. They should maintain the porosity characteristics, size, 

interconnectivity, and morphology to ensure regularity in this property for bone cell 

attachment. The traditional techniques for PEEK and its composite include FDM, union 

by fibres, phase separation processes, solvent casting, and particulate leaching 

coagulation of the material from a solution of the same gas [119,120]. Contrary to 

desirable characteristics, it foams high-pressure processing, hydrocarbon quenching, dry 

freezing, and combination [119]. These disadvantages include excessive dependence on 

manual labour, irregular geometric features, especially those related to the porosity of 

structure, toxic solvents, and design limitations [3,24,121]. 

On the other hand, AM techniques provide the advantage of granting high design 

flexibility, which is of great interest when it is intended to obtain specific structures for a 
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patient. Adding a composite improves the surface of the customised elements by 

integrating functionalised lacquering, which can enhance interface properties and 

combine drugs to cure pathologies derived from surgeries, if deemed necessary, by 

releasing these drugs. However, this grouping method does not provide any information 

on the principle of layered material processing of the different technologies. The other 

processing principles to classify AM technologies proposes this classification into seven 

categories or groups, as presented in Table 2.3. This will need to the next section, where 

the best manufacturing technic for PEEK is investigated and discussed, which is FDM 

Table 2.3 Classification of AM technologies according to the principle of layer processing  

Classification  Description of principles Technologies in used  Ref. 

Light curing 

in Cuba 

The liquid photosensitive polymer 

is selectively cured in a vat by 

light-activated polymerisation. 

Stereolithography (SL)  

Continuous liquid interface production 

(CLIP) 

[122,123] 

Material 

extrusion 

Material is selectively distributed 

(deposited) through a nozzle or 

hole. 

Fused deposition modelling (FDM) [124,125] 

Material 

blasting 

The building material is deposited 

in tiny drops. 

Polyjet, Multi-jet printing (MJP) [126,127] 

Binder 

blasting 

A liquid binder is to join powdered 

materials. 

Colour jet printing (CJP). [128–130] 

Powder bed 

fusion 

Thermal energy selectively fuses 

regions of a dust bed. 

Laser selective sintering (SLS), 

Electron beam squeezing (EBM) 

and among others. 

[126,131] 

Adding 

blades 

Blades of material are joined 

(glued) to form an object. 

Solids technology,  

Selective deposition lamination (SDL)  

Laminated object manufacturing 

(LOM) 

[4,132] 

Directed 

energy 

deposition 

(DED) 

For the fusion of materials when 

deposited, thermal energy is used. 

Laser-engineered net shaping (LENS) 

Direct metal deposition (DMD) 

3D laser cladding 

and others. 

[3,107,133] 

 

2.4. FDM of PEEK 

There are steps to standardise the properties of the biomedical PEEK. This standard 

specifies how the virgin raw material, pure – without additives, should be made available 

by the supplier, detailing the requirements and methods to be applied [112]. It also points 

out that PEEK characteristics can be modified and improved through some processes, 

including injection, extrusion, and sterilisation, to mention but a few. After making the 

products, the standard stipulates that validation tests must be carried out to ensure safety 
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and effectiveness, as agreed among the manufacturer, the consumer, and the responsible 

regulatory bodies. It also states that these normative references do not cover materials 

containing dyes, processing aids, other additives, and mixtures of other polymers 

containing PEEK or recovered materials [7,33]. Table 2.4 presents distinctive properties 

of forms manufactured from PEEK composite. However, commercial FDM machines 

require feeding wire-shaped material, a complex operation for many materials used to 

manufacture scaffolds. They are readily biodegradable, and their processability is not as 

versatile as thermoplastics commonly used in molten deposition modelling. This 

technique provides excellent accuracy at a micrometric working scale, repetitively 

obtaining structures and pore interconnectivity. However, the high-temperature 

application during the extrusion process can cause a partial degradation of the 

thermoplastic biodegradable and makes it impossible to introduce many natural polymers 

and growth factors into the formulation that cannot be processed at high temperatures 

[54,134]. Therefore, processes based on the extrusion of material solution and those based 

on deposition in low-temperature conditions have been proposed to ensure the 

solidification of the material. This thesis has studied introducing complex materials in 

AM techniques based on extrusion. This process allows greater versatility in the various 

materials used [86,127,135]. 

2.4.1. 3D printing of PEEK implants 

After an accident has led to a fracture, the best way to quickly regenerate the bone is to 

have stable and close contact with the bone fragments. The fracture space is more 

significant than 0.5 mm, and it is advisable to use implants to fix the damaged bone 

fragments. AM technology has a significant added value, allowing custom implants to be 

printed and offering faster bone regeneration. In addition to healing the bone faster, 

operations are more straightforward, and the risk of infection is reduced. Osseointegration 

is a healing method that involves contacting the bone surface with an implant without 

additional tissue. Therefore, PEEK implants are recommended for this medical 

procedure. Indeed, the development of bone cells directly on the PEEK implant is 

observed after a few weeks. This reaction can lead to permanent bone anchoring, making 

it easier to heal the bone and reducing the risk of long-term complications. 

3D printing allows greater freedom of design and the creation of tailor-made parts. When 

applied to the medical field, each patient needs implants adapted to their morphology or 
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healing needs [51,112]. A 3D printer such as Roboze One + 400 Xtreme can make 

implants faster while reducing material loss. Delivery times are reduced to zero, a 

significant advantage when dealing with potentially urgent operations and surgeries. As 

previously elucidated, PEEK has certain advantages in the medical field. Here are some 

concrete examples of what can be achieved with PEEK material: A cranial accident 

patient victim underwent an operation to implant a PEEK part, representing 75% of its 

cranial surface. The piece, printed to measure, allowed the patient to recover. More than 

500 patients in the United States could benefit from this procedure each month. Parts 

printed in PEEK have made it possible to protect satisfied patients from the harmful 

effects of radiation caused by radiotherapy. Impressions have been implanted between an 

organ and the radiation to protect the latter from the rays’ harmful effects. 

The 3D printing is tailor-made; the medical team can precisely protect organs and let the 

rays pass only over the areas that require intervention. Table 2.4 provides a complete 

description of the different PEEK biomaterials used for various biomedical applications. 

Likewise, Table 2.4 compares other high-performance thermoplastic materials that are 

popular options for 3D printing [51,136,137]. Historically, PEEK was not used for high-

speed manufacturing expected to the elevated cost of production—the 3D printing of 

printable hydroxyapatite (HAp) materials to replace lost bone support tissue. 

Table 2.4 PEEK-based biomedical devices are included in this list. 

PEEK 

composite 

Processing method Mechanical & 

service area 

Description 

Nano-

TiO2/PEEK 

[37,70,138] 

At 400 °C, the powder 

is mixed, and the 

compression mould is 

formed. 

The bending 

modulus is 3.8 GPa,   

Because of the use of nano-TiO2 

filling, the bioactivity is substantially 

enhanced. 

Nano-

HAP/PEEK 

[35,59,117] 

At 380°C, the powder 

is mixed, and the mould 

is compressed. 

The elastic modulus 

of 4.6 MPa implants. 

Nano-HAp/PEEK composites have 

been found to enhance cell spreading 

and osteogenic in-vitro. 

HAp 

embedded 

PEEK 

[34,60] 

Compression moulding, 

as well as chemical 

leaching, are used. 

Inter-body spinal 

fusion. 

The resultant material shows great 

promise for use in spinal implant 

applications. 

PEEK 

blanks 

[87,137,139,

140] 

After the milling 

process, the acid 

coating was performed. 

14.45 ± 2.57 MPa. 

Dental prosthesis. 

The mechanical characteristics of 

PEEK covered with silica were 

improved. 

PEEK 

[22,141,142] 

Using a phosphate-

buffered saline 

A maximum average 

Force of 1.92kN. 

Soaking did not affect PEEK. 
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solution, mould and 

soak at 400 degrees 

Celsius. 

Orthopaedic. 

Knitted 

carbon/PEE

K [143–145] 

Micro-braiding yarn 

and heat moulding at 

380°C are used in this 

process. 

Orthopaedic 

fixations. 

The deformability of knitted 

composite bone plates was shown to 

be more significant. 

Chitosan/P

EEK 

[37,54,146] 

Air plasma 

modification. 

Regenerative 

medicine. 

The antibacterial properties of 

chitosan were incorporated into the 

polymer. 

PEEK PSIs 

[126,147,14

8] 

– Maxillo-facial 

surgery. 

There were no problems because of 

the substance. 

PEEK films 

[36,103,149]  

Processing at 180°C 

with moulding and 

NaOH treatment 

Ophthalmology. The growth of the apatite layer on 

PEEK was very sluggish. 

PEEK 

[150,151] 

CNC milling. Skull bone 

treatment. 

Results encouraged the use of PEEK. 

 

2.4.2. Applications of PEEK and composite 

This study’s systematic review collects current knowledge on the PEEK of the coating 

method using cHAp. The gathered data demonstrates that the coating procedure may 

benefit the characteristics of PEEK. Additionally, the hardness of the PEEK surface 

influences the penetration of cHAp particles before coating. Increased crystallinity 

resulted in stiff characters and reduced cHAp particle penetration. The high-temperature 

coating process changes the crystallinity of the post-process component, resulting in 

localised deterioration and thermal stresses in the polymer[146-149]. As addressed 

extensively in this study, the mechanical properties of PEEK are temperature-dependent. 

Notably, implant cHAp particles may initiate pre-cracks and act as stress concentrators. 

This study demonstrates that crack propagation is the primary failure mode for PEEK 

implants during fatigue, occurring between Tg and crystalline fusion temperatures of 

143oC and 343oC, respectively, at a temperature of about 37oC. cHAp particles may 

initiate fracture propagation in PEEK by lowering the stress intensity factor needed for 

crack development [146,152,153]. The particles’ penetration depth, crystallinity, and the 

stiffness of the resin around the particles are all included as factors. Bone growth around 

the implant depends on the implant’s morphology and the location of the cementation 

line. Mechanical adhesion phenomena are often ignored, although cell growth and tissue 

formation directly affect cell attachment. The development of PEEK as a biomedical 

material implant for bone tissue engineering and general polymeric applications is 
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depicted in Figure 2.8. Mechanical contraction and activation factors are similar and 

simplified at the macrostructural level by the viscoelastic properties of the fibrin matrix 

and new osteoid. The Forcing effects on the implant are negligible when considering a 

recommended first healing time of three to six months. In addition to the theoretical 

contribution obtained from a review of previous research [89,127,154,155], these 

characteristics allow the construction of a preliminary model of the formation and repair 

processes at the polymeric implant-human tissue interface. 

An orthopaedic embed is a medical device that replaces a missing joint or bone and 

stabilises a fractured bone. The clinical embed is mainly constructed using maintained 

steel and PEEK for excellence. The plastic layer is designed to resemble a ligament. 

Interior obsession is an orthopaedic procedure that involves the placement of precise 

inserts to repair a bone. During the surgical treatment for fractured bones caused by 

internal preoccupation, the bone parts are first reduced to normal. They are secured in 

place with the use of internal fixators. Plates, screws, nails, pins, and wires are examples. 

Knee tendons that are in good condition benefit the joint. Current embedding systems 

comprehend the common's complexity and faithfully imitate a typical knee movement. 

For instance, in a healthy knee, the joints stabilise the joint. Where the femur, tibia and 

fibula meet at the tibia, many implanted planes protect the patient’s tendons, some 

inserted by others. The patella of the kneecap rests against the femur in the front portion 

of the knee. These bones are connected by tendons, muscles, and ligaments that assist in 

shaping and adjusting the joint axis [156–158]. Figure 2.9 depicts the method of 

implanting PEEK composites for medical purposes. Although four bones surround the 

knee joint, an implant affects the femur, tibia, and patella. Due to the three-part nature of 

prosthetic knee joints, many tooling companies develop and produce knee joints 

composed of various metals, plastic, and ceramic.  
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Figure. 2.8 Implantation of PEEK composites in medical applications is being investigated 

[61,140,159,160]. 

Implants are intended to either completely replace an organ or significantly enhance the 

function of one or more organs. As a result, it is completely suited to the patient and their 

body. When conventional production techniques are used, customisation is time-

consuming and costly. In contrast, medical 3D printing comes into play, allowing for 

customised dental implants. Numerous companies have entered this sector and 

manufacture bespoke medical devices using 3D technology. 3D printing offers many 

benefits, including converting a digital 3D model straight to a 3D anatomical model. It is 

critical to save time by delivering very high precision. Assuming it is worthwhile, this 

usher in an era of medical device personalisation. 3D anatomical sculptures with 

complicated geometric forms can also utilise conventional manufacturing methods. 
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Figure. 2.9 Examples of PEEK implants used in medical orthopaedics, as shown in a schematic diagram 

[45,64,161,162]. 

Talking about different types of bone and bone-implant as an application of PEEK and 

its various composite. There is a need to discuss how to produce both the internal and 

external structure of a bone and implant to have a good design and geometric design. The 

next section will review the lattice structures that help mimic the bone structure that 

makes a struct and good biological structure for cell tissue growth, known as a scaffold. 

2.5. Lattice structure 

Interest in obtaining as light as possible while maintaining appropriate mechanical 

properties has generally increased in the transport sector, especially in the automobile 

and aerospace industries [163]. Some lightweight materials consist of sandwich panels 

with micro-lattice cores or micro reticules. Due to their broad spectrum of possibilities 

for future applications, these new structures have been the object of further investigation 

in the last few years [164,165]. These applications are light structures, micro lattice 

structure thermal insulators, energy absorbers and explosives protection. Mechanical 
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strengths of these structures depend directly on the relative density (ρ), Ntopology of the 

rays, formed system and angle. Some studies have established that pyramidal structures 

provide greater strength. 

In Beam Lattice, a lattice represented by a cylindrical or rectangular strut connected and 

linked together the element in different directions can be avoided. They could cause less 

similar collapses and not achieve rigidity [164,166,167]. In contrast, they are more 

sensitive to localised deformations and suffer from localised damage in a specific 

orientation. Therefore, the proposed study on random structures allows the mechanical 

properties to be improved in all directions, causing eliminating natural fall plans for a 

type of general collapse. In addition, the potential for providing such structures is very 

high, although there are some drawbacks. One of them involves manufacturing. In the 

maturation process, no effective optimisation method has been established to fabricate 

structures of this type with given properties. There is also no model to predict a sufficient 

collapse of the arrangements. The resolution to these minor inconveniences places this 

material as a great alternative. As far as fabrication is concerned, the most innovative 

methods are now available in 3D fabrication varieties. 

The function of the type of material to be constructed determines 3D fabrication 

technology. The material selected and the manufacturing process directly influence the 

properties of the micro-lattice structure [164,168,169]. The element is reasonably used as 

a lattice structure to apply the micro-reticular materials as a structural unit of some 

construction. This type of configuration allows a flat surface material to form part of a 

flat surface. The sandwich-type panel also enables the distribution of features across the 

structure to benefit from a type of configuration. Some studies have reported the number 

of variables to manufacture microstructures for metals. Figure 2.10. shows different 

samples of Lattice cells and fabrication processes applied to bone implants. The sheet 

TPMS is the soft sheetlike structure used to represent the internal part of bone made of 

different designs. The skeletal TPMS is also used to generate the internal structure of the 

bone structure, which is made of a beam structure strengthened with varying radios of 

curves. However, an extrapolation of polymeric materials was done. Some researchers 

[170,171] identified four variables to appropriately assign a polymer to the function of 

its application as required: morphology, cell type, material and manufacturing process. 
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Figure. 2.10. Samples of Lattice cells and Schematic process for implant fabrication [172,173]. 

2.5.1. Porosity in 3D printing 

Various porous metallic materials have assisted the biological fixation of implants 

throughout the past two decades. Bone ingrowth around and with the porous surfaces is 

crucial for the effectiveness of cementless implants. As first-generation ingrowth surfaces 

have given way to developing a new generation of metallic foams with the potential to 

enhance cementless technology in all orthopaedic parts, porous biomaterials have grown 

over time [159,174]. The main things that an ideal porous metal should have are 

biocompatibility, which means that it should support regular cellular activity without 

harming the host tissue locally or systemically; it should be osteoconductive and 

osteoinductive. It should be able to cause blood vessels to grow inside or around the 

implant. Also, it should not make people sick. Size of pores: Scaffolds should have both 

large and small pores, which must be linked. Microporous and macroporous scaffolds 

can do better than scaffolds with only one porosity type. Porosity worsens mechanical 

properties like compressive strength and resistance to corrosion, which is a shame. 
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2.5.2. Lattice biomimetic of bone structure 

Bone tissue is a connective tissue of stable composition that performs supportive and 

protective functions. It differs from other body tissues in its high inorganic materials and 

contains mineral salts combined with the organic matrix. The composition of the bone 

varies according to each person’s age, habits and health. The prominent inorganic bones 

are calcium and phosphate; they form between 60 and 70% of the bone weight and have 

solid consistency [175,176]. Water is also abundant in living bone; its percentage by 

weight is up to 25%, and most in the organic matrix. The rest of the bone comprises other 

substances, such as proteins. The bone mineral is immersed in collagen protein fibres 

with different orientations. Collagen is the main element of the organic components of 

bone. Fibres are rigid and flexible; they resist stretching and have little extensibility. 

Collagen is the main fibrous component of many skeletal structures [177]. Scaffolds must 

develop the role of mimicking the extracellular medium to guide and favour the cells’ 

adhesion, proliferation, and migration during tissue regeneration. To conveniently fulfil 

this function, the design and manufacture of scaffolds must comply with the following 

requirements. 

To have interconnected pores of adequate dimensions to favour tissue integration and 

vascularisation, the blood supply in its implantation in-vivo. Therefore, the scaffold’s 

porosity also affects the diffusion of nutrients and gases necessary for cellular respiration. 

Bones are mainly composed of cortical bone and trabecular bone. The spongy bone 

occurs in the epiphyses of long bones inside the minor and flat bones [154,167,174].  The 

spaces among the trabeculae are occupied with red bone marrow. The cortical bone 

covers the porous, dense structure like ivory. Figure 2.11 shows the anisotropy features 

of microstructures for bone replacements with porous lattice implants with an application 

of AM in orthopaedics. A healthy bone structure mimics a lattice structure which helps 

control the design and develop a structure that is not just random. Producing a redone 

system like bone will not give appropriate control on the structure for better mechanical 

strength. 
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Figure 2.11 Anisotropy features of microstructures for bone replacements with porous lattice implants 

with an application of AM in orthopaedics and a healthy bone structure mimics a lattice structure 

[174,178,179]. 

2.5.3. Homogenisation in lattice design 

The geometric boundary method calculates time history and spherical coordinate systems 

when a program performs homogenisation and returns FEA results on cellular materials. 

The unit cell's characteristic length is generally considered several degrees lower than the 

expected length of the component. The homogeneous representation saves computing 

time when designing dense structures [180,181]. Homogeneous representation is a way 

of describing a dense network structure without displaying it in the model. Mathematical 

definitions are stored and used in Creo Simulate to analyse the structural, linear, static, 

and modal responses. This result translates to less time spent defining the mesh. 

Homogenisation techniques, reduced model size, faster simulation, and dynamic 

behaviour of periodic solids can also be verified. Multiscale approaches based on non-

asymptotic amplification were established in traditional homogenization to acquire data 

equal to data continuity on the characteristics and shapes of unit cells. Still, a study of the 

cell unit is critical to understanding the macro-level mechanical response of the material 

[48,178,179]. Various analytical methods and numbers have been proposed for the lattice 

cells in the implant struts, represented by a different colour in Figure 2.12. Also, Figure 

2.12 depicts the schematic process of the experimental lattice process of fabricating femur 

and hip implants. 
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Figure 2.12 Sample acetabular function on an isotropic lattice of a large segment of bone repair with 

porous scaffold using homogenisation [178,182]. 

In terms of the practical characteristics of a unit cell, the primary goal is to achieve macro-

material properties. Homogenisation often eliminates the need for an in-depth and 

sometimes impracticable study of the whole cellular microstructure. Matrix-based 

methods have recently made it feasible to homogenise flat features using Bloch’s theorem 

and the Cauchy-Bore hypothesis materials. The characterisation of cellular materials has 

benefited from the development of discrete homogenisation methods [65]. A 

homogeneous property and discrete sum of the equilibrium eigenvalues are turned into a 

continuous stress-strain relationship. For materials having periodic microstructures, 

numerical techniques such as the theory of asymptomatic homogenisation have 

successfully predicted their effective mechanical characteristics. The simulated 

combined stress response and damage modes were compatible with the experimental 

findings. The main benefit of anisotropy and homogenisation over other homogenisation 

methods is that the stress distribution in the unit cell can be precisely calculated and 

utilised for a thorough study of material strength and damage. Various articles’ primary 

issue in any particular solution method is choosing the most effective homogenisation 

approach with the lowest computing cost. However, this effort is often accompanied by 

trade-offs. For example, closed-form equations may rapidly determine mesh materials’ 

functional characteristics [174,183]. However, accuracy problems may emerge if the 
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microstructure does not match the model’s assumptions. This led to discussions and a 

critical review description of the cell generation process on a scaffold for bone implant 

in the next section. 

2.6. Cell regeneration and growth on a scaffold  

As defined by the International Society for bio fabrication in 2016, fabrication can be 

described as an enabling biological functional product with a structure organised from 

cells, molecules, and biomaterials such as microtissues of materials and cells through 

bioprinting and other subsequent automated processes. Artificial biomedical implants 

have become increasingly complicated because of advancements in manufacturing 

methods and the development of innovative materials [184,185]. The recent dealing with 

significant bone abnormalities, the materials utilised in therapy, and potential screening 

methods are critically reviewed. Materials articles can be grouped into three major groups 

depending on the materials used to create innovative bone graft alternatives. Polymers 

are the three categories [49,186]. As previously stated, the bone tissue research 

community is not particularly concerned with non-biodegradable polymers. However, 

several non-biodegradable polymer techniques show promising results in surface 

modification to address future implant infection issues. Many earlier investigations 

employed Mesenchymal stem cells (MSC) to demonstrate in vitro biocompatibility and 

functioning of developed materials scaffolds [73,187]. MSCs are selected because they 

are regarded as the most promising choice for cellular support of implant recovery. They 

include the in vitro model that closely reflects the natural bone healing process. Their 

multilineage differentiation and anti-inflammatory behaviour are reasons for this. 

Although MSC is very straightforward to acquire from a patient’s adipose tissue, the cell 

number separated from the tissue is too low for direct therapeutic usage [188]. As a result, 

following isolation, stem cells must be grown in-vivo. Following the expansion, stem 

cells with osteoinductive capabilities can be placed on the produced scaffold. These 

features signal that MSC always develops into osteoblasts, resulting in the scaffold’s 

highest potential initial osteoblast cell population [143,189]. Figure 2.13 shows 

implantation, demonstrating injection into a bone tissue defect. The distribution’s 

structure, structure, and size influence the structure’s mechanical characteristics and 

migrate cells. Bio-absorbable materials, composed of biodegradable and bioabsorbable 

materials, are biodegraded by an enzyme attack.  
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Figure 2.13. Implantation, demonstrating injection into a bone tissue defect. 

2.7. Summary 

The discovery of innovative materials for fabricating support structures for bone tissue 

regeneration is a high-priority research topic for developing new therapies for 

musculoskeletal disorders. Because of the literature review performed in this chapter, it 

is fair to conclude that, given the complexity of replicating biological tissue, there is a 

tendency to combine different components to maximise their relative advantages. 

Modifying the surfaces of structures used as bone regeneration supports is another 

approach to improving their properties. Surfaces are treated via plasma functionalisation 

or the application of bioactive coatings. The activation formulation for PEEK-based 

composites and the surface treatment of PEEK-based composite components were 

studied in this research. As shown in the present chapter’s discussion, this material was 

selected due to its ability to regenerate bone tissue. Finally, the benefits of the reviews 

demonstrate the superiority of AM over other conventional manufacturing techniques for 

porous tissue engineering applications. The activation and surface treatment of PEEK-

based composites is investigated in this research due to their shown capacity to repair 

bone tissue. This research demonstrates the advantages of AM techniques over 

conventional methods of porous tissue production. The study illuminates many critical 

aspects of how Hap and PEEK interact to stimulate physiological fluids. These studies 

will contribute to a better understanding of nanomaterial interactions. 
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2.8. Research gaps 

The hypothesis was that computer modelling and FEA of various lattice to biomimetic 

bone structures would help understand the strength of the resulting PEEK-matrix 

composites. There is no report on combining these methods to reduce rGO and bioactive 

calcium hydroxyapatite (cHAp). A novel porous lattice structure PEE-K composite for 

hip and femur bone implants with increased biomechanical strength and biomimetic bone 

structure has not been studied. The mechanical characteristics of these composites for 

bone implants have not been investigated. This work aims to describe a model of different 

new lattice PEEK composite reinforced with rGO and cHAp applied to bone implants 

like hip and femur implants. The objectives of this work were to perform computational 

analyses on various lattice PEEK composite models that characterise their morphology, 

structure, and mechanical properties. Moreover, conduct a preliminary investigation into 

how cells respond to combined modifications of rGO and cHAp in various proportions 

and the formation of surface macropores. 
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mimic bone implant  
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CHAPTER THREE 

 

3.0. DESIGN AND SIMULATION 

3.1. Design lattices cell  

Traditional subtraction methods, such as matrix plates, cannot produce complex 

structures with FDM. In the FDM process, objects are built up layer by layer. As produced 

via AM, the composites must create ultra-thin 3D designs for macro metric bone implants 

in length and breadth. These materials exhibit characteristics that are unique and, at times, 

startling. In this thesis, PEEK pore scaffolds with improved capability and lower weight 

were designed. After reviewing the literature, ten different lattice structures were 

selected, and the design unique to this thesis applies to hip and femur implants. These 

include Octahedron-cross, Octet-Truss, BCC-octahedron and Truncated octahedron. The 

beam lattices and a combination of different lattice structures to give an optimum design 

and porosity are used for the study. Also, six formulas, such as gyroid, diamond, 

primitive, neoviuos, splitp and lidinoin lattice, were selected based on their strength and 

structure to mimic bone structure for hip and femur implants. The cell design's different 

lattice structures and pores are compared in Figure 3.1, showing their porosity and cell 

combination. This results in increased penetrability to body fluids for the Force applied 

to each cell structure due to the increased penetrability. It is under computer control that 

the ideal geometry of the final complicated item is developed. 3D printed PEEK filler 

granules for filament were used, replacing composites 80-150 microns in length and 7 

microns in diameter, 2x 2x2mm. A cell of Ø0.4 mm is shown in the porous PEEK-rGO-

cHAp design configurations sample model. This study sought to improve understanding 

and offer simulation guidance by simulating and analysing various grid designs using 

finite element analysis (FEA) software. Since enhancing the part's homogenised 

characteristics, the components in the homogenisation process have a cumulative effect. 

Figure 3.1 presents five selected lattices to compare their porosity, pore size and structure 

to natural bone and know the easy movement of fluid within the structure. The average 

measure of the beam's cross-section width and thickness in open-cell specimens is 

included. Figure 3.1 shows the design of different lattice structures applied to hip and 

femur bone implants. The idea of selecting these types of lattice start cures is based on 

the lattice cell's mechanical strength and structural network. Some of these designs 
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combine lattice structures to make up one for better mechanical strength. This 

combination of cell structures is unique to this research. It has not been applied to PEEK 

and composite like cHAP and rGO before except by the author of this research indifferent 

ratio combination comparison. 

 

Figure 3.1 Proposed lattice CAD models for bone structures designed for this research. 

As shown in Figure 3.2, the probes with an open cell correspond to a micro lattice with a 

cubic beam repeated periodically. Also, Figure 3.2 shows a section of the five samples 

from the ten lattice designs. The different beam lattice scaffold increases strut thickness, 

leading to a difference in porosity. With inclination angles, neither one of the beams is 

blocked by the other beams in x, y, or z axis. When designing, the near wire was created 

by considering the same structure as the micro lattice type. The uniqueness of the beams 

vanishes due to an increase in thickness and is substituted by walls, which maintain the 

same geometry between the nodes. 
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Figure 3.2. Some different beam and formula lattice scaffolds and increases in strut thickness lead to a 

difference in porosity from the beam lattice structure. 

3.2. Lattice Cells Analysis 

Lattice cells exhibit unique and often unexpected characteristics in a micrometre-scale 

for an implant. They form lightweight biocomposites that revert to their original structure 

when compressed. 3D printing was utilised to create PEEK pores that were more capable 

and lighter. Figure 3.3 depicts a comparison of 4 lattice holes for the Force to the unit cell 

of a 2 x 2 x 2 mm of 0.4 mm strut demonstrating displacement and a 10x10 mm model 

of a scaffold: (a) octet-truss, (b) octahedron that has been truncated, (c) octahedron-cross 

and (d) octahedron BCC. A novel method for 3D printing bone structures that use a macro 

cell structure with controlled porosity was developed and modelled. In Figure 3.3, 4 

lattices were compared with porous designs, which increased body liquid inflow 

capacities for the Force to each cell inside the PEEK composite and structural strength 

with different volumes and affected the porosity.  
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a b c d 

Figure 3.3. Comparison of 4lattice holes with force applied to the unit cell of a 2x2x2mm of 0.4mm strut 

demonstrating  displacement of scaffold (a) Octet-Truss (FCCO) (b) Truncated octahedron (TOC) (c) 

Octahedron-cross (OCC)(d) BCC-octahedron (BCCO) with different volume and affect the porosity 

After reviewing the literature, four lattice structures for FEA analysis, including 

Octahedron-cross, Truncated octahedron, BCC- octahedron and Octet-Truss, are used to 

study. These structures are selected based on their mechanical strength and biomimetic 

design, like the internal structure of bones that can benefit from topology optimisation. 

Some of the lattice structure is described in Table 3.1 with the corresponding pore size. 

The comparison of the four pores of the network with the porous lattice design results in 

increased permeability to body fluids for the force applied to the cell inside the PEEK 

compound structure due to the increased permeability. The volume and porosity ratios of 

lattice structures are presented in Table 3.1 [49] 

Table 3.1. Designed lattice structure  

Samples Volume (mm3) Porosity (%) 

FCCO 313.534 58.45 

TOC 143.588 80.97 

OCC 191.185 74.66 

BCCO 286.198 62.07 

Bones may have an excellent capacity for the same weight and size because of the cell's 

mechanical strength, shown by its ability to keep its intricate 3D mesh structure after 

forty optimisation cycles [150]. It is required for transporting body fluids but has 

insufficient pressure. This new method is critical for mobile phones and medical 

equipment applications. Because of their lightweight and high mechanical strength 

capacity, the FCCO, diamond, and scaffold structures for 3D printing with two cells of 

0.25 and 0.2 mm for diamond framing were chosen. 
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The apparent density of the samples after sintering was estimated using Archimedes' 

method. The model was weighed dry for 15 minutes before being accepted as a saturated 

water sample. The model was immersed in boiling water to allow air to travel through 

the opening. On the other hand, the submerged sampling measured water-changing pores. 

The scaffold equation is used to calculate total porosity (3.1). The relative density of a 

scaffold can be determined by dividing it by its theoretical density with the lattice density. 

The 𝜌𝑎𝑝𝑝 1.3kgm-3 represents the theoretical density of PEEK, whereas R represents the 

apparent density determined using the technique. Archimedes' principle estimated the 

sample's apparent density after manufacture. The overall porosity of the scaffold is 

calculated using Equation (3.3). The relative density can be estimated by dividing the 

material thickness by the theoretical appearance using Equation 3.1-3.3. The m represents 

the mass of the scaffold 𝑚′ Represent the mass before immersing in water. 

 𝜌𝑎𝑝𝑝 =  𝜌𝑙𝑖𝑞  (
𝑚

𝑚′− 𝑚
)                                            (3.1) 

𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 (%) =  (1 −  
𝜌𝑎𝑝𝑝

𝜌𝑡ℎ𝑒
) × 100                                         (3.2) 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =  (
𝜌𝑎𝑝𝑝

𝜌𝑡ℎ𝑒
)  x 100                       (3.3) 

Where 𝜌𝑎𝑝𝑝 Is the apparent density in the air, 𝜌𝑙𝑖𝑞 Is the actual density of the substance 

in water, 𝜌𝑡ℎ𝑒is the density of the scaffold 

 

3.3. FEA of Homogenised stiffness mechanical properties 

PTC Creo 8 software was used to create the porous structural design. The porosity was 

assessed to verify the mathematical model of porosity and geometric parameters and 

establish its applicability. We tested porosity to verify the mathematical porosity and 

geometric characteristics model and know whether it could be used in real-world 

situations. The theoretical and experimental results are shown in Figures 3.4-3.8, as 

subsequently summarised. Porosity rises, yet the difference between theoretical and 

CAD-modeled computed values widens. However, the inaccuracy stays at 5% in this 

instance. Figure 3.4 and 3.5 compares the lattice models t stress and strain graph 

behaviour of the Octahedron-cross Cell (OCC) Body Centre Cubic-Octahedron (BCCO) 

model. Figures 3.6 and 3.7 also disrobe comparison of FEA of truncated octahedron cell 

(TOC)/Kelvin and face centre cubic-octahedron (FCCO). It can be shown from the graph 
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figure 3.4-3.7 that the strength of the composite increase as the composite percentage 

increase, which shows a favourable amount of increase in strength, toughness and 

flexibility. 

  

Figure 3.4 Comparison of Octahedron-cross Cell (OCC)  
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Figure 3.5 Comparison of Body Centre Cubic-Octahedron (BCCO)  

At a full domain scale of 14.5 and 375 mm2, 40 points were found using the one corner 

area-scale method on the first day, 15.1 and 538 µm2 on the first day, and 14.3 on the 7th 

day, shown in Figures 3.6 ad 3.7. Also, a tensile test was performed using a dog-bone 

structure on several lattice structures as on the composite and post-mechanical strength.  

0

1000

2000

3000

4000

0 0.02 0.04 0.06 0.08 0.1

S
tr

es
s 

(σ
) 

(M
P

a
)

Strain (Ɛ) mm/mm

PEEK

PEEKrGOcHAP1%

PEEKrGOcHAP3%

PEEKrGOcHAP5%

Experimental PEEK

Experimental 1%

Experimental 3%

Experimental 5%



 

78 

 

  

Figure 3.6 Comparison of TOC/Kelvin 

  

Figure 3.7 Comparison of face centre cubic FCCO. 
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3.4. Model of femurs bone 

The model was created more traditionally, beginning with a single unit cell, even if it 

may have been created using an equation-based modeller. It repeated it three times to get 

full-size cylinders. Figure 3.8 depicts the modelling approach, which includes the 

relevant measurements, a femur bone model with applied force and boundary conditions, 

and an iterative simulation programme for bone remodelling. The design selection was 

affected by manufacturing restrictions and the required pore size for sophisticated tissue 

engineering applications. Compression, performed on four samples from each structure, 

was the best and ideal choice for femur bone in terms of porosity and strength required 

for the four cells due to their strength. The reduction was parallel to the direction of the 

3D printing building. The connections contacts have object contacts of zero. The Femurs 

bone model was analysed with a face overlap tolerance and cylindrical Faces, which 

helped search across model bodies [49,181]. The model was designed and analysed using 

associativity with no coordinate systems with advanced geometry options. Reader mode 

saves updated files in the software using smart CAD updates. An import facet quality 

source with a stitched surface is used in the 3D analysis in place of mixed import 

resolution, and disconnected geometry is processed with enclosure and symmetry. 

 

Figure 3.8 Model of femur Hip bone showing applied Force, boundary condition, and iterative femur 

bone geometry remodelling[50, 182]. 
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Since the stiffness behaviour was adjustable with a coordinate system set at the default 

coordinate system, a reference temperature provided by the environment, and the 

reference frame Lagrange equation, the femurs bone model had 4444 nodes and 19772 

elements. The volume of the bone is 282.91 mm3, its mass is 3.6779 kg, and its centroid 

distances are 7.0653 mm, 15.055 mm, and 26.621 mm. The Moment of Inertia Ip1 is 

7.59x10-3 kg/mm2, the Moment of Inertia Ip2 is 7.61x10-3 kg/mm2, and the Moment of 

Inertia Ip3 is 1.04x10-4 kg/mm2. In the meshing analysis, the presentation style employs 

a geometry setting at the physics default of an explicit element order linear with a default 

element size. The centre of the original size seed has a coarse span angle. The enclosing 

box of the assembly has a diagonal of 43.16mm, a minimum edge length of 6.49x10-

3mm, and an average surface area of 0.235 mm2. The mesh quality check was accurate, 

with a high smoothing and no mesh metric inaccuracy of target quality default 0.05. The 

inflation does not use automatic inflation; instead, it grows at a rate of 1.2 at a transition 

ratio of 0.272 of the option's top five levels. The investigation was restricted to the 

inflation method without access to advanced settings. Figure 3.9 shows a Slipt, Lidinoid, 

Diamond and Gyroid lattice structure for the femur bone and a typical Force application 

on a unit cell for analysis. The number of central processing units for parallel part 

meshing was set to the program-controlled setting at straight-sided elements with rigid 

body behaviour and full mesh. The model employs program-controlled triangle surface 

meshes with topology verification and pinch tolerance while producing a pinch on 

refresh. 
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Figure 3.9 Lattice structure implant for femur bone and typical Force application on a unit cell for 

analysis. 

3.5. Result of Femur Design and Analysis 

PTC Creo 8.0 software Copyright © 2022 PTC Inc for design was used to generate the 

lattice and then updated in Ntopology. The Ansys workbench and the Ntopology software 

were used to model the excellent homogenisation of the methods. Selective electron beam 

melting was utilised on a preheated 10mm stainless steel beginning plate to construct bars 

with a 10mm supporting structure immediately on the starting plate after being heated to 

330oC. High-purity helium gas was utilised as a controlling gas to keep the powder from 

charging throughout the process, allowing complete control of the vacuum. The powder 

recovery system was able to extract semi-sintered powder particles completely. Figure 

3.10 depicts a von Mises stress of the femurs bone FEA of (a) PEEK, (b) PEEK-cHAp-

rGO at 1wt% of rGO and 30 wt% of cHAp, (c) PEEK-cHAp-rGO of 2 wt% of rGO and 

25 wt% of cHAp and (d) PEEK-cHAP-rGO of 3 wt% of rGO and 20 wt% cHAP, showing 

more comprehensive stress and Young’s modulus. When polished parallel on 

compression surfaces, a maximum is 10 µm was achieved between the lattices. The mean 

areas of the system were 17.7, 32.9, and 21.1mm2 for the three components. 



 

82 

 

 

Figure 3.10 A von Mises stress of the femurs bone FEA of (a) PEEK (b)PEEK-cHAp-rGO of 1wt% of 

rGO and 30wt% of cHAp (c) PEEK-cHAp-rGO of 2wt% of rGO and 25wt% of cHAp (d) PEEK-cHAP-

rGO of 3wt% of rGO and 20wt% cHAP 

Fatigue, a failure, is caused by repeated mechanical stress in the traction, flexion, torsion, 

and compression directions. The materials are stressed below their yield stress limit when 

this failure occurs. Polymeric material manufacturing procedures, in particular, are more 

complicated. Polymer fracture initiation processes differ from metals and ceramics, even 

though crack propagation is the same in all materials. Because of the nonlinear 

viscoelastic behaviour of polymeric materials, the test frequency and other fatigue-

specific features such as stress-strain levels and force application mode are critical factors 

to consider. Mechanical hysteresis and restricted thermal conductivity in polymers 

produce thermal failure when heated under cyclic stresses. Thermal softening failure 

occurs when the temperature rises to the glass transition temperature (Tg) of amorphous 

polymers or the melting point of semicrystalline polymers (Tm)[65,187]. Figure 3.11 

shows the FEA of the different sectional views of Von Mises stress femur bone, which 

shows each composite's internal structure and stress analysis.  
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Figure 3.11 FEA of a sectional view of Von mises stresses femurs bone (a) PEEK (b)PEEK-cHAp-rGO 

of 1wt% of rGO and 30wt% of cHAp (c) PEEK-cHAp-rGO of 2wt% of rGO and 25wt% of cHAp (d) 

PEEK-cHAP-rGO of 3wt% of rGO and 20wt% cHAP. 

Because of its high Tm of 343oC, thermal fatigue failure in PEEK is exceptional. 

Mechanical failure produced by fracture development is the most common type of failure. 

Defects are caused by the variability of materials and their microstructure. Particles 

beneath the surface of the cHAp-coated PEEK components produce heterogeneity. This 

results in macroscopic fractures due to complicated interactions between growth and 

defects. The FEA of a typical elastic strain femur bone. Cracks appear to propagate slowly 

at first, but they expand swiftly after a while. The fracture surface is frequently 

perpendicular to the applied force direction, indicating a failure process caused by 

damage propagation. Figure 3.12 shows the total deformation of femur bone FEA for the 

different composite ratios. 
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Figure 3.12 FEA of the deformation femur bone (a) PEEK (b)PEEK-cHAp-rGO of 1wt% of rGO and 

30wt% of cHAp (c) PEEK-cHAp-rGO of 2wt% of rGO and 25wt% of cHAp (d) PEEK-cHAP-rGO of 

3wt% of rGO and 20wt% cHAP. 

An analysis of a tiny piece of heterogeneous media is required to identify the attributes 

of the medium, which is the basis for the homogenization technique and is suitable for 

analysing lattice unit cells. The representative volume element (RVE) represents samples 

of the whole region. The RVE includes the microstructure of appropriate materials and 

extends to the global domain where uniformly applied strain, or stress occurs with a 

boundary condition. When utilised in homogenization procedures, material properties 

such as relative density, defined as the density ratio of lattice material to solid, play an 

essential role in establishing a lattice's elastostatics. The lattice Hip implant design, 

homogenisation, elastic and modulus of elasticity are explained in the next section to 

show the application of another four different lattice cell structures selected from the ten, 

which is the combination of beam and formula lattice. In sections 3.6 and 3.7, the design 

of the lattice on the Hip implant, the flow process of hip design, and the Homogenisation 

of elastic Hip implant behaviour with the corresponding result of lattices cell applied to 

the hip implant were discussed. 
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3.6. Design of lattice on the Hip implant 

The layer-by-layer production of items in 3D printing, also known as additive 

manufacturing (AM), allows the creation of structures that would be impossible to create 

with traditional removal techniques such as notching or milling. Ultra-thin 3D designs 

for bone transplants are constructed using composite materials. These components, too 

small to see with the naked eye, exhibit unique and often surprising properties when 

joined to form an ultra-lightweight biocomposite that will revert to its original structure 

following compression. The FDM was utilised to produce a more porous and capacious 

PEEK, as shown in Figure 3.14. Struts for hip implants with lattice cells. A lighter 

technique for 3D printing bone structures, producing large reticular structures with 

precisely regulated porosity, was used in the hip implant [48,176,190]. The usage of the 

five prosthetic Hip supports evaluated in this research is shown in Figure 3.13.  In the 

case of PEEK compounds, their porous nature may increase body fluid penetration 

capacity. The geometric characteristics of the strut cells and the diameter evaluate the 

size of the pores.  

 

Figure 3.13. Struts for hip implants with lattice cells. 



 

86 

 

Porous hip bone implants created through FDM closely mimic natural bone lattice 

architecture and mechanical properties. Using homogenisation control techniques, PEEK 

with rGO and cHAp prints five isotropic lattice patterns. The effective module surface of 

five composite porous unit lattice designs is studied in three dimensions (3D). FEA 

investigated the connection between anisotropy, Young's modulus, and cell properties. 

The hip implant of PEEK and composites-controlled analysis of homogenisation and 

porosity to enhance cellular penetration and biological integration was designed to suit a 

broken femur bone. It is crucial to maintain that the unit cells will be homogenised. Hip 

implants are ultimately manufactured using isotropic. The network was built in Creo, 

updated, and simulated using the Ntopology programme. ANSYS Workbench and 

ntopology for FEA were used to determine homogenisation.    

3.6.1. Flow process of hip design 

Figure 3.14 depicts the experimental research in schematic form of the technique for 

making hip implants using composite PEEK. Figure 3.14 illustrates the extrusion printing 

technology, mechanical testing technique, and implantation. The method described for 

the direct fabrication of PEEK components for rapid implant production has the potential 

to usher in a revolution in medical technology and manufacturing procedures. They have 

pioneered the possibility of rapidly manufacturing implants with significant macro-

dimensional compliance using cutting-edge technology. 
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Figure 3.14. Schematic procedure of the experimental process of fabricating hip implants with PEEK 

composite. 

3.6.2. Homogenisation elastic Hip implant 

Homogenization methods for lattice structure and material design are briefly discussed. 

Elasticity, solid-state and data processing contributed to developing these approaches. A 

lattice material's behaviour is determined by its lattice category, relative density, cell 

shape, and element. A precise model for lattice structures in terms of parameters is thus 

critical. The dependent node position vector is produced by linearly multiplying the free 

node position vector by the period vector's entire product. All internal nodes are self-

contained and always serve as agent nodes at the cell borders of the unit. Because of the 

macro-deformation displacement field, each micro-level rod receives internal stress. The 

bundle structure breaks when the inner tension in the tyre axle exceeds the material's 

elastic limit. Four of the ten lattice designs in this thesis were selected based on suitable 

strength and porosity for easy cell growth to apply to hip implants.  

The approach begins by determining the node displacement vector's macroscopic stress 

field. Subtract the actual vector from the microscopic node's vector. The primary force 

vector is calculated via elemental balancing, considering cross-normal sections and shear 
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distributions. Three to two maximum distances between the cross-centre sections and 

halfway are used to determine initial stress. At the point of maximum slackness, the shear 

force to zero was set appropriately for the fixed point. However, the next phase uses 

maximum von Mises stress by using the fundamental shearing force at the centre. This 

procedure is also compatible with cell devices used in biomedical applications that need 

tiny scaffolds. Microdevices, which can be thought of as a kind of non-biological cell, 

also contributed to this endeavour. Because of the procedure's low weight and high 

capacity, the bone implant can be used on a larger scale. This study constructed and 

examined four lattice structures with cell sizes of 0.4 mm each: an octet-truss lattice, an 

FCCO lattice, and two Schwarz Primitive structures with 0.20 and 0.40 mm, which are 

applied to the hip implant. 

3.7. Result of lattices cell Apply to hip implant 

3D printing produces porous PEEK with increased capacity and reduced weight. A novel 

technique for 3D manufacturing bone was designed by designing a PEEK composite with 

a porous lattice and a controlled microstructure. It is possible to increase the capacity of 

the bodily fluid to be carried; cells can enter virtually all bone formations via these sites. 

This result leads to very high utilisation and increased storage capacity for cells. A typical 

project consumes 10 and 30% of the entire compost volume. Increased Forcing rates and 

network design obtained via 3D printing provide a pathway for cells and fluids to be 

transported effectively inside the material.  

A parametric study of the traditional homogeneous elastic limit has revealed the 

following results in Figure 3.15. Two different components may represent the internal 

tension of the connecting rod. The first concerns normal strength, while the second 

concerns bending cells in an extended unit of measurement. The seal properties have only 

a minor influence on the height of tall unit cells. The cubic cell results in Figure 3.16 

demonstrate that the elastic limit entirely relies on the rod's diameter. The resistance of 

the cell is unaltered by the properties shared by all unit cells resulting in FCCO beam 

cells similar to those obtained for high-force joints in a cell. Low stiff joints affect 

perspective because the unit cell comprises a diagonal column of a straight line. 

The lattice modelling in Figures 3.15 to 17 shows the composite and cell generated 

outcomes that were reliant on the standard features for the hip implant is to check the 
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mechanical strength. This trend is more complicated to monitor than the other two notable 

growing cells. In terms of solidity, the more the out-centricity, the greater the size of the 

elastic border. A shorter framework length leads to less bending time and a more external 

body structure than a more extended framework. Figure 3.17 and 3.20 shows the 

compressive stress of PEEK-cHAp composites and the principal elastic strain of PEEK-

cHAp versus deformation, respectively. 

 

Figure 3.15 Compressive stress-deformation of PEEK-cHAp composites of a modelling result,  
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Figure 3.16 Compressive maximum principal elastic strain of PEEK-cHAp versus deformation. 

 

Based on the geometry of the stress curve, the force frequently follows the same trend as 

the grid plateau force behind the elastic zone net, providing compression resistance to the 

elastic zone. The number following the highest and equivalent relative densities will 

collapse next. According to this study, PEEK-rGO-HAp with a weight ratio of PEEK-69, 

cHAp-30, and rGO-1 had Young's modulus and compressive strengths of around 60% 

and 50% higher, respectively. The wall materials have a higher inherent pressure 

resistance than the PEEK-78, cHAp-20, PEEK-87, cHAp-10, and rGO-3 materials. This 

is noteworthy because the diamond's hexagonal porosity did not affect its hardness or 

strength, and its structure did not suggest fundamental differences. Figure 3.21 depicts 

mechanical tests of PEEK and compounds in a range of cHAp ratios from 5% to 30% by 

weight, with corresponding PEEK values ranging from 95 to 95% by weight, at 5%-by-

weight intervals, and structures 3D in a range of materials, from 5% to 70% by weight. 
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Figure 3.17. Strength of the various lattice structures  
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Figure 3.18 Von Mises Stress analysis of the deformation. 

The findings of an FEA of a PEEK-rGO-cHAp composite hip implant with varied 

component ratios are shown in Figure 3.23 (a-d). PEEK-69, cHAp-30, rGO-1 (wt%), 

PEEK-78, cHAp-20, rGO-2, and PEEK-87, cHAp-10, rGO-3 were used under specified 

Force conditions, as were PEEK-69, cHAp-30, rGO-1 (wt%). Figure 3.19 Composite 

lattice structures, with red denoting the highest stress area after applying Force unit cell 

equivalent (von Mises) stress (MPa) and Von-Mises Stress findings for a PEEK and 

composite hip implant: Diamond (a), Neovius (b), Octet-truss (c), and Lidinoin (d). 

Figure 3.19 depicts the Von-Mises Stress results for a hip implant of  (a) PEEK, (b) 

PEEK-69, cHAp-30, rGO-1, (c) PEEK-78, cHAp-20, rGO-2, and (d) PEEK-87, cHAp-

10, rGO-3 (wt%).                                   

The FEA setup features a simple force process with a completion time of 0.00001 and 

program-controlled starting time steps. The usual range safety factor is set to a minimum 

of 0.9 with a distinctive dimensional diagonal that is not scaled automatically. The safety 

factor was set to 1, and the carcass's hexagonal underlay was merged during printing. The 

shell shear correction factor was adjusted at 0.833, and the mean knot pressure test was 

used to determine the knot shell thickness. The program's control utilises Euler domain 

control to size the domain display accurately. All cell contents and domain resolution 

definitions have perfect bounds. When homogenisation and FEA findings are computed, 

the geometric scope technique produces time history and global coordinate systems. The 

average of the system's total results can be shown without computing the standard of the 

parts. To assess stress, stress, and all other safety considerations. The safety element 

supports PEEK-87, cHAp-10, and rGO-3% by weight due to its ability to sustain the 

tension of 25.32 GPa at the hip implant node with a minor deformation of 9.29 mm for 

PEEK with an uncertainty of 4.28 GPa and a deformation of 17.70 mm. Four-cell cubic 

samples were used to examine the effect of the angles chosen throughout the AM process. 

However, the address of the unit cell has been reversed. The features and homogeneous 

strength of about ten unit cell samples were simulated for better functionality in Figure 

3.24. For instance, all Schwarz Primitive cells are identical in structure. 

Lattice structures the highest strain area after applying Force cell equivalent elastic strain 

of diamond, Neovius, Octet-truss and Lidinoin. A parametric analysis was used to 
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determine the methods' effective structural parameters. Two mechanical properties are 

evaluated and compared with the test results: the elasticity module and the flow 

resistance. The normalisation of the data is performed using the most excellent and lowest 

modulus of elasticity recorded during the testing. For the octet-truss, kelvin, gyroid, and 

Schwarz primitives, the test produced 5790.7 MPa (413.9 MPa) and 165.3 MPa (110.4 

MPa), 291.7 MPa (260 MPa), and 751.2 MPa (468.5 MPa), respectively. The proposed 

technique of comparing the modulus of elasticity at the most significant rotation angle 

results in an exact process. They are modifying the Euler structure, which results in tighter 

predictions. Figure 3.20 shows lattice structures of composites, with red representing the 

highest displace area after applying Force total displacement of each unit cell. Different 

thicknesses of cell lattice samples were used to calculate the average elasticity limit for 

octet-truss, diamond, Neovius, and Lidinoin lattice structures. Each of these thicknesses is 

associated with a unique mean and range. The octet-truss had a young’s modulus of 496.8 

MPa (165.8 MPa), whereas the kelvin, gyroid, and Schwarz primitive lattices had a 

young’s modulus of 137.9 MPa (54.9 MPa), 275.8 MPa (31.7 MPa), and 609.8 MPa 

(282.7 MPa), respectively. The results show that the proposed homogenisation technique 

overvalues the elasticity module as a function of column diameter. 

Additionally, the stiffness was overestimated by substituting Euler structural components 

for unitary primitive Schwarz cells. Due to the curved nature of the primitive Schwarz 

cell and the low taper percentage of the neck, the member of the Euler framework 

overestimates its stiffness by ignoring shear deformation. As previously mentioned, 

asymptomatic homogenisation leads to a more elastic module. For flexible limit 

estimation, estimates for various discrete homogenisation methods will be different. 

Because AM utilises the whole geometry, the process’s effect cannot be included in the 

resource forecasting technique. 
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Figure 3.19 Von-Mises Stress results for a hip implant of  (a) PEEK, (b) PEEK-69, cHAp-30, rGO-1, (c) 

PEEK-78, cHAp-20, rGO-2, and (d) PEEK-87, cHAp-10, rGO-3 (wt%). 

Figures 3.21–3.23 illustrate the three-volume proportions of the PEEK compound. The 

stress distributions for three different mesh architectures are shown in Figure 3.24, as are 

the von Mises stress distributions for five different mesh configurations. 30 % cHAp and 

1 % rGO were found in 69 % PEEK samples, 20 % cHAp and 2 % rGO were identified 

in 78 % PEEK samples, and 10 % cHAp and 3 % rGO were found in 87 % PEEK samples. 

Chemical reactions in PEEK are impossible in a solution containing organic and 

molecular linkages that bind to the substance to produce a polymer containing resin 

containing PEEK, such as the scaffolding utilised in the experiment. For a PEEK hip 

implant and a composite of PEEK, PEEK-69, cHAp-30, rGO-1, PEEK-78, cHAp-20, 
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rGO-2, and PEEK-87, cHAp-10, rGO-3, FEA results were collected (Figure 3.22-25). 

(weighted average) 

 

(a) (b) (c) (d) 

Figure 3.20 Elastic Strain of (a) PEEK, (b) PEEK-69, cHAp-30, rGO-1, (c) PEEK-78, cHAp-20, rGO-2, 

and (d) PEEK-87, cHAp-10, rGO-3 (wt%). 

 

(a) (b) (c) (d) 

Figure 3.21 Total Deformation of (a) PEEK, (b) PEEK-69, cHAp-30, rGO-1, (c) PEEK-78, cHAp-20, 

rGO-2, and (d) PEEK-87, cHAp-10, rGO-3 (wt%). 
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(a) (b) (c) (d) 

Figure 3.22 Stress Safety of Factor of (a) PEEK, (b) PEEK-69, cHAp-30, rGO-1, (c) PEEK-78, cHAp-20, 

rGO-2, and (d) PEEK-87, cHAp-10, rGO-3 (wt%). 

 

Figure 3.23 Compressive analysis of (a) equivalent elastic strain versus deformation,  
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Figure 3.24 Compressive analysis of stress analysis of each unit cell by microstructure 

 

3.8. Conclusion 

Porous structures have been studied using an FEA method called modular 

homogenisation, which was developed to exemplify the geographical circulation of 

young modules and the grade of anisotropy in the structures, which determine the primary 

characteristic of sound properties of bone materials which determine the mechanical 

strength of the hip femurs bone implants. Geometric characteristics and homogenisation 

coefficients were mapped to carry out homogenisation control procedures. Using a four-

cell structure was analysed for each implant. Trabecular bone exhibited an elastic 

modulus equivalent to a diamond with the same porosity as diamond and gyroid cells. 

These components more closely resemble the hip bone than others. Compared with the 

custom mesh pore structures produced utilising 3D printing technology for hip implants, 

it demonstrates homogenisation between natural and porous materials. For weight-

bearing porous hip implants to be successful, the ability of this implant to homogenise 

bone density and mimic the behaviour of femoral bone is critical. 
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The spatial distribution of moduli and anisotropy has been characterised using an 

effective numerical method for modular homogenisation, which has been developed. It 

was discovered that there is a relationship between geometric parameters and 

homogenisation coefficients, allowing control. This section presents five examples of 

lattice structures demonstrating solid materials' modulus spatial distribution response. A 

porous structure with identical porosity may indicate that the modulus of elasticity of 

trabecular bone is equivalent to that of two lattices, namely diamond and nervous. These 

structures are more similar to the hip bone than the others. The difference in 

homogenisation between bone and the porous structure was evaluated with the custom 

lattice pore structures produced using 3D printing technology for hip implants, which are 

not available commercially. The ability of weight-porous hip implants to induce bone and 

mimic the mechanical characteristics of the femur bone is critical to the efficacy of these 

implants in the long term.  
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CHAPTER 4 

 

4.0. MATERIALS AND METHODS 

4.1. Introduction  

PEEK implants machined or printed have been utilised in tissue engineering for people 

and animals without significant problems. Due to its excellent mechanical properties, 

chemical stability, and biocompatibility, this polymer has been of substantial interest. It 

has been subjected to various treatments, such as centrifugal coating, gas plasma 

treatment, electron beam accumulation, or immersion of cHAp ions in the plasma. 

Compared with [181-190] moulded PEEK, the monotonic tensile test revealed that the 

material had a strength of 73.9%. At 6 and 12 weeks, bone growth was detected inside 

the pore layer using microcomputer tomography technology and histological 

examination, indicating a substantial response[183-185]. Generally, the material 

enhances process formation while preserving structural integrity, allowing PEEK to be 

utilised as a support surface in arthroplasty procedures and other applications [1,191]. It 

was processed using a 3D printer to create a bespoke implant from customised geometry. 

It was possible to produce the bearing surfaces that satisfy current implant requirements 

established by ASTM and, most significantly, [185,192]. 

The bacterial endurance of PEEK implants made with random capillary spacing 

nanocolumns was tested. It was later compared with the bacterial persistence of 

copolymer. The PEEK biomaterial's excellent mechanical performance, machinability, 

and thermal stability should be combined with the main bone component (cHAp) to 

produce an attractive and efficient PEEK-cHAp bio-scaffolding composite are both 

attractive and efficient. The primary focus was on applications that used unique 3D 

printing and FDM technologies.  
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Figure 4.1 Flowchart for modelling, simulation, and experiment methodology of the hip femurs bone 

implant and the lattice structure application. 

4.2. Material preparation  

According to the manufacturer, the property of the used PEEK is as follows; the density 

matrix is 1301 kg/m3, and the flow rate is 3.6g/min (400°C/2.16 kg) [186-188]. The glass 

transition temperature is 147°C, and the crystal melting temperature is 343°C. The nano-

hydroxyapatite (nHA) filler from Sigma is the preferred filler in this study. As a result of 

the sol-gel method, Aldrich nHA has an average particle size of less than 200 nm, a 

surface area of more than 9.4mn2/g, and the molecular formula [Ca5(OH)(PO4)3]. It has 

a 1.30 grams per cubic centimetre density and 36 g/min of 400 oC per 2.16kg. It has glass 

transition and crystal melting temperatures of 147 and 343oC, respectively. It is made 

from hydroxyapatite with different chemical compositions and morphology. 1) 
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Nanohydroxyapatite (nHA), supplied by Sigma Aldrich, with a mean particle less than 

200 nm, a surface area greater than 9.4m2/g, and the molecular formula Ca5(OH)(PO4)3 

with a spherical particle geometry. 2) Nanohydroxyapatite (nHA) supplied by Sigma 

Aldrich, with a mean size less than 200nm and a surface area greater than 9.4 µm. 

FDM is an AM method that specialises in producing PEEK components with very 

complex structures, which allows for more design freedom. The form and density of these 

particles contribute to their ability to mix, which is often advantageous and consistent 

[86,125,135]. In this research, the internal structure precisely controlled the phase 

dispersal of the bioactive chemicals inside the PEEK matrix, thus altering the final 

mixture quality and biological properties. The biocidal phase is linked to the PEEK 

matrix, better than the conventional microstructure design. This technique applies to 

various physiological agents, including bioglass; due to its biodegradability, it can be 

utilised at varying rates. 3D channels have been linked to enhancing the pace and spread 

of growth. Figure 4.2 shows the EDS-SEM setup for the materials EDX spectrum and 

mapping element of PEEK.  

4.2.1. SEM mapping element of materials 

This step is the mapping equivalent of the verify elements stage in the navigator's place 

to know the element present and observe if it can be bioactive. Instead of confirming the 

elements in a spectrum, it will ensure the element maps on a specimen. The mapping 

interface will have tools to add/delete maps, change the default X-ray line used to 

construct each element map, and even change the default energy windows used. While 

investigating the specimen, the spectra reconstruction from one point or area will give a 

quick idea of potential maps. Thus, the bone structure was established in PEEK in-vivo, 

substantially increasing the rate of implantation fixation when compared with the 

conventional methods (Figure 4.2). Figure 4.2, shows from the top blue component to the 

bottom green component elements. Examining compositional elements is a technique. 

Because of the high energy of the electron beam, electrons from the sample's inner atomic 

orbitals are evacuated. Vacancies are filled with electrons from higher energy shells, and 

the electrons' wasted energy is emitted as X-rays during these transitions. The 

significance of these modifications and the X-rays they produce are unique to each atomic 

species. The X-ray spectrum may be used to determine the constituents of a sample. It 

can detect concentration fluctuations as small as 0.5% to 1%. Like the backscattered 
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electrons, the observed X-rays emerge from a substantial subsurface interaction zone that 

may be on the micrometre scale. As a result, the spatial resolution of EDX in SEM is 

often decreased. 

 

Figure 4.2 EDS-SEM setup for the materials EDX spectrum and mapping element of PEEK 

However, when the spectra look more detailed, press the confirm elements link in the top 

right-hand corner of the Spectrum. It automatically relocated to the prove elements step 

of the point and navigator, and more advanced interrogation tools were used. When the 

mapping was finished, the map navigator was selected and returned to the Construct 

Maps step. A map was removed in a couple of different ways by deleting the map by 

forcing the delete icon in the corner of the map. The default venue is for X-ray lines and 

energy window width selection. Specifying the energy check box was checked to define 

the energy window's width manually. Lower Energy (keV) values were entered, and 

Upper Energy (keV), press the Update map with the change button. Also, the Specify 

Line Series check box was checked to manually select the X-ray line for mapping an 

element. The line from the Line series drop-down list was set. Then, the ‘Update map 

with Changes’ button was pressed. The next section describes the characteristics and 

elements of rGO, as a good biocomposite for PEEK and the high strength that can make 

PEEK stronger, similar to the bone structure. 
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4.2.2. Reduce graphene oxide (rGO) 

When distributed, graphene oxide pH is critical for its quality. The graphene oxide 

solution produced by the Hummer technique is typically between 2 and 3 if the washing 

phase is omitted from the manufacturing process [181,187]. Unwashed graphene oxides' 

acidic nature (pH = 2-3) severely affects their characteristics. As a result, graphene oxide 

products must be regularly washed with significant quantities of distilled water. It is a 

novel graphene-based nanomaterial called rGO, a new graphene oxide dispersion 6-7. 

Due to its atomic thickness and other outstanding characteristics, it is a versatile material 

with many applications [193,194]. Chemical solvents or hot organic water are effective 

in dissolving it. Wet chemistry is economical, while rGO products are robust and widely 

accessible. The redesigned hummer combines water and methanol to create dispersion 

without surfactant. It is helpful for various applications, including ultrasonography, a 

vacuum chamber heated to 320°C. This temperature is less than 350°C but is sufficient 

to cause the PEEK organic material from the structure. This result implies that the size is 

decreased by 80% while maintaining the form and proportion. Figure 4.3 depicts 

fabrications of composite by cold modification of the PEEK Scaffold  

 

Figure 4.3 Fabrications of composite by cold modification of PEEK scaffold. 

The strong biomechanical characteristics of PEEK and related constituents make them 

useful in clinical dentistry. Compared with more conventional dental materials like 
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titanium, the researches in the literature show that PEEK has less stress. PEEK can be 

utilised in many dental applications because of its similar physical characteristics to 

bones. PEEK dental implant biological activity can be increased, but not because of its 

mechanical characteristics. In addition, PEEK is entirely safe since it is neither poisonous 

nor mutagenic and produces no significant inflammation. Manufacturing jaw teeth and 

facial devices is tricky, despite their tiny size, and must be thoroughly understood to use 

the existing technology fully. FDM and silicone moulding techniques were combined to 

create a hybrid manufacturing method. The implant was first made intraoperatively using 

a sterilised template [51,72]. 

4.2.3. cHAp and its application  

Compared with synthetic cHAp, the biological products produced by HAp cells include 

several contaminants. Due to the apatite structure substituting for several ions in 

[194,195] the human body, like potassium and sodium, these impurities are evident. The 

FDA has approved the cHAp powder that is used in dental implants. The standard 

specifies that a minimum percentage of powder crystallinity of at least 95% must be 

achieved [57,195]. The calcium to phosphorus ratio is 1.65, reaching 1.82 when the trace 

element percentage is the greatest. As the specific rule demonstrates, coating techniques 

have the required powder characteristics, such as the Ca/P ratio and crystallinity, to 

achieve the desired results. 

4.2.3.1. Thermomechanical behaviour of cHAp 

Surface modification procedures often include temperatures plasma deposition processes 

of up to 590 °C in a torch. Thermal decomposition can alter the phase equilibrium in 

cHAp particles, altering many parameters, such as crystal composition and phase 

morphology. Three processes of water evaporation in cHAp are highly hygroscopic 

[13,67,81]. Due to initial changes during the heating of cHAP powder and evaporation of 

adsorbed water, as HAp gradually loses its hydroxyl group (-OH), dihydroxylation acts 

like water. As part of the apatite structure, decomposition occurs at a specific 

temperature. cHAp retains its crystalline structure during dihydroxylation and recovers 

during cooling. This result leads to calcium phosphates, like calcium tetraphosphate 

(TTCP), converted to calcium oxide. Figure 4.5 is shown EDX spectrum and mapping 
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element of cHAp. Also, Figure 4.6 depicts highly porous PEEK nanocomposites, 

including an electrostatically bound hydroxyapatite. 

Ca10(PO4)6Ox ٱx → 2Ca3(PO4)2  + Ca4(PO4) (Oxyapatite = Calcium triphosphate + 

Calcium tetraphosphate)       

Ca3(PO4)2 → 3CaO + P2O5 (Calcium triphosphate→ Calcium oxide + Phosphorus 

pentoxide)                             

Ca4(PO4)2O → 4CaO + P2O5 (Calcium tetraphosphate → Calcium oxide + 

Phosphorus pentoxide)      

  

Figure 4.5 EDX spectrum and mapping element of cHAp. 
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Figure 4.6. Highly porous PEEK nanocomposites, including an electrostatically bound cHAp.  

For 72 hours, immerse the PEEK-cHAP composite in hydrochloric acid (HCl). After 

dissolving HA filaments in HCl, hollow passageways appropriate for cell adhesion, 

infiltration, and proliferation were formed. Good pore interconnectivity allows for cell 

infiltration and nutritional perfusion. Sufficient pore size was modelled to allow for 

vascularisation while maintaining appropriate mechanical strength, and channels aid cell 

alignment and differentiation. Extrusion free-forming allowed for precise pore size and 

interconnectivity required for bone ingrowth. Scaffolds are printed using FDM 

technology in this study. The extrusion temperature is set between 380 and 410°C, the 

print speed is 40 mm/s, the bead width of each print line is 0.4 mm, and the thickness of 

the PEEK filler layer is 0.2 mm. PEEK material's geometry and density determine their 

porosity following the ASTM F 2450-04 standard. Victrex® PEEK 450G has a density 

of 1.30 g/cm3. The sample mass, m, was determined using a Mettler Toledo AE240 

digital dual-range analytical balance. This technology can fabricate various forms, sizes, 

and spatial distributions of scaffolds. Figure 4.7 shows the SEM micrographs showing 

the cHAp EDX spectrum and mapping. The next section describes the process and 

procedure of preparing graphene oxide as a composite. Figure 4.7 shows how a scanning 

electron microscope takes pictures of organic and inorganic materials that differ in 

structure or makeup. Standard components include energy-dispersive spectrometers, 

secondary electron detectors, and backscattered electron detectors. The secondary 



 

108 

 

electron detector can take pictures of a material's surface texture, while the backscattered 

sensor is best for catching changes in its composition. 

 

Figure 4.7 SEM micrographs showing cHAp EDX spectrum and mapping. 

4.3. Graphene oxide preparation 

For over 150 years, [194,196] tried to determine its atomic weight by oxidising graphite 

compared with single-layer graphene, which is still considered a new material; otherwise, 

graphene oxide in the graphite oxide layer has been. Nitric acid content changed the body 

method to accelerate the production of graphite oxide under less severe conditions, such 

as a sodium mixture. The structure of rGO is controversial regarding its existence - 

functional distribution of oxygen groups and non-quantitative atomic composition 

[47,56]. Oxygen groups are essential in the mechanical and electrochemical properties of 

rGO when compared with graphene. It is much easier to disperse rGO in water and 

various solvents, making it possible to prepare polymer nanocomposites and scale 

processes to mass produce rGO. On the contrary, the available covalent oxygen in rGO 

creates a structural defect, affecting properties such as electrical conductivity and limiting 

rGO in conductive materials (Figure 4.8). 
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Figure 4.8 SEM micrographs showing rGO. 

The rGO was synthesised chemically from Alexandria's graphene oxide (GO) monolayer 

[181]. rGO is not a semi-insulator; it exhibits excellent electrical conductivity and 

solubility. Simplifies the manufacturing of conductive nanocomposites by simplifying 

the processing of solutions. DMF is a colourless, transparent, hygroscopic liquid with a 

faint amine odour. Due to its high dielectric constant, the solvent characteristics of DMF 

are favoured. Characteristics of a wide range of liquid aprotic solvents with low volatility, 

the black-appearing rGO was developed by ultrasonic chemical reduction. Which is 

soluble in water ~0.24 mg/ml, ~0.8 mg/ml organic solvents like DMF and ~0.6mg/ml 

NMP Brunauer, Emmett and Teller specific surface area (BET) at 425-489.4 m2/g is often 

used to estimate and produce gas adsorption data for a given surface area. Several 

standards associations such as ISO, USP and ASTM refer to this method. Leaf sizes range 

from several hundred nanometres to a few micrometres in the XY plane, with Atomic 

force microscopy (AFM) shapes at atomic ratios of more than 3:5. According to the 

company, the team also provided a Biophysical model directly from the biomaterial and 

fit the virtual model. Figure 4.9 shows current approaches for PEEK adjustment and 

bioactivity and the future perspective of CH2. Combining oscillating integration and 

biomechanical properties develops implant panels with wide geometries, measurements, 

and spatial distribution. Direct implant technology can be migrated to non-invasive 

healthcare systems by integrating customised implants for training. In the next section, 
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the composite Engineering constants of the elastic properties of the materials are 

calculated. 

 

Figure 4.9 Schematic current strategies for PEEK modification and bioactivity state in osseointegration 

and future perspective of CH2. 

4.4. Calculation of composite  

Mechanical and hygrothermal properties of composites are vital criteria to design and 

investigate. The Moduli and strength values essentially define a composite's mechanical 

qualities. The coefficient of expansion is caused by moisture diffusion and the coefficient 

of thermal expansion. Other criteria must be considered fibre form, size, distribution, 

misalignment and fibre-matrix interface qualities, void content, fibre fracture, and matrix 

cracking. Micro-models are employed in micromechanics studies since the sizes of fibres 

vary on a microscopic scale of 5-140 µm.  
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4.4.1. Engineering constants of elastic properties  

The stress-strain connection is essential to interacting with a material and a structure. The 

stress-strain behaviour of a 1D isotropic elastic body is described by Hooke's law = E. 

The material constant E is the elastic modulus. Apart from E, the other well-known elastic 

modulus for a 2D or 3D isotropic body is Poisson's ratio v. G is not independent of E. 

Still, it is related to it, as G = E/2(1+ v). Fundamentally, a composite material is 

heterogeneous. Where G is the modulus of rigidity, E is the young modulus, and v is the 

Poisson ratio 

4.4.2. Particulate composites 

The most fundamental mechanics of the material method calculates the elastic properties 

of anisotropic composites using conventional constant strain (Voigt) and constant stress 

(Reuss) models derived from the theory of constant strain and constant stress. The bulk 

modulus k and the modulus of rigidity G are given following the Voigt model. The study 

of [197,198]revealed that  P= Vf  Pf   +  Vm Pm ,   where P=K,G and is the new composite, 

and           

           E = 9 KG / (3K+G) 

ν = (3K-2G) / (6K+2G)                                                           (4.1) 

and with the Reuss model, the relations are             

1

𝑃
=  

𝑉𝑓

𝑃𝑓
+  

𝑉𝑚

𝑃𝑚
 𝑃 = 𝐸, 𝐾, 𝐺                                                                   (4.2) 

The characteristics anticipated by Voigt (the greatest) and Reuss (the lowest) oppose the 

qualities predicted by actual values. Many more accurate analytical models are known to 

exist [181,199]. The problem is that they are not readily available to users of traditional 

design programmes. The Halpin-Tsai model [200,201] is frequently used on a semi-

pragmatic method because it gives upper and lowers bounds inside the Voigt and Reuss 

limits, which are otherwise. This research [134,201] shows that simple relations centred 

on an enhanced combination rule reasonably approximate anisotropic composite features. 

Pf is more than Pm, and Vf is less than 0.5; these are presented in the 

following.                        
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𝑃 =  
𝑃𝑚 [1+ 𝜉𝑉𝑓{

(𝑃𝑓− 𝑃𝑚)

𝑃𝑓+ 𝜉𝑃𝑚
}]

[1− 𝑉𝑓{1+ 
1

2
(1− 𝑉𝑓

2)}{(𝑃𝑓− 𝑃𝑚) (𝑃𝑓+ 𝜉𝑃𝑚)⁄ }]
                                                    (4.3) 

with P = K, G. 

For bulk modulus,  K: 𝜉 =  
2(1− 2𝑉𝑚)

1+ 𝑉𝑚
                                                              (4.4) 

and for shear modulusG:𝜉 =
7− 5𝑉𝑚

8− 10𝑉𝑚
                                                               (4.5) 

The modulus of elasticity E and Poisson’s ratio v are then calculated from Eqs.4.6 and 

4.7 with the help of Eqs.4.8 and 4.9. 

The thermal expansion coefficient α is given by         

𝛼 =  𝑉𝑓𝛼𝑓 +  𝑉𝑚𝛼𝑚 + 𝐾𝑓𝐾𝑚 (
𝛼𝑚− 𝛼𝑓

𝐾𝑓− 𝐾𝑚
) (

1

𝐾
−  

𝑉𝑓

𝐾𝑓
−

𝑉𝑚

𝐾𝑚
)                                   (4.6) 

where K is obtained using Equations.4.26 and 4.27. 

The modulus of Elasticity [E] is 
𝑆𝑡𝑟𝑒𝑠𝑠

𝑆𝑡𝑟𝑎𝑖𝑛
=  

𝜎

𝜀
                       (4.7) 

𝐸𝑐 =  𝐸𝑝𝑉𝑝 +  𝐸𝑐𝐻𝐴𝑝𝑉𝑐𝐻𝐴𝑝 + 𝐸𝑟𝐺𝑂𝑉𝑟𝐺𝑂                                                           (4.8) 

𝜎𝑐 =  𝜎𝑝𝑉𝑝 +  𝜎𝑐𝐻𝐴𝑝𝑉𝑐𝐻𝐴𝑝 +  𝜎𝑟𝐺𝑂𝑉𝑟𝐺𝑂                                                            (4.9) 

The modulus of Elasticity [E] for the rGo is 1000Gpa [181], PEEK is 3.85Gpa [134], and 

cHAp is 10Gpa [202]. PEEK's most common use poison ratio is 0.4, from which another 

composite poison ratio is derived [177]. The density (𝜌) of PEEK is 1310kg/m3, cHAp 𝜌  

used is 3150 kg/m3, and 𝜌 of rGO is 1955 kg/m3 [193] The modulus of rigidity or shear 

modulus (G) of PEEK is 1.375Gpa, cHAp is 3.943GPa, and rGO is 427.35GP, according 

to Equation (4.10). 

𝐺 =  
𝐸

2(1− 𝜗)
                              (4.10) 

From Equation (4.8), 69 wt% of PEEK, 30 wt% of cHAp and 1 wt% of cHAp give the 

expression: 

𝐸𝑐 =  3.85Gpa x 0.69 +  10Gpa x 0.3 +  1000Gpa x 0.01              

 𝐸𝑐 = (2.6565 +  3 +  10)Gpa = 15.6565Gpa            

 Table 4.1 Material property of PEEK-rGO-cHAP of different densities at 1310 kg/m3 of PEEK density. 
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PEEK 

(wt%) 

rGO 

(wt%) 

cHAP 

(wt%) 

Young 

Modulus 

(E)GPa 

Shear 

Modulus 

(G) GPa 

Poisson 

Ratio (ϑ) 

Density 

(ῤ) kg/m3 

Bulk 

Modulus 

(Gpa) 

Relative 

Density 

69.0 1.0 30.0 15.66 6.86 0.142 1868 7.287 0.7013 

73.0 2.0 25.0 25.31 11.44 0.107 1782 10.72 0.7352 

77.0 3.0 20.0 34.96 16.02 0.091 1696 14.26 0.7724 

81.0 4.0 15.0 44.61 20.60 0.083 1610 17.84 0.8137 

85.0 5.0 10.0 54.27 25.18 0.078 1524 21.42 0.8596 

 

4.5. 3D printing machine  

This work uses a Fumate HP 155/Gen 2 professional 3D printer to print PEEK filament 

with a product size of 225200200 mm and thermally insulating support in an insulated 

production environment. The diameter of the extruder is 0.4 mm. Before printing, the 

second layer of Dimafix® solution was added to a heated bed to improve the thermal 

layer adherence of the mesh. The X/Y axis extruder speed, often known as print speed, 

was consistent between cohorts, although the nozzle crossing speed was not. Four 

samples are printed at 1000 to 3000 mm/min rates with the PEEK-OPTIMATM LT1 

filament. In FFF cohorts, print time and filament usage were measured. Control samples 

from the stretched PEEK-OPTIMATM LT1 jacket were treated alongside the printed 

batches. Before characterization, PEEK and nHA were dried in a vacuum oven at 150°C 

for at least four hours. Extrusion temperatures range between 380 and 410 degrees 

Celsius, and printing speeds range between 40 and 60 mm/s. Each printing line for the 

PEEK filler has a layer thickness of 0.2 mm and a bead width of 0.4 mm. 

The primary goal is to replace current implants with specialised implants that mimic the 

solid mechanical qualities of the human femur. These implants are made from a virtual 

model built with the Mountain 8 Premium programme and then cast in PEEK. PEEK 

biomaterials are used as filaments and powders by the team. Apart from delivering high-

fidelity natural biomaterial directly to virtual bio models, the manufacturer claims the 

team can create scaffolds with various shapes, sizes, and geographic distributions. After 

homogenising the unit cells, the final implant products should be built on anisotropic 

mesh Lattice structures generated in Creo software and simulated using the Ntopology 

tool to determine homogenisation. FEA was performed using ANSYS Workbench 

(FEA).  
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4.5.1. 3D printing settings  

The infill overlap percentage is the overlap between the infill and the walls expressed as 

a percentage of the infill line width. A little overlap allows the walls to be securely 

connected to the infill. The % infill, density, and pattern all impact the infill, with an infill 

line spacing of 0.4mm and an infill thickness of 0.1mm. The number of progressive infill 

steps is the number of times the infill density is reduced by half when approaching top 

surfaces set to zero. Because of the solidification and cooling process, the areas closer to 

the top surface of the scaffold have a higher density than the infill density. Layer height 

always influences layer thickness; a layer of infill materials set at 0.1mm will provide a 

flawless finish for a bone implant. This value is always a multiple of layer height and is 

rounded up. Figure 4.10 shows a 3D printing experimental setup, including printing 

layers, x-ray, and support for optimum fuse deposition modelling. 

 

Figure 4.10 3D printing experimental setup showing the printing layers, x-ray, and the support for 

optimum fuse deposition modelling. 

4.5.2. Optimisation of printing machine  

Optimising the wall of a printing order reduces the number of retractions and distance 

travelled. Most will benefit from being enabled, but some will take longer than the 

projected printing time with and without optimization. Because the build plate adhesion 

type affects the printing, the initial layer is not optimised when picking the brim. The 
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outside wall option produces the scaffold's external walls at a rate of 30 mm/s. Printing 

the outside wall at a slower speed improves the final skin quality of the scaffold. A 

significant gap between the inner and outer wall speeds, on the other hand, harms quality 

and decreases the bridge wall speed. The standard surface mode was used in the scaffold 

printing process. It requires treating the model as a surface, a volume, or a volume with 

a loose surface. Only enclosed volumes are printed in the default print mode. A single 

wall painted in a surface mode without infill or top/bottom skin traces the mesh surface. 

Any remaining polygons are printed as surfaces, and both prints, as standard, include 

volumes. The outer contour was spiralized during printing to reduce the Z movement of 

the outer edge. Throughout the print, they will give a steady Z increase. Thanks to this 

functionality, a solid model becomes a single-walled print with a solid bottom. 

This feature was made available because each layer has just one part. The print process 

involves printing each model in a single layer and waiting for one model to be finished 

before printing the next. All models are separated so the entire print head can travel 

between them. All models are printed in the one-at-a-time mode because they are smaller 

than the space between the nozzle and the X and Y axes. The structure was printed at a 

support speed of 60mm/s. Reduced printing time can be achieved by using faster printing 

support. The surface quality of the support structure is essential in this case since it 

remains after printing. 

In this study, scaffolding is printed using FDM technology. The fastening surfaces of the 

printed lattices are parallel to a maximum of 10 mm. The extrusion temperature is 

between 340 and 450°C, the print speed is 40 mm/s, the bead width of each print line is 

0.4 mm, and the PEEK filler layer thickness is 0.2 mm. Custom dental implants with the 

mechanical strength of a human femur are manufactured directly in PEEK using AM 

equipment based on a virtual model created in Mountain 9 Premium. The Premium 

Package states that the device is made of PEEK biomaterial in fibre and powder. 

Additionally, the company states that it enables high-precision direct physical modelling 

in biomaterials for virtual biological models. This technology can fabricate scaffolds with 

various forms, sizes, and spatial distributions (Figure 4.11). 
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Figure 4.11 Illustration of the Instrumentation or the experimental operation and fabrication o the 

scaffold. 

According to a joint ASTM report [203–205], cache stereolithography (STL) files are 

generated from 3D models created using SolidWorks 2021 software packages. The 

samples were cut, 3D software generated the numeric code. All six cells were pressed 

with a heat leak multiple times, preventing the horizontal centre column from collapsing 

during printing. Before testing the mechanical or physical properties of the printed sample 

ISO-related standards, the printing parameters, packaging standards and their values are 

shown in Table 4.2. 3D-printed plastic granules were used to create this document. As a 

result, they were replaced with 5% cHAp and rGO 80-150 microns long and 7 microns 

in diameter. 

Table 4.2 The properties of PEEK filament.   

Description Value PEEK Test method 

Melting Temperature 345 °C --- 

Glass-transition temperature 143 oC --- 

Density 1.30 g/cm3 ISO 1183 

Bulk Modulus 5.475-575 GPa  

Poisson’s Ratio 0.38541 Computational 
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Young's modulus  3.76 GPa ISO 527 

Shear modulus 1.357 GPa  

Tensile strength 100 MPa ISO 527 

Impact strength notched Izod 55 kJ/m2 ISO 180/A 

 

A lack of control over print speed could result in a geometric collapse while building 

scaffolds. The compressor's user handbook recommends 2 to 6 mm/s print rates for finely 

accurate lattice patterns and 8 to 16 mm/s for superb practices. By altering the pressure 

in the extrusion head, which changes the form of the scaffold, the volumetric flow rate 

and hence the material deposition rate may be changed. For example, by gradually 

increasing the amount of material deposited, the porosity of the structure can be reduced 

by checking the optimum porosity that mimics bone porosity according to [190-196]. 

Intracortical porosity was measured using tibial and femoral mid-diaphyses transverse 

sections (50micromter, thickness; N = 24) representing 52%-59% cortical bone porosity. 

The cross-sectional cortical area (mm2), total porous area (mm2), and several pores with 

a size greater than a detectable threshold of 11 m2 were all visually quantified using a 

Nikon Optiphot microscope and a Bioquant digitisation system. PEEK was injected at 

rates ranging from 5.2 to 23.2 cm2/s to know how it affected its maximum degree of 

crystallinity and how much it fluctuated. Despite the variation in injection speeds, the 

thickness homogeneity is almost identical for high and low injection rates. On the other 

side, higher injection rates are somewhat beneficial. If this technique is used, PEEK 

mould crystallinity can be maintained uniformly throughout its thickness and length. 

PEEKs crystallinity and uniformity can be achieved at a mould temperature of 150 °C, 

which is somewhat higher than the PEEK. So the higher the mould temperature above 

the semicrystalline thermoplastics glass transition temperature. The shorter it takes to 

attain the necessary crystallinity and homogeneity throughout a PEEK printing 

component’s thickness and length. Figure 4.12 shows the equipment for 3D printing the 

different lattice structures of femur bone at 2 x 2 x 2 mm cell structure to mimic the bone 

structure. 
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Figure 4.12 (a)Equipment set-up for the 3D printing of (b) the different lattice structure femur bone at 2 x 

2 x 2 mm cell structure to mimic the bone structure (c) dog bone for tensile testing 

When mould temperatures are low, a fast-cooling cycle can yield amorphous and 

transparent moulded components with very thin wall thicknesses. Under the same fast 

chilling conditions, pieces with transparent skin and an opaque crystalline core are 

formed as the cavity thickness increases. When cooled slowly and at temperatures up to 

200oC, PEEK moulds exhibit good consistency in the degree of crystallinity throughout 

the thickness. The crystallinity of the skin and crumb remained virtually constant 

throughout the process. Figure 4.13 depicts the thermal process of coating cHAp onto 

PEEK in cells for a PEEK and cHAP 3D printing process with consistent melt processing 

temperatures of 400oC, a mould temperature range of 20-200oC, and injection speeds of 

23.2 cm3/s as processing variables. Figure 4.13 depicts the construction of a three-

dimensional scaffolding lattice (Table 4.3). 

Table 4.3 Printing parameters of the FDM for PEEK-HAp. 

Printing parameters Technical 

specifications 

Infill Value 

Nozzle diameter (mm) 0.4 Internal fill pattern Rectilinear 

b 

c 

a 



 

119 

 

Extrusion multiplier 0.78 External fill pattern Rectilinear 

Retraction distance (mm) 0.49 Interior fill percentage 100% 

Retraction Speed (mm) 1750 Outline overlap 50% 

Bed width 210 mm   

Layer thickness 0.1-0.2 mm Infill extrusion width 90% 

Printing speed 40-50 mm/s   

1st layer height (mm) 0.1 Minimum infill length (mm) 5 

Top solid layer 3 Support --- 

Raster angle Longest edge   

Bottom solid layer 3 Support infill percentage 30% 

Outline shells 3 Print support layers 1 

1st layer height 170% Bult Plate temperature 110-160oC 

1st layer width 95% Nozzle temperature 340-415 oC 

1st layer speed 30% Z-axis speed (mm/min) 1000 

Additions (skirt/brim)  Filament diameter (mm) 1.75 

Skirt layers 1 Ambient temperature 50 oC 

Skirt offset from part (mm) 0 Chamber Temperature 90 oC 

Skirt outlines 15% ---- --- 

The programme analyses melt level occurrences across whole components and offer 

extensive thermal history and microstructure data. Reproducing a single sphere allows 

for a quick assessment of the quantity and makeup of the resource pool. Furthermore, 

porosity was only partially controlled because of the step parameter set selection flaws. 

The experimental setup, sample preparation, and PEEK surface modification are then 

addressed in section 4.7. 

4.6. Experiment 

From the virtual 3D model, an STL is developed and then restored to a 3D printer, which 

produces an actual prototype that perfectly mimics the desired anatomy. When the solvent 

evaporates, the rich polymer phase becomes the matrix, while the weak polymer phase 

remains. The body's pores widen. Computer controls define the precise geometry of the 

intricate completed objects. Between 350 and 420oC, extrusion occurs at a constant force 

rate of 40 mm/s. PEEK filler is a 3D-printed substance manufactured in the United 

Kingdom that consists of resins and filaments. cHAp and rGO with a content of 5% 

replaced composite materials with a length of 80-150 microns and a diameter of 7 µm. 

The computer oversees the ultimate complicated object's intended geometry. The 

extrusion temperature range for each print line is 380 to 410°C, the bead width is 0.4 mm, 

and the layer thickness is 0.2 mm. The output speed was 40 mm/s. Figure 4.13 depicts 

the system configuration for simulation, experiment, cell growth scaffold, and additional 

testing and coating media, such as Dulbecco's modified eagle's medium (DMEM) and 



 

120 

 

nutritional Agar solution (NAS), and mechanical testing of PEEK-rGO-chap strengths of 

scaffold samples. The PEEK filler material was also 3D printed and utilised in composite 

materials with fibre leftovers from the printed part of 5% cHAp and rGO granules with a 

75–145 µm diameter and a length of 6.89 µm. 

 

Figure 4.13. The setup for Simulation, Experiment, Cell Growth Scaffold, and Different Testing and 

Coating Media such as DMEM and NAS and Mechanical Testing of Scaffold samples PEEK-rGO-cHAp 

Strengths. 

4.6.1. Sample preparation 

This study applied medical-grade PEEK to 3D-printed samples of various sizes in real-

time PCR testing. Cylindrical samples were applied parallel to the surface of 10mm-to-

10mm samples in vitro, in 24-well tissue culture plates, and parallel samples from 20 mm 

x 20 mmx1mm in real-time. All models were polished on an almost flat side in vitro and 

purified in acetone, ethanol, and ultrapure water. Magnetic stirring with concentrated 

sulfuric acid (95%-98%) at room temperature was used to obtain a homogeneous porous 

structure in the sulfonation process. The sample was then immersed in deionised water 

for 5 minutes to remove surface debris. Figure 4.14. shows different printing bone 

scaffolds of the Structure Design of Gyroid, Schwarz Primitive, Diamond, Schwarz 
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Diamond, Neovius, Splitp and Lidinoin for PLA and PEEK after adding composite to 

mimic bone structures 25 printed samples scaffold. The samples were then subjected to 

hydrothermal treatment, and the sulphur concentration temperature was adjusted to room 

temperature. The sample was gently washed with deionised water and dried while the 

sample was sulfonate only. The reaction time at the given temperature depends on the 

sulphur content. 

 

Figure 4.14. Different printing bone scaffolds of the structure design of gyroid, Schwarz Primitive, 

diamond, Schwarz diamond, Neovius, splitp and Lidinoin for PLA and PEEK after adding composite to 

mimic bone structures 25 printed samples scaffold. 

The sulfuric acid used for the sulfonation of PEEK is 98% PA used for the rGO surface 

treatment is anhydrous acid. The glass powder of sulfuric acid, cHAP and rGO is treated 

with a PEEK surface. The citric acid increases the interfacial adhesion between the 

polymer matrix and the inorganic filler and facilitates PEEK [176,177]. The surface 

treatment of the cHAP glass powder was carried out with sulfonated PEEK. With 98% 
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sulfuric acid, 2 g of PEEK powder was first added to a 50 ml measuring flask containing 

sulfuric acid. PEEK was dissolved in a medium and then kept with magnetic stirring at 

room temperature.  The temperature is raised and held at 50 °C for 90 minutes. Add 500 

ml of cold distilled water with magnetic stirring to precipitate PEEK. Filtering and rinsing 

with distilled water several times with a pH-neutral PEEK was dried for seven days in 

processing steps in the following oven at 50 °C. After receiving PEEK containing 

sulfonates, Surface treatment of cHAP vitreous powder was performed with PEEK 

according to a process of 80 °C. Four hours of stirring was followed by evaporation at 

120 °C in an oven, followed by chalcedony crushing. The surface treatment of rGO with 

citric acid was based on work. First, 0.5 g of citric acid was added to isopropyl alcohol. 

It was kept under magnetic stirring at room temperature 60 minutes later, and 10 g of 

rGO was added to the solution. It was kept stirring for 6 hours. Then, the solution was 

placed in a 60 °C oven to evaporate the solvent, and agate was used to grind the material. 

4.6.2. Production of composite PEEK 

Dry grinding is performed with a PEEK mixture with inorganic filling, a bowl and 50 

dense zirconium balls with a diameter of 4 mm, grinding for 24 hours at a rotation speed 

of 180 rpm. Some of these materials were sent to atomisation inorganic charge with 

PEEK polymer. This procedure improves the filler dispersion in the polymer matrix and 

facilitates the next steps of powder compaction. The atomisation of the powder was 

carried out in the De Montfort University (DMU) laboratory by adding a PEEK powder 

filling cup water subjected to magnetic stirring after homogenisation of the suspension. 

The solid/liquid ratio was 25% m/v was suffocated and sprayed to dry. The atomisation 

control parameters previously used by the DMU laboratory were applied to the airflow 

of an atomising nozzle of 25-30 L/min with turbine airflow of 3.8 m3/min and air 

temperature of 120 °C. Figure 4.15 depicts different printed scaffolds and nozzles of 0.2-

0.4 for other bone implants.  
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Figure 4.15 Different printing Scaffold and Nozzle 0.2-0.4 of the different bone implants. 

4.6.3. Surface modification of PEEK 

The samples were made using the cold pressing technique with a hydraulic auxiliary press 

with a capacity of 10 tons for a square specimen 47 x 5 mm using a steel mould and a 

thickness used to 3 mm. The samples were incinerated for three hours. A sintering 

temperature of 350 °C was selected from dilatometry and subsequent tests. The thermal 

weight transformation analysis determined the sulfonation level of SPEEK. PEEK 

exhibited a single-pass mass loss consistent with sulfonation. Conversely, PEEK offers 

two stages of mass loss: the first step corresponds mainly to the loss of sulfonic groups. 

While the second stage corresponds to the deterioration of the PEEK backbone, suppose 

that the first stage of mass extinction corresponds only to the loss of sulfonic groups. 

Linear thermal shrinkage of PEEK-cHAP and PEEK-rGO blends was determined using 

a DMU laboratory photometer. A 3x3mm cylindrical mould sample was compressed to 
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a dilatometer and heated to 395°C at 10°C/min. It is probable to control the preliminary 

and concluding temperature of the condensation process of the material. This result 

makes it possible to determine the combustion cycle of the prepared material. Infrared 

analysis was performed using a Fourier transform spectrophotometer. 

FTE analyses of PEEK and SPEEK were performed to determine the characteristic 

absorption bands of these polymers. The cHAP and rGO materials were analysed to 

confirm that the surface treatment of fibres and inorganic particles worked. All tests 

except SPEEK are interpreted as a membrane made of powder material. The direct 

surface modification method is a technique that changes the surface properties without 

placing a new layer of material on the surface. These techniques are characterised by the 

following. This approach alters the implant surface chemistry and affects surface 

bioactivity. Several studies report that PEEK bioactivity can be improved with a wet 

chemical treatment. PEEK sulfonate is available in two forms: sulfonated PEEK with 

subsequent dip and sulfonated PEEK with an extra drop of acetone. The schematic 

filament manufacturing process for 3D printing PEEK composites in biomedical 

scaffolds for tissue engineering and cell attachment creation on PEEK-rGO-HAp 

scaffolds with 500 m cubic pores on a composite bone is summarised (Figure 4.16). 

 

Figure 4.16. 3D printing of PEEK composite in biomedical scaffolds of cell proliferation and attachment 

process of a bone implant in FDM via in-vitro and its biological evaluation and application[184-186]. 
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4.7. Conclusions 

PEEK-cHAp-rGO bio-composite material for bone grafts is produced utilising a novel 

method including extrusion, extrusion, and free-forming. This novel technique allows for 

more precise control of the bioactive phase distribution than traditional 3D printing of 3D 

biopolymers at a constant pressure of 0.39 MPa, a residence period of 20 minutes, a 

temperature of 400 °C, and a pore size of 0.02 µm. There are over 200 intermediate 

shelves and cHAp, and the dimensions are 20 𝑥 10 𝑥 3 mm, making them ideal for 

pressing moulds. It is a revision and extension of earlier work. The practical method 

enables the fabrication of perforated PEEK crimps in the connecting pipes. Adding cHAp 

and rGO particles to the PEEK enhanced the biological activity of PEEK when its tensile 

test and modulus characteristics were tested at concentrations ranging from 0 to 30% by 

weight samples in the next Chapter 5.  
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CHAPTER 5 

 

5.0. MECHANICAL TEST  

5.1. Introduction 

The Sample materials designed in lattice were tested using an Instron machine model 

following the ASTM (American Society for Testing and Materials) D638 standard to 

analyse their mechanical properties. A 50 kN Force cell with a 5 mm/min claw speed was 

used to test about ten specimens. The MERLIN software generated the stress-strain 

curves and material property values. An extensometer was used in the 0.05 to 0.5 % 

deformation range for enhanced elastic modulus accuracy. Figure 5.1 depicts the 

dimensions of the ISO-527-2 standard's tensile specimen design. Using a compressive 

apparatus furnished with a video extensometer, the specimens were subjected to uniaxial 

compression testing to determine their mechanical characteristics. Compression testing 

was conducted at room temperature with a cross-head speed of 0.001 mm/s adjusted 

according to DIN 50106. Four samples were compressed from each structure. The 

direction of the drop was parallel to that of the FDM building (Figure 5.1). An 

extensometer with 0.05 to 0.5 % deformation was used to calculate the elastic module 

more precisely.  

                                        

Figure 5.1. Tensile specimen design of ISO-527-2 standard. 
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Table 5.1 Dimension of tensile specimens. 

Tensile test specimen  ISO-527-2(mm) Printed (mm) 

Overall Length (l3) ≥75 76 

Length of narrow parallel-sided (l1) 30 ± 0.5 36 

Distance between Shoulders (l2) 58 ± 2 56 

Radius (r) ≥30 30 

Width at Center (b1) 5 ± 0.5 10 

Width at grip end (b2) 10 ± 0.5 5 

Thickness (h) ≥2 3 

Gauge length (Lo) 25 ± 0.5 10 ± 0.2 

The distance between clamps (L) l2 0
+2 58 

 

The specimens were printed before the tensile and compressive tests to equate bone 

strength. Ten samples were tested following ASTM D-256 guidelines. The dimensions 

of the specimens and the notches were fabricated. Tensile testing was done using an all-

purpose Intron test at 1 mm/min and 25 °C. The Force rate was slowed to allow for 

comparisons with more flexible materials. The composite specimens' strain, tensile 

power, % elongation, and modulus were also determined using the Ansys and Creo 

software. The tensile test was conducted on rGO specimens weighing 1 to 5% of the total 

weight. Mountains MAP Premium 8.2 Surface Digitiser was used for virtual prototyping. 

Figure 5.2. shows the tensile and compressive test of the scaffolds; analysis of strengths. 

 

Figure 5.2. Tensile testing and compressive test of scaffolds Analysis of strength. 
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The fatigue tests were performed on an MTS Bionix Servo Hydraulic Test System 

equipment under controlled tension, at room temperature, and in traction-traction mode 

to get S-N curves. The trials used R = 0.1 and a frequency of 10 Hz. According to 

[142,206,207], The R-value was chosen to protect the specimens from compression 

forces and to prevent buckling. Tensile tests were utilised to determine the maximum 

stress values. For each sample, the selected values represented 30, 50, and 75% of the 

yield stress, respectively. It was agreed that if the sample did not divide up to 1 million 

cycles, it would not be considered fractured [23, 194-198]. Even if the exam had not 

failed, it was cut short. During the experiment, a Minima MT-350 infrared thermometer 

and a chrome-aluminium thermocouple were utilised to measure the temperature. Figure 

5.3 depicts the design of several temperature-measuring methods. 

 

Figure 5.3 Detail the experimental configuration of the compression essay, and the Scheme show 

methods of obtaining the temperature of the scaffold. 

The stress-strain responses of printed porous closed-cell samples were studied using the 

ASTM D695-02a standard compression test technique. At 100°C, we employed a porous 

hot plate with a maximum pore temperature of 4% and an average porosity of 38%. The 

samples were evaluated at 103 s-1 using 100kN Force cells on Instron testing equipment. 

The Instron test data were analysed using clever 6200 strain software; three samples were 
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taken. When big specimens were crushed, the PEEK flexible structure distorted. All 

species described in this study were subjected to direct pressure at the species' initial 

linear limit of compressive strength. The term "performance constraints" refers to 

compressive force strain (Table 5.2). 

Table 5.2 Static tensile and static flexion test results of PEEK composite. 

Properties Flow 

tension 

(MPa) 

Flow 

deformation 

(%) 

Breaking 

stress (MPa) 

Fracture 

deformation 

(%) 

Modulus of 

elasticity(GPa) 

Static tensile test 

Mean value 95.05 3.78 97.08 24.29 3.4 

Standard deviation 0.98 0.15 0.80 1.57 0.08 

Static flexion test 

Mean value 127.37 4.10 139.10 
 

3.6 

Standard deviation 1.82 0.059 4.95 
 

0.059 

 

The results were compared with the property of young modulus (E') following coating, 

the specimens were subjected same tests previously performed on coated cHAp and 

PEEK, and the results were reported. All analyses were performed in duplicate or triple, 

and the median curves were always shown. They were not taken into consideration in the 

event of outliers. A significant challenge has been the ability to 3D print structures of 

different materials ranging from ceramics to organic molecules. This method is especially 

true when structures are smaller than 50 µm long, approximately half the width of a 

human hair. The graph shows that this offered sufficient energy to solidify liquid 

polymers but not enough to fuse metals. PEEK does not have the same light-response 

characteristics as the polymeric resins utilised to fabricate nanoscale structures. 

5.2. Determination of the Young Modulus  

The elasticity module of the materials was evaluated non-destructively using Sonelastic® 

technology from the DMU laboratory. The modulus elasticity of each sample was 

measured three times before the flexion test. The microhardness of the samples was 

determined using a Shimadzu HMV Microhardness tester. The test was performed on 

scaffolds from each group previously polished with 1 mm and sanded at 1000 to 2500 

meshes. The microhardness of each sample was determined by applying a force of 980.7 

mN to five separate locations inside the sample for 15 seconds. 
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All specimens have been tested at an ambient temperature speed of 30mm/s, except for 

the 5 PLA probes tested at 3mm/s, which is the best and optimum test value. The 

comparison tests have been carried out on the AG-X universal testing machine, with a 

maximum Force of 50 kN - a compression of 100 mm in diameter with sufficient support 

area for testing purposes. The EMIC DL 2000 model machine was utilised to execute the 

mechanical compression test to characterise and confirm the strength of the printed 

scaffold. Figure 5.4 depicts the experiment's screen, showing the outcome or result as the 

compressive test was carried out from Figure 5.3. 

 

Figure 5.4 screen of the experiment showing the outcome and result as the compressive test has been 

carried out. 

Thus, the proposed porosity calculation model can correctly predict the structure’s 

porosity’s magnitude according to [52-55]. The impact of joint hardening on the 

mechanical characteristics of joints is discussed in this section. I investigate parametric 

in three topologies of the cubic octet and the Schwarz Primitive cell, each with a different 

topology. The first two cells are dominated by tension, whereas the third is dominated by 

bending. Figure 5.5 depicts the Ntopology of the selected unit cell. Because of the 

periodic arrangement, duplicate edges are not included in a modified unit cell. Figure 5.6 

shows three structural component characteristics, each with a 5mm unit cell starting 

point. PEEK is the material in issue. Figure 5.7 also depicts the results of tensile testing 
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of various lattice structures and the displacement of the composite and post-mechanical 

strength with time in microseconds. Figure 5.8 describe the relationship between 

maximum primary elastic strain and displacement. 

 

Figure 5.5 Results of tensile testing of different lattice structures and the composite and post mechanical 

strength displacement against time in microseconds 
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Figure 5.6 Relationship between maximum primary elastic strain and displacement. 

 

Figure 5.7 Comparison of the different lattice 3D printed scaffolds stress over a time of the unit cell 
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Figure 5.8 Scaffold compared with human femur bone of relative shear modulus versus composite 

relative density. 

5.2.1. Tensile result of Scaffold Composite 

Figure 5.9 depicts a general charge displacement curve for composite samples containing 

various quantities of cHAp and a specific charge displacement curve for composite 

samples. As the concentration of cHAp rose, the elongation decreased the composite 

effect of strengthening the PEEK. PEEK-cHAp showed a failure behaviour. The need for 

thermogravimetric analysis testing was also decreased because of this. The mechanical 

characteristics of the different specimens were determined via a slew of relevant 

experiments. A tensile test was performed on PEEK and composite materials to determine 

their strengths and weaknesses. Figure 5.10 shows the sample stress-strain curve at all 

temperatures tested (Tamb–250 °C); deformation remained constant in size. The 

deformation amplitude was increased to 60µm in a second instance to enhance the results’ 
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resolution. Young’s module (E’) and loss module (E”) curves have characteristics, as 

does the loss deformation and strain range for both the 20 and 60-micrometre levels of 

strain. According to the research [192-194], a tan (Tg) peak was found at temperatures 

between 150 and 160°C and E’ temperature ranges. This means that amplitudes of 60 m 

can be used to obtain the greatest feasible resolution for future investigations. 

 

Figure 5.9 The force against extension curves of the PEEK–cHAp samples at different percentage 

volumes  

0

0.5

1

1.5

2

2.5

0 2 4 6 8 10 12

F
o

rc
e 

(k
N

)

Extension (mm)

PEEK

PEEK_5vol.%HAp

PEEK_10vol.%HAp



 

136 

 

 

Figure 5.10  Variations of the ultimate tensile strength with percentage weight of the composite material 

of cHAp. 

Table 5.3 compares the behaviour of samples exposed to the surface coating with cHAp 

to samples tested under the same conditions but without mechanical forces. PEEK is 

thermally robust and exhibits minimal mechanical stiffness loss when exposed to 

temperatures below 400oC for long periods. Because the human body temperature is 

37oC, using PEEK in implants does not exceed this limit. In these applications, the 

materials’ long-term mechanical stiffness behaviour remains unchanged in the vertical 

flow direction at 90oC. The findings in Figures 5.11-12 pertain to the creep modules' 

behaviour under static mechanical Forcing. However, the mechanical forcing to which 

PEEK products are subjected under particular working conditions produces variations in 

mechanical strength with time. Dynamic fatigue resistance may always be lower than 

static fatigue resistance. The behaviour of coated sample pieces after 106 mechanical 

cycles differed significantly from that of models evaluated under similar conditions but 

without mechanical stress in DMA testing shown in Table 5.3. 

Table 5.3. Results of the DMA test post mechanical cycling of the viscoelastic regime. 
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Sample Max. temperature 

Tg (°C) 

Intensity 

temperature 

PEEK 106-cycle fatigue 161.7 0.207 

cHAp 161.2 0.205 

PEEK-cHAp 106-cycle fatigue 159.9 0.205 

PEEK thermal shock 164.4 0.223 

Fabricated properties 165.0 0.194 

        

Greater thicknesses display more brittle fracture forms, showing the crazing and micro 

fibrillation phenomena around the fracture site. Smaller thicknesses are more prone to 

brittle and ductile fractures. The temperature range between 75 and 100oC has 

significantly changed fatigue behaviour. The results of this type of test are frequently 

represented on a graph, with the applied stress values in traction, flexion, compression, 

and torsion arranged on the coordinate axis and the log of the number of cycles (N) at 

which failure occurs for each specimen placed on the horizontal axis. Another term 

depicted on a durability graph is life under fatigue (Nf). It represents the number of cycles 

needed to attain failure. Data on the exhaustion of cHAp-rGO-coated PEEK components 

may be obtained from a few investigations, such as comparative traction findings between 

PEEK specimens with and without cHAp coating and results from sandblasted samples 

[1,190]. The static yield stress was reduced somewhat after coating, from 91 to 85 Mpa. 

PEEK was fatigue tested using sine waves at a frequency of 5 Hz. The findings indicated 

maximum stress of 77 Mpa and one million cycles of fatigue life. (See figures 11-12) 
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Figure 5.11 Stress-strain curve of PEEK in tension  

 

Figure 5.12 Compression for different strain rates 
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As a result of mechanical cycling, the E’ values for all samples decreased consistently as 

the number of cycles conducted on each sample increased. After the mechanical fatigue 

test, the samples residual stress decreased, proving the presence of this effect. There was, 

however, a statistically considerable difference between the two groups when looking at 

the effects of tiredness on the E” property and the consequent effect on deformation. 

When the surface coat process’s heat shock occurs on a sample, the deformation reduces, 

indicating a more elastic response. As the samples containing successfully coated cHAp 

aged, the importance of E” increased deformation, indicating that the samples had 

become more vicious. This behaviour showed that cHAp particles had been separated 

from the polymer surface. Therefore, the influence of mechanical hardening had been 

successfully removed. Because of this, the thermal-dynamic mechanical study found that 

the cHAp layer’s adherence to the PEEK surface decreased as the temperature rose. 

5.2.2. Fracture mechanics of PEEK under fatigue 

Experiments on fracture formation in worn-out PEEK have been conducted, considering 

the effects of different variables on the materials’ ageing process. In addition to a 

waveform, molecular weight and crystallinity must also be considered. According to 

studies[194-196] utilising the Paris Erdogan model on PEEK crack propagation, effects 

and molecule orientation do not influence the propagation of fractures in the material. 

Figures 5.13-14 show that materials with more excellent crystallinity and molecular 

weight exhibit less fracture propagation. The injecting PEEK at rates of 5.2 and 23.2 

cm3/s, with retention times of 1, 4 and 10mins at temperatures of 150oC, results in a more 

uniform distribution of crystallinity across the sample length while using retention times 

of 1, 4 and 10 mins. PEEK mouldings yield stress under strain as a function of mould 

temperature. A higher mould temperature combined with the same injection conditions 

results in more crystallinity. Figure 5.13 depicts how this leads to excellent crystallinity 

uniformity. PEEK injection moulds may achieve a 30 to 35% crystallinity by utilising 

slower cooling rates and 200oC. This results in perfect crystal homogeneity and slight 

crystallinity variation throughout the thickness and length of the mould. Given that the 

polymer glass transition temperature (Tg) is greater than the mould temperature ™, 

PEEK can be utilised in high-temperature applications.  
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Figure 5.13 Effect times on the crystallinity variation along the length of PEEK samples elastic modulus 

yield stress under tension  

 

Figure 5.14 PEEK mouldings, depending on temperature injection speeds of PEEK 380Gpa. 
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5.3. Conclusion 

PEEK-cHAp biocomposites were made using the FDM technique in the AM process. The 

PEEK improved the composite scaffolds' biological activities via cHAp particles. PEEK-

cHAp composites with cHAp concentrations from 0% to 20% were tested for tensile 

properties, and elastic moduli of cHAp worked best at 15 wt%. Much research has gone 

into modifying PEEK to create derivatives with improved properties for creating tissue 

architectures. They could be distributed evenly in PEEK, and their compatibility with 

PEEK was improved to suit the demands of biomedical engineering applications. In the 

cHAp layer, mechanical cycling under fatigue showed stress release in PEEK at 1.58, 

less than PEEK-cHAp at 1.38 with this instruction. The coating interfacial adhesion 

degrades during mechanical fatigue, causing the most significant reductions in cHAp-

coated PEEK. In tensile tests, the coating reduced PEEK-cHAp deformation. Finally, the 

limitations mentioned in this study relate to obtaining the fatigue life curves for the same 

material under more severe fatigue conditions. Parametric studies revealed that the 

curved grid is more responsive to standard features than the controlled elongation lattices. 

Finally, I compare the proposed technique's predictions to the traditional homogenisation 

method. The research found that the proposed method offered a more accurate 

mechanical material evaluation. The revised guidelines consider the effects of AM 

processes and joint stiffness 
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CHAPTER SIX 

6.0. CULTURE TEST (In-vitro)  

6.1. Introduction 

PEEK has physically and chemically stable properties. An orthopaedic replacement 

should be cytologically compatible with any biodegradable usage. Typically, bioactive 

materials must be improved to suit these needs. PEEK becomes sulfonated when 

submerged in concentrated sulfuric acid, resulting in geometric degradation. PEEK, 

titanium, and a chromium-cobalt-molybdenum alloy all showed binding adhesion 

plaques comparable in size and number and linked to cell development. Contradictory 

observations have called into question the link between PEEK and osteoblast growth in 

vitro and the ability of PEEK implants to produce bone. The mechanical stress is 

transferred to the implant without using human bone. Thus, the mechanical force given 

to adjacent bones decreases, resulting in osteopenia. As a result, they are a more attractive 

alternative than metallic ones in some materials. In the 1970s, Ultra-high molecular 

weight polyethene (UHMWPE) was utilised in implantable applications [68,189]. This 

polymer was selected for hip prostheses because of its higher wear resistance, especially 

in the sheared acetabular component. However, owing to high mechanical Forces in this 

region, UHMWPE was not used in the femoral component of the prosthesis. A potential 

PEEK-cHAp effect was observed since the PEEK-cHAp combination facilitated 

osteoblast development more than PEEK alone [177,208]. In general, the outcomes 

obtained using PEEK-based biomedical devices are contradictory. As a result, the 

successful extrusion of a PEEK structure using an extrusion system was coordinated to 

highlight crucial challenges, with an in-depth examination of process parameters included 

in our present work. Numerous mechanical properties from earlier literature show that 

platform injectors and ambient air temperatures are the most crucial thermal parameters 

for printing. Consequently, printed samples' mechanics and analysis were conducted at 

their highest possible temperature. A typical experimental setup for low-glucose DMEM 

culture conditions is shown in Figure 6.1. 
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Figure 6.1 The experimental setup for the DMEM culture media of low glucose. 

The cells are cultured in a Dulbecco's modified eagle's medium (DMEM) culture medium 

containing 10% foetal bovine serum. This medium is used to grow a variety of 

mammalian cells. The improved DMEM media has four times the amino acids and 

vitamins found in the original Eagle medium. The cells are cultured in CO2 at 37°C and 

relative humidity of 5%. The culture of media is changed regularly. The ratio of powder 

to DMEM is 9.9 g per litre, supplemented with 3.7 g of sodium bicarbonate per litre. One 

bag of powder 15.25g is put into a container, followed by deionised water to boil the 

mixture to 450 ml and stir with a magnetic stirrer bar. An additional 0.5 L of deionised 

water is added, and the contents are heated to aid in the powder's dissolution. It is then 

autoclaved for 15 to 20 minutes at 121°C. The culture medium is composed of 125 ml of 

3-chemical nutrient agar solution. It includes all the components required for most studies 

without adding additional fluid for cell growth. It is made in about 60 seconds in a 

microwave or hot water. 

6.2. Methodology of Cell Culture 

The cells in DMEM and low glucose 5-pack (Hyclone, Thermo USA) were then injected 

with 10% Fetal Bovine Serum to induce cell growth, and differentiation was cultured. 

Next, combine 1% Penicillin/Streptomycin (15140-122, Life Technologies Co., 

Carlsbad) with 1% GlutaMAX 0.5L deionised water in a sterile 75cm3 cell culture flask. 

Then add the mixture to a 75cm3 cell culture flask. After that, they were re-heated to fully 
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dissolve the powder before being steamed for 15-20 minutes. After that, the powder is 

dissolved in boiling water. Antibiotics are added to the solution once it has been re-

heated, and sterile Petri plates are placed in the solution to culture. Cells were cultured at 

37 degrees Celsius in a culture incubator with a 5% CO2 atmosphere. The data in the 

DMEM was updated on a biweekly basis. Fusion Trypsin is activated when visible cells 

(GIBCO, Paisley, UK). DMEM cells were cultured at 37°C with an extracted volume for 

24 hours and humidified with a 3 cm2/ml sample area. The cells were pre-mixed 

simultaneously for a total of 24 hours. The L929 cells were cultivated in one 96-well plate 

at a density of 30 per cm2  cells in 200 L of DMEM core temperature of 37°C. After each 

cell had extracted its medium, a separate 150ML sample was taken and changed the next 

day (Figure 6.2). Demonstrations are often tested in-vitro, using DMEM and created 

utilising parametric and generative design methods in scaffolds, often used in tissue 

engineering applications. 

 

Figure 6.2 Materials for DMEM for animal cells and the scaffolds. 

6.3. Cell culture with NAS  

Microwaveable NAS 125 ml for Culture Medium Use on Agar Plates was purchased at 

Brian Taylor Office, Kent, UK. The most simple and affordable Culture Medium to verify 

and compare findings is 3-Chemical NAS 125 ml. It contains all the components needed 

for most investigations and does not need extra chemicals or biological fluids. According 
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to manufacturer instructions, it takes around 60 seconds in the microwave, but it may also 

be prepared in a hot water bath. The printed scaffold is placed in a Petri Dish on a 10-20 

ml NAS of a container and includes detailed instructions for microwaving, culturing, and 

growing the cell. The drop-down box also contains a bundle of twenty sterile inoculation 

loops. With the Nutrient Agar for Petri Dishes culture and the Inoculating Loops, two 

extra one pk Petri Dishes (6 Dishes & 12 Loops) offer a complete project or activity 

package. Anti-bacterial UV radiation is used to sterilise Petri dishes that have been sealed 

in polythene according to Regulation (EC) 1272/2008; NAS 125ml is not hazardous 

A'Lab-Lemco' powder Yeast extract and Peptone Sodium chloride Agar are all present in 

the solution. It can be in a hot water bath or microwave for approximately 60 seconds. 

Figure 6.3 shows all of the Nutrient Agar scaffold solutions in vitro testing results and an 

explanatory remark. 

The MG-63 and hBMSC cells were used to study cell responsiveness to scaffolds. It used 

10% bovine foetal serum and 1% penicillin/streptomycin on a 12-wave platform at 37 °C 

and 5% humidity. Sterilising scaffolds (10% by 5 mm) in 70.1% ethanol for ten and 

twelve hours before adding cell semen was utilised. Adhesion and proliferation were 

achieved by planting 4-1105 cells/scaffold. After adhering to the 2-hectare scaffold, the 

cells were cultured for 1, 3, 5, and 7 days before adding a 2mL medium. To remove 

cells/scaffold structures, these were then rinsed three times with PBS and fixed overnight 

in 2.5% glutaraldehyde at pH 7.4 to remove the cells/scaffold structures. The specimens 

were rinsed with PBS and dried overnight with ethanol. SEM was used to analyse the 

morphology of the gold-sprayed specimens. The cell/scaffold was rinsed three times after 

culture with 4% paraformaldehyde to eliminate excess aldehyde. Living cells were given 

30 minutes of calcein-AM, propidium Iodide, 4-diamidino-2-phenylindole treatment, and 

an Olympus fluorescent microscope. They were blue in the nucleus of live cells and green 

in dying cells. 
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Figure 6.3 Cell culture preparation with NAS and scaffold. 

The MTT (3-(4, 5-dimethyl thiazolyl-2)-2, 5-diphenyltetrazolium bromide) assay test 

measured proliferation in control and scaffold cells after incubation at 1, 3, 5, and 7 days 

of each bowl received 150 L of MTT (5 mg/ml PBS). It was incubated for 4 hours at 37 

°C to dissolve the formazan crystals; 150 L dimethyl sulfoxide was added to the top 

solvent of the spectrophotometer, and the optical density of 570 nm was measured p-

nitrophenyl phosphate assays measured ALP activity after three and seven days of 

incubation. After gentle washing with PBS, the specimens were incubated for 10 minutes 

with a 1% Triton X-100 solution in Tris buffer. The lysate was then added to 12-well 

plates with 100 lp-nitrophenyl phosphate solution. The materials were dried in the air and 

stained under a microscope. Five samples of scaffolds were created and soaked in Tris-

HCl solution. The scaffold was diluted with Tris-HCl to a volume ratio 0.1cm1, and the 

samples were kept at 37°C. A pH metre was used to determine the pH of each group after 

1, 3, and 7 days. Three times the scaffold was cleaned with deionised water and anhydrous 

ethanol. The samples were washed at 60°C and weighed in an oven for 24 hours. 

6.4. Characterisation SEM analysis  

All experiments were carried out at a thermal evaluation facility at DMU Laboratory. 

They were carried out using TA Instruments DSC Q2000, digital differential calorimetry, 

and modulated differential calorimetry instruments. The Engineering Department's 

Materials Analysis was carried out on two separate occasions. To further improve the 
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reliability of the results, software analysis tools such as the DigitSurf gadget were used 

(Mountain 9 Premium). Using ASTM D638 as a guide, tensile tests were performed on 

PEEK samples coated or left uncoated with rGO and cHAp. As previously noted, the 

HAp layer affects the material's tensile strength. Following the fracturing of the model, 

the fixed tensile test for the PEEK sample was deemed inconclusive. The model was 

deformed but did not break during the bend test preventing this from being detected. As 

a result, using static tensile testing, it is possible to evaluate the effect of the coating 

process on the tensile, elasticity, and fracture toughness properties of the steel (Figure 

6.4). 

 

Figure 6.4 Characterisation SEM analysis, showing the coating of the scaffold. 

6.5. EDS-SEM test 

This study used a Hitachi S416 scanning electron microscope to examine the dispersion 

and adherence of nano rGO flakes on cracked mortar surfaces (SEM) (Figure 6.5). The 

samples are incubated for 28 days after analysis. The body is broken into 1054 mm parts 

of a 3 nm platinum coating to improve its conductivity. The crystalline phase of the 

cement matrix is determined using X-ray diffraction (XRD). The internal standard XRD 

technique quantifies the crystalline hydrate cement phases. Bruker's X-ray diffusion 

metre is used to determine crystal distances. In addition to CuK radiation, the system has 

0.02 °/s scanning in the 24–70° range, 40 kV and 30 mA acceleration current. The waist 

depth and width of each model are 0.5 mm accurate. The model is Forced into a tensile 

tester with a 5–6.4 mm/min crosshead speed. 
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A 37°C incubator with 4.98% CO2 maintained the cells warm. The DMEM culture 

medium was changed every four days. It was next necessary to transfer 9.98% of all cells 

into a new container, which required Fusion Trypsin. This research used the ISO 10993-

5 extraction method to extract PEEK and PEEK reinforced with cHAP. The DMEM cell 

was used at 37 °C, and the cell was produced by gradually increasing the moisture content 

of the material. In this case, 3 cm2/mL sample surface area to extraction volume. During 

this time, the cells were pre-mixed. In a 95.79 well plate, L929 had 3,000 cells per 

centimetre square in 200 L of DMEM. A sample of 145 L was added to each cell after 1 

day.  

 

Figure 6.5. SEM structures of (a-c) PEEK-cHAp-rGO culture scaffold, (d) PEEK, (e) cHAp and (f) rGO. 

6.5.1. Surface imaging characterisation 

81 to 135 µm pores were generated in all cohorts with the relationship between printing 

speed and average pore size (PCC = 0.37; p = 0.08). Conclusions: The average pore size 

was zero, significantly lower than the average pore size for all groups at p = 0.01 for the 

actual test, indicating that the average pore size was zero. SEM images obtained at a 3000 

mm/min speed were used to identify tiny cracks in the print layer caused by faults in the 

printing process. Regardless of the stress conditions they were printed, the fracture 

surface morphology was the same for all groups; it started parallel to the layers, changed 

direction, and eventually turned perpendicular to the layers. Figure 6.6 depicts the phase 

map produced by Energy Dispersive Spectroscopy (EDS) using the microstructures 
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discussed above. The carbon K1 phase is easily distinguishable because it contrasts with 

the oxygen K1 phase, which has green microstructures, as shown in Figures 6.6 and 6.7, 

respectively, and therefore is easily distinguished. 

 

(a) (b) 

Figure 6.6 Characterisation of microstructures, showing the (a) elemental mapping for elemental 

microstructure mapping for PEEK in 2 layers of EDS of Carbon 78.9wt% (b) the elemental mapping for 

the EDS spectrum for PEEK. 

 

(a) (b) 

Figure 6.7 Characterisation of microstructures, showing the elemental mapping for EDS of cHAp at 100 

µm. 

Figure 6.8 shows a typical PEEK X-ray diffraction spectrum. The PEEK-cHAp opposing 

side 0.1 sample has a grain size of 7.3 mg, obtained using a ramp method. There was a 

2% crystallinity difference between the exposed and unexposed skin after the cHAp 

surface coating process. The slight shift indicated that the surface coat procedure had 
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altered the crystallinity. After being subjected to the thermal shock method connected 

with the surface coat process, the research was performed only on the PEEK specimen, 

and the results are as follows. PEEK samples had a crystalline fusion temperature (Tm) 

of 340°C and a crystallinity level of 28.6%, respectively. Before testing, the cHAp was 

subjected to a 341°C melting temperature, a 30.5% crystallisation level, and a thermal 

shock at 338 °C. The crystallinity of samples produced from the layers subjected to the 

surface coating procedure increased by roughly 2% and 10%, relative. There was also a 

difference in crystallinity between samples coated with cHAp and those just subjected to 

the thermal shock associated with the coating process. It revealed no impact from possible 

CHAp particles in the gathered samples, which aligned with the research methodology. 

Figure 6.8 shows a microscopic view of PEEK (a) 500 micrometre, (b) 25 micrometre 

and (c) profile intensity. 
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Figure 6.8 A microscopic view of PEEK (a) 500micrometer (b) 25micrometer (c) of Profile intensity. 

6.5.2. In-vitro cytotoxicity  

For continuous printing without clogging the polymer's main factor, the experiments 

proved the necessity of central heating, PEEK head extrusion design, nozzle or high-

temperature printing, and environmental management [68]. Although the plate considers 

the adhesion and curvature reduction of the printed component syringe design on the 

extruded head base, heat on PEEK could not achieve adequate control. The essential 

components from the PEEK syringe were delivered into the needle, which avoided 

thermal breakdown viscosity and aided in vitro control. Additionally, the syringe method 

was selected in line with the testing limitations on the number of printed components that 

can be tested. Because the initial results of the heat buffer on glass, as determined by 

temperature, changed throughout the printing process, the three-level PEEK jetty print 

was done with an extrusion syringe. The alkaline phosphatase-staining spots on the blue 

PEEK-cHAp combination were consistently denser than those on the PEEK surfaces in 

the previous experiment [69]. On day 14, cells grown in the PEEK-cHAp combination 

showed much higher relative alkaline phosphatase activity than cells cultured in PEEK, 

with a p-value of 0.005, indicating a significant difference between the two groups. These 

in vitro samples (Figs. 6.9a-f) are similar to those reported in [53-55] and are shown here 

as an example. Actin filaments were more prominent in PEEK-cHAp cells than in 

adjacent bound cells in this study. The cell nuclei on the PEEK-cHAp surfaces were more 

densely packed than those on the PEEK surfaces, indicating that the combination was 

more effective.  
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Figure 6.9 The cells adhere to FDM 3D printed PEEK composite sample surfaces after pink culture: (a) 

100 µm magnification of PEEK with 20µm, (b) 100 m magnification of fractured PEEK, (c-d) spreading 

cell activity of cells after days of PEEK-cHap labelling at various magnifications and (e-f) after days of 

morphological nuclei staining with 4, 6-diamidino-2-phenylindole 0.1 g/mL in the white spot of PEEK 

and PEEK-cHAp, the filamentous activity of the cytoskeleton was determined using SEM. 

6.6. Result of cell culture of DMEM 

Cells were grown in 75 cm3 sterile cell culture flasks bought in the GlutaMAX, USA, 

using DMEM pouches (low glucose, 5 per pack) supplemented with 10% foetal bovine 

serum, 1% penicillin/streptomycin. Mammalian cells of various types were able to grow 
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in the medium. Adding DMEM to the original eagle medium increased the concentration 

of amino acids and vitamins by four. The low-cost DMEM powder also included Phenol 

Red L-glutamine and low glucose levels of 1 g/L and little to no NaHCO3. A humidified 

atmosphere containing 4.98 per cent carbon dioxide raised the cells to 37oC. Every day 

they have brought a new form of cultural expression with it. 9 g powder to 1 mL DMEM 

media was used in the experiment. In compensation for the absence of carbon dioxide, 

3.7 g sodium bicarbonate was added to each DMEM medium before 450 mL of deionised 

water was added to the mixture. A magnetic stirrer bar was used to mix. The total volume 

of the mixture was 15.25 g of powder. After adding 0.5 L of deionised water, this solution 

was boiled to help dissolve the powder. After that, it was sterilised in an autoclave for 

15–20 minutes at 121 °C. Antibiotics were added, and the liquid was pipetted onto sterile 

Petri plates after a short chilling time to allow the fluid to reheat to body temperature. 

Figures 6.10 (a-d) depict accumulating cells in the surface grooves of PEEK-HAp 

composite cells grouped while the PEEK cells are dispersed across the device. PEEK-

rGO-actin cHAp filaments are more prominent than other cells due to a strong 

connection. PEEK-HAp alkaline cell phosphatase showed a statistically significant 

difference from PEEK on day 14 (p = 0.005.5A-F) relative behaviour. Actin filaments in 

PEEK-HAp can be more prominent than in PEEK-HAp since it is linked to nearby cells. 

To top it all off, the PEEK-HAp layer outside the cell nucleus is thicker than the one 

within. Cells adhering to the FDM 3D-printed PEEK composite sample surfaces were 

stained to determine whether they were alive or dead (Figure 6.10). After the samples 

have been grown in the NAS for a day, this is observed at 50 µm of PEEK and PEEK-

rGO-cHAp. Significantly, live-cell growth is observed at ten microns of PEEK-rGO-

cHAp. This development is further increased at twenty microns. PEEK-rGO-cHAp cells 

grow to form a ring around tiny dead cells after seven days and 14 days when exposed to 

the same PEEK-rGO-cHAp cells.  
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Figure 6.10 Cells adhered to sample scaffold surfaces for days using DMEM medium: (a) 50 µm of 

PEEK after 24 hours, (b) 50 µm of PEEK-rGO-cHAp composite scaffold after 24 hours, (c) 50 µm of 

PEEK after three days, and (d) corresponding magnification of 50 µm of cell deposition of PEEK-rGO-

cHAp composite scaffold after three days. 

This result shows that the cHAP and rGO coating procedures impact PEEK’s surface 

crystallisation and an elastic response in the studied regime. The use of glass improves 

the polymer’s resistance to frost stress. An anchoring effect of the cHAP layer is obtained 

when the glass transition temperature is reached. The sample coated with rGO and cHAp 

had a much lower tan value than the sample subjected to heat shock. Only heat shock 

samples were examined, followed by PEEK-rGO-cHAp non-mechanical samples. The 

results obtained for elastic modulus confirm this, and a mathematical method is used to 

determine the viscoelastic phase's peak E after bending. The bare minimum values for 

this attribute can be found in the static collection. A higher crystallinity was observed in 

samples exposed to heat, shock, and cHAP and rGO treatments, showing these factors' 

significance on behaviour. Figure 6.11 (a–f) shows cells adhered to sample surfaces after 

days of culture in DMEM, demonstrating 50µm of PEEK after over 24h and 50µm of 

PEEK after three days. Increased alkaline phosphatase activity spread in cells after seven 
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days of PEEK culture 50µm of PEEK-rGO-cHAP scaffold after 24 hours. The equivalent 

magnification of 50 µm of PEEK-rGO-cHAP cell deposition and more robust adhesion 

of living cells to the PEEK-rGO-cHAP scaffold. Figure 6.11 (g–l) shows that after culture 

with NAS, live/dead cells adhered to FDM 3D-printed PEEK composite surfaces. 

Increased cell activity on the third day in 50 µm PEEK 50m of PEEK cell spreading with 

few dead cells on the seventh day and 50 µm PEEK for 24 hours. Also (j-l) shows 50 µm 

of PEEK-rGO-cHAP for 24 hours, 50 µm of PEEK-rGO-cHAP on the third day, and 

PEEK-rGO-cHAP cell growing to spread with few dead cells on the seventh day. 

 

Figure 6.11 (a–f) Cells adhered to sample scaffold surfaces after days of culture in DMEM, 

demonstrating (a) 50 µm of PEEK after over 24 h and (b) 50 µm of PEEK after three days. (b) Increased 

spreading of alkaline phosphatase activity in cells after seven days of PEEK culture (d) 50 µm of PEEK-

rGO-cHAP composite scaffold after 24 hours, (e) the equivalent magnification of 50 µm of PEEK-rGO-

cHAP cell deposition. (f) A more robust adhesion of living cells to the PEEK-rGO-cHAP composite 
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scaffold. (g–l) After culture with Nutrient Agar Solution, live/dead staining of cells adhered to FDM 3D-

printed PEEK composite sample surfaces. (g) 50 µm PEEK for 24 hours (h) Increased cell activity on the 

third day in 50 µm PEEK I 50m of PEEK cell spreading with few dead cells on the seventh day (j) 50 µm 

of PEEK-rGO-cHAP for 24 hours (k) 50 µm of PEEK-rGO-cHAP on the third day (l) PEEK-rGO-cHAP 

cell growing to spread with few dead cells on the seventh day. 

6.7. Cell Culture with NAS Result 

Figure 6.12 shows the aggregation of cells in the surface grooves due to the 

manufacturing process deposition patterns. Incorporation and cluster formation were of 

the PEEK-rGO-cHAP cell lines. Actin cells predominated in the PEEK-rGO-cHAP 

composite over bond cells. The PEEK-rGO-cHAP composite cell nuclei are denser than 

those on the PEEK surface. Figure 6.12 depicts the body's qualitative and quantitative 

effects of alkaline phosphatase activity. It is shown in Figure 6.12(a–g) that cells are 

attached for over 24 hours to a sample scaffold after DMEM crop medium treatment and 

that 50 metres of a composite scaffold are treated for 24 hours with DMEM crop media. 

After three days of 50 m magnification of PEEK-rGO-cHAP cell deposition, Figure 

6.12(c–d) depicts 50 m of PEEK. Figure 6.12 (e–f) demonstrates better PEEK-rGO-

cHAP live-cell adhesion after seven days of PEEK culture with higher cell alkaline 

phosphatase activity. Figure 6.11 depicts the live/dead cell labelling in FDM 3D 

following culture with NAS on the composite PEEK sample surfaces. Figure 6.12a-c 

shows the live-cell growth of 10 m after 24 hours, whereas the picture displays 50 m 

PEEK after 24 hours and 50 m. 

Figure 6.12 show cell activity at 50mm PEEK on the third day, PEEK-rGO-cHAP on the 

third day, and cell growth at 20mm on the third day. Figure 6.12 (a–f) shows the 

distribution of 50 m and the presence of PEEK-rGO-cHAP in the circles with small dead 

cells on the seventh day. However, the strength of various young modules was 

significantly varied in age, and thus the tanning effect was regulated. The derived 

youthful modulus value decreased together with the skin tone. Replace the smaller sample 

with a larger one. A complete response was provided for the surface subjected to thermal 

stress throughout the coating process. The SEM picture shows that the polymer is heated 

on a shattered, ice-covered ledge throughout the coating process. In samples with 

effectively coated HAp, the modulus of elasticity and tan increased with age, indicating 

a more sterile performance. This behaviour proposed that mechanical cycle deformation 
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had caused the rGO and cHAp particles to separate from the polymeric substrate 7.3 mg 

of grain was used in the PEEK-cHAp sample. Starting with an opposing concentration of 

Surface-coated skin exposed to cHAp had a 2% higher crystallinity than skin not exposed 

to it. It was a little but telling sign that the crystallinity of the surface coating was 

changing. 

 

Figure 6.12 After culturing with NAS, live/dead staining of cells adhered to FDM 3D-printed PEEK 

composite sample surfaces: (a) 10 µm of PEEK-rGO-cHAp demonstrating live cell growth after 24 h, (b) 

cell spreading and alkaline phosphatase activity on PEEK-rGO-cHAp at 20 µm on the third day, and (c) 

10µm of PEEK cell spreading with small dead cells on PEEK-rGO-cHAp on the seventh day. (d) PEEK 

cell spreads rapidly on the fourteenth day, and (e–f) PEEK-rGO-cHAp with a dead cell on the fourteenth 

day. 

The crystallinity of layer samples treated with the surface coating approach increased by 

2% in absolute terms and 10% in relative ones. The crystallinity of a cHAp-lacquered 

model was only subjected to a heated air shock during the surface coating process. The 

samples analysed using these methods found no interaction with cHAp particles.  

Microwavable NAS 125 ml was delivered by Brian Taylor Offices 2 in the UK as a 

culture media for Agar Plates. The NAS Culture media made from the 3-Chemical NAS 

is the quickest and most adaptable. No extra chemicals or biological fluids are required 

since they contain everything needed for most investigations. It was prepared by placing 

a microwave bottle filled with hot water for 60 seconds. The printed scaffold is placed 

gently on a prepared NAS in a standard Petri dish. The bottle came with instructions on 
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microwaving it, obtaining cultures, and developing the cell, all in great detail. A package 

of twenty sterile inoculation loops is available through the drop-down box. 

6.8. SEM analysis results 

SEM was used for image processing at a life science laboratory at DMU. Using the 

ASTM D790 standard for examining cross-sections of the manufactured specimen, the 

covered layer morphology was analysed before and after mechanical cycling and its 

thickness, morphology, fractures, roughness and porosity. cHAp tensile and extensive 

testing was used to create the specimen, which flows deformed to 90% following static 

bending. The surface coat technique was evaluated using X-ray diffraction to determine 

whether the generated layer matched the needed and expected for use as an 

osteoconductive layer. X-ray diffraction analysis was used to compare experimental 

results to published literature findings. The results were found to agree. Based on an 

evaluation of the thermal shock that PEEK specimens were exposed to during the coating 

process, estimate the thermal shock effect on polymer crystallinity. This experiment 

aimed to know whether the exposure altered PEEK matrix crystallinity. Studies on 

specimen surface layers were conducted since they are more susceptible to change due to 

the procedures' high thermo-mechanical impact. Mass was removed from PEEK samples 

coated with cHAp to ensure no cHAp particles interfered with the research. The research 

was carried out at the materials engineering department's DMU polymer division using 

DMU Instruments, differential scanning calorimetry, and modulated DSC. There were 

two rounds of analysis. Software analyses such as Digit Surf (Mountain 8 Premium) 

Instrument were used to verify the results correctness. As previously reported, a cHAp 

layer was applied on PEEK specimens and tested for its impact on mechanical strength 

under stress using tensile testing. 

Static tensile testing on PEEK specimens was halted after one of the samples broke. 

During the flexion test, the specimen flexed without breaking. As a result, this was not 

an issue. While performing a static tensile test, it was possible to evaluate how the coating 

technique affected the tensile strength characteristics, resilience, and fracture toughness. 

Figure 6.13 shows nanoparticle thresholds ranging from 60.89 to 39.12 nm for PEEK-

HAp employing a Daubechies waviness high-pass filter image and a solid Gaussian filter 

at 285 nanoparticles. The watershed detection approach uses 1336 nanoparticles with a 

mean projected area of 37.48 m2, equivalent diameter of 5.837 nm, height of 14.36 nm, 

roundness, compatibility, and pitch of 0.5803, 0.7573, and 7.323 nm, respectively. The 
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roughness analysis in the Daubechies wavelet filter and the scaled sample profile analysis 

in the 0.8 mm Gaussian filter demonstrates the nanoparticles slice luminance conversion 

and the frequency luminance spectrum conversion of the micro-nano particles. 

 

 

Figure 6.13 (a) A 3D-printed PEEK tensile reference sample, (b) a sample with 105 m porosity after 

tensile fracture, (c) a microscopic profile of the 3D model, (d) a 500 x of a 605 µm fibre, and (e) a profile 

graph of the 3D with pixels of 1.2872 ms and an of 0.2225 m/pixel. 

PEEK scaffolds with various fill sizes were used for the FDM of the scaffold, which was 

created via 3D printing. During the extrusion process, I used multiple points to produce 

PEEK-cHAp compounds with a static Force and keep air out of the composite mould. It 

was steel and had a 25 mm bore accessed via a 0.5 mm vent hole on the bottom surface. 

The optimal temperature formation was 400°C, and external construction with 

dimensions of 10 x 10 x 3 mm3 was moulded and tested at a pressure of about 0.39 MPa. 

The filler/porous cHAp sizes used in evaluating the mould were varied. Heating a mould 

to 250°C and progressively increasing the weight and pressure until the temperature 

reached 400°C was used to achieve static charging of the mould (Figure 6.14). 
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Figure 6.14. The PEEK-cHAp composite's parameter values are shown in (a) the curve retrieved profile 

with a length ranging from 144 to 159 µm and (b) the filtered extracted waviness profile using Gaussian 

filter settings and a cut-off of 2.50 µm. 

The PEEK crystallised and solidified when forced to cool in the mould under pressure. 

In the first cHAp platform, the surface hardness of individual cHAp fibres was measured. 

The surface hardness of the PEEK lines that penetrated the absorbed PEEK was also 

determined. The average surface hardness value of each of the three investigated sites 

was recorded.  

Figure 6.15 shows the four XRD zoom factors, which are not 180° smoothing for the 

1800 angle profile. The coating maintains good adhesion to PEEK substrates even after 

high static deformation. It can be observed by comparison—3D depiction of the binarised 

grain evaluation results for PEEK-HAp. DAPI (4′,6-diamidino-2-phenylindole) to stain 

the nuclei of adhering cells throughout the composite material demonstrates the extensive 

presence of adhering cells throughout the composite material. The high level of scaffold 

green-channel autofluorescence interferes with the green signal from the cell tracker, 

reducing the experiment's effectiveness significantly. The watershed detection method 

uses 1336 nanoparticles with a mean projected area of 37.48 m2, an equivalent diameter 

of 5.837 nm, a height of 14.36 nm, and roundness, compatibility, and pitch values of 

0.5803, 0.7573, and 7.323 nm, respectively. The roughness analysis in the Daubechies 

wavelet filter and the scaled sample profile analysis in the 0.8 mm Gaussian filter 

50 mm Extracted profile

0 50 100 150 200 250 300 mm

nm

59.57

-40.43

0

Profile curve - Extracted profile

0 50 100 150 200 mm

nm

55.47

-44.53

0



 

162 

 

demonstrates the micro-nano particles' frequency luminance spectrum conversion and the 

scaled sample profile analysis in the 0.8 mm Gaussian filter. 

 

Figure 6.15 (a) PEEK tested with DMEM, (b) PEEK-rGO-cHAp tested with DMEM, (c) PEEK tested 

with NASand (d–e) PEEK-rGO-cHAp tested with NAS on different days. 

6.8.1. Nanostructure of PEEK-cHAp biocomposite 

To limit the utilisation of biocomposite structures, PEEK can be utilised. The evisceration 

of 3D-PEEK implants was studied using microscopic and porosity measures. Porosity 

https://www.sciencedirect.com/topics/chemistry/polyetheretherketone
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was 14% and 31% in samples with 100% and 80% fill rates, respectively. With a 100% 

fill rate, the material had a porosity of 14% due to air spaces between the fibres; due to 

the inherent limitations of the technique, airbags accumulated on the ground in layers. 

The loading fibres' form also restricted each segment's filling, resulting in unwanted gaps 

between the sheets and the loading fibres. When the workpiece was attached to the base 

material, these air channels were more likely to form than later. A commercial Ultem 

9085/Stratasys FDM machine was used with a lasting material and a 420 °C nozzle 

temperature for the required applications. A wavelet filter roughness of 10 was found in 

the PEEK-HAp biocomposite, as was a scatter compatibility control chart of height 

motifs analysis and a histogram of compactness from a volume island study of 33 points. 

Figure 6.16 shows the composite wavelength at 30.73 nm, with an amplitude of 5.89 nm, 

and composite amplitude at 5.892 nm, with a dominating wavelength of 24.93 nm and a 

maximum amplitude of 12.50nm of the root-mean-square gradient (Sdq). 

 
 

(a) (b) 

Figure 6.16 Parameters for the PEEK-HAp biocomposite, showing (a) the roughness of the continuous 

wavelength decomposition of a Daubechies wavelet filter of 10 and (b) the scatter compatibility of the 

investigated surface-generated fast Fourier transform (FFT) spectrum. 

The related Slope and R2 equations were, for example, -2.65 and 0.9965 on the first day, 

-2.47 and 0.9998 on the third day, and -2.55 and 0.9997 on the seventh day when applied 

to actual units with fractal dimensions of 2.66, 2.47 and 2.55. When using PEEK-HAp 

with a Gaussian filter set to 0.8 millimetres roughness amplitude, the following results 

were obtained: texture direction of the converted luminance analysis of PEEK 

nanoparticles, scatter plot of the Sq height parameter of the nanoparticle in ISO25178 

standard, and microstructure failure analysis (Figure 6.17). 
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Figure 6.17 The PEEK-HAp biocomposite's X-ray diffraction (XRD) pattern analysis of the average 

power spectrum density patterns. 

This control is specified in the descriptions of porosity and, therefore, the ultimate 

mechanical characteristics of the scaffolding when the Force is applied using bonded 

sintering powder. Powder supply methods are mature and must be enhanced to meet the 

needs of the new AM technology. The result required lower laser spot widths and powder 

particles with smaller particle sizes. However, given the rapid advancement of lasers and 

powders, these criteria did not represent an impassable barrier. With the development of 

nanotechnology, nanopowder may enhance the functionality of implants, such as the 

regulated release of medicines. Thus, technical resources for AM applications in the 

biometric industry seem accessible since the equipment required appears minimal. Along 

with microfabrication, AM used in the biomedical sector will soon offer stimuli resulting 

in what is referred to as high precision. In the case of scaffolds, AM or rapid prototyping 

of microphones will allow replicating of bone trabecular structure (Figure 6.18). 
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Figure 6.18 Computational view of the PEEK-cHAp-rGO scaffold in DMEM and NAS changes in time. 

6.8.2. Computational and Microstructural analysis  

Impure residues may remain even after removing binders, putting cHAp 

biocompatibility at risk by creating in-vivo agents that promote inflammation. 

Composites of HAp and biocompatible polymers often combine rGO-HAp with PEEK 

to produce scaffolds. The composites were made via the use of heat. Thus, AM 

technology was ideal for directly synthesising composite materials due to its unique 

polymer melting temperature compared with other AM methods. Figure 6.19 shows a 
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computational analysis of the nanostructure of Scaffolds in a change in time using 

mountain premium digital surf software 

 

Figure 6.19 Computational analysis of nanostructure of Scaffolds in a change in time 

The concepts and features of ISO 4287 outlined the influencing variables in tissue 

engineering 3D printing with converted scaffolding brightness. The average height of the 

elements in the raw profile (Rc) with ISO 4287 amendment 2 was 2.94, compared to 13.8 

for the total rawness (Rt) profile and 1.04 for the roughness profile (Ra). The divergence 

in the root-mean-square (RMS) of the 1.22 roughness profile was fixed at 0.0718 

throughout the study. To obtain an accurate result, the (Rsk) skewness was set to 0, and 

the (Rku) skew was set to 1.82. Additional in vitro test findings using DMEM were 

included in Figure 6.20 with a brief caption.  Complete valley profile roughness (Rv) was 

120maximum peak profile roughness (Rp) was 1.22, and complete ruggedness profile 

(Rh) was 2.41, according to the study findings. The investigation was carried out. On 

PEEK-rGO-cHAp grooves, tissue engineering cells adhere and develop for several test 

days, as shown in Figure 6.20. The sample profile is inscribed using the Gaussian 0.8 mm 

filter on the analytical scale. It has taken several days to generate the sampled amplitude 

roughness profile. PEEK-HAp particle brightness with reduced valley depth (Sck) 

frequency spectrum and tolerance limit test results are presented in Figure 6.20. There 

was a phase angle of 135.6o and an angular value of -44.49o for a light wavelength equal 

0.535 µm. 
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Figure 6.20 Computational view of the PEEK-cHAp-rGO scaffold in DMEM and NAS with a change in 

time and the 3D view of the nanostructure 

6.9. Summary and conclusion 

Adding cHAp and rGO particles to PEEK during the FDM manufacturing process 

increases the biological activity of the material. The mechanical properties and elastic 

moduli of PEEK-rGO-HAp composites containing PEEK-69, cHAp-30, and rGO-1 (wt 

%), PEEK-78, cHAp-20, and rGO-2 (wt %), and PEEK-87, cHAp-10, and rGO-3 (wt %) 

have been determined, as well as the mechanical properties and elastic moduli of PEEK-

rGO-HAp composite when compared to the other composite ratios, and they have the 

minor displacement of 9.29 m. After 14 days of immersion in DMEM-simulated 
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physiological fluid, the PEEK-rGO-HAp composite was discovered to trigger apatite 

production. The data indicate that cHAp and rGO significantly boost PEEK biological 

activity and osteogenesis. According to the experiments, the PEEK-cHAp composite 

showed better adhesion, proliferation, and cell activity when tested in vitro using the 

DMEM culture medium compared with the pure PEEK. PEEK and cHAp composites 

together resulted in excellent cell clotting results. Because of the composite addition, a 

slight reduction in mechanical properties was not significant. This research undoubtedly 

established a framework for biomedical bone-implant compatibility novel material 

products. Future development may provide preliminary proof for effective 3D printing of 

medical-grade PEEK using an independent extrusion method while providing a 

framework for future growth. 

6.10. Conclusion 

The PEEK-cHAp composite outperformed pure PEEK in adhesion, proliferation, 

dispersion, and alkaline phosphatase activity. The PEEK-cHAp composite produced 

apatite after 14 days of immersion in DMEM-simulated physiological fluid. The PEEK-

cHAp composite exhibited a higher osseointegration activity than PEEK alone, according 

to in-vivo results. According to these results, cHAp absorption significantly increased 

PEEK biological activity and osteogenesis. The cHAp and rGO particles are added to 

PEEK during FDM production to increase their biological activity. PEEK-rGO-HAp 

composites with PEEK-69, cHAp-30, rGO-1 (wt%), PEEK-78, cHAp-20, and rGO-2, 

and PEEK-87, cHAp-10, and rGO-3, are investigated for their mechanical properties and 

elastic moduli. PEEK-87, cHAp-10, and rGO-3 (wt%) composites produced the most 

significant stress of 25.32 GPa and the lowest displacement of 9.29 mm compared with 

the others. It takes 14 days for the PEEK-rGO-HAp composite to stimulate apatite 

formation after immersion in DMEM-simulated physiological fluid. According to all the 

research, PEEK and osteogenesis, biological activity is significantly increased following 

absorption of cHAp and rGO. Moulds for bioactive PEEK-HAp composites may also be 

compressed using it. rGO and cHAp are consistently distributed in PEEK after being 

modified to provide significant derivatives with improved tissue scaffold engineering 

properties. Enhancing rGO-HAp compatibility with PEEK is required for biomedical 

engineering applications.  
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CHAPTER 7 

7.0. CONCLUSIONS  

7.1. Achievements  

The design of a new bone medical implant was introduced and reviewed in the first two 

chapters of this thesis. The other chapters include the original work on designing and 

developing a bone implant, using PEEK materials with some compositions, such as cHAp 

and rGO, to produce a set of new composites. The key achievements of this work on bone 

implants are subsequently summarised:  

i. A new PEEK and PEEK-rGO-cHAp biocomposites were designed and created 

using the FDM technique, with different proportions of composite, such as 1% wt 

to 5%wt of rGO and cHAp, and applied to different bone medical implants.  

ii. The addition of rGO and cHAp nanoparticles to the PEEK matrix increased the 

biological activity of the composite structure. Various cHAp concentrations were 

used to determine the tensile and elastic modulus of PEEK-rGO-cHAp 

compounds.  

iii. The presence of rGO at concentrations of 3 and 5% by weight implied a higher 

mechanical strength of the modulus of elasticity. A strength of 3.85 GPa was 

obtained with this product. The adhesion and diffusion of PEEK-rGO /cHAP were 

studied in in-vitro experiments.  

iv. PEEK-rGO-cHAp composite caused apatite production in DMEM and NAS 

medium after 14 days of adding the compounds. The in-vivo findings revealed 

that the aggregation activity of PEEK-rGO-cHAp was much higher than that of 

PEEK alone.  

v. Design and implement a new ten different lattice structure in the bone-implant 

application of PEEK-rGO-cHAp. 

vi. According to these findings, rGO and cHAp significantly impacted biological 

activity in the body. Bone formation was substantially improved because of the 

verified PEEK behaviour. An accurate baseline of each door frame was produced 

and then simulated to replicate the skeletal structure of the pillars accurately mesh 

structure based on the BCC-octahedron. Mechanical strength was much higher 

than that of other mesh samples designed, such as gyroid and diamond, to imitate 

the porosity and strength of the bone structure.  
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7.2. General Conclusions 

In conclusion, after this innovative study, it is feasible to infer that, owing to the intricacy 

of biological tissue imitation of PEEK and the composite. Mixing materials using coating 

composites was best rather than extruding the multilayer structures combination method. 

Surface treatment is another option for improving the characteristics of the support 

system and promoting bone regeneration in the patient. The findings were evaluated both 

in-vitro and in-vivo by utilising tissue-specific imprint structures created by different 

AM-based techniques to rebuild complicated tissues to recreate complex tissues. The 

treatment of surfaces was based on plasma activity and bioactive coatings. Stem cells 

aimed to enhance cell surface affinity and differentiation ability to maximise their 

potential for stem cells. PEEK-cHAp, biocompatible polymers and their constituents 

have been thoroughly investigated. It is still the most appropriate biomaterial for 

inorganic components, such as bones and is also the least expensive.  

Also, the cHAp-PEEK interface ensured that the implant adhered to the bone optimally 

to restore bone function via a biologically functional and biocompatible interface. PEEK's 

capacity to create cells resulted in an evenly flexible structure. Because of its chemical 

composition and surface structure, the structure enabled cell development at the PEEK-

HAp interface. It depended on the interface's interaction with the surrounding biological 

environment. Accumulate cHAp in PEEK, and several different techniques have been 

devised. Bio growth is one of the most promising of these approaches. Because it 

generated HAp as PEEK-cHAp physiologically in bones and enabled improved 

resorption of porous implants, cell adhesion, migration and proliferation were highly 

affected by pre-absorbed proteins during the resorption process. Therefore, it created 

HAp fusion interfaces attached to proteins, such as fibrin, which promotes cell 

proliferation and adhesion in many ways.  

Moving forward, the activation of PEEK-based composites and the surface treatment of 

the same material were investigated in this research. This substance was selected for its 

potential for bone tissue regeneration and its ability to promote bone regeneration. The 

benefits of AM methods over other traditional manufacturing techniques to produce 

porous tissue were obtained in this study. The investigation showed significant 

discoveries on how the HAp-PEEK interface affected bodily fluids. Future studies may 

substantially enhance the current experimental techniques for generating and analysing 
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functional fusion linkages of cHAp and polymeric nanoceramics, which are currently 

being used. Also, these investigations contributed to a better understanding of the 

interaction between nanomaterials. 

PEEK and cHAp can be combined in various ways, including coating with composite 

material, extrusion and multilayer constructions. Surface treatment is another option for 

enhancing the characteristics of systems that stimulate bone regeneration, which can be 

employed in conjunction with other methods. The production parameters for injection 

moulding and coating were compared using information from the literature. This study 

also examined the mechanical features of static and dynamic testing and the effects of 

these qualities on the mechanical properties of PEEK filaments following the cHAp 

coating process.  The coating and particle dispersion quality features, morphological 

examination of the granulometry, depth of penetration, cHAp layer status following static 

and dynamic mechanical Forces, and their broad applications have been well elucidated. 

This critical research revealed that the thermal process successfully formed a cHAp layer 

with properties suitable for osteointegration. This study determined whether the thermal 

process successfully created a cHAp layer with properties ideal for osteointegration. 

Besides, PEEK and cHAp can be utilised to repair and replace bone in hard tissues for 

improved support strength. Interfacial biological macromolecular cellular investigations 

of cHAp embedded in PEEK and other polymers will benefit biomedical application 

research in the future. Cellular cHAp combined with a soft polymer, such as PEEK fabric, 

helps to retain the functional characteristics of skin tissues that need flexibility. Long-

term blood vessels or catheters must satisfy current scientific difficulties regarding tendon 

regeneration and cartilage replacement. Additionally, interactions at nano-bio material 

interfaces must be investigated. It is necessary to know cellular behaviour when exposed 

to implanted PEEK and cHAp scaffolds. Tissue engineering methods must consider cell 

adhesion characteristics, whether for surface augmentation via absorption or the insertion 

of specialised binding proteins. Investigating biological cellular interfaces of hybrid 

autonomous cells and bone material has significant potential to create biomaterials. 

In addition, composite constructions can combine PEEK and cHAP in various 

configurations. Extrusion or a layered structure are two options. Surface treatment is 

another method for improving the structural characteristics of the bone used to promote 



 

173 

 

bone regeneration. Production parameters for injection moulding and coating were 

compared with those found in the literature [48,190]. In addition, the mechanical 

properties of static and dynamic tests and the effects of cHAP coating on the mechanical 

properties of PEEK filament, coating quality characteristics and particle dispersion were 

investigated in this study. Particle size was analysed morphologically. Clarification has 

been provided on the penetration depth, the condition of the cHAp layer after static and 

dynamic mechanical stresses, and the general application of the technique. This research 

demonstrated that the X-ray diffraction characteristics of cHAp revealed that the heat 

treatment results in a cHAp layer were suitable for oscillatory integration, with values at 

technical and international standards established to safeguard it. 

Molecular-level intercellular biology studies of cHAp incorporated into PEEK and other 

polymers will be carried out in the future, as well as other polymers. Biomedical 

applications research will profit from this study since PEEK and cHAp can be utilised to 

repair and replace bone in complex tissues, resulting in increased strength. Cellular 

cHAps made of soft polymers, such as PLA textiles, aid in healing skin tissues and have 

functional characteristics that need flexibility. Tendon repair and cartilage replacement 

need a catheter or a long-term vascular system. It is necessary to investigate interactions 

at nanomaterial interfaces. It is critical to have a thorough knowledge of cellular 

behaviour when exposed to implanted PEEK and cHAp structures to create safe new 

methods for detecting biomolecular interactions. Tissue engineering methods must 

consider cell adhesion characteristics to improve surface enhancement via the adsorption 

or implantation of specific binding proteins. A significant deal of promise exists for 

researching cell biology interfaces between independent hybrid cells and bone materials 

to aid in creating new biomaterials. 

7.3. Summary 

The adhesion and diffusion of PEEK-rGO-cHAP were shown in in-vitro experiments. 

Bone formation was substantially improved because of the verified PEEK behaviour. 

PEEK-rGO-cHAP compounds caused apatite production in DMEM and NAS medium 

after 14 days of adding the compounds. According to these findings, rGO and cHAp 

significantly impacted biological activity in the body. The presence of rGO at 

concentrations of 5 and 3% by weight implied a higher mechanical strength of the 

modulus of elasticity. The intricacy of biological tissue imitation was so complex that 
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mixing materials were best. PEEK-cHAp, biocompatible polymers and their constituents 

have been investigated both in-vitro and in-vivo. The cHAp-PEEK interface ensured that 

the implant adhered to the bone in the most optimum manner. Bio growth was a technique 

that generated HAp as PEEK-cHAp physiologically in bones and enabled improved 

resorption of porous implants that accumulated cHAp in PEEK; some methods were 

devised. The activation of PEEK-based composites and the surface treatment of the same 

material were investigated within the scope of this research. The effect of thermal shock 

caused by cHAp on PEEK and its thermomechanical characteristics was addressed. This 

study also examined the mechanical features of static and dynamic testing and their 

effects on the mechanical properties of PEEK filaments following the cHAp coating 

process. When the thermal process successfully formed a cHAp layer suitable for 

osteointegration, it determined whether it created properties suitable for complemented 

bone regeneration. 

Significantly, PEEK and cHAp can repair and replace bone in hard tissues for improved 

support strength. Interfacial biological macromolecular cellular investigations of cHAp 

embedded in PEEK and other polymers will benefit biomedical application research in 

the future. Creating new safe methods for detecting biomolecular interactions is 

necessary to know cellular behaviour when exposed to implanted PEEK and cHAp 

scaffolds. The PEEK effects of thermal shock from cHAp crystallisation processes and 

the thermal-mechanical properties of the crystallisation products have been discussed. 

Production parameters for injection moulding and coating were compared with those 

obtained in the literature. In addition, the mechanical properties of static and dynamic 

tests and the effects of cHAP coating on the mechanical properties of PEEK filament, 

coating quality characteristics and particle dispersion were investigated in this study. 

Molecular-level intercellular biology studies of cHAP incorporated into PEEK and other 

polymers will be carried out in the future, as well as other relevant polymers. Biomedical 

applications research will profit from this novel study since PEEK can be utilised to repair 

and replace bone in complex tissues, resulting in increased strength. Lastly, when 

investigating the cHAP and PEEK structures, it is essential to have a comprehensive 

knowledge of cellular behaviour. A significant deal of promise exists for researching cell 

biology interfaces between hybrid cells and bone materials to aid in creating new 

biomaterials. Particle size was investigated morphologically. This study demonstrated 
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that the heat treatment resulted in a suitable cHAp layer for oscillatory integration, with 

values within technical and international standards.   

7.4. Implications and Applications 

The findings and outcomes of this research study on enhancing biocompatibility and 

structural integrity of hip and femur implants through PEEK composites and FDM 

techniques have several implications and applications in orthopaedics and biomaterials. 

The successful development and characterization of functional PEEK composites for 

bone implants open up new possibilities and advancements in the design and 

manufacturing of implant materials. One of the key implications of this research is the 

potential improvement in the performance and biocompatibility of PEEK materials for 

bone implantation. PEEK composites incorporating biocompatible additives like calcium 

hydroxyapatite (cHAp) and reduced graphene oxide (rGO) have enhanced mechanical 

strength, bioactivity, and cell adhesion properties. These improvements address the 

limitations of PEEK materials in replicating natural bone strength and biological 

properties. The developed PEEK composites have the potential to provide better 

compatibility with the human body, reducing the risk of adverse reactions and improving 

the long-term performance of hip and femur implants. 

The application of fused deposition modelling (FDM) techniques in manufacturing 

porous hip and femur bone implants with homogenization lattice structures is another 

significant implication of this research. FDM allows for the precise control of scaffold 

geometry, porosity, and interconnectivity, crucial factors for successful bone tissue 

regeneration. The lattice structures designed to mimic the bone structure within the 

composite provide a more realistic and biomimetic implant, promoting better integration 

with the surrounding bone tissue. This approach opens up possibilities for patient-specific 

implant designs, allowing for customization and optimization of the implant properties 

to suit individual patient requirements. 

Developing a novel lattice structure for bone implants using PEEK composites also has 

important implications for implant manufacturing industries. The lattice structure offers 

advantages such as reduced weight, improved osseointegration, and enhanced 

mechanical properties, making the implants more efficient and functional. Using lattice 

structures can potentially reduce the stress shielding effect, which occurs when the 
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implant bears a significant portion of the load instead of the surrounding bone. This can 

lead to improved long-term implant stability and longevity. The findings of this research 

study also have implications for the broader field of biomaterials and tissue engineering. 

The successful incorporation of cHAp and rGO into PEEK composites improves the 

mechanical properties and enhances the materials' bioactivity and cell growth potential. 

The developed PEEK-hydroxyapatite (HAp) composite with micropores and 

nanostructures provides an environment conducive to bone tissue regeneration. This 

bioactive composite can potentially be applied in other orthopaedic and dental 

applications where bone regeneration is required. 

Furthermore, this study's research methodology and techniques, including extrusion, 

spraying, and coating deposition methods, can be applied to other polymer-based 

biomaterials for different implant applications. Process optimization and material 

characterization techniques can guide future research and development in biomaterials 

and implant design. The implications of this research extend beyond the academic realm 

to practical applications in the healthcare industry. The result of biocompatible and 

structurally-integrated PEEK composites for hip and femur implants can potentially 

improve the quality of life for patients suffering from bone defects and degenerative bone 

diseases. Using customized and patient-specific implants can lead to better clinical 

outcomes, reduced complications, and enhanced patient satisfaction. Moreover, adopting 

these advanced biomaterials and manufacturing techniques can contribute to the growth 

and advancement of the medical device industry, stimulating innovation and economic 

development. 

In conclusion, the implications and applications of this research study are far-reaching 

and have significant potential to advance the field of orthopaedics and biomaterials. 

Developing functional PEEK composites, utilising FDM techniques for scaffold 

fabrication, and incorporating novel lattice structures in bone implants provide valuable 

contributions to the scientific and industrial communities. The improved 

biocompatibility, structural integrity, and performance of the developed PEEK 

composites pave the way for developing more advanced and patient-specific implant 

materials, ultimately benefiting individuals needing hip and femur implantation. 
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7.5. Limitations of the Study 

While this research study has made significant contributions to enhancing the 

biocompatibility and structural integrity of hip and femur implants through PEEK 

composites and FDM techniques, it is vital to acknowledge the study's limitations. These 

limitations provide insights into areas that could be further explored and improved in 

future research. 

i. Limited sample size: One of the limitations of this study is the relatively small 

sample size used for experimental testing and characterization. While the samples 

used in the study provided valuable data and insights, a larger sample size would 

allow for a more robust statistical analysis and a better representation of the overall 

performance of the PEEK composites. Additionally, a larger sample size would help 

account for potential variations and provide more confidence in the results obtained. 

ii. Simplified loading conditions: The mechanical testing conducted in this study 

focused on compressive and tensile tests to evaluate the mechanical properties of 

the PEEK composites. However, the loading conditions applied in these tests were 

simplified and may not fully replicate the complex biomechanical forces 

experienced by hip and femur implants in vivo. Future research could consider 

incorporating more realistic loading conditions, such as cyclic, to assess the 

durability and fatigue resistance of the implants. 

iii. Lack of long-term assessment: This study's evaluation of the PEEK composites 

and lattice structures was primarily focused on short-term performance and 

biocompatibility. While the initial findings are promising, long-term assessment, 

like fatigue analysis, is essential to determine the implants' durability, stability, and 

long-term biocompatibility. Future research should consider conducting long-term 

in vivo studies and monitoring the implants over extended periods to assess their 

performance over time. 

iv. Simplified in-vitro testing: The in-vitro biocompatibility testing conducted in this 

study provided valuable preliminary data on the cytotoxicity and cell adhesion 

properties of the PEEK composites. However, it is essential to note that in-vitro 

testing cannot fully replicate the complex biological interactions that occur in vivo. 

Further studies should include more comprehensive in-vitro testing, such as cell 

proliferation assays and differentiation studies, to better understand the biological 

response to the PEEK composites. 
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v. Limited clinical validation: While the developed PEEK composites and lattice 

structures show promise for hip and femur implants, it is essential to acknowledge 

that their clinical validation was beyond the scope of this study. Clinical proof, 

including rigorous testing in human subjects, is necessary to assess the implants' 

safety, efficacy, and long-term performance in real-world scenarios. Collaboration 

with orthopaedic surgeons and conducting clinical trials would provide valuable 

insights into the clinical feasibility and applicability of the developed implants. 

vi. Manufacturing considerations: The FDM technique used in this study for scaffold 

fabrication has certain limitations, such as limited resolution and the potential for 

porosity in the printed structures. While the FDM technique is suitable for research 

and prototyping purposes, additional optimization and validation are required to 

ensure the scalability and commercial viability of the manufacturing process. 

Exploring other additive manufacturing techniques or optimizing the FDM 

parameters for large-scale production would benefit future research. 

vii. Surface modification limitations: While surface modifications were considered in 

this study to enhance the properties of the PEEK composites, the methods used, such 

as extrusion and coating deposition, have limitations. Further research could explore 

alternative surface modification techniques, such as plasma treatment or chemical 

functionalization, to better control surface properties and improve the interaction 

between the implants and surrounding tissues. 

viii. Lack of comparative studies: This study focused on developing and characterising 

PEEK composites and lattice structures. However, comparative studies with 

existing materials and implant designs were not conducted. Comparative studies 

would provide valuable insights into the performance and advantages of the 

developed PEEK composites compared to traditional materials and other 

biomaterials for bone implants. 

ix. Regulatory and approval considerations: While this research study focused on 

the material development and characterization aspects of PEEK composites, it is 

essential to note that regulatory and support processes are crucial in translating these 

materials into clinical practice. Future research should consider the regulatory 

requirements and work towards obtaining the necessary approvals and certifications 

for the developed implants. 
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In summary, while this research study has significantly enhanced hip and femur implants' 

biocompatibility and structural integrity through PEEK composites and FDM techniques, 

several limitations should be acknowledged. Addressing these limitations in future 

research will help further improve the understanding and application of PEEK composites 

for bone implantation and contribute to developing safer, more effective, and long-lasting 

implant solutions for patients in need. 

7.6. Recommendations for Future Research 

This research study has provided valuable insights into developing and characterising 

PEEK composites for hip and femur implants. Building upon the findings and limitations 

of this study, several recommendations for future research can be made to advance further 

the field of biocompatible and structurally enhanced bone implants. These 

recommendations include material optimization, manufacturing techniques, 

biocompatibility assessment, and clinical implementation. 

i. Exploration of alternative composite materials: While this study focused on 

PEEK composites, a wide range of alternative biomaterials and composite 

combinations could be explored for bone implant applications. Future research 

should investigate using different polymers, ceramics, metals, and their composites 

to optimize the implants' mechanical properties, bioactivity, and biocompatibility. 

Comparative studies between other composite materials can provide valuable 

insights into the optimal material composition for specific implant applications. 

ii. Advanced lattice structures and design optimization: The lattice structures used 

in this study were relatively simple and limited in complexity. Future research 

should focus on developing more advanced lattice structures that closely mimic 

natural bone's hierarchical architecture and properties. Utilizing computational 

modelling and optimization techniques can aid in the design of optimized lattice 

structures that offer improved mechanical strength, osseointegration, and bone 

regeneration potential. 

iii. Integration of bioactive agents: To further enhance the bioactivity and cellular 

response of the PEEK composites, future research should explore the integration of 

bioactive agents, such as growth factors, peptides, and proteins. Incorporating these 

bioactive agents into the composite matrix can promote enhanced bone formation, 



 

180 

 

angiogenesis, and tissue integration, improving implant performance and long-term 

stability. 

iv. Advanced manufacturing techniques: While FDM was used in this study for 

scaffold fabrication, other additive manufacturing techniques could be explored for 

polymers like PLA. Techniques such as selective laser sintering (SLS), 

stereolithography (SLA), and inkjet 3D printing offer different advantages 

regarding resolution, porosity control, and material compatibility. Investigating 

these alternative manufacturing techniques can provide further opportunities for 

optimizing the fabrication process and improving the mechanical properties of the 

implants. 

v. In-vivo studies and long-term assessment: This study primarily focused on in-

vitro biocompatibility testing and short-term evaluation of the PEEK composites. 

Future research should conduct comprehensive in-vivo studies using animal models 

to assess the implants' long-term performance, biocompatibility, and tissue 

integration. Long-term assessment should include evaluating factors such as implant 

stability, bone ingrowth, mechanical durability, and potential adverse reactions to 

ensure the safety and efficacy of the developed implants. 

vi. Clinical validation and patient outcomes: Collaboration with orthopaedic 

surgeons and conducting clinical trials are crucial to clinically validating the 

developed PEEK composites. Future research should aim to establish partnerships 

with medical institutions and initiate clinical studies to evaluate the performance of 

the implants in real patient scenarios. Long-term monitoring of patients with PEEK 

composite implants can provide valuable data on patient outcomes, implant 

survivorship, and overall clinical efficacy. 

vii. Surface modification techniques: While surface modifications were explored in 

this study, there is still room for further research on advanced surface modification 

techniques for PEEK composites. Investigating methods such as plasma treatment, 

chemical functionalization, or nanocoatings can enhance the surface properties of 

the implants, promoting improved tissue integration, reduced bacterial adhesion, 

and enhanced biocompatibility. 

viii. Multidisciplinary collaborations: Future research should encourage 

multidisciplinary collaborations between materials scientists, engineers, biologists, 

clinicians, and regulatory experts. Collaboration across different fields can foster a 
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comprehensive understanding of the complex requirements and challenges of 

developing and implementing PEEK composites for other bone implants like 

dentistry, spine, and skull. This interdisciplinary approach will contribute to 

translating research findings into clinical practice more effectively. 

In conclusion, the recommendations above outline potential areas for future research to 

further advance the field of PEEK composites for bone implantation. By exploring 

alternative materials, optimizing manufacturing techniques, conducting in-vivo studies, 

and fostering clinical collaborations, researchers can continue improving hip and femur 

implants' biocompatibility, mechanical properties, and long-term performance. These 

advancements have the potential to significantly impact patient outcomes and contribute 

to the development of safer and more effective implant solutions in orthopaedic surgery. 
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