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Abstract 

Auxetic materials offer unconventional strain behaviour owing to their negative 

Poisson’s ratio (−𝜐) leading to deformation modes and mechanical characteristics 

different to traditional porous architecture. This can lead to favourable outcomes for 

load-bearing tissue engineering constructs, such as bone scaffolds for critical-size 

defects. Emerging early-stage studies have shown the potential of auxetic architecture 

in increasing cell proliferation and tissue reintegration due to their −𝜐. However, 

research on the development of stiffness optimised auxetic architecture for biomedical 

applications including bone scaffolds or implants is yet to be reported. In this regard, 

the thesis puts forward an open innovation framework for the selective laser melting 

(SLM) of auxetic bone scaffolds that offer the strength and porosity requirements while 

offering stiffness matching to a tibia host section. CoCrMo has been chosen as the 

biomaterial of choice due to its high elastic modulus and density which offered the 

potential for conceiving highly porous architectures. CoCrMo stiffness matched 

auxetic bone scaffolds optimised under two scenarios for their potential to offer near-

zero and high negative Poisson’s ratio are demonstrated in this thesis. Overall, the 

investigations carried out in this thesis suggest that CoCrMo auxetic bone scaffolds 

can be additively manufactured with targeted Poisson’s ratio, mechanical performance 

and porosity characteristics by algorithmically modifying the design parameters. The 

surrogate model developed in this thesis can be used for user-defined scenarios to 

generate scaffolds with near-zero and high −𝜐, respectively while offering stiffness 

matching to host bone. Manufacturers and research institutions can use the validated 

methodology proposed in this thesis to further refine and generate alternate prototypes 

to inform further developments in the field of meta-biomaterials.   
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Chapter 1 

Introduction 

 

1.1. Background 

Auxetic materials are signified by a negative Poisson’s ratio (−𝜐), meaning they shrink 

in the lateral direction when compressed axially. A number of biological tissues have 

been reported in the literature [1–3] as featuring −𝜐 demonstrating auxetic behaviour. 

The auxetic behaviour of biological tissues affects the loading behaviour at the 

interface of biomaterial and porous structures involved in tissue engineering. 

Attachment of host tissue to a biomaterial is related to the functional interface that 

exists between the biomaterial and the tissue. As such tissue engineering constructs 

such as bone scaffolds featuring auxetic behaviour may offer enhanced opportunities 

for large load-bearing tissue reconstruction such as in the case of critical size bone 

defects (CSBD). The rise in digital manufacturing [4,5] techniques such as additive 

manufacturing offer significant potential for engineering bone scaffolds featuring 

complex porous architecture leading to auxetic behaviour. 

Numerous approaches are found in the literature [5,6] experimenting with the use of 

tissue engineering scaffolds featuring −𝜐. One of the most critical findings in this 

regard was reported by Choi et al. [7] demonstrating and increased cell proliferation 

using MG-63 osteoblasts responsible for human bone tissue using the auxetic 

scaffold. This thesis further extends to the investigations on the potential of auxetic 

bone scaffolds through conceiving, additively manufacturing and characterising 
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cobalt-chromium-molybdenum (CoCrMo) auxetic bone scaffolds featuring porosity 

similar to that of the tibia bone. The overall dimensions of the scaffolds being 

investigated are targeted toward load bearing large tissue reconstruction such as 

CSBD. A defect or fracture in bone tissue can be characterised depending on its size. 

[8] When the size of the defect is larger than 2 cm, normal healing leading to the union 

without significant external intervention is often not observed [9,10]. These types of 

bone defects can be characterised as critical size bone defects (CSBD) signified by a 

large hard tissue void that prevents the bone from healing naturally. Bone defects can 

be caused through a range of conditions, including high-energy trauma, soft tissue 

and periosteal stripping (especially in high-grade open tibial fractures), blast injuries, 

infection, and tumour excision. Generally, a bone defect size of more than 2 cm and a 

circumferential loss of more than 50% is characterised in the literature as CSBD [11]. 

Bone tissue is primarily made up of two layers: an exterior and interior layer referred 

to as cortical and cancellous bone, respectively. The difference between the cortical 

and cancellous bone tissue is characterised through their difference in porosity. 

Generally, the porosity of cortical bone ranges from 5-15% and that of cancellous bone 

ranges from 40-95% [12]. Cortical bone is extremely dense and has a high yield 

strength of around 130-190 MPa; however, cancellous bone only features 10% of the 

yield strength of cortical bone [13]. 

Synthetic bone replacements are increasingly being experimented to alleviate current 

challenges that exist with autografts and allografts, such as limited availability, donor 

site difficulties, and the danger of disease transmission and immunological rejection. 

Damaged bone reconstruction and regeneration is a significant health problem as well 

as an economic strain. Although autologous or allograft bone transplantations are 
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available [13], the restricted supply and the risk of disease transmission demand 

alternative routes for bone tissue reconstruction. Tissue engineering is emerging as 

an alternative method to heal and rebuild bone defects through the use of porous 

biomaterials [14]. The technique relies on the use of porous scaffolds that are 

engineered to mimic the structural integrity and mechanical properties of the host 

tissue, which allows for tissue ingrowth as shown in Figure 1.1. 

   
Figure 1.1. Scaffold based tissue reconstruction for bone fractures [15] 

Three-dimensional (3D) biomaterials that provide a favourable environment for cells 

to repair tissues and organs are referred to as scaffolds. Biocompatibility, porous 

structure, and controlled degradation with physiologically acceptable degradation 

products are all required for a scaffold for bone regeneration. However, the material, 

structure, and mechanical properties of the scaffold is the most significant factor for 

load-bearing tissue reconstruction. The scaffold facilitates cell attachment through the 

interconnected pores, which subsequently integrate the scaffold to form a union [16]. 

As such, an optimal bone scaffold should mimic the stiffness and porosity of the host 

bone to allow for effective tissue reintegration while limiting stress shielding effects. 
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As such, the thesis focuses on the development of biocompatible CoCrMo porous 

auxetic architecture while mimicking the stiffness and porosity of a tibial host section. 

1.2. Auxetic architecture as a candidate for tibial bone scaffolds 

A traditional material experiencing tensile load will stretch along the direction of load 

resulting in progressive shrinking of the cross-section. In this regard, the ratio of the 

lateral to longitudinal strain is called Poisson’s ratio (𝜐) [6,16]. Most conventional 

materials have a positive Poisson’s ratio (+𝜐) [17].  However, if the material exhibits 

an alternative behaviour by becoming thicker along the lateral direction when being 

stretched, the materials will exhibit a negative Poisson’s ratio (−𝜐). Such materials that 

do not exhibit a positive Poisson’s ratio are referred to as auxetic material [4,18]. The 

auxetic behaviour of a material is often informed by the cellular lattice that it is made 

of or by carefully conceived porous architecture at the sub-micron scale [18,19]. 

The rapid growth in auxetic materials is due to their unique properties such as high 

shear modulus, enhanced indentation resistance, variable permeability along with high 

energy absorption and complex strain distribution [20]. These properties lend auxetic 

to a variety of complex applications in the automotive, marine, aerospace, nuclear, 

and biomedical fields due to their peculiar properties. As such, auxetic architectures 

are being increasingly experimented for the development of optimum products and 

designs that go beyond the current state of the art with traditional materials. Literature 

[20–22] in this field particularly shows efforts in the development of new auxetic 

architecture, associated prediction models and fabrication processes. Furthermore, 

the rise in digital fabrication techniques such as additive manufacturing is another 

aspect that is fuelling the auxetic materials research. 
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Table 1.1. Examples of biological tissue that feature partial or full auxetic properties are reported in 

the literature 

Biological tissue Type Species Reference 

Skin Skin Cat [23] 

Bone Tibia Human [2] 

Skin Teat Cow [24] 

Embryonic epithelia Neuro-epithelium Axolotl [25] 

Artery Carotid Artery Cow [26] 

Tendon 

Achilles Cadaveric human 

[27] 

Peroneus brevis Cadaveric human 

Deep flexor Pig 

Achilles Human 

Deep flexor Sheep 

Intervertebral disc Annulus fibrosus Cow [28] 

Intervertebral disc Annulus fibrosus Pig [29] 

 

In addition to artificial materials, numerous biological tissues (Table 1.1) including 

cancellous tibial bone has demonstrated auxetic behaviour [2]. The auxetic behaviour 

of cancellous bone has implications when it comes to the recreation of strain 

distribution in tissue interfacing scaffolds. For a bone scaffold to be optimal, it should 

recreate the natural mechanical properties of the host tissue, which is particularly 

critical for the reconstruction of critical size bone defects [11,30]. Furthermore, the 

investigation into the effect of auxetic scaffolds on cellular behaviour has also been 

shown to increase cell proliferation and enhance differentiation [1,5,7]. Informed from 

previous literature, this thesis further explores this direction of research through the 

development and optimisation of auxetic bone scaffolds that may be used for tissue 

reconstruction. As such, the aim is to contribute to knowledge creation regarding the 

potential use of auxetic materials in tissue engineering applications and biomedical 

devices. 
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While traditional manufacturing is restricted in its capacity to create cellular structures 

at the sub-micron scale, this can be achieved through additive manufacturing such as 

selective laser melting (SLM). SLM uses a layer upon layer method of fusing metal 

powders with the help of an overhead laser informed by the 3D CAD data in the form 

of a standard tessellation language (STL) [31]. This offers designers and engineers 

increased freedom in creating complex porous architecture. When the enhanced 

design freedom in generation porous materials is combined with advanced 

visualisation techniques like X-ray computed tomography (X-ray CT), personalised 

bone scaffolds suitable for tissue engineering can be conceived, which is otherwise 

challenging with traditional manufacturing techniques. This research exploits the 

potential of SLM in creating highly complex porous architecture that offers −𝜐 while 

matching the stiffness of the tibial bone to avoid stress shielding. The powder 

feedstock for SLM was cobalt-chromium-molybdenum (CoCrMo) superalloy due to its 

high strength, stiffness and biocompatibility as a bulk material. 

1.3. Problem statement 

The primary concern when developing scaffolds for load-bearing tissue engineering is 

to closely replicate the structural performance of natural tissue. A multitude of design 

and fabrication challenges are required to be considered for the development of a 

successful tissue engineering scaffold. From a mechanical property standpoint, the 

strain behaviour of the porous architecture and the bulk stiffness of the scaffold should 

be a close match to the host tissue. Therefore, if the target tissue is auxetic in parts, 

an auxetic scaffold would most closely match the properties of this tissue. The 

matching of this characteristic would be beneficial in recreating the mechanical loading 

environment that cells would naturally experience. Although studies on the 
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development of auxetic scaffolds from a tissue engineering perspective are being 

increasingly documented, these are limited to non-load-bearing tissues where a 

stiffness match is often not required. In any case, studies on stiffness matched auxetic 

scaffolds suitable for critical size bone defects are yet to be reported. As such, this 

thesis explores the development of cobalt-chromium-molybdenum (CoCrMo) porous 

auxetic scaffolds that can mimic the stiffness of a host tibial section. 

Additive manufacturing (AM) is widely considered the targeted technology that will 

enable the mass customisation of tissue engineering scaffolds and implants. In this 

regard, the thesis further explores the suitability of selective laser melting (SLM) 

additive manufacturing as a key enabling technology for the on-demand creation of 

stiffness matched auxetic scaffolds. Although not auxetic structures, previous studies 

by Hazlehurst et al. [32] have demonstrated that CoCrMo porous cellular structures 

manufactured using SLM as having comparable mechanical properties to that of bone 

reducing stress shielding. The thesis builds on these previous studies through 

conceiving porous architecture that can offer −𝜐 while offering elastic modulus (𝐸) 

close to bone which is direction yet to be explored. 

The thesis explores the use of auxetic cellular architecture for the design and additive 

manufacturing of bone scaffolds with targeted mechanical characteristics. Numerical 

techniques are further employed to evaluate the customisability of porous CoCrMo 

auxetic scaffolds informed by a multi-criteria decision-making algorithm. The 

optimisation algorithms are used to explore (i) whether stiffness tailoring of auxetic 

scaffolds is feasible through manipulation of geometrical parameters? (ii) whether the 

performance of optimum scaffold architecture can be predicted using FE models? and 

whether CoCrMo auxetic scaffolds fabricated using SLM show stiffness matching the 
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host bone?. The mechanical performance and characteristics of CoCrMo auxetic 

cellular structures manufactured by SLM are not fully recognized. Overall, the design 

and analysis philosophy conceived in this thesis shows how to alter the mechanical 

properties of auxetic porous bone scaffolds to achieve targeted mechanical properties, 

enhancing its potential to be used for the reconstruction of critical size bone defects. 

1.4. Research aim and objectives 

The overall aim of this research was to propose an auxetic porous architecture for 

Cobalt-Chromium-Molybdenum (CoCrMo) bone scaffolds that can be manufactured 

using selective laser melting (SLM). The bone scaffolds should exhibit clinically 

suitable porosity and offer stiffness configurations that will mimic the host bone 

section. The bone scaffold designs were justified by the results that were observed 

when adopting a combination of physical testing and numerical analysis. The final 

design selection was informed by multi-criteria decision making and design 

optimisation algorithms. 

The thesis aims to develop porous auxetic Cobalt-Chromium-Molybdenum (CoCrMo) 

bone scaffolds that are optimised to reduce stress shielding manufactured using 

selective laser melting (SLM). 

The following objectives collectively contribute to addressing the aim of this thesis: 

1. Evaluate a range of state-of-the-art auxetic porous architectures to identify the 

most promising auxetic that offer suitable, stiffness, strength and -υ range for 

bone scaffold application.  
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2. Characterise the mechanical properties of the range of auxetic scaffold designs 

to include Poisson’s ratio, porosity, stiffness, and strength to inform decision-

making based on TOPSIS and AHP algorithms. 

3. Demonstrate the use of SLM for the on-demand fabrication of CoCrMo auxetic 

materials featuring porosity ranges suitable for bone scaffolds. 

4. Development and validation of a suitable numerical model using the finite 

element method to parametrically analyse the influence of design variables on 

the mechanical performance of the scaffolds. 

5. Develop a methodology to identify the most suitable porous auxetic architecture 

for bone scaffolds by using a multi-criteria decision-making method. 

6. Generation of the optimum auxetic bone scaffold that offers targeted porosity, 

mechanical performance, and criteria-based Poisson’s ratio (i) maximum 

negative Poisson’s ratio (ii) Poisson’s ratio close to zero. 

1.5. Structure of the thesis 

This thesis is presented in ten chapters with standalone results, discussion, and 

conclusion each achieving the respective objectives laid out as follows: 

Chapter 1 presents the background; problem statement and research aim and 

objectives. 

Chapter 2 presents the literature review on bone structure, its mechanical properties 

and other fundamental topics relevant to the research. This is complemented by the 

latest developments in the field of biomaterials used for load-bearing tissue 

engineering. All of this is presented within the context of auxetic materials, their 

characteristic properties and applications within the field of bone reconstruction. 
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Chapter 3 presents a comprehensive literature review on additive manufacturing, in 

particular selective laser melting (SLM) of relevant materials and their mechanical 

properties. This chapter goes on to discuss the limitations and the potential of additive 

manufacturing within the context of biomedical engineering.  

Chapter 4 presents the design and manufacture of the auxetic structures using SLM. 

The quality of the fabricated samples is evaluated through microstructural analysis 

informed by Scanning electron microscopy (SEM) data. 

Chapter 5 investigates the compressive properties of SLM CoCrMo auxetic cellular 

structures to inform decision making as to the best auxetic porous architecture 

suitable. The analysis involves both characterisations of the elastic and plastic 

performance of the respective cellular structures using Gibbons and Ashby criteria and 

physical experimental tests. 

Chapter 6 evaluates the use of the finite element method (FEM) to predict the 

mechanical properties of the auxetic porous architecture. The numerical data is 

compared with physical experimental data for model validation and FEM model 

optimisation.  

Chapter 7 uses the combined TOPSIS and AHP multi-criteria decision-making 

methods to identify the best auxetic design suitable for load-bearing tissue 

engineering. Subsequent to these two scenarios are presented for optimisation: (i) for 

stiffness matching while maximising −𝜐 and (ii) stiffness matching while minimising 

lateral strain.  

Chapter 8 conducts a parametric analysis of the best auxetic design identified for 

multiple scenarios. Response surface (RS) methodology was used to create the model 
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by using the Central composite design (CCD) method. The results are used to 

characterise the influence of the design parameters on the targeted responses of 

interest. 

Chapter 9 uses a multi-objective optimisation method for the prediction of the optimum 

design under selected scenarios. The corresponding response surface model is used 

to predict the resulting mechanical properties. The accuracy of these predicts was 

confirmed through developing a numerical model following a validated finite element 

approach. 

Chapter 10 summarises the key findings of this research and indicates the limitations 

and future prospects of the thesis. 

1.6. Original contribution to knowledge 

The original contributions to the knowledge of this thesis are as follows: 

This research work pioneered the development of a CoCrMo load-bearing auxetic 

bone scaffold that can be fabricated on-demand using laser powder bed fusion 

additive manufacturing. This is the first time an auxetic porous framework in CoCrMo 

is revealed to achieve stiffness matching to a host bone. The use of numerical 

decision-making and optimisation tools to generate scenario-based auxetic bone 

scaffolds for targeted porosity, mechanical performance and negative Poisson’s ratio 

is also demonstrated. Ultimately, this thesis offers a new direction in the development 

and optimisation of load-bearing auxetic bone scaffolds for tissue engineering 

applications supported by the following eight specific original contributions to 

knowledge. 



   

 

12 

I. The thesis reveals the mechanical properties of a range of auxetic CoCrMo 

porous architecture featuring suitable porosity that can be additively 

manufactured on-demand are presented. 

II. The thesis exposes the limits of theoretical criteria and finite element modelling 

in predicting the mechanical properties of SLM CoCrMo auxetic bone scaffolds. 

III. A validated finite element modelling approach that can predict the mechanical 

performance of SLM CoCrMo auxetic bone scaffolds is presented. It is 

demonstrated that the model offers a good agreement with experimental test 

data.  

IV. The combined use of TOPSIS and AHP multi-criteria decision-making tools to 

identify optimum auxetic bone scaffolds under targeted physical scenarios is 

demonstrated.  

V. The parametric influence of strut thickness and auxetic angle on the mechanical 

performance of -υ CoCrMo bone scaffolds are revealed. 

VI. A response surface model suitable to predict the mechanical performance of 

SLM CoCrMo auxetic bone scaffolds informed by a central composite training 

algorithm is described. 

VII. An optimum auxetic CoCrMo bone scaffold that can achieve targeted 

mechanical properties while offering similar stiffness characteristics to human 

tibia bone is developed and validated.  
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VIII. The thesis demonstrates the use of laser powder bed fusion to conceive and 

manufacture auxetic bone scaffolds with targeted stiffness and porosity in a 

CoCrMo superalloy. 

The above statements collectively contribute to the body of knowledge on the 

performance, characterisation, and fabrication of auxetic bone scaffolds that can 

achieve targeted mechanical performance. 
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Chapter 2 

Bone scaffolds and the emergence of 

auxetic biomaterials for tissue engineering 

 

2.1. Introduction 

This chapter provides an in-depth literature review regarding human bone tissue, bone 

scaffolds for tissue engineering, implantable biomaterials and auxetic materials. The 

chapter starts by introducing the anatomy and mechanical properties of the bone, 

followed by the bone remodelling and healing process. This is followed by a critical 

review on the requirement of biomaterial characteristics required for bone scaffolds. 

The chapter is concluded with a review on bone failures, the role of bone scaffolds in 

their repair and the significance of auxetic materials in bone tissue engineering. 

2.2. Bone 

2.2.1. Tissue composition 

Bone tissue is primarily made up of collagen and calcium phosphate. Collagen is a 

smooth protein, and calcium phosphate is the component that hardens the structure 

[33–35]. The collagen and calcium mix keeps the bone sturdy and resilient enough to 

survive loading. There are over two hundred bones with a wide variety of geometric 

configurations in the human skeletal system. These rely on variables, such as skeletal 

location, physiological activity, age, and gender. 
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The bones and teeth comprise more than 99% of the body’s calcium, and the 

remaining 1% is contained in semen [34]. The overall structure of the bone can be 

primarily characterised by two parts referred to as the cortical and trabecular bone, as 

shown in Figure 2.1. The cortical bone is strong and robust and shapes the bone’s 

exterior layer. The internal framework of the bone is made up of trabecular bone and 

has a spongy, honeycomb-like composition. 

 

Figure 2.1. Anatomy of a tibial bone section showing outer and inner bone section [36] 

Besides water, bone comprises inorganic and organic phases as a matrix. The 

percentages of these materials range from 40, 35 and 25%, individually. The inorganic 

process accounts for 60 to 70% of the weight of the bone, consisting predominantly of 

a crystalline mineral referred to as non-stoichiometric hydroxyapatite 

(Ca10(PO4)6(OH)2) [37]. The scale of apatite crystals differs in thickness from 2-10 

nm and width over 15-30 nm by a rod-like (or else, in the shape of a plate) shape 

relying on the position of crystals within collagen fibrils (larger) or inside the trimmings 

of collagen fibrils (smaller). 

Different diseases and treatments often influence the scale of the particle and the 

crystalline nature of the bone mineral regarding the degree of structural order [37]. In 

the case of diabetes and Paget’s disease, crystal size was observed to be reduced 

Cancellous bone 
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but enhanced in osteoporotic entities. Bone strength is influenced by shifts in the form 

and scale of the Hydroxyapatite (HA) crystals [38]. The HA present in the bone is non-

stoichiometric as the apatite crystals produce replacements for calcium ions such as 

potassium, magnesium, strontium and sodium, chloride and fluoride for the hydroxyl 

groups and carbonate for the depleted groups [39]. 

The particle sizes and non-stoichiometry of the apatite crystals provide the mineral 

stage with the bioavailability desired for osteoplastic bone restoration. Woodard (1962) 

[40] assessed the human cortical bone concentration of focuses aged between 5-72 

years old and discovered that the Ca/P molar ratio varies from 1.37 to 1.71 based on 

age, with infants and the elderly having the lowermost values [8]. However, there was 

no connection between the Ca/P molar concentration in the mineral process of the 

bone in addition to the age or gender of humans in other researches performed [33]. 

The organic portion accounts for 25-30% of the bone mass and consists of around 

90% in collagen, a natural polymer. Type I collagen is formed by osteoblasts and 

accumulated to create mature (lamellar) bone-in perpendicular or transverse 

concentrations [41]. The mineral particles add hardness to the composite framework, 

while ductility and resilience are given by the collagen. Non-collagenous proteins 

govern the production of collagen and the volume of fibrils, mineralisation, and 

attachment of cells. Water is found in particles of cells, oils, collagen and bone mineral-

apatite, comprising a residual 10% of bone weight [35]. It leads to the attachment of 

collagen to the mineral phase. Eventually, in the bone matrix, although in limited 

concentrations, growth factors and neurotransmitters are also present. They play an 

effective function in controlling the development, stimulation, and segregation of bone 

cells, as well as connecting bone formation and periodontal ligament mechanisms [35]. 
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2.2.2. Bone Structure 

Bone tissue is arranged in an ordered way, referring to its mechanical position in the 

body’s protection and movement, as well as to its other functions [42]. Over multiple 

stages of hierarchy, the tissue’s material properties shift [43]. To recognise its 

behaviour, bone tissue must also be analysed on different scales, which is critical for 

deciding the required design criteria for material replacement [8]. The hierarchical 

structure of bone may be separated into separate groups depending on the size, as 

shown in Figure 2.2. 

 
Figure 2.2. Hierarchical architecture of bone tissue ranging from macro, micro, and nanoscale. Bone 

has a comparatively dense cortical bone that contributes significantly to load-bearing and an inner 

trabecular or spongy bone composed of hierarchical Haversian systems or osteons that feature a 

complex nanoarchitecture of collagen fibrils [44–46] 

At the macroscopic stage, appropriate to the specific functional or physiological 

requirements and its position, the bone is categorised into cortical (compact) bone or 

cancellous (trabecular or spongy) bone. The cortical bone defines as a thick substance 

made up of Harversian structures that are proven to survive mechanical shocks, 

thereby supplying the skeleton with both support and protection [8]. In the shape of 

canaliculi, osteocytes, and connective tissue, it has a medium porosity of over 3-5%, 
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but it rises with age and osteoporotic modifications to the skeleton. The cortical bone 

accounts for 80% (wt.) of the overall skeletal mass in humans. The rivets of the positive 

and negative frames (diaphysis) across the cancellous bone of the intervertebral disc 

is at the edges (metaphysis) of the long bones along the circumference of the iliac and 

in the skulls [8]. The density of the cortical bone shell on the outermost layer differs 

from tenths of a millimetre (in the vertebrae) to a number of millimetres or even 

centimetres (in the mid-shaft of the vertebral bodies). In comparison, the thickness of 

the flaps in the bone tissue varies from 100-300 µm. 

2.2.3. Mechanical properties of bone 

Bone can be classified as a natural material, which has a basic stress-strain 

relationship, but its strength varies with the sex, age, location, and the orientation of 

the load. The mechanical and physical properties of bone establish the essential 

parameters for the creation of scaffolds with acceptable properties for load-bearing. 

The capacity of the bone to resist fracture (or the general strength of the bone) is 

calculated by a variety of variables, including density, mass concentrations and other 

structural properties of the bone matrix. Regulated factors, such as the type of load 

(tension, compression and shear), pressure frequency and molecular structure of the 

bone, also influence the characteristics of a scaffold [8]. The compressive test, three-

point bending test and the uniaxial tensile test have been conventionally used to 

measure the properties of bone. But now, different techniques such as nano-

indentation and ultrasound are being used due to less material requirements and can 

measure directional effects [47]. 

Cortical bone is shown in Figure 2.1. has a dense structure leading to high 

compressive and tensile strength, as shown in Table 2.1. However, the bending and 
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shear strength along the longitudinal direction of a bone are comparatively lower. 

Cortical bone can resist higher ultimate stresses in comparison to cancellous bone. 

However, due to the high stiffness of the cortical bone, it tends to be more frangible 

than cancellous bone [12].  Although lower than cortical, the strength of cancellous 

bone is higher in compression than tension and lowest in shear, and these elastic and 

strength properties vary with apparent density [48].  

Table 2.1. Mechanical characteristics of cortical and cancellous bone [8] 

Properties 

Cortical bone 

longitudinal 

direction 

Cortical bone 

transversal 

direction 

Cancellous 

bone 

Compressive elastic modulus (GPa) 17-20 6-13 0.1-5 

Tensile strength (MPa) 79-151 51-56 10-20 

Compressive strength (MPa) 170-193 133 7-10 

Yield strength in compression (MPa) 131-224 106-131 21.3 

Fracture toughness (MPa√𝒎) 2-12 2-12 0.1 

2.2.4. Bone remodelling theory 

The complex mechanism where old bone renewed is called bone remodelling. Bone 

remodelling is a major factor to consider while developing load-bearing bone scaffolds. 

Due to the vascular structure of the bone, it reacts to hormonal and mechanical 

signals, allowing it to adjust to the environment it is in, and as a result, it modifies its 

mass and structure to withstand the mechanical loading it is being subjected to [49]. 

According to Wolf’s law (1986) [50], bone is designed to adjust to various mechanical 

loading that causes stress in its arrangement. As such, these mechanical forces are 

of utmost importance in bone formation and resorption. It happens due to the action 

of osteoclasts and osteoblasts, which are responsible for aged bone resorption and 
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new bone formation, respectively. The full period of bone remodelling comprises 

activation-formation sequences, all directly connected and coordinated at the basic 

multicellular unit (BMU) [51]. 

Resorption, reversal, and formation are the three steps that make up the remodelling 

cycle. In the resorption phase, osteoclasts begin eroding the bone matrix and forming 

Howship’s lacunae on the surface of the bone [50,52]. Osteoclasts are large, 

multicellular organisms that are typically located as a consequence of their own 

resorptive behaviour in interaction with a calcified bone surface and inside pits known 

as Howship’s lacunae [8]. New osteoclasts are continually recruited to the remodelling 

site to switch the dead osteoclasts or to sustain the prevailing cells during this process. 

There is a reversal period after osteoclastic resorption is complete when mononuclear 

cells emerge on the bone surface. Those cells offer signals for osteoblast 

differentiation and migration, as well as formulating the surface for fresh osteoblasts 

to initiate bone formation. Osteoblasts lay down bone till the resorbed bone is entirely 

substituted by a different bone in the formation stage [50]. 

2.2.5. Fracture and healing process of a bone 

A bone fracture is a partial or complete break in the continuity of bone tissue as a 

result of high impact force or stress or medical conditions such as 

osteoporosis, osteopenia, bone cancer [8]. They are classified as either open or 

closed fractures. An open fracture is, also known as compound or complex fracture, 

is one in which the skin is ruptured or has an open wound near the shattered bone. 

And closed fracture, also known as a simple fracture, is a broken bone without 

penetrating the skin. There is a high risk of infection in open fractures due to the open 

wound [53].   

https://en.wikipedia.org/wiki/Osteoporosis
https://en.wikipedia.org/wiki/Osteopenia
https://en.wikipedia.org/wiki/Bone_cancer
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The most often broken long bones in the human body are the femur, tibia, and 

humerus [54]. High energy trauma is the most common cause of long bone fractures, 

which is known as comminuted fractures. A comminuted fracture means the bone is 

broken into two or more pieces. This type of fracture is more difficult to heal and might 

result in permanent deformity of the wounded part [8]. 

The healing of a fracture is one of the most amazing of all the body’s repair processes 

since it results in the physical reconstruction of the wounded tissue is, something 

extremely similar to its original shape rather than a scar. Fracture healing usually takes 

6-8 weeks and results in complete restoration of the function and architecture of the 

shattered bone [8].  

Long-bone fracture repair can be split into two categories: primary (direct) healing and 

secondary (indirect) healing. Primary bone healing occurs when the ends of the bones 

are compressed close together, and there is no mobility between them. It generally 

only happens after surgery, and the fracture ends have been repaired tightly with 

plates and screws [55]. The action of osteoclasts and osteoblasts joins and heals the 

bone ends [56]. Secondary bone healing occurs when the body responds to an injury 

by ejecting fibrous or scar tissue between the ends of the bones. Fibrous tissue forms 

and grows with time, making the bone ends stiffer and limiting mobility. Scar tissue is 

transformed into bone when it is stimulated by a small amount of movement. It usually 

arises when there are micro-motions between the fracture ends, which is frequent 

following intramedullary nailing and external fixation procedures. Motion enhances this 

form of fracture healing, whereas stiff fixation inhibits it [55]. 
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Figure 2.3. Sequences of Secondary Healing Fracture [8] 

2.3. Biomaterials 

Over the years, the term ‘biomaterial’ has been interpreted in many ways based on 

the context in which they are clinically applied [57–60]. Traditionally biomaterials were 

distinguished as a base material other than drugs used to treat, augment, replace or 

support organs, tissues, or bodily functions [61,62]. However, the newer definition of 

biomaterials calls for the requirement to have ‘adequate functionality’ for a material to 

be qualified as a biomaterial [63]. In generic terms, any material that augments or 

supports living tissues while performing a certain function can be classified as a 

biomaterial. These biomaterial functionalities may include: 

i. Partial substitution or full replacement of tissues and organs. 

ii. Enhancement of tissue functions, aesthetics, or biomechanics. 

iii. Facilitate tissue integration, provide infection resistance, accelerate healing or 

diagnosis of tissue damage or disease. 
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Biomaterials are expected to act as substrates for host tissue integration rather than 

standalone devices [64,65]. These roles of biomaterial are not only important to 

facilitate the host tissue functions but also to repair them predetermined interactions. 

Biomaterial scaffolds for tissue engineering (Figure 2.4a), hybrid meta-biomaterials 

(Figure 2.4b), and injectable hydrogels (Figure 2.4c) are all examples of new 

biomaterials that challenges the boundaries of the traditional biomaterials requiring 

functional classification.  

 
Figure 2.4. Examples of emerging biomaterials [66] showing (a) additively manufactured microporous 

titanium tissue engineering scaffolds [67], (b) hybrid meta-biomaterial for functional hip implants [68] 

and (c) cylindrical-shaped meniscus-derived injectable hydrogel [69] 

2.3.1. Biomaterial types 

Biomaterials may be categorised into bioinert, bioactive, and biodegradable based on 

tissue reaction. Although embedded in the human body, a bioinert substance has 

limited contact with the underlying tissue [70]. Stainless steel, alumina, 

titanium, partially stabilised zirconia (PSZ), and ultra-high molecular weight 

polyethylene (UHMWPE) are examples of bioinert biomaterials. By forming a thin 

fibrous capsule around the implant, the body communicates with bioinert materials to 

differentiate it from the host cells, so its bio-functionality depends on tissue 

incorporation via the implant. Contrastingly, when a biologically active substance is 

inserted into the body, it allows the achievement of a biological interface that allows 

(a) (b) (c) 
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communicating with the tissue at the cellular level, resulting in direct chemical 

reactions to the bone tissue [70]. Synthetic hydroxyapatite, glass ceramics and 

bioactive glasses are examples of bioactive biomaterials. In comparison, a 

biodegradable biomaterial degrades with time, allowing it to be replaced by growing 

tissue. Biomaterials immediately available for the manufacturing of orthopaedic 

implants can be broken down into metals and alloys, ceramics, polymers, and 

composites [8]. 

2.3.1.1. Polymers 

Polymers are materials made of long, repeating chains of molecules. The materials 

have unique properties, depending on the type of molecules being bonded and how 

they are bonded. Some polymers bend and stretch, like rubber and polyester. [71]. 

Polymers show poor electronic and magnetic properties because of the covalent 

magnetic properties inside the molecules. A variety of influences, including the nature 

of the base, chemical side groups, chain configurations and molecular weight, affect 

the thermo-mechanical behaviour of polymers [72]. 

In biological applications such as contact lenses, medication guidance systems, dental 

implants, and bone tissue engineering, polymers are an emerging category of 

biomaterials. Nevertheless, polymers are regularly used in the fabrication of common 

medical and surgical devices [73]. Polymers are inexpensive to manufacture in 

comparison to metals and ceramic biomaterials. They still have strong biocompatibility 

and versatility, offering a range of mechanical strength and structural characteristics 

[74]. Biodegradable polymers that can degrade within the body either chemically or 

hydrolytically in a non-toxic manner have also been developed [75]. Protein-based 

(such as elastin, collagen, gelatine, fibrin, albumin, silk and keratin) and 
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polysaccharide-based polymers are the main biodegradable materials currently in use 

[76]. 

2.3.1.2. Ceramics 

Ceramic materials are non-metallic solids that contain complexes of crystalline 

ceramic and amorphous glass. Ceramics used for the restoration and rehabilitation of 

diseased or injured sections of the musculoskeletal system are defined by the word 

‘bio-ceramics.’ In biomedical implants such as polymers for orthopaedic, dental 

implants, and bone fillings, maxillofacial prosthetics, bone scaffolds and alveolar ridge 

augmentation, bio-ceramics, either thick or translucent, have been commonly utilised 

[70]. Bio-ceramics are strong, stiff, and biocompatible materials in general but can offer 

low tensile strength and demonstrate brittle failure modes. Bio-ceramics may be 

divided into three groups as per their physiological reaction: essentially bioinert, such 

as pyrolytic carbon, alumina, and zirconia; bioactive, such as HA and bioactive 

glasses; and environmentally friendly, such as TCP [77]. 

Bioinert ceramics exhibit both high in vivo molecular reliability and low mechanical 

power. They integrated into the bone tissue when inserted into living bone in 

conjunction with the ‘touch osteogenesis’ sequence, thereby creating fresh tissue on 

the implant surface, enclosed by a non-adhesive envelope of fibrous tissue, without 

chemically interfering with the implant [78]. They have high fracture toughness and 

offer excellent corrosion resistance. Due to its strong fracture resilience, zirconia is 

widely used in the vertebral bodies of complete hip joints, while alumina is being used 

for orthodontic treatment and hip prostheses for its excellent biocompatibility, reliability 

and elevated strength and stiffness tolerance. 
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2.3.1.3. Metals and its alloys 

For load-bearing implants such as complete joint prostheses (artificial joints) for 

elbows, shoulders, knees and ankles, metals and alloys have been commonly used, 

as well as for prosthetic devices, such as frames, pins, and screws [79]. Examples of 

titanium used for load-bearing scaffolds are shown in Figure 2.4a and 2.4b. In maxillo-

facial treatment, cardiovascular surgery and dental materials, synthetic replacements 

are most often used.  

Table 2.2. Mechanical properties of metallic biomaterials used for load-bearing implants [8] 

Material Modulus of 

elasticity (GPa) 

Yield strength 

(MPa) 

Tensile 

strength(MPa) 

Cortical bone 15-30 30-70 70-150 

Stainless steel 190 221-1213 586-1351 

Co-Cr alloy 210-253 448-1606 655-1896 

Titanium (Ti) 110 485 760 

Ti alloy 116 896-1034 965-1103 

Metals have tight inter-atomic bonds that, in response to standard compressive 

strength, offer those decent mechanical properties and impact resistance, so they 

bend without cracking under high loads. However, under the complex physiological 

and metabolic characteristics of biological cells, they have poor resistance to corrosion 

[80]. With the exception of commonly pure titanium, owing to its superior mechanical 

properties, such as hardness and corrosion tolerance, alloys are more widely used 

than metallic materials. Common biomaterials used for metallic orthopaedic implants 

are alloys of titanium, cobalt-chromium and stainless steel of 316 and 316L [81], with 

the mechanical properties as summarised in Table 2.2. 
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2.3.2. Biomaterials for scaffolds 

To ensure an effective establishment of new tissue, bone tissue scaffolds must comply 

with different macro and microstructural properties. In tissue engineering applications, 

there are many other characteristics that are extremely important for scaffolds, such 

as corrosion resistance and bioactivity [82]. The material characteristics for bone 

scaffolds without causing any immunological respondents should be well assimilated 

with the tissue of the host. Biocompatibility gives dominance to tissue engineering over 

allograft and auto-graft methods, where host disapproval is commonly observed due 

to inflammatory processes. In order to satisfy as a biomaterial for scaffold fabrication, 

biomaterial, as well as to help avoid tissue inflammation, any dissolved organic 

materials or deterioration goods from the scaffold should be biocompatible as well. 

The only striking observation of biomaterials from the earlier era was their 

biocompatibility, while biomaterials of the new class were targeted at bio interactivity. 

Although the first generation was neutral, the second generation aided in promoting 

tissue repair. Biomaterials can also be bio-responsive, meaning they may trigger 

genes to affect all facets of cell growth and differentiation [82]. Inorganic materials and 

naturally derived or synthetically modified polymers are materials experimented with 

for bone scaffolds. Composite materials of polymers and ceramics have also been 

formulated to modify the mechanical characteristic of polymers to exploit their superior 

potential and maximise tissue interaction. 

Metals are one of the oldest biomaterials used mostly for implants [83]. The first 

documented usage of implantable devices includes aluminium, zinc, gold and silver 

[83]. Currently, titanium and its alloys are the most commonly used metallic biomaterial 

for orthopaedic and dental implants due to its biocompatibility, non-toxicity and 
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strength properties. There is exceptional biocompatibility of commercially pure 

titanium but comparatively low strength. Thanks to their strong biocompatibility, 

corrosion tolerance and resilience, metal alloys are introduced as chronic conditions 

and fracture-fixation implants [83]. Regrettably, metals come with implantable lift, so 

metallic implants typically need to be extracted, particularly in the case of kids. 

The bone scaffold should have qualifying characteristics such as mechanical 

properties similar to host bone, biocompatibility, blood supply and porosity suited for 

ingrowth [84]. Additionally, literature saying that the porosity greater than 50% is 

necessary for complete the bone ingrowth [11]. According to the literature all the 

previous work has done to achieve those characteristics failed to match the stiffness 

of the scaffold with the host bone [85,86]. Therefore, high strength (200 GPa) CoCrMo 

material has been chosen in this research. 

Composite scaffolds featuring hybrids of ceramics and polymers, or synthetic 

polymers with organic polymers, are one of the most promising options [87]. 

Composite products have a hardness and compressive endurance polymer phase and 

a bioactivity inorganic phase, which increases functional properties and the frequency 

of degradation. Sol-gel synthesis is a method that can build a polymeric network with 

chemical compositions. Their mechanical and physical properties are not quite as 

strong as the material characteristics of the bone [88]. Every process has various 

structures, and the best attributes of all kinds should be interconnected by tissue-

engineering templates [89]. 

The three-dimensional biomaterial architecture that promotes the association and 

differentiation of osteo-inducible cells on their surfaces can be defined as a bone 
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scaffold. The first experiment on tissue scaffolding was the seeding of cartilage cells 

on bone spicules by Green at the beginning of 1970 [90]. Seeding cells from 

functionalised biomaterials on carefully constructed scaffolds have since been 

proposed for new tissue formation [91]. Both osteoinductive activities 

and osteoconductive are appropriately predicted from bone scaffolds. 

Osteoconduction is the mechanism through which scaffolds allow for the longitudinal 

displacement of osteoinducible cellular materials, such as osteoblasts, mesenchymal 

cells and osteoclasts, as well as supporting vasculature. However, osteoinductivity 

relates to the division of cells into osteogenic cells from various lineages [92]. Multiple 

inorganics and organic, biodegradable, and non-biodegradable materials are being 

used in the manufacture of bone scaffolds [92]. Each has its own corrosion resistance, 

resorption and biocompatibility characteristics that influence osteoconduction and 

osteoinduction. 

Tissue researchers are seeking to engineer nearly any human tissue today. Cartilage, 

bone, heart valves, nerves, intestine, bowel, liver [93] are possible tissue-engineered 

materials. In general, tissue engineering strategies include the use of a porous 

scaffold, which acts both in vitro and in vivo as a three-dimensional framework for 

initial cellular uptake and eventual tissue creation. The scaffold provides cells with the 

requisite resources for binding, proliferating, and maintaining their differentiated 

function. The ultimate form of the freshly grown soft or hard tissue [94] is determined 

by its design. In the initial periods of regenerative medicine, the product of choice for 

scaffolds was mostly assumed to be scientifically proven materials such as collagen 

and polyglycolide. For more sophisticated scaffold systems, the task is to assemble 

cells/tissue in a suitable 3D arrangement and address structural triggers in a suitable 
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spatial and temporal manner such that the individual cells expand and shape the 

appropriate cellular processes and do so in a manner that can be carried out on a wide 

scale, efficiently and adequately. 

2.4. Scaffold characteristics for bone tissue engineering 

Tissue-engineered biomaterials for bone either compliments or replace the need for 

allogeneic/autologous grafts, where the size of repair has significant limitations. The 

constructs that are currently being experimented with in this regard feature bioactive 

properties within a metallic [95–97], ceramic [98], polymer [99,100], composites 

[101,102], or hybrid [103,104] scaffold. However, future bone biomaterials are also 

expected to decompose sacrificially partly or fully, allowing for replacement by growing 

tissue throughout the repair. Many examples of this are being experimented [105–108] 

with Li et al. [109] demonstrating AM porous zinc biodegradable scaffolds for tissue 

reconstruction. For bone tissue engineering using engineered scaffolds, they must 

meet various macro and microstructural properties to allow tissue ingrowth. As the 

following characteristics are essential features for a scaffold to suitable for bone tissue 

engineering. 

2.4.1. Porosity and pore size 

Porosity, along with pore formation and porous volume, plays an important role 

throughout the development of bone scaffolds since they influence the distribution of 

cells within the highly porous and are often essential for the provision of nutrients to 

grafted and replenished cells [110]. In order to enable bone tissue to expand, scaffolds 

must be permeable, with accessible and completely intertwined pores and porous 

sizes varying between 100-400 μm. Porous scaffolds encourage cellular proliferation, 
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enable considerable growth rates within the framework of nutrients, oxygen and 

dissolved substances, and facilitate improved vascularisation [110]. Rising porosity, 

though, will mitigate the dimensional integrity of the scaffold, so it is crucial that the 

equilibrium between permeability, porosity, pore size and shape are carefully 

designed. 

2.4.2. Biocompatibility 

When a material possesses acceptable biocompatibility to meet the requirement of a 

biomedical application, it can be defined as a biomaterial [111]. Therefore, the 

qualification of a material as a ‘biomaterial’ depends on it meeting the biological and 

chemical comparability required for the targeted application. However, the question 

then arises; “How can one quantify the biocompatibility of biomaterials for designing 

medical devices?” In its simplest form, a biomaterial must satisfy biocompatibility, 

which may be interpreted as an acceptable material functionality without any 

unwarranted reaction at the tissue level or to the immune systems. If a material 

satisfies all these requirements, then it can be classified as biocompatible [112–114]. 

According to Ramakrishna et al. [115], tissue engineering biomaterials requires the 

highest biocompatibility as they are in direct contact with biological tissues and are 

expected to initiate bio integration processes. Nevertheless, for any material to be 

deemed biocompatible, it should satisfy the acceptable performance requirements 

under all categories, as shown in Table 2.3. Based on these assessments, acceptable 

biocompatibility can be defined as the effect to which the biomaterial does not induce 

any measurable harm. Put simply, no harm to the host body as a result of the 

biomaterial defines biocompatibility [61,116]. 
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Table 2.3. Biocompatibility requirement for scaffolds used for bone tissue engineering  

Biocompatibility 

assessments 
Short definition 

Cytotoxicity Capacity to induce cell or tissue death 

Carcinogenicity Capacity to induce cancer formation 

Mutagenicity Capacity to damage genes 

Pyrogenicity 
Capacity to induce adverse immune responses such as 

fever 

Allergenicity Capacity to cause sensitisation and allergic reactions 

Thrombogenicity Capacity to induce blood clotting 

2.4.3. Mechanical Properties 

Dynamic stresses are needed to grow bone in vivo; thus, bone scaffolds must have 

adequate strength and rigidity to maintain the functional stability and safety of the 

growing tissues. Biodegradable polymeric scaffolds will show dynamics and tuneable 

absorption coefficients consistent with cancellous bone [117]. Dense ceramics such 

as HA and TCP, on the other side, show strength development and elastic modules 

comparable to human cortical bone, but they are fragile, and deterioration levels are 

low. The compressive strength of bone differs widely from cancellous to cortical bone, 

as described above [117], as shown in Table 2.1. Therefore, it becomes important to 

develop a porous architecture that mimics the stiffness (elastic modulus 𝐸) of the 

tissue the scaffold replaces. Studies have shown that the mechanical characteristics 

of a scaffold can be customised by manipulating the structure, size and shape of the 

porous architecture. 
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Table 2.4. Parameters suitable to characterise the mechanical performance of a biomaterial 

Material properties Equivalent meaning Units 

Young’s modulus (𝑬) 
Stiffness 

Elastic modulus 
𝑵/𝒎𝟐   𝒐𝒓 𝑷𝒂 

Yield strength (𝝈𝒚) Elastic limit 𝑷𝒂 

Ultimate strength (𝝈𝒖𝒍𝒕) 

Strength 

Failure stress 

Stress at fracture 

𝑷𝒂 

Strain at rupture (𝜺𝒎𝒂𝒙) 
Extensibility 

Failure strain 
- 

Poisson’s ratio (𝝊) 

The ratio of transverse contraction 

strain to longitudinal extension 

strain 

- 

Hardness Resistance to wear 

Rockwell hardness (HR) 

Brinell hardness (BR) 

Vickers hardness (HV) 

Knoop hardness (HK) 

Toughness (𝑼𝑻) 
Energy to break per unit volume 

Energy to break per unit area 

𝑱/𝒎𝟑 

𝑱/𝒎𝟐 

 

Modulus of resilience (𝑼𝒓) Energy to yield per unit volume 𝑱/𝒎𝟑 

Fracture toughness (𝑲𝑰𝑪) Capacity to resist crack growth 𝑷𝒂√𝒎 

Fatigue life (𝑵𝒇) Durability 
Number of cycles to 

failure 

The opportunities that emerging biomaterials offer for structural optimisation asks the 

question: “what are the best mechanical properties that a biomaterial can offer? 

Generally, an ideal biomaterial mimics the mechanical behaviour of the biological 

tissue that is being replaced [118]. Researchers commonly use a wide variety of terms 

when it comes to describing the mechanical performance of tissues, biomolecules, 

and biomaterials. These terms fall within the domain of mechanics of materials and 

materials engineering in general [119]. However, the methodology cannot be broadly 
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applied to select the biomaterial that offers the highest strength and biocompatibility. 

It is important to first determine the required parameters that constitute all the relevant 

parameters for each of the requirements and how to control them. This is because 

what may seem like a suitable material under quasi-static loading may fail in other 

areas post-implantation. In this regard, it may turn out that for the loading scenario, a 

slightly weaker material with superior hardness may be the most suitable [120]. Since 

these terms may not be easily understood by researchers or practitioners in other 

fields, Table 2.4 summarises a simpler set of meanings for the mechanical parameters 

for importance. 

2.4.4. Biodegradability 

Another essential element for scaffolds in the recovery of bone tissue is 

biodegradability. In order to allow room for new tissue to expand, an optimal scaffold 

should dissolve in vivo at a regulated irradiation dose so that the rate of degradation 

is close to new bone formation [121]. The scaffold’s deterioration behaviour can differ 

as per their applications. Scaffolds used in spinal fusion, for instance, should take 9 

months or more to crumble, whereas scaffolds used in craniomaxillofacial 

implementations should take 3 to 6 months to degrade [121]. The rate of deterioration 

may typically be adjusted by adjusting either the structure of the monomer or the 

method of producing the scaffold. 

2.4.5. Upcoming trends in bone scaffolds 

Conceptually solid scaffolds have been identified as binary configurations of 

polymer/ceramic, metal/ceramic composite materials or polymer/metal, but they have 

not yet fit the initial bone tissue [92]. Given the poor molecular structure of polymeric, 
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ceramic, and composite biomaterials, as well as the absence of metal corrosion 

resistance, only a well-orchestrated particle acceleration build consisting of all 

biodegradable polymers can be an ideal scaffold for biomedical applications. In 

designed to account for material characteristics, the centre of such an ideal system 

should be composed of a ceramic-coated biocompatible alloy. An osteoinductive 

composite filled with proper growth factors could be the next step. Biomolecules such 

as collagen and/or gelatine may be used to render secondary structures. It is also 

important to recognise matched porosity with modified pore sizes that allow 

angiogenesis [92]. The next wave of scaffold/prosthesis combinations would be the 

ones featuring metallic centres with bioactive and biodegradable coatings. These 

scaffolds will be load-bearing while decaying in a timely manner, while the metallic 

component will survive in the body for longer without inconveniencing the functional 

integrity of the bone. 

2.5. Failure and wear of bone scaffolds 

The failure of a bone scaffold can be initiated by mechanical failure of implanted 

components or through the failure of fixation, and surgical problems such as blood 

clots, infections and nerve damage can be involved. But mechanically reason for 

failure can be the loosening of the implant. It can be caused by implant wear debris 

and through the stress shielding effect. 

2.5.1. Wear debris 

Osteoblasts are the main cellular component of the bone which responsible for bone 

tissue formation, and they perform a substantial part in aseptic loosening. The 

formulating movement of the implant causes wear debris to be generated via fretting 
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and fragmentation [49]. Zhang et al. [122] concluded that the wear particle exposure 

from in vitro models to osteoblasts results in the obstruction of multiple cellular 

functions. Due to this reaction indirectly contribute to osteoclastic bone resorption and 

release chemical and enzymes into the human body. These chemicals and enzymes 

can affect the failure of the bone and result in the loosening of the implant [122]. 

2.5.2. Stress shielding 

Stress shielding is a condition common with all types of joint arthroplasty and is 

extremely prominent in the repair of hip and knee load-bearing joints [123]. The load 

shift to the proximal femur is decreased following Total hip arthroplasty (THA) when 

femoral stems are implanted with a marginally greater density than the bone. Thus, 

half of the load that was historically entirely borne by the bone is carried by the femoral 

stem [124]. This allows the tension distributed in the residual host bone to reduce, 

which means that the peri-prosthetic bone is insufficiently filled and does not remodel. 

In this case, stress shielding will eventually impact THA’s survival and thus encourage 

any requirement for surgical intervention. Stress protection can also lead to THA’s 

premature loss by stem mobility and peri-prosthetic bone fractures [49]. 

The mismatch of elastic modulus between scaffold implants and bone tissues is critical 

in managing stress shielding. The current implants and scaffolds clinically used do not 

provide stiffness matching leading to nonhomogeneous stress transmission between 

the implants and surrounding bone tissue [125]. This causes the bone tissue to 

deteriorate and lose its load-bearing capacity, leading to osteoporosis and fractures 

surrounding the implants [126]. Apart from bio-inspired morphologies, the effective 

design of load-bearing scaffolds is required to match the mechanical characteristics of 

the host bone tissues to avoid stress shielding. Although gradient geometric design 



   

 

37 

can reduce the stress shielding phenomena by lowering the relative density and 

stiffness at the scaffold-tissue interface, this can only solve the problem partially [127]. 

2.6. Stiffness and strength in bone scaffold design 

For bulk material, the stiffness and strength correspond to material properties such as 

Young’s modulus (𝐸) (also known as elastic modulus) and the yield strength (𝜎𝑦). 

However, for a porous material at the microscopic scale, this is influenced both by the 

properties of the bulk material and the porous architecture. In general, the relative 

density of a porous structure can control its mechanical properties. Gibson and 

Ashby’s [128] models are the most common estimation tool for the mechanical 

properties of a porous material that is made up of repeating unit cells. This has been 

demonstrated by earlier works by Gibson and Ashby (1997) [129] have provided 

simple foam structure to demonstrate the relationship between elastic modulus, yield 

strength and relative density, as shown in Equations (2.1) and (2.2), respectively [130]: 

𝐸𝑆
𝐸𝐵

= 𝐶 (
𝜌𝑆
𝜌𝐵
)
2

 
(2.1) 

𝜎𝑆
𝜎𝐵
= 𝐶 (

𝜌𝑆
𝜌𝐵
)

3
2
 

(2.2) 

where 𝐸𝑆, 𝜌𝑆 is the elastic modulus and density of the cellular structure, 𝐸𝐵 , 𝜌𝐵 elastic 

modulus and density of the fully dense solid material. 𝐶 is a constant depending on 

the material and the cell geometry [49]. When it comes to the strength of the porous 

architecture, 𝜎𝑆 , 𝜎𝐵 are the yield strength of the cellular structure and the fully dense 

solid material respectively [49]. The Equations (2.1) and (2.2) are useful in analytically 

predicting the stiffness and the strength of the cellular structures at the design stage 

[131]. 
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2.7. Auxetic materials 

2.7.1. Introduction to auxetic materials 

Auxetic materials have unique architecture that results in distinct deformation 

characteristics [17]. Although materials deform differently, the vast majority of 

materials behave conventionally, meaning they expand axially under tension while 

contracting in the transverse direction, as shown in Figure 2.5a. The ratio of transverse 

strain to axial strain gives a measure of how a material deforms under load, which is 

known as Poisson’s ratio. A material that expands axially but contracts transversely in 

response to a tensile force (Figure 2.5a) or expands transversely while contracting 

axially under compressive force has a positive Poisson’s ratio (PPR). Material that 

displays auxetic behaviour, on the other hand, expands in the axial and one or more 

orthogonal directions under tension and has a negative Poisson’s ratio, as shown in 

Figure 2.5b. Under compressive forces, auxetic materials contract both axially and 

transversely. 

 
Figure 2.5. Deformation of materials showing (a) behaviour of a conventional material resulting in 

positive Poisson’s ratio and (b) showing auxetic materials resulting in negative Poisson’s ratio. 

Adapted from [132] 
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The Poisson’s ratio of a material can be calculated by using the equations below: 

𝜀𝑦 =
∆𝑦

𝑦0
 

(2.3) 

𝜀𝑥 =
∆𝑥

𝑥0
 

(2.4) 

𝜐𝑦𝑥 = −(
𝜀𝑥 
𝜀𝑦 
) 

(2.5) 

where 𝜀𝑦, 𝜀𝑥 are the longitudinal and lateral strain of the cellular structure, respectively, 

Δ𝑦 , Δx change in length and width of the cellular structure, respectively. 𝑦0,𝑥0 are the 

original length and width of the cellular structure, respectively. 𝜐𝑦𝑥 is the Poisson’s ratio 

of the cellular structure.  

2.7.2. Auxetic structures 

The growth of auxetic materials has been largely centred around foams and materials 

featuring repeating unit cells, such as honeycombs [133]. Cellular materials have been 

used for the creation of advanced materials in a wide range of applications, spanning 

from re-entrants to maladjusted 3D structural foam networks [8]. Some major auxetic 

architecture includes the ones featuring re-entrant 2D and 3D cellular elements, chiral 

frameworks and revolving units [77,134].  

2.7.2.1. Re-entrant structure 

Due to its effectiveness, understandability, and capacity to generate high −𝜐, the re-

entrant honeycomb framework has been extensively studied among other structural 

architectures, which demonstrate improved mechanical properties and options for 

many implementations [77,135]. Under uniaxial pressure, the structure can enlarge in 

all directions and diminish in all positions under uniaxial tension when sufficient cell 
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measurements and re-entrant angles in the auxetic structure are selected [136,137]. 

The re-entrant frameworks will be the simplistic honeycomb system, as seen in Figure 

2.7, indicating auxetic characteristics among other frameworks. 

Figure 2.6(a) shows the double arrow-headed structure [138], which shows auxetic 

behaviour while opening and closing the arrowheads. The arrangements in Figure 

2.6(d, e, f) show the auxetic effect due to hinging under uniaxial load or/and strut 

flexure. Due to the structural symmetry of hexagonal honeycomb Figure 2.6(c), it 

shows better planar isotropic properties than the standard 2D re-entrant structure. 

 
Figure 2.6. 2D re-entrant auxetic structures [139] where (a) refers to double arrow-headed, (b) 2D re-

entrant honeycomb, (c) structurally hexagonal re-entrant honeycomb, (d-f) interconnected stars, (g) 

sinusoidal lattice, (h) lozenge and (i) square grids 

Figure 2.6(g) sinusoidal ligament shows its auxetic behaviour by the opening of re-

entrant cells into almost rectangular cells. Because of the extension and rotation of 

each side in the unit cells, the structure shows the auxetic effects. The structure of 

(a) (b) (c) 

(d) (e) (f) 

(g) (h) (i) 
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square grids, as shown in Figure 2.6(i), exhibit a higher auxetic effect than the structure 

Lozenge in Figure 2.6(h) under the same strain according to the analysis by Smith et 

al. [133]. 

Figure 2.7 shows the honeycomb deforming by hinging of the diagonal struts in 

response to an applied uniaxial load. The orientation of the diagonal struts along the 

horizontal direction of applied stretch causes the struts aligned along the vertical 

direction to move apart, thereby reporting the auxetic effect [140]. But the, most 

honeycombs of this type deform mainly by flexure of the diagonal struts, with hinging 

and axial stretching of the struts also occurring at the same time [141].  

 
Figure 2.7. 2D re-entrant honeycombs with undeformed and deformed (response to applied horizontal 

stretching) [141] 

2.7.2.2. Chiral structures 

A substance that is not superimposed over its mirror reflection or a molecule 

accompanied by special groups bound to it is the definition of a chiral [142,143]. Chiral 

honeycomb has in-plane rigidity sharply out of plane bearing ability and rule than 

conventional honeycombs [144,145]. One of the auxetic systems containing nodes 

and ribs that are proportional to the nodes is the chiral system. A rectangle, circle or 

some other geometrical shape can be the node [146]. The latest study has shown that 

Undeformed Deformed 
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the auxetic influence of the chiral system has increased substantially by incorporating 

soft hinges and stronger cores [128,147].  

 
Figure 2.8. Chiral structures (a) Chiral honeycomb (b) Chiral honeycomb with symmetrical units [3] 

Figure 2.8 shows the chiral honeycomb structures by connecting straight ribs to central 

nodes [148,149]. The rotation of the nodes provides the deformation mechanism of 

the structure. If all the nodes rotate in the same direction, these structures are referred 

to as chiral, and if the nodes rotate in both clockwise and anti-clockwise directions, it 

is called anti-chiral [144]. The auxetic effects are achieved through wrapping or 

unwrapping of the ribs around the nodes in response to an applied force, as shown in 

the above figure [139]. 

2.7.2.3. Rotating units 

Rotating unit systems are formed by the configuration of uniform, shape or varying 

sizes units joined at the vertices, and the vertices may be hinged or bound by springs 

[150,151]. Furthermore, these constructs have been formed by connecting the rigid or 

semi-rigid squares, triangles, rectangles and tetrahedrons, as seen in Figure 2.9. 

These configurations were first established by Grima and Evans [152] in synthetic 

crystalline solids and then suggested alternating triangles, rectangles, and squares 

(a) 
(b) 
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[151]. Units can rotate to expand to accomplish auxetic behaviour when the structure 

is extended and reveals the −𝜐 influence [153]. 

 
Figure 2.9. Rotating unit models (a) Triangular units (b) Square units (c) Rectangular units [3] 

The perfect model of rotating squares with rigid units was found to be independent of 

the initial geometry and the loading directions, with Poisson’s ratio shown to be -1. So, 

it was too simplistic to characterise the deformation of uniaxial extension [154].  

2.7.2.4. Nodule and fibril structures 

As shown in Figure 2.10, a simple 2D model will explain the different types of 

microstructure and the auxetic microporous polymer first generated by Caddock and 

Evans [155]. This framework comprises nodules and fibrils that are entangled. The 

(a) 

(b) 

(c) 
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fibrils induce lateral nodule translation when a tensile load is applied, contributing to a 

strain-dependent negative Poisson’s ratio [156]. 

 
Figure 2.10. Nodule and Fibril structure [132] 

In a 3D model, there are not just the 2D nodule and fibril recommendations based, 

and according to the previous innovative studies, these 3D hexagonal models display 

higher −𝜐 impact than the 2D models. In addition, it is necessary to extend these 3D 

nodules and fibril frameworks to materials such as body-centred cubic metals and 

foams and extended micro-porous polymers through off effects [156,157]. 

2.7.3. Properties of auxetic structures 

2.7.3.1. Elastic and shears modulus 

Auxetic materials show excellent mechanical properties due to the negative Poisson’s 

ratio effect. These properties include plane stress fatigue resistance, shear modulus, 

and indentation resistance [158]. Hypothetically, the Poisson’s ratio assumes values 

between -1 and 0.5 for the isotropic 3D materials and -1 to 1 for the isotropic 

conjugated polymers, but the Poisson ratio varies from −∞ to 0 for anisotropic 

materials [47]. It can be argued that the elastic behaviour of a structure regulates the 

magnitude of Poisson’s ratio. Relatively high bending tolerance, fracture ability and 

Nodules 

Fibrils 
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shear modulus can be expected from a well-designed negative auxetics architecture 

[159]. 

There are four parameters influencing the elastic behaviour of any material, and they 

are the elastic modulus (𝐸), shear modulus (𝐺), bulk modulus (𝐾) and the Poisson’s 

ratio (𝜐). The relationship that describes the elastic performance of a material is as 

shown in Equations 2.6 and 2.7 [160]: 

𝐺 =
𝐸

2(1 + 𝜐)
 (2.6) 

𝐾 =
𝐸

3(1 − 2𝜐)
 (2.7) 

Most structural materials are required to have a higher shear modulus than the bulk 

modulus [161]. The performance of an auxetic structure can be credited to a change 

in cell geometry controlled by the volumetric compression ratio. Increasing the 

volumetric compression ratio gives an increase to a relative minimum in Poisson’s 

ratio and decreases the elastic modulus, and show the rise in shear modulus and 

toughness [162]. That means the material becomes easy to deform volumetrically but 

difficult to shear due to the increase in shear modulus.  

In comparison to traditional materials, Auxetic materials exhibit improved fracture 

resilience. Auxetic substance stretches and covers the gap as the component is pulled 

where there is a crack. As a consequence of the persistent volumetric power density 

of re-entrant fully accessible copper foams, Li et al. [163] performed tensile strength 

tests and observed that the tensile strength of re-entrant foam is greater than that of 

traditional foams. 
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2.7.3.2. Indentation behaviour 

Hardness is the tolerance of a material to incision, wear, or scratch to irreversible 

deformation. According to Anurag and Harsha [164], the influence of −𝜐 can lead to 

increased toughness auxetic structures at the macroscopic level. Generally, auxetic 

materials show lower stiffness and better indentation tolerance than traditional 

materials [165], which can be advantageous to reduce stress shielding in tissue 

engineering.  

 
Figure 2.11. Indentation behaviour of (a) non-auxetic (b) Auxetic [166] 

As shown in Figure 2.11, as opposed to non-auxetic materials, the auxetic content 

continues to flow to the stage where the load is added, which produces a region of 

denser medium and its improved indentation resistance [47,157]. 

2.7.3.3. Synclastic behaviour 

Another interesting characteristic called synclastic activity can be a peculiar behaviour 

of auxetic materials. This suggests that it has a normal propensity not to form dome-

shaped (synclastic) surfaces like traditional materials that appear to exhibit anticlastic 

activity (saddle shape) when exposed to an out-of-plane maximum deflection 

(a) (b) 
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[19,167,168], as shown in Figure 2.12. The material may be brought to the ideal form 

without a special guide as a result of inherent synclastic behaviour [132]. 

 
Figure 2.12. (a) auxetic synclastic curvature (b) conventional material anticlastic curvature [169] 

2.7.3.4. Variable Permeability 

Auxetic materials have unique property, which is able to open pores when stretched, 

and this feature is considered to have a considerable capability for the various types 

of filter applications [170]. The unique pore opening characteristic of auxetic material 

was demonstrated by Alderson et al. [171], which offered enhanced filter performance 

from macro to the nanoscale, as shown in Figure 2.13. Auxetic polymers and 

structures can improve pore size and shape when increasing pressure or uniaxial 

stretching. Alderson et al. [172], in another study, carried out a glass bead 

transmission test on auxetic polyurethane foams where the advantages of auxetic 

materials in mass transportation applications was confirmed. 

 
Figure 2.13. Variable permeability application in Smart filters [173] 

 

(a) (b) 
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2.7.4. Auxetic materials and tissue engineering 

Tissue engineering is based on the creation of artificial tissue that mimics natural 

tissue and can be used to enhance or replace biological tissues during the surgical 

treatment. For tissue engineering to be effective, a variety of aspects and challenges 

must be considered. 

When creating auxetic tissue engineering scaffolds, one of the factors to consider is 

material selection. There are a variety of auxetic materials that have been developed, 

including microporous or nanocrystalline metallic, polymer, ceramic, and composites. 

Auxetic materials that are developed through repeating unit cells that offer targeted 

functionalities are also referred to as metamaterials [174]. Metamaterials have 

enhanced and peculiar mechanical properties compared to conventional materials. 

Auxetic metamaterials are increasingly being investigated for optical, acoustic, energy 

harvesting and biomedical applications [175]. There are specific microstructures in 

every auxetic material that leads to creating a -Poisson’s ratio (−𝜐). This, in turn, 

affects the deformation mechanism such as bending, stretching and torsion [17].  

Table 2.5. Auxetic structures as a tissue engineering scaffold 

Fabricat

ion 

Technol

ogy 

Specific 

fabrication 

method 

Material Cell type Biological 

effect 

Ref 

Additive 

manufact

uring 

Dynamic 

optical 

projection 

stereolithogra

phy 

PEGDA HMSC (Human bone 

marrow) 

Grew on 

scaffold 

[176] 

Dynamic 

optical 

PEGDA HMSC (Human bone 

marrow) 

Grew on 

scaffold 

[177] 
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projection 

stereolithogra

phy 

Two-photon 

stereolithogra

phy 

PEGDA 10T1/2 (mouse 

embryonic fibroblast) 

Unable to 

divide 

[178] 

Dynamic 

optical 

projection 

stereolithogra

phy 

Polyuretha

ne 

10T1/2 (mouse 

embryonic fibroblast) 

C2C12 (mouse 

myoblast) 

Grew on 

scaffold 

[4] 

Micro-

stereolithogra

phy 

PEGDA HTMSC (human 

turbinate mesenchymal 

stromal cell) 

Proliferation 

increased on 

−𝝊 

[179] 

Fused 

deposition 

modelling 

Poly(𝜺 −c

aprolacton

e) 

HUVEC (human 

umbilical vein 

endothelial cell) 

BMSC (bone marrow 

stem cell) 

Adhered and 

grew on 

scaffold 

[5] 

Fused 

deposition 

modelling + 

electrospinni

ng 

Thermopla

stic 

Polyuretha

ne 

HTMSC (human 

turbinate mesenchymal 

stromal cell) 

Grew on 

scaffold 

[180] 

Additive 

manufact

uring + 

electrosp

inning 

Fused 

deposition 

modelling 

Poly(𝜺 −c

aprolacton

e) 

HUVEC (human 

umbilical vein 

endothelial cell) 

VSMC (Vascular 

smooth muscle cell) 

Made 

multilayers 

[181] 

Fused 

deposition 

modelling + 

electrospinni

ng 

Poly(𝜺 −c

aprolacton

e) 

- Attached with 

the printed 

scaffold and 

hydrogel 

[182] 
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Soft 

lithograp

hy 

Deep reactive 

ion etching 

Silicon - - [183] 

Deep reactive 

ion etching 

Silicon HMSC (human 

mesenchymal stem cell) 

Interacted at a 

sub-cellular 

level 

[136] 

Machinin

g 

Micro-

ablation 

Chitosan 

(polyanilin

e coating) 

Neonatal rat ventricular 

myocytes and 

fibroblasts 

Grew on 

scaffold 

(cytocompatibil

ity) 

[184] 

Foaming Compressed 

foams 

Polyuretha

ne 

Chondrocytes (primary 

from cartilage) 

Proliferation 

increased 

[185] 

Solvent 

casting/ salt 

leaching 

HA/PLGA MG-63 (human 

osteoblast) 

Proliferation 

increased 

[186] 

Solvent 

casting/ salt 

leaching 

PLGA MG-63 (human 

osteoblast) 

Proliferation 

increased 

[7] 

Heated 

foams 

Polyuretha

ne and 

polyester 

ES-D3 (mouse 

embryonic stem cell) 

iPSK3 (human induced 

pluripotent stem cell) 

Vascular 

differentiation 

increased 

[187] 

Compressed 

and heated 

foams 

Polyuretha

ne 

ES-D3 (mouse 

embryonic stem cell) 

iPSK3 (human induced 

pluripotent stem cell) 

Neural 

differentiation 

increased 

[188] 

Textile Fabric 

knitting 

Poly(𝜺 −c

aprolacton

e) 

Human dermal 

fibroblasts 

Cell metabolic 

activity 

increased 

[189] 

2.7.5. Application of auxetic structures for bone tissue engineering 

Auxetic structures have potential in the biomedical industry due to their negative 

Poisson’s ratio [190]. Auxetic bone scaffolds, dental implants, neck braces, dilators, 

cage spacers for spine surgery and the femoral component of the total hip implant are 

some of the auxetic structural applications that use in the biomedical industry. 
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Baker [6] showed the potential application of auxetic materials for the reconstruction 

of intervertebral discs. The work was based on finite element analysis carried out 

mimicking the L4-L5 motion segment to investigate stress on the intervertebral disc. 

This study concluded that the use of intervertebral disc with a negative Poisson’s ratio 

would be helpful to prevent disc degeneration disease. The principle is that the 

decrease in horizontal motion would prevent the impact of nerves by the intervertebral 

disc. The degeneration of the intervertebral disc [47] is one of the major reasons for 

causes of low back pain, and most of these cases are related to ageing. Total disc 

replacement is one of the treatments for lower back pain, and it completely removes 

the damaged intervertebral disc and replaces it with an artificial disc [77]. 

Choi et al. [7] investigated the use of auxetic PLGA (Poly Lactic-co-Glycolic Acid) 

scaffolds and their effectiveness in increasing the number of bone cells under 

compressive stimulation. It was shown that a negative Poisson’s ratio architecture 

would conduct high compressibility in all directions and that scaffold was expected to 

undergo a rapid increase in the number of bone cells effectively [7]. The scaffold was 

manufactured using the casting method [191], and a permanent volumetric 

compression with heat treatment (PVCT) method was used to create an auxetic 

response from the scaffolds. The resulting −𝜐 was calculated through strain images 

from the compressed test, as shown in Figure 2.14. The results demonstrated an 

auxetic response of the PLGA scaffold resulting in an accelerated bone cells response 

due to the compressive stimulation. 
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Figure 2.14. Poisson’s ratio estimation of PLGA auxetic scaffold where (a) shows the strain 

monitoring points and (b) the compressed specimen [7] 

Abdelaal et al. [192] explored the fabrication of auxetic cellular structures for 

biomedical applications within the context of femoral hip replacement. Due to the 

mismatching of the stiffness between bone and the implant, the stress shielding 

phenomenon is common in traditional hip implants resulting in implant loosening. To 

avoid stress mismatching, it is better to replace an implant that has similar mechanical 

properties as the host bone. The study showed the potential of a functionally graded 

auxetic (FGA) polymer structure that shows a negative Poisson’s ratio. The study also 

found that an increase in structure porosity using auxetic architecture leads to an 

increase in −𝜐 of the structure [192]. This study demonstrates the use of auxetic 

architecture in hip replacement due to mimicking the bone’s stiffness through the use 

of additively manufactured titanium alloy (Ti6Al4V) [192].  

Ghavidelnia et al. [193] showed the potential application of 3D re-entrant auxetic 

structure in femoral hip meta-implant to improve the stress and strain distribution in 

the implant and surrounding bone tissues, as shown in Figure 2.15. Figure 2.15(a) 

shows the CAD model, Figure 2.15(b) shows the meshed finite element (FE) model of 

meta-implant based on 3D re-entrant structure, Figure 2.15(c) shows the meshed 

assembly of the implant and femur bone model and Figure 2.15(d) shows the applied 

(a) 

(a) (b) 



   

 

53 

load and boundary conditions on the implant and femur bone model The anatomy of 

the human femur bone was used to design one solid implant and three meta-implants. 

 
Figure 2.15. Meta-implant (a) CAD model (b) meshed finite element (FE) model of meta-implant 

based on 3D re-entrant structure (c) Meshed assembly of the implant and femur bone model and (d) 

Applied load and boundary conditions on the implant and femur bone model [193] 

Three meta-implants with positive, negative, and graded Poisson’s ratios were created 

using the novel accurate relationships for mechanical characteristics of 3D re-entrant 

unit cells. The meta-implants could provide enhanced stress and strain distributions in 

the implant and its contact areas with the internal bone surface, according to the 

(a) (b) 

(c) (d) 
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numerical results of the implants under compressive loading circumstances. Although 

all of the meta-implants’ micromotion values were within appropriate ranges for bone 

ingrowth, those with negative and graded Poisson’s ratios had a more compatible and 

uniform distribution of micromotion in significant locations of the bone-implant interface 

[193]. 

2.8. Summary and gaps in the literature 

This chapter presents a review of the literature on bone, biomaterials, bone scaffolds 

and their mechanical properties. This is complimented with an extended review of 

background literature on auxetic materials and types of auxetic cellular structures. 

Several kinds of auxetic cellular structures both natural and artificial were identified 

from literature offering different geometries and deformation processes. Previous 

research shows that superior mechanical performance was observed for indentation 

resistance, shear modulus, fracture toughness, variable permeability, and energy 

absorption as a result of negative Poisson’s ratio or auxeticity. Despite these superior 

performances, research focusing on exploring auxetic materials for load-bearing 

biomedical applications was limited. In any case, only a handful of auxetic studies 

classified under meta-biomaterials were observed when it comes to metallic materials, 

largely limited to titanium. 

Overall, no studies were found on exploring CoCrMo for the development of auxetic 

meta-biomaterial bone scaffold for load-bearing bone scaffold applications. This gap 

in literature can be due to a range of factors, primarily the scaffold should have 

qualifying characteristics such as mechanical properties similar to host bone. 

Additionally, the literature suggests the need for porosity greater than 50% for bone 
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ingrowth which is hard to be achieved through porous titanium when stiffness and 

strength matching is demanded [11]. The literature review evidence that previous 

developments in meta-biomaterials failed to match the stiffness of load-bearing bone 

scaffold with that of the host bone [85,86]. This is primarily the result of the lower 

young’s modulus of the bulk material being used, this is where CoCrMo offers 

significant potential due to its high strength (200 GPa), an aspect considered in this 

research. 

Even though there is some evidence supporting the development of auxetic bone 

scaffolds, a comparative analysis considering multiple types of auxetic geometrical 

designs has not been studied before. As such this thesis presents a comparative 

analysis of all major auxetic architecture analysis their suitability for bone scaffolds. In 

addition to the assessment of the biological performance of meta-biomaterials, there 

are many other aspects regarding their geometrical design and fabrication that require 

further research as well. The research into novel geometrical designs of meta-

biomaterials has just started. Given that the properties achieved through geometrical 

design are often unusual and even unprecedented, the space of possible applications 

for such properties is largely unexplored. For example, auxetic meta-biomaterials 

could be used to create scenario-based performance and targeted Poisson’s ratio that 

are otherwise impossible to achieve. This possibility has, thus far, not been extensively 

explored which is another aspect covered in this thesis. Finally, this chapter has 

reviewed and discussed the applications of auxetic structures in bone tissue 

engineering. So far, no work has been done on CoCrMo auxetic bone scaffolds to 

reduce the stress shielding effect and improve the mechanical properties on a scenario 

basis which is revealed in this work.   
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Chapter 3 

Additive manufacturing of biomaterials 

 

3.1. Introduction 

This chapter discusses the potential of powder-based Additive Manufacturing (AM) 

technologies for biomedical applications. AM process types are introduced, followed 

by materials that are suitable for the respective processes. Subsequent to this, 

descriptions of the challenges and limitations of the technology are presented. The 

chapter also summarises the potential use of AM technology for the fabrication of 

biomaterials suitable for biomedical applications.  

3.2. Additive manufacturing (AM)  

Additive manufacturing (AM) can be defined as the procedure of binding materials 

together to create items from 3D model data, typically layer by layer, unlike subtractive 

production processes like ordinary machining [194]. Additive manufacturing is also 

called freeform fabrication, rapid prototyping, or 3D printing. This manufacturing 

process is applied to various industrial sectors like consumer products, tooling, 

medical, automotive, energy, and the aerospace industry [195,196]. 

AM technology has been historically applied to create conceptual prototypes in a 

procedure called Rapid Prototyping (RP). The RP systems combine powder, liquid, or 

sheet materials to create physical objects. The RP machines fabricate metal, ceramic, 

wood, and plastic components using thin, horizontal cross-sections of the computer 
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framework [197]. The prototypes were used to facilitate rapid production of an item 

and cannot be compared with the final end product. The prototypes were also utilised 

as inspection and communication models, producing numerous physical tools within 

a short time, thus shortening the manufacturing process [198]. According to a Wholer’s 

survey, about 23.4% of RP components are utilised as master patterns in direct tooling 

as well as secondary production processes [197]. Rapid Manufacturing (RM) has 

emerged through Rapid Prototyping courtesy of technological developments. Rapid 

Tooling is another sub-category of Rapid Manufacturing and aims at creating 

consistent models which function as traditional manufacturing processes [199]. 

Additive manufacturing (AM) represents a set of technologies that create physical 

items straight from 3D computer-aided design (CAD) data. Additive manufacturing 

functions by adding powdered, wire, sheet, or liquid materials, layer by layer, to create 

component sections with no or little additional processes required [200]. This 

technology offers several advantages, such as unmatched geometric freedom of 

design, short lead time, and near 100% material usage [201]. Several terminologies 

have emerged due to technological advancements in the layer-based processing 

sector. 

There are numerous steps that are involved in additive manufacturing, as shown in 

Figure 3.1. The first step involves the design of a model using any professional CAD 

software. The model can also be designed using scanning and reverse engineering 

tools. The second step is converting for AM suitable file type. The typical file type for 

AM machines is the STL. The CAD software being used allows the CAD model to be 

saved in STL file type. The STL format transforms the surface of the CAD model into 

mesh-like triangles. The CAD software enables the user to manage the size and 
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number of the triangles created. The third step is slicing the file and transferring the 

STL files to the AM machine. In this step, the file is verified to ascertain that it is of the 

required orientation and the appropriate size. In the case of several parts, they are 

placed carefully to ensure that they do not overlap with one another [202]. 

 
Figure 3.1. Steps leading to additive manufacturing from digital model to the final part 

The fourth step is the AM machine setup. The various parameters are set carefully to 

ensure that the manufactured part has all the required features. Some of the 

parameters include roller speeds, timing, energy offered, orientation, and layer 

thickness. The fifth step is the most automatic build phase. The user should partially 

monitor this process to ensure that there are no errors that occur, and the materials 

are sufficient. The sixth and final step is the removal phase, where the user takes out 

the part created. The user observes all safety guidelines and follows the suitable 

shutdown process to guarantee the safety of the machine and the user. And then is 

the post-processing of the AM components. This involves additional treatment of the 

1. Digital model 2. STL file 3. Slicing/Gcode 

4. Printer setup/optimum 

process parameters 

5. Monitor print environment 
6. Post processing/clean-

up/ heat treatment 
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parts produced, which include cleaning, sintering, and curing [199]. A lot of caution is 

taken during this process because the parts may be weak and delicate.  

3.2.1. Selective Laser Sintering (SLS) 

The laser sintering procedure enables the creation of sophisticated 3D items through 

the selective fusion of successive portions of powdered material. The component 

being produced is initially in an STL file format after the design process using any CAD 

software. The STL file is split into discrete layers, where every layer or slice reflects a 

cross-section of the component. A small film of powder is put on the build platform and 

computer-aided laser screens over the region, which heats and consolidates the 

specks of the powder in particular regions, which represent a specific cross-sectional 

portion of the tool designed. The build plate between the layers is lowered by a little 

margin of about 0.1 mm, and another powder sheet is laid over the preceding sintered 

film [203]. This procedure is repeated over all the other films making the component 

until the whole part has been fabricated. The powder in every layer which is 

unconsolidated stays intact to reinforce the following sheets. After the building process 

has been completed, the components, together with the supporting materials 

surrounding them in the build area, referred to as the “part cake,” are taken away from 

the building machine. The components are taken from the part cake, and the 

unattached powder is bead-blasted or blown out. The remaining powder which has not 

been fused is then sieved and used again for the next builds.  

Laser sintering is also known as Selective Laser Sintering and has numerous 

advantages compared to other polymer additive methods. First, this technique does 

not utilise reinforcement components that are needed in other additive methods to 

offer reinforcement to the slim walls and overhangs in part during the building process 
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[204]. Instead, the part is supported by the unfused powder surrounding it as the build 

process continues. Besides, laser sintering does not need the use of a binder, which 

creates a post-processing phase compared to other procedures and may cause 

toxicity problems, especially for components meant for healthcare applications [205].  

Polymer laser sintering processes do not compare to the resolution of the 

stereolithography additive process, but they produce components that are more stable 

and tougher, and research has revealed that extra enhancements in resolution are 

attainable [203]. Nevertheless, the major advantage acknowledged for laser sintering 

is the remarkable amount of material that is prepared using this process. A wide range 

of materials can be prepared using laser sintering. 

There are various parameters associated with laser processing. One of the 

parameters is laser power, which refers to the power of the laser applied during the 

scanning of every layer. The next parameter is the scan count, which refers to the 

number of times the laser beam crosses a scan vector for each film. The scan speed 

is another parameter that refers to the speed at which the laser beam crosses over a 

scan vector. Another parameter is the scan spacing which refers to the distance 

between parallel laser scans. The manipulation of these parameters influences the 

capability of a specific material to build effective, and the quality and characteristics of 

the components prepared. Other parameters include the spot size, layer thickness, 

delay time and part accuracy [203].  

AM through laser sintering has been gaining remarkable interest from various sectors 

which have recognised the capabilities of this process in terms of the implementation, 

performance, and design of various parts. Nevertheless, this technology requires a 

wide variety of materials. Successful production of components may be hindered by 
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the individual material properties, limits of the latest sintering equipment, and 

practicalities of manufacturing [206].  

3.2.2. Electron Beam Melting (EBM) 

Electron beam melting refers to a distinct manufacturing and prototyping technique 

that can decrease time, weight, and costs simultaneously. It is a quick manufacturing 

technique whereby entirely dense parts with properties are the same as those of 

wrought materials created on a layer-by-layer basis. After the procedure of melting 

and solidifying a single sheet of titanium powder, this procedure is repeated for all the 

other sheets until the component is successfully completed. For sectors like 

aerospace, it creates new chances for both prototyping and small-scale development 

of titanium parts. This technique eliminates the time, cost, and obstacles of investment 

casting or machining, thus making titanium components more available for installation 

or functional testing on the aircraft [207].  Moreover, the additive technique creates 

opportunities for new designs and alternatives for weight reduction.  

During this process, high-speed electrons hit the metal powder, converting the kinetic 

energy into thermal energy. The temperature increases beyond the melting point, 

making the electron beam quickly liquefy the titanium powder. A tungsten filament 

located at the electron beam gun boils off a group of electrons. These electrons enter 

through the gun at a speed almost half that of light. The electrons in high motion are 

directed and organised by two magnetic fields. One magnetic field function as a 

magnetic lens where it directs the beam to a suitable diameter. The other magnetic 

field deflects the directed beam to the target point located on the powder bed. This 

technique is five times quicker compared to other additive technologies [208].  
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The EBM components are created in a vacuum to prevent energy loss which might be 

triggered by the rapid moving electrons making collisions with gas or air molecules. 

One of the advantages of using the vacuum is that the process is 95% energy efficient, 

which is more than five times higher compared to laser technology [207]. Another 

advantage is that the vacuum facilitates the processing of metal, allows it to be 

considered reactive like titanium. This technique has the ability to build complex 

designs that may prove impossible or difficult to produce using casting or machining. 

The freedom of making diverse designs can be used to reduce assembly time, 

minimise manufacturing costs, and attain exceptional strength-to-weight ratios. EBM 

is capable of producing true titanium components, thus making it suitable for making 

parts for military and commercial aircraft. EBM enables the rapid production of flight-

ready titanium components [209].  

However, the high cost of titanium and challenges associated with its manufacturing 

slows its adoption even though it is considered the best material for manufacturing 

particular aircraft parts. In such circumstances, investment or machined cast aluminum 

is selected to reduce weight. When aluminum proves not to be feasible, steel is then 

chosen despite its weight. Therefore, EBM provides the combined advantages of steel 

and aluminum while bypassing the challenges of producing titanium parts [207].  

Another advantage of EBM technology is that it provides multi-piece assemblies. 

When using casting or machining, the designer is forced to develop an assembly which 

may increase the production costs, but the EBM technology enables the creation of a 

multi-piece assembly as one part. The combination of two or more parts into one 

component eliminates the step of assembly, thus reducing the cost of production. 

Another advantage is that the EBM technique allows the design and production of 
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aircraft parts with undetermined strength to weight and buy-to-fly ratios. Another 

advantage offered to buying this technology is that the process can be used to make 

hollow components with an internal strengthening scaffold. Unlike other processes, 

the EBM technique can produce the needed mechanical strength with minimal mass 

[207,210]. The overall weight of the component is reduced as well as the cost of raw 

materials. 

The limitations of EBM include quantity inconsistency, instability in the processes, 

component defects, and residual roughness of the surface. The surface roughness of 

the end product may depend on several factors such as the processing parameters 

like layer thickness, sample geometry, beam diameter, and powder size. Averagely, 

EBM components tend to have a higher surface roughness than SLM components 

because of a larger layer thickness, beam diameter, and powder size [208]. Moreover, 

it is possible to find gas voids and porosities being formed in EBM components. These 

defects are minimised or reduced by a standardised hot isostatic pressing (HIP), but 

this process does not remove the defects completely [211].  

3.2.3. Selective Laser Melting (SLM) 

Selective Laser Melting (SLM) is defined as an AM technique whereby a high-powered 

laser is used for melting metallic powders in combination to fabricate the part STL data 

[194]. This technique is also referred to as laser powder bed fusion (LPBF). The 

process uses a recoater to spread a thin layer of material, as shown in Figure 3.2, 

which is then fused by an overhead laser following the 2D slice data. This process 

continues layer-by-layer until the full part has been fabricated. Once the printing step 

is complete, it is taken for heat treatment and post-processing. The building chamber 

is usually filled with argon or nitrogen gas, resulting in an inert atmosphere for the SLM 
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process. An inert atmosphere should also be maintained during heat treatment to 

prevent oxidation of the metal parts [212]. 

Table 3.1. SLM Specifications [194] 

Parameter Value 

Layer thickness 20-100 µm 

Build rate 4-16 mm3/s 

Feedstock reuse 95% of the un-melted powdered material is re-usable 

Tolerance  +/- 0.05 µm 

Laser power  200-400W 

Build size 250x250x300 mm 

The laser melting technique is usually applied for low volume production of highly 

complex components or for prototyping [213]. Table 3.1 lists some parameters 

associated with the SLM process [194]. The common materials used for metal SLM 

include Inconel 718 and 625, CoCr, CoCrMo, Ti6Al4V and Ti6Al7Nb, AlSi10Mg, H13 

tool steel, and stainless steel [194]. Recently work has also established the potential 

for SLM in printing highly conductive Cu and Ag as well [214,215]. 

 
Figure 3.2. Schematic Selective laser melting process (SLM) [216] 
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When it comes to the modelling and simulation techniques of SLM, they are 

categorised as macroscopic, microscopic, and mesoscopic models. Macroscopic 

simulation approaches usually treat the powder stage as a homogenised spectrum 

leading to effective numerical models having the capacity to stimulate the production 

of the whole components by SLM [217]. Besides, macroscopic approaches tend to 

concentrate on identifying spatial distributions of temperature, dimensional warping, 

and residual stresses within SLM components. Microscopic approaches deal with the 

advancement of metallurgical microstructure entailing resulting grain sizes, the 

development of thermodynamically stable and unstable stages, and shapes and 

orientations. Mesoscopic approaches usually handle single powder grains and melt 

pool thermo-hydrodynamics to identify component properties like surface quality, 

adhesion between consecutive layers, and creation strategies of defects like pores 

and inclusions [217,218]. 

The SLM process is capable of processing various materials, including metal oxide 

[219] materials, ceramic, polymers, and engineering plastics, and it has the highest 

power of the laser for melting powders [220]. SLM is one of the established techniques 

among all other AM processes, and it is capable of fabricating parts in a large range 

of materials. SLM utilises an optically guided laser beam to melt selectively and bind 

together the powder until the desired geometry is attained [170]. The parts are then 

taken for post-processing, where support structures are removed, and the surface 

finish is enhanced as desired. 

3.2.3.1. Process parameter optimisation 

 In selective laser melting, a concrete of metal powder is attained by melting and at 

the same time solidifying some small tracks of materials in a layer-by-layer and track-
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by-track design using a high-intensity laser. The laser beam scans over the powder 

film in a given straight line, and it is able to melt the powder specks under the intense 

beam; the end process results in the creation of a small molten pool of metals [221]. 

Thin tracks of solid metals are left behind once the laser beam traverses. The following 

are some of the factors that will determine the composition of a metal; scan patterns, 

the kind of atmosphere, and powder-bed temperatures. According to the research 

conducted on the use of keyhole mode within the conduction mode for selective laser 

melting deposits, it was observed that the conduction mode gave denser parts with 

better mechanical characteristics. Dilutions are known to contribute to the general 

change in the local composition of the melting pool at the same time changing 

noticeable melting temperatures of the lattice structures in the local single-track vicinity 

[222].  

Several potential impacts influence parameters for selective laser melting (SLM) which 

is directly involved in the process of additive manufacturing. The arrangement of these 

parameters is used to evaluate the energy density, which is directly applied to the 

powder layer during the laser powder bed fusion process [223]. The continuous effects 

of parameters on the product properties manufactured by laser powder bed fusion are 

essential in the application of technology. Increasing the powder layer thickness in all 

involved solidification phases while using the laser will help speed up the whole 

process; hence the total time covered during manufacturing will be significantly 

reduced. On the other end, if the powder layer is exceptionally thick, there is a 

possibility that successive layers may not be created at the end of the process [196]. 

An extremely thick layer of powder requires a higher laser power and a slower scan 

speed in order to achieve the same effective melt pool. There will be an effect of 
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changing the powder layer thickness because as the layer thickness increases, the 

levels of hardness decrease together with the density. The density of the product is 

affected by the layer thickness of powder because when the powder layer thickness 

increases, the product’s density is reduced [224].  

The effects of changing the powder layer thickness on two different additive 

manufacturing systems will result in the production of stainless-steel powder. Scan 

speed is another essential aspect that will determine the overall time spent in the 

manufacturing process. When the scan time is extremely high, there may be no 

enough time to melt the powder completely [225]. There are factors when they are 

adjusted that may lead to improved melting; for instance, increased laser power 

generally enhances the melting process. On the other hand, reducing the hatch 

distance will also enhance the melting process and will be able to achieve energy 

density which will facilitate faster scan speed. When scan speed is increased to 

extreme rates, they affect the hardness and density of the product. For instance, if the 

scan speed increases in additive manufacturing, it will decrease both the hardness 

and density of the steel [226]. 

3.3. Materials used in AM                 

The AM procedures utilise four material classifications, which include polymers, 

metals, ceramics, and composite materials [218]. The table below categorises the AM 

processes in terms of material form and state.  
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Table 3.2. AM processes categorisation [227] 

Material type Process  Material class 

Liquid  SL  Polymers  

 FDM Polymers  

 IJP Polymers 

Powder  3DP Polymers, metals, and ceramics 

 SLS Polymers, metals, and ceramics 

 SLM  Polymers, metals, and ceramics 

 EBM Metals  

 DMD Metals 

 CS Metals  

Solid  LOM  Polymers, metals, ceramics, and composites.  

Additive manufacturing often utilises all the four material categories, but the rapid 

tooling process often utilises polymers, ceramics, or generally tools that are in the 

endoscopy market, and highly strong and precise tools having complex designs which 

are printed within a very short time. It also uses metals for tooling applications, and 

rapid prototyping utilises the cheapest material depending on the conditions [227]. 

AM processes utilise three bulk material states/forms, including liquid, powder, and 

solid layers. For instance, the liquid is utilised in procedures like light photo-

polymerisation, which is also referred to as stereolithography (SL), inkjet printing (IJP), 

and fused deposition modelling (FDM). The powder is utilised for direct metal 

deposition (DMD), electron beam melting (EBM), selective laser melting (SLM), and 

selective laser sintering (SLS). On the other hand, laminated object manufacturing 

(LOM) utilises solids of any material classification to form an object [227]. Ceramic 

composites, alloys of titanium, steel, aluminum, and polymers can be printed at a small 

layer thickness of about 20-100 µm according to the procedure and the physical form 

of the material being used [226]. Table 3.3 summarises the range of materials and 
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associated AM techniques that can be used depending on the resolution and 

scalability requirements.  

Table 3.3. Print resolution and scalability can be achieved by various AM techniques [226] 

Materials AM Technology Resolution (µm) scalability (mm) 

Polymers    

ABS + carbon fibre 

powders 

FDM 50 400 

Polylaurylamide and 

polyether ketone ketone 

SLS 80 300 

Denture base PMMA SLA 100 600 

Epoxy/clay 

nanocomposites 

DIW 200 800 

Metals       

316 L SS Laser-assisted direct 

metal deposition 

40 10 

H13 tool steel  Direct metal 

deposition 

40 60 

Ti-Cu alloys Laser metal deposition  120 

Al7075, AL6061 SLM 20 80 

Ti-6Al-4V Shaped metal 

deposition 

 275 

Ti-6Al-4V EBM  200 

Ti-6Al-4V EBM  50 47.1 

Al-Fe alloys E-beam deposition   100 

Mild steel Arc additive layer 

manufacturing 

 500 

Ni-based superalloys  EBM  4.5 

Ni-based superalloys Laser AM   

AlCoCrFeNi HEAs SLM  10 

FeCoCrNi HEAs SLM  60 

CoCrFeNiTi-based HEAs SEBM  85 

CoCrFeNi HEAs DIW  10 

Zr44Ti11Cu10Ni10Be25 MG Fused filament 

fabrication  
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Zr52.5Ti5Al10Ni14.6Cu17.9 

MG 

Laser foil printing   

Zr55Cu30Ni5Al10 MG SLM  7.2 

Ni TPL 0.1 0.05 

Ceramics    

SiOC matrix 

nanocomposites 

DIW 200 100 

SiOC SLA/SPPW 50 100 

SiOC SLA 25 10 

Al2O3 TPL and atomic layer 

deposition 

0.9 0.05 

Glasses    

Silica glass Direct heating method 4500 300 

Amorphous silica SLA 50  

Amorphous silica DIW 500 10 

Phase-separating resins  DLP  10 

Tetraethyl orthosilicate DLP 200 10 

 

3.4. Limitations of AM 

It is essential to know the limitations of AM technologies to reap their maximum 

benefits. One of the limitations of AM technologies is part size. When it comes to SLM 

processes, the part size must be fit within 250x250x250 mm, which is the standard 

size for bed systems [228]. The part sizes can be larger when it comes to direct energy 

deposition processes. However, the low powder layers can make it expensive and 

slow. AM technologies are generally suitable for small or unitary series and not for 

large-scale manufacturing. However, advancements have been made to improve 

machine production and hence the manufacturing of bigger series. 

SLM processes also require removable support to facilitate overhang angles less than 

45° [228]. The choice of materials and the availability of process parameters is another 

limitation of the AM technologies. Despite the availability of numerous alloys, metal 
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additive manufacturing cannot be used to process non-weldable metals, and alloys 

that are difficult to weld need particular techniques. Another limitation is material 

properties, where components built through AM technologies seem to demonstrate 

anisotropy along the Z-axis. Additionally, despite the possibility of achieving 99.9% 

densities, some residual internal porosities may exist [228].  

When it comes to the production of metals, the equipment and the cost of materials 

are very high. Another limitation is that all the components need some post-processing 

and cannot be installed directly. The maintenance of the machines also requires highly 

trained personnel, therefore, increasing the maintenance costs [229]. Moreover, the 

general finish capability of the AM powder is quite rough compared to ordinary powder 

metal materials. Another limitation of metal additive manufacturing is that it exhibits 

dimensional challenges like metal injection moulding, especially when processed via 

binder jetting. For instance, the material may shrink up to around 20% during the 

sintering process [230]. As a result of the shrinkage, components encounter excess 

friction during the sintering process. In the manufacture of plastics, it is too slow for 

mass production, and the deposited layers need perfect calibration; otherwise, they 

would create weakened components [229].  

3.4.1. Overhangs and supports 

Care should be taken when creating components layer by layer to avoid having 

overhangs, as every layer has to be partly reinforced by the preceding layer. When 

the angle between the build platform and the component is less than 45°, 

reinforcement systems are required to prevent warping, distortion, and poor surface 

roughness, which cause build failure [228]. Cooling of the laser melted tracks also 

causes thermal stresses that curl the material upwards. However, this can be avoided 
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to a certain extent by strategically placing support structures to act as anchors to hold 

the components down to the build plate [228]. 

When it comes to the support structures, they have numerous functions, including 

providing reinforcement to the component in case of overhangs, strengthening and 

fixing the component to the building plate, conducting extra heat away, and preventing 

warping or total build failure [231]. However, optimised support structures have little 

weight and are easily removed mechanically. Both the orientation and the position of 

the component on the build plate have a considerable influence on the requirement 

and type of support systems, thus impacting the post-processing practices and the 

quality of the complete part [232]. Another demerit of support structures is that they 

may damage the surface after their removal. Also, the addition of the support structure 

to the component prolongs the print time as the support system must also be printed 

[231].  

 

Figure 3.3. Support structures on SLM manufactured part [233] 
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3.4.2. Thermal stresses and warping 

The rapid solidification causes thermal stresses, which are responsible for warping. 

Warping may distort the component, cause bad junctions between the components 

and support structures, or cause recoating issues [228]. The formation of residual 

stress (RS) may cause geometric inaccuracies and compromise performance. In the 

aspect of geometrical accuracy, the distortions of components happen due to the 

development of residual stresses. These stresses tend to push or pull the material 

deflecting the component depending on the direction of the stresses, as often 

observed in bending, hot rolling, and welding [234]. The residual stresses are 

considered to exist within the body without the application of any external forces. They 

are also known as “locked-in” or “internal” stresses, and they may weaken a 

component or strengthen a material such as toughened glass [234]. They may also be 

called thermal stresses because they emerge from the steep thermal gradients in the 

production process. 

 

Figure 3.4. Part delamination due to the effect of residual stresses in SLM [235] 

The problems caused by thermal stress and warping may cause deformation of printed 

components and, other times, terminate the printing process. The effects of sheet form 

and infill line directions (ILDs) on distortion during fused deposition modelling (FDM) 

were simulated and verified by Chen et al. [236]. The findings of the simulation reveal 
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that ILD has a higher impact on the deformation and the sheet warping worsens after 

the ILD is aligned with the diagonal of the sheet [236]. To avoid these issues, they 

proposed to use optimised printing parameters in the FDM process. 

Although SLM has several advantages, one of the drawbacks that challenges its wide 

adoption is the effects of residual stresses. Although heat treatment and other post-

processing techniques can considerably reduce the residual stresses that are being 

generated, they cannot undo the cracking, delamination, and warping deformities that 

take place throughout the process. However, certain process parameters directly 

affect the thermal stresses that are being generated. Scanning patterns, scan vector 

lengths, scan vector angles, rotation angles between layers, component shape, 

material type, support types, and preheating conditions are a few variables that might 

affect residual stresses. As such the thermal stresses and their detrimental effects can 

be reduced by altering one or more of the above factors or by using optimum process 

parameters. Mugwagwa et al. [237] have studied the influence of process parameters 

on residual stresses and found that increasing laser power and scanning speed gives 

rise to steep thermal gradients which, in turn, increases the residual stress 

magnitudes. High porosity in SLM parts can occur due to overheating or insufficient 

heating. Excessive heat can lead to over-melting, whereas insufficient heat leads to 

poor interlayer bonding. Increasing the layer thickness results in a decline in residual 

stresses. The decrease in residual stress magnitude can be attributed to reduced 

thermal energy input and cooling rate. 

The effect of process parameters, such as laser power, layer thickness, scanning 

speed, and hatch distance, on residual stress in SLM parts, shows that the effect of 

laser power and scanning speed affects the residual stress. Generally, the residual 



   

 

75 

stress near the surface decreases with increasing laser power and decreasing 

scanning speed: larger melt pools promote slower cooling rates and, therefore, lead 

to reductions in residual stress in metals. Thus, selecting high laser power and low 

scanning speeds can achieve residual stress reduction while maintaining acceptable 

part density which is an approach considered in this thesis. In summary, there must 

be a reasonable compromise between reducing residual stress by 

increasing/decreasing power, scanning speed or hatch distance, or changing powder 

layer thickness or spot size to produce fully dense parts with the required accuracy, 

without cracks and distortions.  

3.4.3. Surface Roughness (Stair Step) 

For the laser beam melting process, the surface roughness that can be attained is 

typically between 25 – 40 µm in an as-built state [228]. Much lower values can be 

achieved through polishing. However, it is critical to note that component design 

complexity may influence its capability to be polished effectively. Some of the surface 

defects that need to be avoided include the staircase effect. The staircase effect is 

visible on curved surfaces and becomes more pronounced following an increase in 

the surface angle relative to the vertical axis.  

The staircase effect deteriorates the surface quality of the AM components, which 

results from the layered deposition of the material [238].  Another defect is the poor 

down-skin surface roughness and reduced accuracy dimension, which is mainly 

associated with the slow evacuation of the heat dissipated by the laser beam on the 

down-facing surfaces [228]. 
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Figure 3.5. X-ray CT image of a 45° orientated additive manufactured part showing a higher surface 

roughness for the downward-facing side relative to the upward-facing side [239] 

3.5 AM for auxetic materials 

Additive manufacturing has the ability to aid in the fabrication and development of 

auxetic structures that have better characteristics and multifunctional capabilities. 

Unlike traditional methods like braiding, moulding, sintering, and spinning, AM allows 

for a great deal of flexibility and complexity in the creation of these scaffolds [240]. The 

majority of experiments involving substantial deformation of auxetic materials and 

structures used the AM techniques [241]. 

Because of the increasing precision and ease of manufacture of complicated 

structures, improvements in the AM of auxetic structures have broadened their scope 

of use. The use of AM auxetic structures in biomedical and tissue engineering devices 

aids in the creation of personalised and cost-effective devices. According to Mardling 

et al. [1], auxetic structures could be used in a variety of tissue engineering and 

biomedical applications. The femoral component for complete hip replacements was 
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designed and fabricated using auxetic structures created via additive manufacturing 

[170,192]. 

 

Figure 3.6. Covid-19 sample swab heads [242] 

Arjunan et al. [242] investigated the additive manufactured biocompatible 

photopolymer FLSGAM01 auxetic nasopharyngeal swabs for COVID-19 that can 

possibly reduce patient pain and discomfort as shown in Figure 3.6. It reported that the 

advances achieved in developing auxetic nasopharyngeal swabs that can shrink when 

subjected to axial resistance. This reduces the amount of stress on the surrounding 

tissues as the swab passes through the nasal cavity. This is accomplished using a 

biocompatible material with carefully designed negative Poisson’s ratio (−𝜐) 

structures. In this circumstance, AM’s quick and diverse manufacturing proved very 

advantageous for speedy and distributed production.  

3.6 AM for bone tissue engineering 

AM technology can be applied in various biomedical applications such as bone and 

dental implants. These implants are made with durable and biocompatible materials 

such as titanium, cobalt-chrome alloy, bio-ceramics and polymers [194]. Titanium is 

widely used due to its corrosion-free surface, thus making the implant last for a longer 

time. The requirements of implants vary from one individual to another, and these 

design complexities make AM technologies to be the most suitable for the production 
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of these medical aids [243]. AM enables the production of high-quality biomedical 

products with complex specifications with quick turnaround in comparison to traditional 

manufacturing techniques [244,245]. 

The demand for implants has been on the rise, fueled by the rise in the ageing 

population and accidents. Hence, it is essential to fabricate patient-specific implants 

of high quality to improve the quality of life and reduce the risk of non-union fractures 

[223]. It is also worth noting that personalised implants for bone repair can also offer 

improved healing and availability in comparison to approaches like distraction 

osteogenesis and state-of-the-art bone grafts. The ability to fabricate porous 

geometries in biocompatible materials on-demand makes AM the most suitable 

approach for patient-specific implants and bone scaffolds [246] 

 

Figure 3.7. Acetabular cup produced by Additive manufacturing [247] 

SLM was used by Zhang et al. [248] to fabricate a beta-type Ti24Nb4Zr8Sn biomedical 

titanium alloy acetabular cup, as shown in Figure 3.7. The printing was carried out 

using a laser power of 200 W at a scan speed range of 300-600 mm/s resulting in near 

full density components (>99%). It was demonstrated that the part had a low elastic 

modulus of 53 GPa, a 660 MPa ultimate tensile strength, and a ductility of more than 
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10%. It was shown that the scan speed has no effect on the strength or modulus of 

the specimens. However, the ductility was found to be directly related to the scan 

speed and hence affecting the part density. According to the Wohler’s Report 2015 

[223], AM techniques have generated over 100,000 acetabular implants, with around 

50,000 of these put in patients in recent years. Such information provides a broad 

picture of how the industrial sector’s interest in additive manufacturing has developed, 

as well as the actual uses of the technology. 

Hazlehurst et al. [32] used SLM to evaluate the stiffness and strength of square pore 

CoCrMo cellular structures with a volume based porosity range between 25-95% for 

possible orthopaedic applications, as shown in Figure 3.8. The porous structures were 

made from CoCrMo powder supplied by EOS by using an EOISNT M270 Direct metal 

laser sintering machine. The machine used 200W laser power at a scan speed of 800 

mm/s with 100 µm laser diameter and a laser step over a distance of 0.08 mm to 

selectively melt the powder in an inert nitrogen atmosphere.  

Uniaxial compression tests were carried out with build parts and find out that the 

effective elastic modulus varied between 1.06-28.59 GPa, and the mean compressive 

yield strength varied between 9.3-327.47 MPa. Compressive elastic modulus and 

strength values were found for the cortical and cancellous bone from the literature 

states elastic modulus of 17 GPa for cortical and 2.73 GPa for cancellous bone, with 

the strength of 193 MPa for cortical and 18 MPa for cancellous bone. This concluded 

that the manufactured parts have similar stiffness and strength characteristics when 

compared to host bone [32].  
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Figure 3.8. Built components with different pore sizes [32] 

Ti24Nb4Zr8Sn created an optimal scaffold structure by SLM process with 

85% porosity, according to Liu et al. [249]. The laser scanning speed and input energy 

have an impact on relative density. With a scan speed of 750 mm/s and a laser power 

of 175 W, the highest quality component may be obtained, with 99.3% density. 

According to the compression testing findings, the strength could reach 51 MPa with 

the ductility of above 14%. These findings suggest that titanium alloys might be used 

to make artificial implants. 

Functionally Graded Porous Scaffold (FGPS) becomes attractive and promising for 

bone implant applications due to its combination of improved mechanical and 

biological requirements with the scaffold gradient to better mimic host tissue [250]. 

Han et al. [128] investigated the strut dimension characterisation, micro topology and 

mechanical properties of the FGPS with a wide range of graded volume fractions 

manufactured by the SLM process. Schwartz diamond unit cell design was used to 

develop the FGPS structures with graded volume fractions from 20% in the distal layer 

to 5,7.5,10,12.5,15% in the proximal layer, as shown in Figure 3.9. Diamond FGPSs 

with a wide range of graded volume fractions from 7.97% to 19.99% were produced 

without any defects, indicating a satisfactory geometric replication of the original 

designs, according to micro-topology measurements.  
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Figure 3.9. (a) Schwartz diamond FGPS model (b) the X-Z plane view. Increase in volume fraction 

indicated by arrow [128] 

The dimensional characterisation shows that SLM is capable of producing titanium 

diamond FGPSs with strut sizes ranging from 483 to 905 µm. By modifying the graded 

volume fraction, the elastic modulus and yield strength of titanium diamond FGPSs 

can be customised in the range of 0.28–0.59 GPa and 3.79–17.75 MPa, respectively 

which are equivalent to those of cancellous bone. A mathematical relationship is 

established between a FGPS’s graded porosity and compression characteristics. 

When the volume percentage of the proximal layer is increased to 15%, the deviation 

between estimated and experimental elastic modulus and yield strength drops to 3.3% 

and 3.1%, respectively. FGPSs offer a wider range of mutative pore size and porosity 

than homogeneous diamond porous scaffolds, which may be tailored to optimise the 

pore space for bone tissue ingrowth [128]. 

3.7. Mechanical properties of AM lattice materials 

Metal additive manufacturing methods of production have been widely used in the 

production of regular cellular structures characterised by high-energy absorption 

abilities, which have low relative densities. On top of that, these materials regularly 
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show other exciting properties that make them more convenient and more preferred 

construction materials. The low mass of 3D lattice structure has posed more interest 

to many scientists, and they have conducted many pieces of research. Lattice 

structures uniformly spread peak force during the process of dynamic loading 

conditions within a given short period of time [251]. A strong relationship exists 

between the applied topology of the formed lattice structures and the extent of energy 

absorption.  

When compared to the bulk material properties of the alloys themselves, AM methods 

can build porous structures with stiffness and strength characteristics that are closer 

to human bone [252]. The mechanical characteristics of a porous biomaterial made of 

the titanium alloy Ti6Al4V were investigated by Li et al. [253]. The test specimens were 

made using additive electron beam melting (EBM) technology and put through a static 

pressure test to determine their mechanical properties. Honeycomb structure, 

orthogonal structure, and layer structure were all used to make cylindrical samples 

with a diameter of 10 mm. Pore diameters varied between 500 µm and 600 µm. The 

porous nature of the material greatly reduced the stress shielding effect, according to 

the findings. These structures have compressive strengths ranging from 163 MPa to 

286 MPa, and elastic modulus values ranging from 14.5 GPa to 38.5 GPa, which are 

close to cortical bone values [253]. 

Harrysson et al. [254] investigated the mechanical properties of Titanium hip stems 

manufactured by the EBM process to reduce the stress shielding of the implant. The 

compressive and flexural characteristics of rhombic dodecahedron cellular structures 

with cell sizes ranging from 3 and 12 mm were analysed. The volumetric porosity 

influenced the stiffness and strength of the cellular structures. The compressive 
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modulus was found to be between 12 and 60 MPa, which is significantly lower than 

the modulus of Ti6Al4V, which is around 110 GPa. 

The compressive characteristics of square pore titanium alloy cellular structures 

manufactured by EBM and SLM were compared by Sallica-Leva et al. [255]. When 

compared to parts made via EBM, the results indicated that laser-melted components 

had better mechanical properties. This was attributable to microstructural variances in 

the two technologies, as well as changes in operating conditions.  

Rivera et al. [256] investigated the mechanical characteristics of a Selective laser 

sintered CoCrMo open cellular structure that could help bone develop into an 

acetabular cup. A structure was proposed with a pore size of 0.50 mm that has 

mechanical qualities equivalent to commercially available tritanium and tantalum 

alloys. Yan et al. [257] investigated the compressive characteristics of Selective laser 

melted 316 L stainless steel cellular structures, as illustrated in Figure 3.10. When 

smaller unit cells were employed, the density of individual struts was found to be 

greater. When compared to an 8 mm unit cell, the yield strength and elastic modulus 

of a 2 mm unit cell were 36% and 27% greater, respectively. This meant that when the 

volumetric porosity increased, the stiffness and strength of the cellular structures 

decreased, which can be beneficial to reduce the stress shielding. 
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Figure 3.10. Stainless steel cellular structures manufactured by SLM [257] 

3.8 AM challenges for biomedical applications 

In the current world, additive manufacturing is increasingly being used for biomedical 

applications due to the advantage of on-demand manufacturing. Biomedical 

components produced using additive manufacturing includes implants and other 

special tools used in that field [232]. AM has gained much success due to its capability 

to produce components with complex geometric shapes. However, some challenges 

persist in the application of AM for biomedical engineering.  

According to Bose et al. [258], the focus of fabricating bone tissue lies in optimising 

the mechanical characteristics of the porous scaffold. This scaffold is usually made of 

ceramic, which has a high porosity and low mechanical characteristics. Egan et al. 

[259] backed up this argument, claiming that synthetic scaffold tissue is difficult to 

optimise owing to the difficulty of integrating mechanical characteristics with biological 

systems. Mechanical qualities, biological performances, and manufacturing 

restrictions must all be considered in the design. For cellular development to occur, 

the scaffold structure’s mechanical integrity is critical. 



   

 

85 

Obtaining appropriate mechanical strength and manufacturing feasibility, according to 

Vasireddi et al. [260], are two major challenges. Because these features involve 

consideration of geometric selection criteria, layer thickness, and the minimum ratio 

between distribution ratios of pore sizes, the well-perceived need for materials used 

for fabrication is still insufficient to print different structures. The thickness of the 

printed layer is also affected by the particle size of the powder. The quality of scaffolds 

is also affected by the distribution of particle sizes and shapes. The mechanical 

characteristics of 3D scaffolds are influenced by the lack of pore interconnectivity. 

Because scaffolds must promote tissue regeneration after implantation, the powder 

must be biocompatible and biodegradable [261]. 
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Chapter 4 

Design and additive manufacture of 

auxetic scaffolds 

 

4.1. Introduction 

Additive manufacturing allows the development of auxetic materials based on 

repeating unit cells. Currently, there is no literature on the development of CoCrMo 

auxetic bone scaffolds. As such, this chapter demonstrates the use of digital design 

tools and SLM additive manufacturing to develop CoCrMo auxetic bone scaffolds. 

Informed by literature, nine open porous unit cells are investigated for their auxeticity 

using the finite element method (FEM). In addition, Ashby’s criterion was employed to 

study the mechanical behaviour of the unit cells, namely the elastic modulus and yield 

strength under uniaxial compression. The results informed the selection of potential 

unit cell candidates for the design of five auxetic bone scaffolds at a porosity range of 

80-87%. Subsequently, these designs were fabricated using SLM along with tensile 

test coupons using CoCrMo powder feedstock characterised for its suitability for the 

SLM process. The print quality of all the scaffolds was characterised using scanning 

electron microscopy (SEM) to identify the deviation of the strut thickness and porosity 

in comparison to ideal geometry. The chapter found SLM to be suitable for the 

development of CoCrMo bone scaffolds that offer high porosity. The mechanical 

performance of the scaffolds will be qualified in upcoming chapters. 
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4.2. Methodology 

4.2.1. Auxetic scaffold design 

4.2.1.1. Unit cells considered for initial selection 

Cellular architectures, as proposed by Lakes [262], can be considered composites 

where one phase is solid, and the empty space is filled with fluid. The solid phase 

consists of a network of struts often referred to as lattices or cells. Cellular solids are 

typically characterised by unit cells (UCs) with certain symmetry elements [119]. 

According to Ashby [263], modelling unit cells at milli or micrometre-scale allows the 

overall solid to be considered both as structures and as materials. As a result, the 

macroscopic properties of cellular solids, such as the stiffness (elastic modulus 𝐸) and 

strength (compressive yield strength) are governed by both material and structural 

properties [264–267]. Considering these aspects, 9 different auxetic UCs were 

conceived for the initial study, as shown in Figure 4.1, that allow for interconnected 

pores.  

The unit cells were designed without overhangs greater than 45° to avoid extensive 

support requirement differences during the SLM fabrication process [268]. All nine unit 

cells were designed using the ‘Solidworks 2019’ CAD software for initial analysis, as 

shown in Figure 4.1. The designs considered the philosophy of Limmahakhun et al. 

[269], which recommended lattice materials at the millimetre scale to be the best way 

to reduce the stiffness of the metallic implant. Consequently, each of the unit cells 

(UC1-UC9) were conceived at a global length, width, and height of 2 mm, resulting in 

a bulk volume of 8 mm3. The strut thickness was designed in such a way as to measure 

0.3 mm when assembled into a lattice architecture. 
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UC1 UC2 UC3 UC4 UC5 

 
 

 
 

 

UC6 UC7 UC8 UC9 Scale 

Figure 4.1. All unit cell (UC) variants considered for initial analysis to be qualified for their auxeticity 

inspired from literature 

All the nine unit-cells were claimed in literature [22,270–274] to be auxetic under 

different dimensions, meaning they demonstrate lateral shrinkage while being axially 

compressed. However, for meaningful comparison, this thesis conceives all unit cells 

with one global dimension (2×2×2 mm cube at an 8 mm3 bulk volume) to make the 

volume equal. When morphing certain unit cells with different aspect ratios into a 

cubical architecture the auxeticity was found to be affected. The auxeticity of each unit 

cell were qualified using finite element analysis (FEA) to identify the best five final set 

of UCs for scaffold design. To do this, a lattice structure composed of each unit cell 

arranged in 3x3x3 format, as shown in Figure 4.2, was designed. It should be noted 

that this is not a scaffold design and is used only as an initial test to select the best 

design for scaffold development. 
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However, the auxeticity of each unit cell were qualified using finite element analysis 

(FEA) to identify the best five final set of UCs for scaffold design. To do this, a lattice 

structure composed of each unit cell arranged in 3x3x3 format, as shown in Figure 

4.2, was designed. It should be noted that this is not scaffold design and is only used 

as an initial test to select the best design for scaffold development. 

    

UCA1 UCA2 UCA3 UCA4 

   

 

UCA5 UCA6 UCA7 UCA8 

  

                                                         UCA9              Scale 

Figure 4.2. Unit cell assemblies (UCA) designed for finite element qualification 
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4.2.2. Finite element analysis of unit cell assemblies (UCA) 

The non-linear elastic-plastic performance of all the nine UCA designs was studied 

using the finite element method (FEM). The Ansys non-linear mechanical solver was 

used to simulate the structural behaviour closely following the physical test conditions. 

Two square platens were modelled with boundary dimensions and thickness of 10 mm 

and 0.5 mm, respectively, to act as rigid body displacement-controlled actuators, as 

shown in Figure 4.4. 

 
Figure 4.3. Finite element model and associated boundary conditions used to simulate the lateral 

deformation of unit cell assemblies 

The thickness of the square plates is irrelevant as they were assumed to be rigid 

bodies. Consequently, the 0.5 mm thickness was randomly assumed in comparison 

with the overall dimensions of the unit cell assembly being simulated. Fixed support 

was placed for the bottom surface, and a -10% vertical displacement ramped at 100 

substeps along the y direction. To avoid any spurious effects, the displacement of the 

compression plate was constrained in 𝑥 and 𝑧, similar to the physical rig. For 

Mesh resolution 

𝑈𝑦 = −10% (𝑛𝑠𝑢𝑏 100) 

Fixed rigid body 

𝑈𝑥,𝑈𝑦, 𝑈𝑧 = 0 

Scaffold 

Moving rigid body 

𝑈𝑥, 𝑈𝑧 = 0 

(a) (b) 
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computational efficiency, the contact between the rigid body and scaffold was 

modelled frictionless. Frictionless support provides support in the normal direction to 

the selected face or edge. The body cannot move or rotate or deform in the normal 

direction. But free to move or rotate or rotate in the tangential direction. While this is 

often not suitable when simulating bulk material with large surfaces in contact. Using 

frictionless support is a suitable approach when simulating highly porous material with 

limited contact between the compression plate and material as is the case here. The 

lower yield point with the lateral shrinkage prevents the material on the top surface 

from sliding without the need for frictional support while simulating an adequate 

scenario at significantly reduced solution time and computational efficiency. However, 

for this approach to work the compression plates to be modelled as rigid bodies 

justifying a frictionless option to reduce the tangential reaction forces between them.  

Table 4.1. Bulk material properties used for the numerical model 

Material property Value 

Elastic modulus (𝐸𝐵) 200 (GPa) 

Yield strength (𝜎𝑦 (𝐵)) 1060 (MPa) 

Poisson’s ratio (𝜈) 0.29 

Density (𝜌𝐵) 8.3 (g/cm3) 

The material model was based on the Bilinear isotropic strain hardening (BISO) to 

model the unit cell assemblies. Accordingly, the material behaviour is described by a 

bilinear stress-strain curve where the initial slope is described using 𝐸. The curve is 

assumed to be perfectly plastic post the yield strength. The material parameters used 

for the numerical analysis were taken from EOS CoCrMo material data sheet [275], as 

listed in Table 4.1.  
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Table 4.2. Elemental and nodal distribution associated with the converged structural FE model 

Unit cell assemblies Elements Nodes 

UCA1 209951 416688 

UCA2 198209 406814 

UCA3 172371 340016 

UCA4 110923 229691 

UCA5 107618 223237 

UCA6 155969 311718 

UCA7 150590 311618 

UCA8 98608 206012 

UCA9 68982 148101 

The unit cell assemblies were modelled using 3D, 10 node higher order tetrahedral 

element SOLID187 as shown in Figure 4.3b resulting in nodal and elemental 

distribution as listed in Table 4.2. The global elemental matrix was solved using a 6-

core i7 10750H CPU at 2.60 GHz assisted by 16 GB RAM, resulting in a solution time 

of approximately 895.4 seconds. 

4.2.3. Additive manufacturing 

4.2.3.1. CoCrMo superalloy feedstock 

CoCrMo superalloys are famous for their high corrosion resistance and wear 

resistance [276]. These alloys also present favourable biocompatibility, which makes 

them be widely utilised as surgical prostheses. This alloy’s microstructure and 

properties, such as hardness, wear resistance, rely primarily on the carbon 

composition and the nature of heat treatment applied [277]. Experiments have been 

conducted using various heat treatments to investigate the mechanical characteristics 

of CoCrMo alloys. Most of these heat treatment studies revealed that M23C6 type 

carbides precipitated along the grain boundaries of the alloy. Earlier research 
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regarding laser fabrication of CoCrMo alloy indicated that dense, metallurgically sound 

parts could be gotten with a fine microstructure upon the optimisation of the process 

parameters [278,279]. Nevertheless, research on laser-assisted additive production of 

CoCrMo alloy revealed that high scan speed, low powder feed rate, and high laser 

power could produce components having perfect electrochemical, tribological, and 

mechanical characteristics [280].  

Cobalt-chrome metal alloys were initially established for aircraft engines and other 

heat-resistant components. These alloys are considered as having unmatched 

toughness and strength, alongside high corrosion and wear resistance. This alloy has 

a better corrosion resistance compared to stainless steel [281]. Generally, the cobalt-

chrome alloy is made up of cobalt, chrome and other metal materials, including nickel 

and molybdenum. Cobalt-chromium or cobalt chrome is typically adopted in complex 

and demanding applications like dental, medical, gas turbines, rings, and other 

jewellery, courtesy of its biocompatibility. Cobalt-chrome alloys are mainly utilised for 

dental casting and artificial joints [281,282].  

Table 4.3. Chemical composition of the CoCrMo alloy used 

Elements Co Cr Mo Si Mn Fe C Ni 

Composition 

(wt. %) 
60-65 26-30 5-7 ≤ 1.0 ≤ 1.0 ≤ 0.75 ≤ 0.16 ≤ 0.1 

CoCrMo alloys are typically utilised for hip replacement and dental restoration because 

of their biocompatibility, good mechanical characteristics, and high corrosion 

resistance than titanium alloys [49,277]. When compared to other biomedical alloys 

such as CoCrMo and stainless steel, titanium alloys are often preferred for orthopaedic 

applications due to their relatively low stiffness. Nevertheless, the effective 
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compressive properties of CoCrMo cellular structures with stiffness characteristics that 

mimic the human femur are of interest. All scaffolds were manufactured using the 

Cobalt chromium MP1 supplied by EOS, which is a biocompatible CoCrMo superalloy 

with composition as listed in Table 4.3 suitable for biomedical applications. It has a 

density of 8.3 g/cm3, yield strength of 1060 MPa, Poisson’s ratio of 0.29 and elastic 

modulus of 200 GPa as per in material supplier data sheet. 

Metallic biomaterials are the preferred choice for engineering industries and 

orthopaedic applications, such as bone implants, and include cobalt-chromium alloys 

(CoCrMo) and titanium alloys (Ti6Al4V). Ti6Al4V is the most common material to use 

in bone scaffold applications due to its biocompatibility, high strength, low weight ratio 

and outstanding corrosion resistance. In most cases, load-bearing implants were 

manufactured using Titanium as it has a low bulk stiffness (104GPa) offering lower 

stiffness when made porous (<50%). Compared to other metallic biomaterials, 

CoCrMo alloys have superior corrosion resistance in the human body environment, 

high mechanical strength, and low wear rates together with low coefficients of friction. 

CoCrMo alloys, however, have a greater Young's modulus of 200 GPa than the 

characteristics of bone (1-30 GPa). The stress shielding phenomenon, which results 

in bone resorption around the implant and causes it to loosen, is brought on by the 

implant's stiffness mismatch with the bone. This necessitates revision operations. As 

such when considering bulk materials for biomedical applications, using Ti6Al4V offers 

a higher potential in reducing stress shielding in comparison to CoCrMo due to the 

comparatively lower 𝐸 value. However, this advantage does not translate to the 

development of porous material where mechanical properties can be largely controlled 

by relative density and pore shape, an aspect that is exploited in this research. 
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4.2.3.2. CoCrMo Powder characterisation 

The CoCrMo powder exhibit a wide range of particle size distribution, where most of 

its particles are spherical in shape, having a grainy surface, but there are also exist 

agglomerates that have a smoother surface [283]. The primary properties of powders 

are particle shape (morphology) and particle size (granulometry). Technological 

characteristics of powders, such as surface area, flowability, bulk density, among 

others, and the potential fields of their adoption are determined by these features 

[284,285]. Therefore, dynamic image analysis was used to confirm the powder quality 

of CoCrMo superalloy using a Retsch Technology Camsizer X2 particle size analyser. 

4.2.3.3. Selective laser melting 

The SLM technique was used to fabricate both the scaffold designs and the tensile 

test coupons. All samples were built by using an EOS M290 direct metal laser sintering 

machine with a laser spot size of 100 µm and layer thickness of 40 µm. The CoCrMo 

powder was selectively melted until the needed geometry was fabricated. Optimum 

process parameters to fabricate a dense part include a laser power of 290 W, a scan 

speed of 950 mm/s and a hatch distance of 0.11 mm. The process parameters were 

kept constant for the fabrication of both the tensile test specimen and the scaffolds. 

Argon inert gas atmosphere was used inside the chamber with horizontal laser beam 

scanning to melt the CoCrMo particles together during the process. The process was 

carried out layer-by-layer, with the build platform being lowered vertically as each layer 

was completed. Following that, the powder feeder and re-coater spread the powder 

for the next layer and the process is repeated until a fully dense part is built. A steel 

base plate with dimensions of 250×250×25 mm fixed on a heating plate at 230°C was 
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used as the substrate both for the tensile test and scaffold samples. All samples were 

heat-treated post-printing at 1150°C for six hours. Stress relieved scaffolds and tensile 

test samples were removed from the base plate by using wire Electro discharge 

machining (EDM). 

4.2.4. Scanning Electron Microscopy (SEM) 

Microscopes and related technology are used in a wide range of applications, including 

X-ray microscopy, optical microscopy, scanning probe microscopy, and scanning 

acoustic microscopy. Scanning Electron microscopy (SEM) is one of the most 

extensively used techniques among these due to its high magnification [286]. SEM 

work similarly to optical microscopes, but instead of using light, it employs a focussed 

stream of electrons to “image” the specimen and obtain information about the 

microscopic structure and composition [287]. The electronic console and the electron 

column are the two major components of SEM. Instrument settings such as filament 

current, accelerating voltage, focus, magnification, brightness, and contrast can all be 

controlled using the electronic console. The electron column is where an electron 

beam is produced in a vacuum atmosphere, focussed to a small diameter, and 

scanned across a specimen’s surface using electromagnetic deflection coils 

[287,288]. Secondary electrons, backscattered electrons, and distinctive X-rays are 

produced as the electrons contact the specimen. Then one or more detectors capture 

these signals to create images, which are then shown on the computer screen [8]. In 

this work, EVO 50 SEM manufactured by Zeiss is used to characterise the morphology 

of CoCrMo feedstock and printed samples. 
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4.3. Results and discussion 

4.3.1. Unit cell properties 

The focus of the thesis is on developing a bone scaffold that exhibits auxetic behaviour 

and can be additively manufactured. The first step was to identify a range of suitable 

unit cells for the scaffold to establish auxetic behaviour from which a suitable variant 

can be derived for further optimisation. The scope of this unit cell selection was based 

on auxetic concepts [289–291] that resulted in −𝝊. The Poisson’s ratio of a traditional 

micro-lattices is positive. However, when a material deviates from the norm and gives 

rise to a negative Poisson’s ratio (−𝝊), such structures can be classified auxetic [292–

296]. Micro-lattices that exhibit −𝝊 are increasingly being sought due to their peculiar 

effects, which often cannot be achieved through traditional lattices [297–300]. These 

effects then translate to their tremendous potential in applications such as the ones 

explored in this study. 

Though there are exceptions, widely studied −𝝊 structures fall under one of the two 

categories, namely re-entrant [301–306] and chiral [147,162,307–310]. Although 

additive manufacturing allows conceiving structures that fall under any category, the 

most studied variant is the re-entrant category. The primary reason for this is the 

simplicity of the re-entrant architecture allowing it to be used for a wide range of 

structural applications. 

Nine unit cells are considered for initial analysis; the primary criteria for the selection 

of unit cells to be considered for the scaffold is their auxeticity, which means lateral 

shrinkage under axial compression. Although this is evaluated through the numerical 

model presented in a subsequent section, it was deemed appropriate to evaluate the 
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theoretical mechanical performance of all unit cells to make an informed decision. 

According to Ashby’s criterion [263], cellular structures made up of repeatable unit 

cells can be theoretically characterised using their relative density. Consequently, the 

theoretical effective elastic modulus (𝐸𝑡ℎ𝑟) and compressive strength (𝜎𝑦 (𝑡ℎ𝑟)) can be 

related to their relative densities (𝜌𝑟) using Equations (4.1) and (4.2) respectively: 

𝐸𝑡ℎ𝑟 ≈ 𝐸𝐵𝜌𝑟
2 (4.1) 

𝜎𝑦 (𝑡ℎ𝑟) ≈ 𝜎𝑦 (𝐵)𝜌𝑟
(
3
2
)
 (4.2) 

where 𝐸𝐵 and 𝜎𝑦 (𝐵) are Young’s modulus and stress at yield of the bulk material, as 

listed in Table 4.1. The density (𝜌𝑢𝑐) of the unit cell can be calculated by the mass 

(𝑚𝑢𝑐) divide by volume (𝑉𝑢𝑐) on all the UCs. 

Table 4.4. Properties of all the nine-unit cell designs where 𝑚𝑈𝐶, 𝑉𝑈𝐶, 𝜌𝑟, 𝐸𝑡ℎ𝑟 and 𝜎𝑦 are mass, 

volume, relative density, theoretical elastic modulus and yield strength of the unit cells respectively 

Scaffold 

Design 

Properties 

 𝒎𝑼𝑪 (g) 𝑽𝑼𝑪 (mm3)  𝝆𝒓 𝑬𝒕𝒉𝒓 (GPa) 𝝈𝒚 (MPa) 

UC1 0.0134 8 0.2018 8.144 96.092 

UC2 0.0059 8 0.0888 1.577 28.049 

UC3 0.0110 8 0.1656 5.484 71.432 

UC4 0.0078 8 0.1174 2.756 42.639 

UC5 0.0074 8 0.1114 2.481 39.412 

UC6 0.0099 8 0.1490 4.440 60.965 

UC7 0.0089 8 0.1340 3.591 51.995 

UC8 0.0174 8 0.2620 13.728 142.153 

UC9 0.0173 8 0.2605 13.572 140.934 

Evaluating the theoretical performance of the unit cells based on Ashby’s criterion as 

listed in Table 4.4, UC8 showed the highest effective elastic modulus and compressive 

strength of 13.728 GPa and 142.153 MPa, respectively which is representative of the 
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low porosity. The lowest performance was exhibited by UC2 at 1.577 GPa (𝐸𝑡ℎ𝑟) and 

28.049 MPa (𝜎𝑦 (𝑡ℎ𝑟)), which is representative of their high porosity. In summary, the 

theoretical modulus of all unit cells falls below the elastic modulus of tibial cortical bone 

at 18 GPa [311–313]. This was expected due to the high porosity of the UC designs 

considered. 

4.3.2. Selection of auxetic unit cells for scaffold design 

Using the numerical model, nine unit cell assemblies (UCAs) were evaluated for their 

potential to be used as the foundation for the auxetic bone scaffold. The properties 

and associated responses for all the assemblies are summarised in Table 4.5. Auxetic 

behaviour of cellular lattices are defined by their negative Poisson’s ratio (-𝜐), which 

indicates a negative lateral strain (−𝜀𝑙𝑎𝑡) signifying lateral shrinkage under axial 

compression. Traditional materials exhibit a lateral expansion demonstrating a positive 

lateral strain under axial compression. It can be seen from Table 4.5 that only five of 

the unit cell assemblies (UCA1-UCA5) exhibit negative lateral strain indicating a -𝜐. 

Table 4.5. Properties of the lattice candidates evaluated for scaffold design 

Property UCA1 UCA 2 UCA 3 UCA4 UCA5 UCA6 UCA7 UCA8 UCA9 

𝜀𝑎𝑥𝑖(× 10
−5) 4.16 4.65 4.17 4.78 5.38 4.16 4.16 5.06 5.00 

𝜀𝑙𝑎𝑡(× 10
−5) -1.31 -0.83 -0.56 -1.19 -1.56 0.34 0.04 0.06 1.24 

𝜐 -0.31 -0.18 -0.13 -0.25 -0.29 0.08 0.12 0.12 0.25 

The reason for this can be comprehended from Figure 4.5, which presents the lateral 

deformation of all the UCAs under axial compression. The lateral deformation 

exhibited by UCA1 to UCA5 (Figure 4.5a-4.5e) shows auxetic behaviour with lateral 

walls deforming in opposite directions. The number of unit cells engaged in lateral 

shrinkage by UCA1 is demonstrates the highest negative Poisson’s ratio of -0.31. 
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𝑼𝒍𝒂𝒕 (𝒎𝒎)

 

(a) UCA1 (b) UCA2 (c) UCA3 

   

(d) UCA4 (e) UCA5 (f) UCA6 

   

(g) UCA7 (h) UCA8 (i) UCA9 

 
 

Figure 4.4. Auxeticity of UC assemblies by FEA 

Looking at the lateral deformation of UCA6, as shown in Figure 4.5f, shows the lowest 

expansion, which indicates a Poisson’s ratio close to zero at 0.08. A traditional lateral 

expansion is exhibited by UC7, UC8 and UCA9 (Figure 4.5g-4.5i), indicating a positive 

Poisson’s ratio. Based on the numerical results, only five lattices are suitable for 

auxetic bone scaffolds, which are UCA1 to UCA5. As such, these designs are 
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considered for the design of the auxetic bone scaffolds, as explained in subsequent 

sections. 

4.3.3. Design of auxetic bone scaffolds 

A structure of an AM porous bone scaffold is informed by the unit cell, which dictates 

the mechanical properties. A porous scaffold will have a lower elastic modulus (𝐸) and 

yield strength in comparison to the bulk material properties. In this case of this study, 

the bulk material of choice is biocompatible CoCrMo superalloy which has significantly 

larger elastic modulus and yield strength in comparison to tibial bone. As such, the 

porous design can aid in reducing the stiffness of the scaffold to avoid stress shielding 

between the scaffold and the host bone. 

Following the initial numerical qualification of the different unit cells (UC1-UC9), a total 

of five unit cells (UC1-UC5) was deemed appropriate for scaffold design. The linear 

mirroring of UCs in x, y and z coordinates resulted in five respective scaffold designs 

designated AX1 to AX5, as shown in Figure. 4.5. AX1, AX2, AX3, AX4 and AX5 used 

unit cells UC1 (re-entrant), UC2 (arrowhead), UC3 (modified re-entrant), UC4 (double 

arrowhead) and UC5 (bell-shaped) respectively. 

     

AX1 AX2 AX3 AX4 AX5 

 
Figure 4.5. Scaffold designs featuring auxetic unit cells UC1 to UC5 considered in this thesis 
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The global cylindrical dimensions were derived to fit an equivalent tibial segmental 

horizontal cross-section of 180.024 mm2. The diameter of an equivalent circle that can 

fit the tibial cross-section dictated the scaffold’s radius of 7.25 mm. Accordingly, the 

cylindrical scaffolds can substitute an adult tibial section of length 18 mm. In many 

clinical studies [314–316], a critical size of bone segmental defect falls between 1-3 

cm resulting in more than 50% of equivalent circumferential length, where the bone 

cannot heal unsupported. Accordingly, the length of all the scaffolds developed in this 

study has 18 mm, qualifying as critical length scaffolds. 

Table 4.6. Properties of the auxetic bone scaffold designs 

Properties 
Scaffold Designs 

AX1 AX2 AX3 AX4 AX5 

Relative density (𝜌𝑟 ) 0.1951 0.1614 0.1662 0.1326 0.1431 

Porosity (%) 80.49 83.86 83.38 86.74 85.69 

The resulting properties of the five scaffold designs are listed in Table 4.6. It can be 

seen that the scaffold properties satisfy the porosity requirements of higher than 50% 

for open porous bone scaffolds. The highest and lowest porosity was exhibited by 

scaffolds AX4 and AX1 at 86.74% and 80.49%, respectively. Once the designs were 

fabricated, the porosity data were compared to identify the deviation of the design from 

the ideal. 

4.3.4. Additive manufacturing 

4.3.4.1. Powder characteristics 

All the five different scaffold designs were additively manufactured using gas atomised 

CoCrMo with powder morphology, as shown in Figure 4.6. It can be seen that the 

powdered particles are spherical and have satellite particles attached. Overall, a range 
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of particle size from 5 to 85 µm was identified. SLM benefits from a variety of particle 

sizes since it increases the packing density and flowability of the powder, both of which 

are important in generating a dense part. The particle analysis shows that the 

feedstock featured a volume and size distribution as shown in Figure 4.7a and 4.7b, 

respectively. 

 

Figure 4.6. SEM micrograph of CoCrMo superalloy used for scaffold fabrication 

Particle size distribution shown in Figure 4.7 can affect the flowability and packing of 

the powder and subsequently, the density, microstructure and mechanical properties 

of the SLM part [317,318]. For example, a large volume of fine particles can render 

metallic powder unusable for SLM processing due to strong cohesive forces negatively 

affecting the powder flowability [317]. The results from the particle analyser were used 

to distinguish the mode, mean and median values and volume fractions were used 

(D10, D50, and D90) to identify the Particle Volume Distribution (PVD), as shown in 

Figure 5a. These values were used to establish excessively high or low particle 

distribution that can affect the powders’ SLM processability. 

The PVD analysis concluded a D10 of 13.2 µm, D50 of 28.8 µm and D90 of 46.1 µm. D50 

represents the median value, and therefore 50% of powder particles were less than 
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28.8 µm in size. With a D10 and D90 of 13.2 and 46.1 µm, the results showed that the 

PVD is relatively evenly spread with only 10% of particles below 18.8 µm. This can be 

explained by Figure 4.6, where the smaller satellite particles become attached to the 

larger spherical particles during the atomisation process. Above D90 of 10% can result 

in unusable powder for SLM processing [317]; in comparison, the PSD shown in Figure 

4.7b suggest that the atomised CoCrMo powder has a near normal size distribution 

and is suitable for SLM. 

  
(a) (b) 

 
Figure 4.7. Characteristics of the CoCrMo feedstock used for the additive manufacturing of auxetic 

bone scaffolds showing (a) volume-size distribution and (b) the particle size distribution (PSD) 

4.3.4.2. Selective laser melted samples 

Selective laser melting was used to additively manufacture the five different scaffold 

designs (AX1-AX5) along with tensile test coupons, as shown in Figure 4.8. As can be 

seen from Figure 4.8a and 4.8b, the resulting scaffolds feature an open cellular 

architecture under varying strut orientation, pore size and porosity [268]. The varying 

pore size of a unit cell enhances vascularisation, resulting in increased bone ingrowth 

[319]. Small pores are better for soft tissue growth, and bigger pore sizes increase the 

permeability, which enhances bone ingrowth [279,280]. Pore sizes between 50 and 
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650 microns and porosity more than 50% are required for bone ingrowth. Furthermore, 

the strut thickness of 300 µm accounts for the manufacturing limitation possessed by 

SLM, allowing the smallest nominal strut thickness of 200 µm [11]. 

 
Figure 4.8. Selective laser melted CoCrMo samples showing (a) printed samples on the base plate 

before post-processing, (b) post-processed scaffold samples and (c) tensile test coupon 

Three samples were built for each design without the use of support structures owning 

to the sub-millimetre scale of the unit cell features and the relatively small overhang 

lengths. Figure 4.8a shows the printed samples on the build plate without post-

processing. Subsequently, the samples were removed from the base plate using wire 

EDM. Shotblasting was used to remove the partially sintered and loose particles 

revealing a smoother surface as shown in Figure 4.8b and 4.8c. 

Table 4.7. Physical parameters and porosity of the additively manufactured scaffolds 

Properties 
Additively manufactured scaffolds 

AX1 AX2 AX3 AX4 AX5 

Mass (𝑚𝐴𝑥) grams 6.4 5.7 5.4 4.4 4.6 

Relative density (𝜌𝑟 ) 0.2695 0.2328 0.2183 0.1802 0.1884 

Porosity (%) 73.05 76.72 78.17 81.98 81.16 

The resulting porosity of the additively manufactured scaffolds is listed in Table 4.7. It 

can be seen that the printed scaffolds resulted in a porosity range of 73%-82%, which 

(a) (b) (c) 
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is slightly different from ideal geometry at 80-87%. Although the printed scaffolds 

exhibited a slight lower comparison in comparison to CAD, the trend was similar, as 

shown in Figure 4.9. SEM analysis of the scaffolds was carried out to characterise the 

difference in porosity between the printed and ideal scaffolds, which is explained in 

the next section. 

 
Figure 4.9. Comparison of porosity between ideal and actual scaffolds 

4.3.4.3. Morphology of the printed scaffolds 

SEM analysis of the printed scaffolds was carried out to analyse the differences in 

porosity between ideal and printed scaffold samples. Figure 4.10 shows the influence 

of shot blasting on the printed samples. Comparing the structures before (Figure 

4.10a) and after (Figure 4.10b) shot blasting, it is evident that shot blasting removed 

most of the semi-molten and loose powdered particles from the scaffolds. However, 

on close inspection of joints, as shown in Figure 4.10c, some semi-molten powders 

were observed. Although the micron level, considering the number of joints, can 

contribute to a reduction in porosity which was observed as indicated by Tan et al. 

[11].  
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Figure 4.10. Scanning electron micrograph showing (a) scaffold as manufactured before shot blasting, 

(b) after shot blasting and (c) variation of joints from ideal after shot blasting 

A rough surface finish is also evident in both Figure 4.10 and Figure 4.11, which is 

representative of the characteristic stair-step effect during SLM. The resulting 

morphology of all post-processed CoCrMo scaffolds is shown in Figure 4.11. While 

the interconnected porosity and the representative geometry closely followed the CAD 

(ideal geometry), the average strut thickness was found to vary by approximately 50 

µm. While this is in line with existing literature [318,320–322] on SLM of thin struts 

(<300 µm), the overall effect was found to contribute to a variation of ~5.8%. This 

means that the SLM scaffolds showed a porosity of 5.8% lower than their ideal 

counterparts. 

(a) (b)  

(c)  
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Figure 4.11. SEM data showing the influence of selective laser melting on strut dimension 

Comparing the variations in strut thickness observed with that of literature, Benedetti 

et al. [131] reported that the struts parallel to the building direction have an oversizing 
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tendency largely driven by the laser beam size in comparison to the strut thickness 

being printed. Furthermore, the existence of un-melted particles bound to the struts 

can also be a cause of disparity in strut dimension. Although similar observations were 

found in other studies [11,49], the uneven surface finish in interconnected porosity was 

highlighted as favourable for tissue ingrowth. 

In summary, the observations in Figure 4.11 are consistent with literature with strut 

thickness deviating from the original design without largely affecting porosity. It can be 

seen that there is both over and under-sizing of the strut thickness due to the SLM 

process. However, the variation in strut thickness was largely influenced by strut 

orientation, with vertically oriented struts under-sized and horizontally oriented struts 

over-sized [323]. 

4.4. Conclusion 

Auxetic materials are designer biomaterials with unusual and unprecedented 

properties that originate from their geometrical architecture at micron scales. This 

concept has been used in the context CoCrMo additively manufactured bone scaffolds 

with the ultimate aim of offering stiffness matching. In this context, this chapter 

demonstrates the use of selective laser melting to fabricate porous auxetic CoCrMo 

bone scaffolds and reports the design, processing parameters and print quality 

evaluation for the first time. 

▪ Nine open porous unit cell assemblies (UCA1-UCA9) were digitally conceived, 

and their auxeticity was characterised using the finite element method (FEM). 

The results identified five potential candidates (UCA1-UCA5) to be suitable for 

the design of auxetic bone scaffolds exhibiting a 𝜐 in the range of -0.13 to -0.31. 
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▪ Based on the five auxetic unit cells, open porous cellular bone scaffolds were 

designed to mimic a tibia critical size bone defect at a porosity range of 80-87%. 

The theoretical elastic modulus and yield strength of the unit cells were found 

to be in the range of 1.5-8.1 GPa and 28-96 MPa, respectively. 

▪ A CoCrMo particle volume distribution at D10, D50 and D90 of 13.2 µm, 28.8 

µm and 46.1 µm, respectively, was found to be suitable for selective laser 

melting for all the five porous auxetic bone scaffolds developed. 

▪ SEM analysis has been carried out to identify the dimensional inaccuracies of 

the lattice structures. The results showed that SLM scaffolds featured an 

average porosity of 5.8% lower to their ideal design. 

Overall, the chapter demonstrated that SLM is suitable to fabricate a range of CoCrMo 

auxetic bone scaffolds that offer high porosity and quality consistent with the literature 

on other metallic biomaterials such as titanium. The mechanical performance of the 

fabricated CoCrMo scaffolds will be characterised through FEM and physical tests in 

the next chapter. 
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Chapter 5 

Mechanical performance of selective laser 

melted CoCrMo 

 

5.1. Introduction 

This chapter describes the mechanical properties of the SLM processed CoCrMo bulk 

materials and the compression behaviour of auxetic CoCrMo scaffolds. Tensile test 

coupons were fabricated using identical SLM process parameters used for the bone 

scaffolds. These coupons were experimentally tested to derive the bulk material 

properties of CoCrMo as a result of selective laser melting. The data now only allows 

to benchmark process with literature as shown in this Chapter but also informs the 

finite element model in Chapter 6. 

The suitability of using Gibson and Ashby models for the mechanical performance of 

the scaffold were carried out. Compression tests on scaffold prototypes were used to 

derive the stress-strain curve for each of the scaffolds. The stress-strain curve was 

subsequently used to evaluate all mechanical parameters such as elastic modulus, 

yield strength and Poisson’s ratio of the scaffolds. The compression test data was also 

used to evaluate the failure mode of the scaffolds and to evaluate the suitability of the 

unit cell shape and the SLM process. Overall, the chapter presents the mechanical 

performance of five different auxetic bone scaffolds informed by re-entrant (AX1), 

arrowhead (AX2), modified re-entrant (AX3), double-arrowhead (AX4) and bell-

shaped (AX5) architecture. 
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5.2. Methodology 

All the test specimens were fabricated as discussed in Chapter 4, Section 4.2.3. The 

SEM methodology used to analyse the failed scaffold samples were as presented in 

Chapter 4, Section 4.2.4. To avoid repetition, only new methodologies previously not 

presented are discussed in this chapter. 

5.2.1. Theoretical prediction 

According to Gibson and Ashby [263], the mechanical performance of cellular 

structures can be predicted using their relative density. Density is an important factor 

that affects the mechanical performance of a cellular structure. Using a digital scale, 

the masses of the manufactured scaffolds were measured and used to determine the 

density of each scaffold (𝜌𝑆), which is defined as the ratio of the measured mass to its 

volume as shown in Equation (5.1). 

The density of the porous scaffold can be calculated by the mass (𝑚𝑆) of the scaffold 

divided by volume (𝑉𝑆) of the scaffold. By using the density of bulk material (𝜌𝐵 ) the 

relative density (𝜌𝑟(𝑆)) of the porous scaffolds can be then determined using Equation 

(5.2). The model was presented by Gibson and Ashby in 1997 and has been used to 

predict the elastic modulus (𝐸𝑠), yield strength (𝜎𝑦(𝑠)) and density (𝜌𝑆) of the porous 

scaffold. The elastic modulus of a cellular scaffold can be calculated using Equation 

(5.3): 

𝜌𝑆 =
𝑚𝑆

𝑉𝑆
 (5.1) 

𝜌𝑟(𝑆) =
𝜌𝑆
𝜌𝐵

 (5.2) 
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𝐸𝑆
𝐸𝐵

= 𝐶 (
𝜌𝑆
𝜌𝐵
)
2

 (5.3) 

where 𝐸𝐵 , 𝜌𝐵 elastic modulus and density of the fully dense solid material. As such, 

the theoretical elastic modulus (𝐸𝑡ℎ𝑟(𝑆)) and yield strength (𝜎𝑡ℎ𝑟(𝑆)) can be associated 

with their relative densities (𝜌𝑟(𝑆)). Therefore, Equations (5.4) and (5.5) can be used 

to predict the theoretical elastic modulus and yield strength of the scaffold, 

respectively.  

𝐸𝑡ℎ𝑟(𝑆) ≈ 𝐸𝐵𝜌𝑟(𝑆)
2 (5.4) 

𝜎𝑡ℎ𝑟(𝑆) ≈ 𝜎𝑦(𝐵)𝜌𝑟(𝑆)
(
3
2
)  (5.5) 

5.2.2. Experimental mechanical testing 

Zwick Roell 1474 materials testing machine with a maximum load capacity of 100 kN 

was used to conduct uniaxial tension and compression tests on the bulk material and 

scaffold, respectively. The test setup featured a mounted camera to capture 

deformation, as shown in Figure 5.1. The tests were carried out to investigate both the 

mechanical properties of the bulk material and the compressive performance of five 

scaffolds following to BSEN ISO 13314 [324] standard. Before commencing the 

experimental tests, the setup was calibrated according to BSEN ISO 7500-1 [325]. 

Three samples (n=3) from the same batch have analysed to get the mean value and 

standard deviation for the elastic modulus and yield strength according to BSEN ISO 

6892-1 standards [326]. Crosshead movement at a rate of 0.08 mm/s was used to 

load the test samples to failure. A maximum load of 80 kN was applied, with a force 

shutdown threshold of 50% to avoid the platens from crashing if a catastrophic failure 

occurs. 
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Figure 5.1. Mechanical test setup showing (a) tensile test for the evaluation of CoCrMo bulk material 

properties and (b) compression test for mechanical properties of the auxetic scaffold 

The tensile test coupons were pulled to rupture, and the compressive samples were 

loaded to deformation of 9 mm (50% of the scaffold height). Three samples from each 

structure were tested, and mean values of elastic modulus and yield strength were 

determined by using test data. The video was recorded for every specimen from the 

beginning of the test to complete failure. The force-displacement data was monitored 

and used to evaluate the stress-strain (𝜎 − 𝜀) curves for all the samples. The curves 

were subsequently used to calculate the elastic modulus of the bulk material and the 

scaffold as the slope of the elastic region. The 0.2% offset method was used to 

determine the yield strength of the specimens from the stress-strain curves. 

The lateral strain values for the Poisson’s ratio were measured from ImageJ using 

photographs taken during the elastic deformation of the scaffold. For precision, the 

transverse strain was computed at each lattice layer, and the average values were 

used, a method similar to Arjunan et al. [242]. Based on the experimental data, 

Equation (5.6) was used to calculate the Poisson’s ratio. 

(a) (b) 

Test coupon 

Video camera 

Scaffold sample 

Video camera 
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𝜐𝑦𝑥 = −(
𝜀𝑙𝑎𝑡 
𝜀𝑦 

) (5.6) 

5.3. Results and discussion 

5.3.1. Mechanical properties of selective laser melted CoCrMo 

Mechanical tests were conducted on full dense CoCrMo tensile test coupons 

manufactured using optimum process parameters presented in Chapter 4, Section 

4.2.3.3. Altogether three tensile test coupons (n=3) were axially pulled under quasi-

static test conditions. The resulting stress-strain curve and respective failed samples 

are shown in Figure 5.2a and 5.2b respective. 

Analysing the 𝜎 − 𝜀 curves (Figure 5.2a) reveals consistent elastic and plastic regions 

for all the tensile coupons tested. However, despite featuring the identical process 

parameters for all the samples tested, a certain difference in the ultimate tensile 

strength can be observed between each of the three curves. The mechanical 

performance derived from average 𝜎 − 𝜀 is summarised in Table 5.1. Comparing the 

results observed, it can be seen the parameters describing the strength (𝜎𝑦 and 𝜎𝑢𝑙𝑡) 

of the material closely follow the datasheet.  

Overall, a 2.54% and 8.29% difference was observed for 𝜎𝑢𝑙𝑡 and 𝜎𝑦, respectively 

between the tests carried out and the datasheet from the material supplier. When it 

comes to Young’s modulus, a ~3% difference was found in comparison to the 

datasheet and others in the literature [327]. 
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Figure 5.2. Mechanical performance of the selective laser melted CoCrMo material showing (a) the 

stress-strain relationship and (b) the failed tensile test coupons 

Table 5.1. Material properties of CoCrMo obtained from tensile test data showing 𝐸, 𝜎𝑦 and 𝜎𝑢𝑙𝑡 are 

the Young’s modulus, yield strength and ultimate strength, respectively 

Identifier E (GPa) 𝝈𝒚 (MPa) 𝝈𝒖𝒍𝒕 (MPa) Ref. 

Tensile test coupon 194.23±1.63 975.6±11 1169.81±10.44 This study 

Material Datasheet 200 1060 1200±100 [275] 

Dolgov et al. 213 720 - [327] 

Cornacchia et al. 200 550 975 [328] 

However, this was expected due to the process parameters and heat treatment regimens 

used for the low stiffness variant. To put these observations into perspective, the 

cumulative parameter, ‘laser energy density (𝑒𝑙𝑑)’ has to be introduced [329–332]. It is 

widely considered the critical parameter to characterise both the manufacturability 

[333] and mechanical performance [334] of SLM components and generally 

represents the energy density in 𝐽/𝑚𝑚3 as shown in Equation (5.7). 

𝑒𝑙𝑑 =
𝑃𝑙

𝑣𝑠 × ℎ𝑠 × 𝑡𝑙
 (5.7) 

where 𝑃𝑙 is the laser power (Watt), 𝑡𝑙 is the layer thickness (mm), 𝑣𝑠 (mm/s) is the scan 

speed and ℎ𝑠 (mm) is the hatch distance. Varying the process parameters affects the 
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thermo-physical properties during laser melting and hence affects the mechanical 

properties of the manufactured parts. For this study, the optimum process parameter 

combination and heat treatment regime (1150°C for 6 hrs) to lower the elastic modulus 

of the material was used. The methodology for this is further explained in the context 

of other materials in previous studies carried out by Arjunan et al. [335]. Reducing the 

𝐸 value of the bulk material is critical to improving the stress shielding and maladapted 

stress concentration bone scaffolds and allows for a realistic optimisation. Overall, the 

mechanical performance closely follows both the material test data and literature for 

SLM CoCrMo. 

5.3.2. Ashby’s criterion and the performance of CoCrMo auxetic scaffolds 

The bending or stretching of cell walls can cause cellular structures to deform. The 

theoretical elastic modulus and yield strength of each scaffold were predicted using 

Ashby’s criterion, as shown in Figure 5.3. 

 
Figure 5.3. Theoretically predicted (a) elastic modulus (𝐸𝑡ℎ𝑟) (b) yield strength (𝜎𝑡ℎ𝑟) for respective 

scaffolds 
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Using the Gibson and Ashby model, the performance of the scaffold in relation to their 

relative density was predicted. The scaffold AX1 showed the highest effective elastic 

modulus and yield strength of 1.73 GPa and 77.73 MPa, respectively. The lowest 

performance was exhibited by AX4, showing the elastic modulus and yield strength of 

0.8 GPa and 43.55 MPa, respectively. As discussed in the literature, the stiffness of 

the bone depends on age, sex and location within the body. According to that, stiffness 

of the cortical bone lies between 3-30 GPa.  Based on the predicted elastic modulus, 

some scaffolds fall within this range, making them suitable for further studies [11,86]. 

However, it is important to note that the aim of the thesis is to fabricate scaffolds that 

shows both stiffness matching and auxetic performance. Therefore, experimental 

characterisation of the scaffolds is required to predict the best design for optimisation. 

Although Ashby’s criterion is a useful tool in to predict the mechanical properties of 

cellular structures, they do not take into consideration the shape of the unit cell. This 

is a critical criterion for this research as the unit cell are unconventional, and the 

behaviour is auxetic. As such, experimental tests on the fabricated scaffolds are 

carried out to characterise their mechanical performance.  

5.3.3. Elastic-plastic performance of CoCrMo auxetic scaffolds 

Generally, the 𝜎 − 𝜀 curve of cellular structures tends to show three characteristic 

regions, which in its entireness describes the elastic and plastic structural 

performance, as shown in Figure 5.4 [81]. The first characteristic regions can be 

speared into linear and non-linear elastic deformation, where a proportional 𝜎 − 𝜀 

relationship is followed by a non-linear region ending in a peak stress value referred 

to as the ultimate strength (𝜎𝑢𝑙𝑡) [336]. This is usually followed by drop-in stress to the 
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plateau region, where stress fluctuations or serrations may be observed [337]. Further 

compression, results in a densification region followed by a plateau where the rises in 

stress can be primarily attributed to the interaction of the crushed material. However, 

the occurrence of the densification region depends largely on the type and porosity of 

the cellular structure and associated boundary conditions [338]. 

 
Figure 5.4. Typical compression test stress-strain curve for cellular materials [339] 

The compressive 𝜎 − 𝜀 curve of the SLM manufactured scaffolds are shown in Figure 

5.5. Evaluating the results, as shown in Figure 5.5a to 5.5e, all the scaffolds showed 

both elastic and plastic regions. The scaffolds AX2 showed an initial collapse of around 

4.6% of the strain before steadily climbing to peak stress of around 90 MPa before cell 

wall collapse occurs. This indicates an initial localised failure by the structure without 

involving the subsequent cellular layers during the initial part of the compression. This 

is due to the long straight vertical beams that form the primary load-bearing component 

of the unit-cell (UC2). The vertical beams above the top surface act as isolated load-

bearing elements causing localised failure. However, as soon as the vertical beams 

fail, the cross walls interact with the structure stabilising it allowing it to withstand a 

higher load. Due to this unique phenomenon, AX2 showed the lowest yield strength of 

32 MPa (Table 5.2). 
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(a) AX1 

 
(b) AX2 

  
(c) AX3 (d) AX4 

 
(e) AX5 

 
Figure 5.5. The experimental stress-strain relationship for selective laser melted CoCrMo auxetic 

bone scaffolds showing (a) AX1, (b) AX2, (c) AX3, (d) AX4 and (e) AX5 
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Comparing the performance of all scaffolds, the AX1 (Figure 5.5a) showed the highest 

yield strength and elastic modulus of 56 MPa and 1.66 GPa, respectively. The reason 

for the high performance is evident from the stress-strain curve (Figure 5.5a), where 

the highest stresses at the elastic range can be observed. This is due to the higher 

relative density which resulting the lowest porosity among other structures. From the 

unloaded state, the cell walls compress and bend to reach the plateau stage where 

plastic hinges form in the cell walls. Due to geometrical instability, they collapse and 

make self-contact; thus, a strain-hardening effect is initiated until the ultimate failure 

point. 

AX3 showed an elastic modulus of 1.57 GPa and yield strength of 36 MPa, a reduction 

of 5.5% and 43.5%, respectively, when compared to the highest performing AX1. The 

large reduction in yield strength can be explained by the Poisson’s ratio close to zero 

(-0.1). This means that the structure is moving vertically down, leading to catastrophic 

failure of the cell walls signified by the large drop in yield strength, as shown in Figure 

5.5c. The post-yield plastic behaviour of AX3 also shows a lower capacity to resist the 

stress being developed, signified by low plastic peaks. 

The catastrophic failure of the AX3 architecture can be observed in Figure 5.7c, 

confirming these observations. AX4 and AX5 have similar Poisson’s ratio (-0.16) and 

shows classic behaviour of cellular structures with yield initiated by localised failure 

and post-yield behaviour signified by progressive layer-by-layer failure. Some peeling 

of boundary cells can also be observed for AX5, causing an initial large drop and 

subsequent high peak plastic stresses. 
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Figure 5.6. Typical compressive stress-strain behaviour for each structure 

For the biomedical application of auxetic structures, the stiffness, strength and 

Poisson’s ratio are the key aspects for the design consideration of scaffolds 

[64,340,341]. Comparing the stress-strain curve for all the five architectures, as shown 

in Figure 5.6, the overall best performance was observed for AX1 with the highest 

elastic modulus, yield strength and negative Poisson’s ratio. The resulting 

performance for all the structures is shown in Table 5.2. 

Table 5.2. Experimental mechanical properties of scaffolds 

Design 

Manufactured 

sample 

porosity (%) 

Mean elastic 

modulus 

(GPa)  

Mean 0.2% 

Yield 

strength 

(MPa) 

Mean  

Ultimate 

stress 

𝝈𝒖𝒍𝒕 (MPa) 

Poisson’s 

ratio 

AX1 73.05 1.66±0.47  56±1.24 158±6.65 -0.24 

AX2 76.72 1.13±0.02 32±0.81 88.87±3.49 -0.13 

AX3 78.17 1.57±0.02 36±0.62 104.53±2.40 -0.1 

AX4 81.98 1.27±0.03 52±4.71 51.66±4.14 -0.16 

AX5 81.16 1.6±0.08 40±0.84 97.9±3.83 -0.16 
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Overall, the elastic modulus of the structures is varying in between 1.13 GPa and 1.66 

GPa, and the yield strength is between 32MPa and 56MPa, with AX2 showing the 

lowest performance. Previous non-auxetic compressive test studies showed that the 

stiffness and strength of cellular structures are strongly influenced by the unit cell 

shape, which is observed in this research as well [49]. Nevertheless, compressive test 

results showed that there is no significant trend between elastic modulus and the yield 

strength among the auxetic materials. 

5.3.4. Failure mode analysis 

Morphology of individual cell structure and associated connections influences the 

scaffold’s structural performance. Figure 5.7 shows the selected still frames from the 

video recorded during quasi-static compression with a view to characterising the 

plastic deformation and the collapse of the cellular structure. Chosen frames 

correspond to the initial, almost not the compressed state; the moment of the first 

failure followed by 10%, 20% and 30% plastic deformation. From the deformation, it is 

clear that the shape of the unit cells significantly influences the failure modes (Figure 

5.7). 

 

                                                           (a) AX1 
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(b) AX2  

 

(c) AX3 

 

(d) AX4 

 
(e) AX5 

 
Figure 5.7. Step by step deformation associated with the five scaffolds (a) AX1, (b) AX2, (c) AX3, (d) 

AX4 and (e) AX5 

The 10% compression of all the scaffolds (Figure 5.7a-5.7e) shown an inward lateral 

strain under compression, confirming auxetic behaviour. The uniform contraction of 

the structure demonstrates that the geometry of the unit cell had a significant impact 

on scaffold behaviour. AX2 (Figure 5.7b) and AX4 (Figure 5.7d) structures showed the 

highest lateral shrinkage and lowest elastic modulus due to their unit cell geometries. 
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Both of the structures are based on the arrowhead design featuring different 

parametric values. 

Scaffolds AX1 showed uniform shrinkage at 10%, followed by localised failure starting 

from the top cellular layer (Figure 5.7a). Although AX5 also showed failure initiating 

from the top layer, the peeling of boundary beams due to compressive forces resulted 

in a large drop in stress post-yield. As shown in Figure 5.7c, AX3 did not show crush 

bands; instead revealed catastrophic failure due to crack propagation through the 

entire structure. This is a result of the low lateral strain signified by Poisson’s ratio 

close to zero. 

To further study the failure behaviour at the micro-scale, the failed samples were 

investigated under an SEM, as shown in Figure 5.8. For non-auxetic cellular structures 

of similar thickness and overall dimension, the weak spots created by the SLM process 

is often cited to drive the failure process [320,342,343]. The reason for this is the 

localised stress concentrations that appear at the weak spots facilitated by SLM, as 

observed by Yu et al. [344]. In comparison, Figure 5.8a to 5.8e shows that the failure 

of the structure presented is primarily prescribed by the geometry and the associated 

lateral joints as opposed to SLM induced discrepancies. A tensile failure of the cross-

beam at the centre can be observed in Figure 5.8a. This means that the failure is 

initiated by the re-entrant beam that stretches to accommodate the negative strain. 

For AX2 and AX3, the failure seems to be initiated at the joints, as shown in Figure 

5.8b and 5.8c, which can be the reason for the low yield strength observed. This kind 

of deformation can be a result of progressive folding of the beams at the joints or due 

to the stress concentration. The abrupt change in geometry of AX2 indicates significant 
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stress concentration, which can be the contributing factor. Further informing on this 

can be understood from the finite element analysis, which is carried out in Chapter 6. 

 

Figure 5.8. SEM data of the failed samples showing (a) AX1, (b) AX2, (d) AX3, (d) AX4 and (e) AX5 

(a) AX1 (b) AX2 

(c) AX3 (d) AX4 

(e) AX5 
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A bending induced failure can be observed for AX4 and AX5, as shown in Figure 5.8d 

and 5.8e, as a result of the progressive folding due to the arrow-head and bell shape 

unit cell architecture. Overall,  no thinning of the beams are visible from Figure 5.8, 

evidencing a brittle behaviour, which is often observed for SLM processed materials 

[343,345,346]. Furthermore, the failure is dependent on the collapse of individual unit 

cells, subsequently leading to layers, a distinction in comparison to traditional cellular 

structures where a shear plane through the entire structure is often observed [347–

349]. 

5.4. Conclusion 

This chapter presents the mechanical properties of the CoCrMo bulk material and 

auxetic bone scaffolds manufactured by using the SLM process.  

▪ Tensile tests on CoCrMo test coupons revealed that the SLM processed 

CoCrMo bulk material featured Young’s modulus, yield strength and ultimate 

tensile strength of 194.23 GPa, 975.6 MPa and 1169.81 MPa, respectively. The 

properties observed were found to be consistent with the literature on additively 

manufactured CoCrMo. 

▪ The strength and stiffness of the scaffolds were found to be driven by the unit 

cell shape as opposed to relative density limiting the applicability of the Ashby 

and Gibson model in characterising the scaffold performance. 

▪ Experimental compressive tests revealed that all the five scaffold designs 

showed auxetic performance at a Poisson’s ratio range of -0.1 to -0.24, with 

AX1 and AX3 showing the highest and lowest lateral strain, respectively. 
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▪ The elastic modulus and compressive strength of the scaffolds were found to 

be in the range of 1.13-1.66 GPa and 32-56 MPa, respectively. The highest and 

lowest stiffness was exhibited by AX1 and AX2 receptively.  

▪ The failure modes showed layer-based, localised and catastrophic failures 

influenced by both the unit cell shape and the SLM process. 
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Chapter 6 

Finite element modelling of CoCrMo 

auxetic bone scaffolds 

 

6.1. Introduction 

The finite element method (FEM) is a numerical procedure that can be used to predict 

the performance of various geometrical designs, including porous materials. The aim 

of the thesis is to develop an optimised auxetic scaffold architecture suitable to mimic 

the stiffness of a tibial bone section. Doing this entirely with the help of prototype 

testing is unfeasible due to the large number of experiments required. In this regard, 

a validated finite element model can aid accurate results while significantly reducing 

the cost of testing. To aid this, the chapter presents the development and validation of 

a FE model that can be used to predict the mechanical performance of all the five 

CoCrMo auxetic scaffolds. 

The model is built on a bilinear isotropic strain hardening (BISO) material model 

informed by experimentally tested material properties of selective laser melted bulk 

CoCrMo. The accuracy of the FE model to characterise the mechanical performance 

is shown by using to predict the elastic modulus, yield strength and Poisson’s ratio of 

the scaffold designs and comparing it with the experimental test data. The details of 

meshing strategies and the loading conditions that can yield the best results are 

presented. 
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6.2. Finite Element Modelling 

6.2.1. Model geometry  

The non-linear elastic-plastic performance of all the five scaffold designs was studied 

using the finite element method (FEM). The Ansys non-linear mechanical solver was 

used to simulate the structural behaviour closely following the physical test conditions. 

The digital designs of the scaffolds were carried out as described in Chapter 4. The 

designs were imported to Ansys numerical modelling package using the Parasolid file 

format to undertake the finite element analysis. For geometries featuring large data, 

such as the bone scaffold designs presented in this thesis, the Parasolid format 

delivers maximum accuracy with minimum data loss. 

6.2.2. Material model and boundary conditions 

After examining numerous element types, the 10 node higher order tetrahedral 

element (SOLID187) combined with a Bilinear isotropic strain hardening (BISO) 

material model was used for the analysis. SOLID187 element exhibits quadratic 

displacement behaviour, making it ideal for modelling irregular volumetric geometries 

[350]. It also performs suitability in stress computations in comparison to 4-node 

tetrahedron elements. A higher-order element was chosen to investigate both the local 

stress concentration effects at joints and the global deformation of the lattices for the 

geometries under consideration. The element is delineated by ten nodes, each of 

which has three degrees of freedom: translations in the nodal 𝑥, 𝑦, and 𝑧 directions, as 

shown in Figure 6.1a. Hyper elasticity, plasticity, stress stiffening, creep, large 

deflection, and large strain capacities are all features of this element [351]. 
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The BISO material model was found to be the most appropriate for this study as it can 

simulate both the elastic and plastic behaviour of a material. The BISO model is 

signified by a bilinear stress-strain curve with the initial slope specified by elastic 

modulus (𝐸) and the elastic limit represented by the yield strength (𝜎𝑦). The post-yield 

behaviour was modelled perfectly plastic as the aim was to study the behaviour of the 

scaffolds until failure. For biomaterials and implants, the post-yield behaviour is 

irrelevant as the scaffold must be designed to not fail during its lifetime. 

 
Figure 6.1. Finite element model showing the (a) element type and (b) boundary conditions 

Experimentally derived CoCrMo superalloy material properties were used to inform 

the material model. The material properties were evaluated through tensile test data 

of fully dense CoCrMo test coupons, as presented in Chapter 5. Young’s modulus 

(𝐸) was specified as 194.23 GPa, yield Strength (𝜎𝑦) of 975.6 MPa, Poisson’s ratio of 

0.29 and the bulk density of 8.3 g/cm3.  

Mesh resolution 

Moving rigid body 

Fixed rigid body 

Scaffold 

𝑈𝑦 = −10% (𝑛𝑠𝑢𝑏 100) 

(b) (a) 
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The FEA results indicate how the entire geometry responds to the loads and 

constraints that are applied. In this study, two cylindrical plates with a 9 mm radius and 

0.5 mm thickness were modelled as rigid bodies on the top and bottom surface of the 

scaffold structure, as shown in Figure 6.1b. The scaffold was not constrained and was 

free to rotate and deform in all directions. The loading was carried out through 100 

sub-steps to avoid spurious effects due to large loading, in addition to monitoring the 

deformation at a high resolution. 

For end plates that were modelled as rigid bodies, the thickness is inconsequential as 

load transfer through them is not computed. The Bottom plate was fixed in all 

directions, and the top plate was moved 10% of the height of the scaffold in −𝑦 

direction (compression) to simulate the crushing behaviour. The connection between 

the right bodies and the scaffold was treated as frictional with a constant of 0.1 to 

simulate a realistic behaviour. The large-deflection (NLGEOM, ON) effects were 

switched on to allow for a realistic simulation of the thin beams within the scaffold. 

Large-deflection effects are categorised as either large deflection (or large rotation) or 

large strain. When large deflection effects are included, stress stiffening effects are 

computed. 

6.2.3. Mesh generation and convergence studies 

The accuracy of a finite element model is built on the foundation of creating the best 

discretisation (mesh) possible. In general, a finer mesh provides more precise results 

as the averaging of a large number of small elements can capture the stress gradients 

across the element more precisely [352]. Geometric characteristics with high-stress 

concentrations, such as fillet and chamfers, necessitate a dense mesh to effectively 
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predict the stress-strain behaviour [353]. However, increasing element density 

exponentially increase the solution time in addition to the creation of large data. 

Therefore, a balance between element density and solution time is the requirement 

for an effective mesh. A mesh convergence study was carried out to analyse the 

influence of mesh size on outputs of interest. Because changing the mesh size can 

influence the findings of stress analysis, the convergence study is used to confirm the 

suitability of the element size. The scaffold designs AX1 to AX5 meshed with a range 

(0.3 to 0.04 mm) of element sizes, as shown in Figure 6.2. The models were 

constrained, as shown in Figure 6.1, with the scaffold sandwiched between two 

endplates. Each design was meshed from 0.300, 0.100, 0.075, 0.060, 0.050 and 0.040 

mm using 3D 10 node tetrahedral elements. The simulation was repeated for each 

element size, and the variation in the force-displacement curve was monitored, as 

shown in Figure 6.2. 

The mesh convergence study was based on the force-displacement curve, as this is 

the most fundamental data of interest from the simulation. The force-displacement 

curves were computed from the reaction force and axial deformation for each variation 

in element size. It can be seen from Figure 6.2 that there is no significant difference 

between the elastic range of the scaffolds below 0.1 mm element size. As such, a 0.1 

mm element size can reasonably predict both the stiffness and strength of the 

scaffolds. Since the accuracy of post-yield behaviour is not the primary aim of this 

thesis, a final mesh size of 0.1 mm was considered to model the scaffold designs. The 

resulting number of elements and nodes, along with the respective solution times, are 

summarised in Table 6.1. Each of the models was solved using Intel Xeon 8280 CPU 
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at 2.7 GHz featuring 56 CPUs assisted by 1 TB RAM and 2 NVIDIA Quadro GV100 

graphic accelerators. 

  
(a) AX1 (b) AX2 

  
(c) AX3 (d) AX4 

 
(d) AX5 

Figure 6.2. Finite element force-displacement curves using different element sizes for (a) AX1, (b) 

AX2, (c) AX3, (d) AX4 and (e) AX5  
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Table 6.1. Elements, nodes and solution time associated with the converged finite element model 

Parameters 
Scaffold Design 

AX1 AX2 AX3 AX4 AX5 

Elements 2477887 1715791 2279322 1488321 1574645 

Nodes 4635536 3289747 4243063 2862589 2993986 

Solution time 

(Seconds) 
10356.7 4725.7 6115.2 3579.2 16038.2 

6.2.4. Post-processing for Poisson’s ratio evaluation 

Poisson’s ratio measures the deformation of a material in the direction perpendicular 

to the direction of the applied force. It is defined as the negative ratio of lateral to axial 

strain, as shown in Equation (6.1). For conventional materials, the Poisson’s ratio is 

generally positive (𝜐 > 0), implying that the material contracts axially when 

compressed and expands laterally. Auxetic materials have the opposite behaviour 

leading to a negative Poisson’s ratio. When an auxetic material is subjected to axial 

compression, its transverse dimensions decrease. The lateral strain (𝑙𝑎𝑡) to 

characterise the radial shrinkage was computed from the finite element numerical data 

as the average elastic strain over the two radial directions, which in this case is 𝑥 and 

𝜀𝑧 as shown in Equation (6.2). The strains were calculated separately for each of the 

six lattice layers of the scaffold, and the overall shrinkage was represented by their 

average. Then the negative Poisson’s ratio was calculated as the average lateral strain 

divided by longitudinal strain (𝜀𝑦). 

𝜐𝑦𝑥 = −(
𝜀𝑙𝑎𝑡 
𝜀𝑦 

) (6.1) 

𝜀𝑙𝑎𝑡 = −(
𝜀𝑥 + 𝜀𝑧
2

) (6.2) 
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6.3. Results and discussion 

6.3.1. Finite element model validation 

The compressive stress-strain curve of the SLM fabricated scaffolds, and the 

respective numerical prediction using the FEM is shown in Figure 6.3. The FE 

predictions were compared with the experimentally recorded stress-strain curve of the 

scaffold to validate the finite element model. It can be seen from Figure 6.3 that the 

FEA model is capable of closely mirroring the elastic behaviour of the scaffolds. 

  
(a) AX1 (b) AX2 

  
(c) AX3 (d) AX4 
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(e) AX5 

Figure 6.3. Comparison of stress-strain curves obtained from the finite element model and physical 

tests for (a) AX1, (b) AX2, (c) AX3, (d )AX4 and (e) AX5 

Table 6.2 shows the accuracy of the FE numerical model in predicting the stiffness 

(𝐸) and strength (𝜎𝑦) of the scaffolds. When compared to physical test data under 

identical conditions similar trend in results can be observed for both cases considered. 

Nevertheless, the highest difference of 3.41% ineffective elastic modulus was 

exhibited by AX2 between the two methods. The Poisson’s ratio shows a similar trend, 

with AX2 showing the highest difference of 4.10% in comparison to physical test data. 

Overall, the Poisson’s ratio remained negative for all designs signifying auxetic 

performance. For yield strength, the least accurate prediction was for AX4, followed 

by AX1 at a difference of 3.84% and 3.57%, respectively. On the other hand, the 

closest results between the two methods were found for AX1 followed by AX5 at a 

difference of 1.19% and 2.50% for 𝐸 and 𝜎𝑦, respectively. 
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Table 6.2. Comparison between the finite element predicted and actual test data on parameters of 

interest where 𝐸 referes to the elastic modulus, 𝜎𝑦 yield strength and 𝜐 the Poisson’s ratio 

Scaffold AX1 AX2 AX3 AX4 AX5 

𝑬 FEA (GPa) 1.68 1.17 1.59 1.30 1.65 

𝑬 EXP (GPa) 1.66 1.13 1.57 1.27 1.60 

𝑬 % Difference 1.19 3.41 1.25 2.30 3.03 

𝝈𝒚 FEA (MPa) 54 31 35 50 39 

𝝈𝒚 EXP (MPa) 56 32 36 52 40 

𝝈𝒚 % Difference 3.57 3.12 2.77 3.84 2.50 

𝝊 FEA -0.26 -0.17 -0.12 -0.19 -0.20 

𝝊 EXP -0.24 -0.13 -0.10 -0.16 -0.16 

𝝊  % Difference 2.12 4.10 2.14 2.51 3.60 

 

While the numerical model identified the trend in mechanical performance with 

reasonable accuracy, as established in Figure 6.3, further refinements are necessary. 

The difference between the numerical and experimental data can be primarily 

attributed to the influence of the SLM additive manufacturing technique. It is well 

documented that [117,250,354–357] SLM variation in geometry due to the stair-step 

effect and partly fused powder on the surface, and the effect of this is increasingly 

significant for porous and geometrically complex thin-walled structures such as the 

ones presented in this study. While the experimental data accounts for all irregularities, 

the numerical models assume an idealised structure based on CAD that is 

homogenous and free from any surface irregularities. Furthermore, the rough surface 

finish, which is also a salient feature of SLM samples, can significantly influence the 

mechanical behaviour at the comparable beam and wall thickness. The comparison 

of the test data showed that all the finite element scaffold models are in reasonable 

agreement and can be used for further predictions.  
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6.3.2. Stress distribution within the scaffolds 

The theoretical analysis in Chapter 5 showed that the stiffness and strength of the 

scaffold vary with the square of the relative density. However, both the experimental 

and FE result revealed deviation from theoretical, with AX1 exhibiting both the highest 

stiffness and strength despite featuring a porosity of 73% (Table 5.2). Consequently, 

it is established that the geometry of the unit cell has a higher influence on the 

mechanical performance of the scaffold and an enhanced understanding of the stress 

distribution is required to derive design guidelines. Furthermore, when it comes to 

cellular structures, every aspect of their mechanical performance and failure are 

dependent on the concentration of stress facilitated by the geometry as opposed to 

relative density [358]. 

Table 6.3. Comparison of elastic modulus (𝐸) and yield strength (𝜎𝑦) between the different scaffolds 

evaluated using theoretical, experimental and numerical methods 

Scaffold AX1 AX2 AX3 AX4 AX5 

Parameters 
𝐸 

(GPa) 

𝜎𝑦 

(MPa) 

𝐸 

(GPa) 

𝜎𝑦 

(MPa) 

𝐸 

(GPa) 

𝜎𝑦 

(MPa) 

𝐸 

(GPa) 

𝜎𝑦 

(MPa) 

𝐸 

(GPa) 

𝜎𝑦 

(MPa) 

Theoretical 1.73 77.73 1.18 58.48 1.25 61.11 0.8 43.55 0.93 48.82 

Experimental 1.66 56 1.13 32 1.57 36 1.27 52 1.6 40 

FEA 1.68 54 1.17 31 1.59 35 1.3 50 1.65 39 

Theoretical calculations were done by using Ashby’s criterion, which is designed with 

the relative density of the cellular structures, but when it comes to the auxetic 

structures literature showed that there is a higher influence of the geometry than the 

relative density of the structure on the mechanical properties. This is evident in the 

present analysis with theoretical performance deviating significantly from both 

experimental and numerical results as shown in Table 6.3. Comparing theoretical and 
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experimental results, the lowest deviation in 𝐸 of 4.13% was observed for AX1, 

indicating that for this structure the stiffness is primarily driven by the porosity as 

opposed to geometry. On the contrary, AX5 showed the largest deviation in 𝐸 of 53% 

indicating for this structure the pore shape as opposed to relative density driving the 

stiffness behaviour. Examining the unit cell shapes closely for these two structures, it 

is evident that the AX1 is primarily composed of straight-line struts which do not bend 

under uniaxial compression. However, the unique bell-shaped architecture for AX5 

features curved beams that offer complex elastic deformation with struts bending 

within the unit cells reducing the overall load being transferred between unit cell layers. 

As a result of this phenomenon, the stiffness behaviour is significantly affected by the 

unit cell shape as opposed to AX1 which explains the difference in the elastic modulus 

observed. 

When it comes to yield strength, the lowest deviation of 17.7% between experimental 

and theoretical performance was observed for AX4 worsening to 58.5% for AX2. The 

lower accuracy of Ashby’s criterion in predicting the yield strength as opposed to 

elastic modulus is well documented. However, for the architectures under 

consideration, the unique unit cell shapes between AX2 and AX4 are responsible for 

the large deviation between experimental and theoretical results. Despite both AX4 

and AX2 being inspired by the arrowhead cellular architectures, the former features 

straight vertical beams which significantly increase the stress concentration leading to 

earlier failure which is not captured in the theoretical prediction. On the contrary, the 

absence of vertical beams within the unit cell for AX4 allows the dissipation of larger 

loads throughout the structure which is often captured through relative density when 

using Ashby’s criterion. 
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Following the works of Salimon et al. [359], a certain dependence of 𝜎𝑦 was 

established with 𝜌𝑟 for cellular structures. Nevertheless, some discrepancies were 

observed between theoretical and experimental results, which is likely to be 

contributed by the stress concentration. Overall, it is well established [360–362] that 

certain designs are more prone to stress concentration and may lead to an early onset 

of plasticity failure. However, any correlation of this to auxetic structures are still 

unknown when it comes to the performance of biomedical scaffolds in general. 

Furthermore, given that scaffolds often require a high porosity (>60%), identifying the 

location of stress concentration is crucial for the design of functional scaffolds. 

Unlike experimental tests, the FE model provides a large set of data, and the close 

validation allows it to be extended for further analysis. Accordingly, Figure 6.4 shows 

the stress distribution within the scaffold, which reveals the location of the stress 

concentration. A constant legend is used to aid visual identification of the best and 

worst cases for their respective stress profiles. The associated magnitude for 𝜎𝑚𝑎𝑥 can 

be identified from Figure 6.3 for the respective porosities. 

Evaluating the results, depending on the UC, there is a significant disparity in 𝜎𝑚𝑎𝑥 

experienced by the scaffolds. The highest stress concentration is exhibited by AX2, 

followed by AX3 and AX5. The lowest stress concentration with the most uniform 

stress distribution was exhibited by AX1, followed by AX4. It can be seen that the trend 

in stress concentration is consistent with the yield strength observed, signifying a 

reduction in strength due to stress concentration. 
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(a) AX1 (b) AX2 (c) AX3 

  

 

 

(d) AX4 (e) AX5  

 

Figure 6.4. Finite element simulation of the stress distribution in the auxetic scaffold showing (a) AX1, 

(b) AX2, (c) AX3, (d) AX4 and (e) AX5 

When the scaffolds are compressed elastically, the macroscopic stresses that are 

generated within the material is proportional to 𝜀. In chapter 5, we showed the 

performance of the scaffold is primarily dependent on the unit cell shape and does not 

follow the power law associated with relative density. It can be seen from the FEA data 

that this is due to the dependents of the stress concentration on the shape of the UC 

𝑺𝒕𝒓𝒆𝒔𝒔 (𝑴𝑷𝒂) 
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and the associated connection to adjacent UCs. Consequently, the design that 

featured the highest stress showed the lowest 𝐸 and 𝜎𝑦. As a result, AX1 shows the 

highest stiffness and strength due to its lower stress concentration in comparison to 

other designs analysed. Therefore, it can be concluded that higher stress concentrated 

auxetic scaffold designs featuring unit cells such as arrowhead (UC2) and modified re-

entrant (UC3) should be avoided. 

6.4. Conclusion 

This chapter presents the develops a finite element model that can be used to predict 

the mechanical performance of additively manufactured auxetic bone scaffolds. 

▪ The comparison of the finite element and experimental test results showed that 

the FE model developed in this thesis could predict the mechanical 

performance of auxetic bone scaffolds at an accuracy of ~96%. 

▪ The results of the mesh convergence study found an element size of 0.1 mm 

to be suitable for the optimum balance between computational time and 

accuracy. 

▪ The FE model developed in this study can be used to characterise the 

Poisson’s ratio, elastic modulus and yield strength of CoCrMo bone scaffolds 

at a difference of 4.10, 3.84 and 3.41%, respectively. 

▪ The finite element model was found to visualise the stress concentration of the 

scaffolds, which explained the influence of unit cell shape on mechanical 

performance. 
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Chapter 7 

Identifying best designs using combined 

TOPSIS and AHP 

 

7.1. Introduction 

This chapter presents a potential methodology to identify the best auxetic bone 

scaffold designs following the multi-criteria decision making procedure. A combination 

of two techniques, namely the Technique for Order Preference by Similarity to Ideal 

Solutions (TOPSIS) and Analytic Hierarchy Process (AHP) are considered. The hybrid 

technique is used to identify the best scaffold design under two scenarios, which can 

benefit bone scaffold application. The first scenario is to identify a scaffold design that 

offers a near-zero negative Poisson’s ratio (−𝜐) while satisfying five different criteria 

required for bone scaffolds. The second scenario was to identify the bone scaffold with 

the highest −𝜐 while offering suitable performance for other selected parameters. 

While Scenario 1 can be advantageous for wound healing by limiting the lateral strain, 

Scenario 2 can offer the highest stimulation for bone growth at the bone-scaffold 

interface. 

This is the first research to bring forward the combined AHP and TOPSIS methodology 

within the context of auxetic scaffold design to aid decision making. As such, the aim 

is to reduce the number of designs from five to two to demonstrate parametric analysis 

and optimisation for targeted auxetic and stiffness matching performance, which are 

explained in subsequent chapters. 
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7.2. Multi-criteria decision-making methodology (MCDM) 

The TOPSIS approach is used to determine the final ranking, and the AHP is utilised 

to score and set the share of importance of the relative weights for the decision 

criterion sets. AHP can effectively handle circumstances in which various individual 

subjective opinions are considered during the decision-making process. However, 

dealing with excessive pair-wise comparisons of attributes and options might be 

challenging [363]. When processing a large number of alternatives, TOPSIS is more 

effective. The conventional TOPSIS technique, however, makes use of assumed 

significance weights and lacks an effective way for determining importance weights 

for different criterions [364]. The AHP model may be used to address the TOPSIS 

problem with weight elicitation. The TOPSIS and AHP model combines the advantage 

of AHP (that allows pair-wise comparisons of alternatives while eliciting weights) with 

those of TOPSIS (that does not have capacity limitations on the numbers of attributes 

and alternatives considered and involves straightforward computations). 

7.2.1. TOPSIS 

Most real-life decision-making problems have several conflicting criteria and 

objectives to be considered simultaneously. Where there are multiple parameters to 

consider, a multi-criteria decision-making (MCDM) algorithm can be used to identify 

the best possible solution. MCDM models are used to achieve an optimum decision 

when encountered with several alternatives featuring non-commensurable and 

conflicting decision criteria [365]. The MCDM model is renowned for addressing 

complex real-life issues because of its intrinsic capability of judging diverse 

alternatives based on numerous decision criteria in order to select the most suitable 
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choice. While there are numerous MCDM methods, one of the most promising 

methods in this regard is the Technique for Order of Preference by Similarity to Ideal 

Solution (TOPSIS) [366].  

TOPSIS is one of the most rigid and robust MCDM techniques, and it functions in a 

multi-dimensional computing area to determine the alternative solution that is near to 

the ideal and far from the worse case [367]. TOPSIS is widely adopted because of its 

user-friendliness. The calculation procedures of TOPSIS are similar regardless of how 

many alternatives are available, thus enabling fast computations. For every 

alternative, the technique concurrently factors the distance from the worst solution to 

the best one [368]. The perfect positive solution involves all the good values of every 

rank, and the perfect negative solution involves all the worst [369]. 

TOPSIS can be considered as a very reliable technique, despite its failure to consider 

the relationship of attributes because of its peculiar utilisation of Euclidean distance to 

determine the distance from the ideal negative and positive solutions. Other similar 

techniques benchmark the resolution under consideration directly against the most 

suitable and worst prevailing ones. Because of its robustness and reliability, TOPSIS 

is applied in numerous fields, including marketing, business, resource management, 

manufacturing, and engineering [367]. 

The basic principle of the TOPSIS technique is that the optimal decision is usually 

closest to the ideal solution and as far away as the worst solution [370]. The perfect 

solution should possess a rank of one, and the worst alternative must have a rank 

close to 0 [371]. The TOPSIS method can be broken down into the following six steps. 
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Step 1: Generally, the process for the TOPSIS algorithm begins with the formulation 

of the normalise decision matrix 𝑟𝑖𝑗, as shown in Equation (7.1) which represents the 

satisfaction value of every criterion with every alternative. Presume 𝑥𝑖𝑗  is the decision 

matrix of alternative 𝑗 under the evaluation criterion 𝑖. 

𝑟𝑖𝑗 =
𝑥𝑖𝑗

√∑ 𝑥𝑖𝑗
2𝑚

𝑗=1

, 𝑗 = 1,2, … ,𝑚, 𝑖 = 1,2, … , 𝑛 
(7.1) 

Step 2: Normalise the matrix with a required normalising scheme and multiply the 

values by the criteria weights. 𝑊𝑖  is the weights of criteria as given in Equation (7.2). 

∑𝑤𝑖 = 1

𝑛

𝑖=1

 

𝑣𝑖𝑗 = 𝑤𝑖 × 𝑟𝑖𝑗, 𝑗 = 1,2, … ,𝑚, 𝑖 = 1,2, … , 𝑛 

(7.2) 

Step 3: The negative ideal and positive ideal solutions are computed for the weighted 

normalised decision matrix as shown in Equations (7.3) and (7.4): 

𝐴∗ = {𝑣1
∗, 𝑣2

∗, … , 𝑣𝑖
∗} = {(𝑀𝑎𝑥 𝑣𝑖𝑗

𝑗

|𝑖 ∈ 𝐼′), (𝑀𝑖𝑛
𝑗
 𝑣𝑖𝑗|𝑖 ∈ 𝐼

′′)} (7.3) 

𝐴− = {𝑣1
−, 𝑣2

−, … , 𝑣𝑖
−} = {(𝑀𝑖𝑛 𝑣𝑖𝑗

𝑗

|𝑖 ∈ 𝐼′), (𝑀𝑎𝑥
𝑗
𝑣𝑖𝑗|𝑖 ∈ 𝐼

″)} (7.4) 

where 𝐼′ is associated with the benefit criteria, and 𝐼′′ is associated with the cost 

criteria. 

Step 4: Separation measures have been calculated by using the n-dimensional 

Euclidean distance. Positive ideal solution (𝐷𝑗
∗) and the negative ideal solution (𝐷𝑗

−) 

given by Equations (7.5) and (7.6), respectively: 



   

 

148 

𝐷𝑗
∗ = √∑(𝑣𝑖𝑗 − 𝑣∗)2

𝑛

𝑖=1

, 𝑗 = 1,2, … ,𝑚 

(7.5) 

 

𝐷𝑗
− = √∑(𝑣𝑖𝑗 − 𝑣−)2

𝑛

𝑖=1

, 𝑗 = 1,2, … ,𝑚 

(7.6)    

Step 5: Calculate the relative closeness to the ideal solution (𝐶𝐶𝑗
∗), where the index 

value lies between 0 and 1 as shown in Equation (7.7): 

𝐶𝐶𝑗
∗ =

𝐷𝑗
−

𝐷𝑗
∗ + 𝐷𝑗

− , 𝑗 = 1,2, … ,𝑚 
(7.7) 

Step 6: Rank the alternatives based on their relative proximity based on descending 

values of 𝐶𝐶𝑗
∗ to the perfect solution. The larger index value means better performance 

of the alternatives [372].  

The TOPSIS approach can be used to make complex decision making, performing 

analyses, comparisons and rankings of the identified alternative solutions. The 

classical TOPSIS technique addresses issues where all decision data are represented 

by numbers. Other several extensions have been suggested based on the initial 

TOPSIS technique, offering support for fuzzy or interval criteria, vagueness, lack of 

information, uncertainty, or fuzzy or interval weights to modelled imprecision [373].  

7.2.2. Analytic hierarchy process 

The analytical hierarchy process (AHP) refers to the MCDM technique of decision 

making involving by developing a hierarchy of various levels to disintegrate a complex 

issue into subproblems [374]. AHP is helpful in carrying out a pairwise comparison of 



   

 

149 

the criteria on a scale of 1-9 at every level developed by Saaty [375] in 1979s, as listed 

in Table 7.1. 

Table 7.1. Saaty rating scale for analytical hierarchy process (AHP) [371] 

Intensity of Importance Definition 

1 Equal importance 

3 Moderate importance 

5 Strong importance 

7 Very strong importance 

9 Extreme importance 

2,4,6,8 Intermediate values 

1/3,1/5,1/7,1/9 Values for inverse comparison 

AHP is utilised to synthesise data associated with decision-making across all 

manufacturing areas, starting from the primary sector to the tertiary sector. AHP is 

widely applied in decision-making processes because of its user-friendliness. Another 

advantage of this technique is the scalability, which implies that the AHP hierarchical 

structure can be sized down or upwards, even though this is limited to alternatives 

achieving the criteria that are assessed with a similar absolute scale [376]. The steps 

required to perform AHP are as follows: 

Step 1: Developing a hierarchical structure with a goal at the top level, criteria at the 

second level and alternatives at the third level. 

Step 2: Determine the relative importance of different criteria with respect to the goal. 

Step 3: Calculate the consistency to check the calculated values are correct or not. 

Step 4: Get the relative weights. 
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7.2.3. Scenarios for the selection of auxetic bone scaffolds  

As discussed in the literature review presented in Chapter 2, Section 2.5.2, stress 

shielding, and maladapted stress concentration are major issues when it comes to 

bone tissue engineering. This is due to the stress mismatching between bone and the 

implant facilitated by the difference in mechanical properties at the interface. Studies 

have confirmed that a large mismatch in stiffness between the host bone and the load-

bearing implant is the primary cause for both stress shielding and maladapted stress 

concentration. 

Table 7.2. Summary of scenario-based decision-making criterion used for the selection of CoCrMo 

meta-biomaterial bone scaffold satisfying two different auxetic lateral strain criteria while satisfying the 

general requirements for load-bearing bone scaffolds 

Parameters of interest Notation 
Decision-making criteria 

Scenario 1 (S1) Scenario 2 (S2) 

Poisson’s ratio −𝜐 ↓ ↑ 

Porosity 𝜑 ↑ 

Normalised yield strength 𝜎𝑦̅̅ ̅ ↑ 

Normalised elastic modulus �̅� ↑ 

Ease of design 𝐸𝑜𝐷 ↑ 

Order of influence - −𝜐 > 𝜑 > 𝜎𝑦 > 𝐸 > 𝐸𝑜𝐷 

 

Within this context, the thesis aims to develop auxetic bone scaffolds with optimal 

mechanical properties to reduce the stress shielding effect. Besides that, the 

regeneration process of the bone is also considered. In porous materials, controlling 

Poisson’s ratio can manipulate the strain stimulus during bone regeneration [185]. 

Poisson’s ratio can be positive, negative or zero values. Previous studies showed that 

lateral elastic strain of the bone scaffolds during compression influences bone 

regeneration. Although a high negative lateral strain requires scaffolds with maximum 
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−𝜐, this might not be ideal under all conditions. As such, to consider multiple 

eventualities, two scenarios are considered in this study which looks at designs that 

maximise and minimises Poisson’s ratio values for bone scaffold application as 

summarised in Table 7.2. 

7.2.3.1. Scenario 1: Auxetic bone scaffold with near-zero −𝝊 

Scaffold with a zero Poisson’s ratio (ZPR) may be better at emulating the behaviour 

of native tissues and accommodating and conveying stresses to the host tissue site 

during wound healing in tissue engineering applications. The ZPR can be beneficial if 

the healing process is more important than the faster tissue growth. Soman et al. [177] 

studied single- and double-layer Polyethylene glycol (PEG) scaffolds, which exhibited 

in-plane ZPR behaviour and stated that ZPR would be beneficial in the engineering of 

cartilage, corneal and ligament tissues. Considering this recommendation, the first 

scenario of the scaffold selection looks at achieving a ZPR with a view to optimising 

the architecture to offer stiffness matching at a suitable porosity. 

7.2.3.2. Scenario 2: Auxetic bone scaffold with highest −𝝊 

Mechanical stimulation is one of the factors that regulate bone regeneration and 

healing [377]. Bone regeneration at a tissue-scaffold interface is influenced by the type 

and magnitude of the mechanical stimulus. Although in the early stages, Kim et al. [3] 

suggest that the auxetic materials that offer mechanical properties tailored to natural 

tissue show an improved tissue reconstruction ability. According to Velasco et al. 

[378], bone tissue regeneration is influenced by numerous mechano-regulatory 

phenomenon where high strains can influence faster regeneration in fibrous tissues. 

As such, a highest −𝜐 may be helpful for tissue reintegration due to the extended 
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mechanical stimulus it offers  [379,380]. To this extent, the second scenario looks at 

identifying the best scaffold design that offers the highest −𝜐 with a view to optimising 

for stiffness matching at a suitable porosity. 

7.3. Results and discussion 

The AHP and TOPSIS methodologies are combined in this study. The TOPSIS 

approach is utilised to determine the final ranking to identify the best designs, and the 

AHP is used to score and set the share of the importance of the relative weights for 

the choice criteria sets. Alternatives in the hierarchy are the five (AX1 to AX5) auxetic 

scaffolds influenced by five criteria which include the Poisson’s ratio (𝜐), Porosity (𝜑), 

yield strength (𝜎𝑦), elastic modulus (𝐸) and ease of design (𝐸𝑜𝐷). The yield strength 

and elastic modulus were normalised with respect to relative density to offer a like for 

like comparison neutralising the differences in porosity. The ease of design parameter 

is conceived from a five-point numerical scale, where 5 and 1 are the simplest and 

most complex designs, respectively (Table 7.2). 

Table 7.3. Decisional matrix and the parametric values used for multi-criteria decision making 

Design 𝝊  𝝋 (%)  𝝈𝒚 (𝑴𝑷𝒂)   𝑬 (𝑮𝑷𝒂)  𝑬𝒐𝑫 

AX1 -0.24 73.05 207.78 6.16 4 

AX2 -0.13 76.72 137.47 4.85 1 

AX3 -0.1 78.17 164.90 7.19 2 

AX4 -0.16 81.98 288.50 7.05 5 

AX5 -0.16 81.16 212.28 8.49 3 
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Using the data shown in Table 7.2, a decision model is created using an analytic 

hierarchy process (AHP) as shown in Figure 7.1 to derive relative weights for the 

decision criteria following the Saaty rating scale. The parametric importance of the 

criteria is in the following form: 𝜐 > 𝜑 > 𝜎𝑦 > 𝐸 > 𝐸𝑜𝐷. 

7.3.1. Scenario 1: Selection of auxetic bone scaffold with near-zero −𝝊 

In the analytic hierarchy process, importance values decide the weights of the criteria. 

Criteria weights were calculated by using step by step procedure discussed in the AHP 

process. Poisson’s ratio has the highest importance than the other alternatives. To 

achieve scenario one, the lowest value of the −𝜐 is set as the ideal. Therefore, inverse 

values were used in Poisson’s ratio row, as shown in the pairwise comparison matrix 

in Table 7.3. The pair-wise matrix is normalised by dividing all the values in Table 7.3 

by the sum of the column resulting in the normalised pairwise comparison matrix 

shown in Table 7.4. Finally, the relative weights of each criterion for the selection of 

1. Goal 
 

Best auxetic design 

2. Criteria 

Poisson’s ratio, Porosity, Yield 
strength, Elastic modulus, Ease of 

design 

3. Alternatives 

AX1, AX2, AX3, AX4, AX5 

 
Figure 7.1. Hierarchical model 
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the ideal design are calculated by averaging all the element value in each row (Table 

7.4), resulting in Table 7.5. 

Table 7.4. Pair-wise comparison matrix to determine the relative importance of the five selected 

parameters contributing to the selection of a near-zero Poisson’s ratio auxetic bone scaffold  

 
𝝊 𝝋 𝝈𝒚  𝑬 𝑬𝒐𝑫 

𝝊 1 1/3 1/5 1/7 1/9 

𝝋 3 1 3 5 7 

𝝈𝒚  5 1/3 1 3 5 

𝑬 7 1/5 1/3 1 3 

𝑬𝒐𝑫 9 1/7 1/5 1/3 1 

Sum 25 2.01 4.73 9.48 16.11 

 

Table 7.5. Normalised pair-wise comparison matrix to determine the relative importance of the five 

selected parameters 

 
𝝊 𝝋 𝝈𝒚  𝑬 𝑬𝒐𝑫 

𝝊  0.0400 0.1659 0.0423 0.0151 0.0069 

𝝋 0.1200 0.4976 0.6338 0.5276 0.4345 

𝝈𝒚  0.2000 0.1659 0.2113 0.3166 0.3103 

𝑬  0.2800 0.0995 0.0704 0.1055 0.1862 

𝑬𝒐𝑫 0.3600 0.0711 0.0423 0.0352 0.0621 

Table 7.6. Criteria relative weights showing the importance of the selected parameters in the selection 

of a near-zero Poisson’s ratio auxetic bone scaffold 

Criteria Criteria weight 

Poisson’s ratio 0.0540 

Porosity 0.4427 

Yield strength 0.2408 

Elastic modulus 0.1483 

Ease of Design 0.1141 

The TOPSIS approach is used in the final stage to fulfil the desired objectives. The 

main principle of this process is that the best alternative (AX1 to AX5) should be as 
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close to the most advantageous alternative as possible and as far away from the worst 

alternative. The best alternative should have a rank of one, while the worst option 

should be close to zero [371]. The normalised values related to the criteria shown in 

Table 7.6 was calculated from the decisional matrix in Table 7.2 by using Equation 

(7.1). 

Table 7.7. The normalised values related to the criteria 

Design 𝝊 𝝋 𝝈𝒚  𝑬 𝑬𝒐𝑫 

AX1 0.6515 0.4173 0.4455 0.4018 0.5394 

AX2 0.3529 0.4383 0.2947 0.3167 0.1348 

AX3 0.2715 0.4466 0.3535 0.4692 0.2697 

AX4 0.4343 0.4683 0.6185 0.4597 0.6742 

AX5 0.4343 0.4636 0.4551 0.5539 0.4045 

The normalised weighted matrix, as shown in Table 7.7, was calculated using 

Equation (7.2) by multiplying each element of each column of the normalised decision 

matrix (Table 7.6) by the relative criteria weights (Table 7.5). Subsequently, the 

negative and positive ideal solutions, as listed in Table 7.8, were calculated for the 

weighted normalised decision matrix (Table 7.7) by using Equations (7.3) and (7.4). 

Table 7.8. Weighted normalised matrix 

Design 𝝊 𝝋 𝝈𝒚  𝑬 𝑬𝒐𝑫 

AX1 0.0352 0.1848 0.1073 0.0596 0.0616 

AX2 0.0191 0.1940 0.0710 0.0470 0.0154 

AX3 0.0147 0.1977 0.0851 0.0696 0.0308 

AX4 0.0235 0.2073 0.1490 0.0682 0.0769 

AX5 0.0235 0.2053 0.1096 0.0822 0.0462 



   

 

156 

 

Table 7.9. Positive and negative ideal solution 

 
𝝊 𝝋 𝝈𝒚  𝑬 𝑬𝒐𝑫 

Positive Solution (A*) 0.0147 0.2073 0.1490 0.0822 0.0769 

Negative Solution (A-) 0.0352 0.1848 0.0710 0.0470 0.0154 

Once the positive and negative ideal solutions are obtained, as shown in Table 7.8, 

the separation distance of each competitive alternative from the positive (𝐷𝑗
∗) and 

negative (𝐷𝑗
−) ideal solutions were calculated using Equations (7.5) and (7.6). In 

addition, the relative closeness value was calculated using Equation (7.7). Finally, the 

scaffold alternatives were ranked based on the closeness values to identify the best 

design, as shown in Table 7.9. It can be seen that the application of the combined 

AHP and TOPSIS method identified AX4 to be the best scaffold design for offering a 

near-zero Poisson’s ratio (Scenario 1) while meeting all the parametric criteria for 

further optimisation. The procedure was repeated to identify the best design for 

Scenario 2. 

Table 7.10. Ranking matrix identifying the best auxetic scaffolds meeting all the decision criteria while 

offering a near zero Poisson’s ratio 

Design (𝑫𝒋
∗) (𝑫𝒋

−) Relative 

closeness 

values (𝑪𝑪𝒋
∗) 

Rank 

AX1 0.0584 0.0601 0.507 3 

AX2 0.1063 0.0186 0.149 5 

AX3 0.0803 0.0392 0.328 4 

AX4 0.0165 0.1047 0.864 1 

AX5 0.0508 0.0651 0.562 2 
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7.3.2. Scenario 2: Auxetic bone scaffold with highest −𝝊 

Similar to Scenario 1, importance was assigned given to the alternatives. To achieve 

scenario two, the highest value of the −𝜐 has to be the ideal. Therefore, inverse values 

were used in Poisson’s ratio column, as shown in the AHP pairwise comparison matrix 

in Table 7.10. Then the normalised pair-wise comparison matrix listed in Table 7.11 

was obtained by dividing the elements of the column by the sum of the column in 7.10. 

Finally, the criteria weights from the AHP process were calculated by averaging all the 

element value in each row, as shown in Table 7.12. 

Table 7.11. Pair-wise comparison matrix 

Design 𝝊 𝝋 𝝈𝒚  𝑬 𝑬𝒐𝑫 

𝝊  1 3 5 7 9 

𝝋 1/3 1 3 5 7 

𝝈𝒚  1/5 1/3 1 3 5 

𝑬  1/7 1/5 1/3 1 3 

𝑬𝒐𝑫 1/9 1/7 1/5 1/3 1 

Sum 1.79 4.68 9.53 16.33 25 

Table 7.12. Normalised pair-wise comparison matrix 

Design 𝝊 𝝋 𝝈𝒚  𝑬 𝑬𝒐𝑫 

𝝊 0.5595 0.6415 0.5245 0.4286 0.3600 

𝝋 0.1865 0.2138 0.3147 0.3061 0.2800 

𝝈𝒚  0.1119 0.0713 0.1049 0.1837 0.2000 

𝑬  0.0799 0.0428 0.0350 0.0612 0.1200 

𝑬𝒐𝑫 0.0622 0.0305 0.0210 0.0204 0.0400 

TOPSIS method was applied to identify the best design relevant to Scenario 2 using 

AHP criteria weight results in Table 7.12. The alternative which receives 𝑪𝑪𝒋
∗ closer to 

1 will be the best candidate given the decision-making criteria. The normalised values 
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related to the criteria in Table 7.6 was used for Scenario 2 with criteria weights listed 

in Table 7.12. 

Table 7.13. Criteria relative weights 

Criteria Criteria weight 

Poisson’s ratio 0.5028 

Porosity 0.2602 

Yield strength 0.1344 

Elastic modulus 0.0678 

Ease of Design 0.0348 

The Normalised weighted matrix shown in 7.13 was calculated using Equation (7.2) 

by multiplying each element of each column of the normalised decision matrix (Table 

7.6) by the relative criteria weights (Table 7.12). 

Table 7.14. Weighted normalised matrix 

Design 𝝊 𝝋 𝝈𝒚  𝑬 𝑬𝒐𝑫 

AX1 0.3276 0.1086 0.0598 0.0272 0.0188 

AX2 0.1774 0.1141 0.0396 0.0215 0.0047 

AX3 0.1365 0.1162 0.0475 0.0318 0.0094 

AX4 0.2184 0.1219 0.0831 0.0312 0.0235 

AX5 0.2184 0.1207 0.0611 0.0375 0.0141 

Table 7.15. Positive and negative ideal solutions 

 
𝝊 𝝋 𝝈𝒚  𝑬 𝑬𝒐𝑫 

Positive Solution (A*) 0.3276 0.1219 0.0831 0.0375 0.0235 

Negative Solution (A-) 0.1365 0.1086 0.0396 0.0215 0.0047 

Subsequently, the negative and positive ideal solutions, as shown in Table 7.14, were 

calculated for the weighted normalised decision matrix by using Equations (7.3) and 

(7.4). The separation distance for each scaffold designs from the positive (𝐷𝑗
∗) and 
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negative (𝐷𝑗
−) ideal solutions were calculated using Equations (7.5) and (7.6). In 

addition, Equation (7.7) was used to calculate the relative closeness values resulting 

in the ranking as shown in Table 7.15. The results of the combined AHP and TOPSIS 

method identified that the most suitable auxetic scaffold design for Scenario 2 is AX1. 

Table 7.16. Ranking of alternatives for Scenario 2 

Design (𝑫𝒋
∗) (𝑫𝒋

−) Relative 

closeness 

values (𝑪𝑪𝒋
∗) 

Rank 

AX1 0.0291 0.1928 0.869 1 

AX2 0.1585 0.0413 0.207 4 

AX3 0.1951 0.0158 0.075 5 

AX4 0.1094 0.0960 0.468 2 

AX5 0.1118 0.0875 0.439 3 

 

7.4. Conclusion 

This chapter brings forward a hybrid multi-criteria selection model combining AHP and 

TOPSIS for the selection of bone scaffold designs for the first time. As such, the 

chapter of the research provides a new way to the selection of auxetic bone scaffolds 

considering a range of favourable parameters. 

▪ A decision-making procedure for auxetic bone scaffolds featuring five selection 

criteria in the order Poisson’s ratio > Porosity > yield strength > elastic modulus 

> ease of design applied to two scenarios to identify ideal designs are 

demonstrated. 

▪ The combined AHP and TOPSIS method identified AX4 as the best scaffold 

design to offer a near-zero negative Poisson’s ratio while satisfying the relative 

importance of the five selected criteria. 
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▪ The combined AHP and TOPSIS method identified AX1 as the best scaffold 

design to offer the highest negative Poisson’s ratio while satisfying the relative 

importance of the five selected criteria. 

These two designs will be used in subsequent chapters for parametric analysis and 

optimisation for stiffness matching while preserving their auxetic functionalities. 
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Chapter 8 

Parametric analysis of best auxetic design 

 

8.1. Introduction 

An optimum auxetic bone scaffold is the one that offers an ideal mechanical response, 

stiffness matching and targeted porosity and strength. As such, understanding the 

relationship between these responses and the scaffold design parameters is critical 

for the generation of optimum designs. However, an optimisation problem requires the 

design parameters to be linked to the responses first. This can be done through the 

development of a surrogate model, which uses response surfaces to characterise the 

influence of geometrical parameters and their interaction on the responses of interest. 

The surrogate model employs mathematical and statistical techniques that are based 

on the fit of empirical models to numerical data. This is done by employing polynomial 

functions to describe the behaviour of the auxetic lattice selected for the bone scaffold 

and to explore their parametric influence. 

This chapter describes the surrogate modelling used to carry out parametric analysis 

of scaffolds AX1 and AX4 identified by AHP and TOPSIS as the most suitable designs 

for Scenario 2 (S2) and Scenario 1 (S1), respectively. Response surface methodology 

(RSM) following Central composite design (CCD) was applied to develop models for 

the responses of the selected auxetic scaffolds. Variation of design variables on four 

primary responses are considered, namely the negative Poisson’s ratio (−𝜐), porosity 

(𝜑), yield strength (𝜎𝑦) and elastic modulus (𝐸). 
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The analysis carried out on S1 and S2 reveals the influence of design control variables 

(𝑡 and 𝜃) on the performance of near-zero and high strain auxetic bone scaffolds, 

respectively. The analysis of variance (ANOVA) is used to evaluate the quality of the 

surrogate model in capturing the influence of 𝜑, – 𝜐, 𝜎𝑦 and 𝐸 for the designs 

considered. Overall, the chapter presents a response surface model that can 

adequately capture the influences of varying thickness and angle on the mechanical 

performance and porosity of auxetic bone scaffolds. 

Overall, the chapter shows that the control variables 𝑡 and 𝜃 has a significant influence 

in varying both the porosity and mechanical performance of both AX1 and AX4 

scaffolds. As such, these design parameters can be modulated to achieve targeted 

performance which will be demonstrated in Chapter 9. 

8.2. Response surface methodology 

Response surface methodology (RSM) was used to create a surrogate model by using 

the Central composite design (CCD), which is one of the DoE methods. RSM is a set 

of statistical and mathematical techniques that can be used to design, improve, and 

optimise processes. RSM is generally applied when the number of input factors has 

an impact on the performance of a process or quality characteristic [381,382]. As such, 

RSM can be used to describe the performance metric or a quality attribute and its 

relationships to the input variables. The input variables, also known as independent 

variables, can be selected based on a specific design or process requirements [383]. 

For the problem under consideration, the design parameters of the scaffolds must be 

linked to the responses first to obtain the solution for the optimisation problem as 

conceived in ‘Scenario 1’ and ‘Scenario 2’. The surrogate models were created using 



   

 

163 

RSM, which use response surfaces to evaluate the effect of geometrical parameters 

and their interactions on the responses of interest.  

It is challenging to identify and control the contribution of all variables and their 

influence on the scaffold design. As such, the strut thickness (𝑡) and auxetic angle (𝜃) 

were chosen as the variables to investigate their significance on both the auxetic 

behaviour and mechanical performance of the scaffold.  

Table 8.1. Design variables selected for the auxetic scaffold to be optimised under Scenario 1 

 

Variable 𝜽(𝒅𝒆𝒈. ) 𝒕 (𝒎𝒎) 

-1 15 0.38 

0 20 0.43 

1 25 0.48 

 

Table 8.2. Design variables selected for the auxetic scaffold to be optimised under Scenario 2 

 Variable 𝜽(𝒅𝒆𝒈. ) 𝒕(𝒎𝒎) 

-1 65 0.25 

0 70 0.30 

1 75 0.35 

Table 8.1 and 8.2 summarises how these variables correspond to designs selected 

for ‘Scenario 1’ and ‘Scenario 2’, respectively. The thickness (𝑡) ranges chosen for the 

two scenarios supply a fair balance between the structure’s quality and its ability to 

deform adequately under loading. Angle (𝜃) was varied between 15° and 25° for 

scenario one. The upper limit of 25° was the highest angle feasible without penetrating 

the struts. The lower limit was set to 15° as any further reduction can result in non-

auxetic behaviour under compressive loading. Although Chapter 4 showed there 

exists a slight variation between ideal and additively manufactured samples when it 

𝑡 𝜃 

𝑡 𝜃 
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comes to strut thickness (t) and auxetic angle (θ). The influence of this on −𝜐 was 

found to be 2.51% (Table 6.2) for AX4 which is the chosen architecture for Scenario 

1. At no point, did the slight variation in additively manufactured samples resulted in a 

positive Poisson’s ratio, in this regard, a 2.51% variation cannot change the strain 

direction of the architecture. As such the approach for optimising near-zero Poisson’s 

ratio architecture guarantees a near zero but negative −𝜐 in real life taking into 

consideration any variation that may occur during fabrication. Similarly, for Scenario 

2, 𝜃 below 65° can result in penetration of the struts, and an angle higher than 75° risks 

non-auxetic behaviour under compression.  

Accordingly, four responses are used to represent the model in this study: Poisson’s 

ratio (𝜐), porosity (𝜑), yield strength (𝜎𝑦) and elastic modulus (𝐸). The response 

surface model can be used to predict the performance, which can identify the design 

parameters that has the most influence on the scaffold’s performance. The predictions 

are carried out through fitting the simulation data to suitable polynomial equations from 

randomised experimental sets. 

The use of RSM has the advantage of allowing the responses in a given design space 

to be identified with a smaller number of experimental sets referred to as the sampling 

design points. The CCD method employed in this study develops the response surface 

model following the methodology as summarised in Figure 8.1. CCD is a high-

efficiency sampling approach that enables the creation of accurate RS models with 

fewer experiments. 
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Figure 8.1. Flow chart of the optimisation process using the desirability approach 

When it comes to structural mechanics often, a certain relationship exists between 

output (𝑦) and design variables (𝑥), where a model can be written as shown in 

Equation (8.1): 
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𝑦 = 𝑓 (𝑥1, 𝑥2, …… . . , 𝑥𝑛) +  𝜀 (8.1) 

where, 𝑛 is the number of independent variables and the error associated with the 

response 𝑦 is 𝜀. If a second-order polynomial function is employed to explain the 

relationship between the responses and the independent variables in RSM, the RS 

model can be written as shown in Equation (8.2): 

𝑦 = 𝛽0 +∑𝛽𝑖𝑥𝑖

𝑘

𝑖=1

+∑𝛽𝑖𝑖𝑥𝑖
2

𝑘

𝑖=1

+∑∑𝛽𝑖𝑗𝑥𝑖𝑥𝑗 + 𝜀

𝑗𝑖

 (8.2) 

where, 𝛽0, 𝛽𝑖, 𝛽𝑖𝑗 𝑎𝑛𝑑 𝛽𝑖𝑖 are known as regression coefficients of the model. Regression 

coefficients are estimates describing the relationship between a predictor variable and 

the response. Once the randomised experimental sets are analysed and the beta 

values computed, the response surface model can be used to identify what values of 

𝑥 will fulfil a specific set of responses. As such, these models are suited for parametric 

analysis to conceive specific influences of each of the variables on the responses of 

interest (𝜐, 𝜑, 𝜎𝑦, 𝐸). Post-parametric analysis, the response surface model is used in 

Chapter 9 to identify the optimum values of design variables that satisfy a multi-

objective response criterion. 

 8.3. Results and discussion 

Using the methodology discussed in section 8.2, two RS models are generated using 

RSM, each to satisfy a specific scenario (Scenario 1 and Scenario 2). The combined 

AHP and TOPSIS analysis presented in Chapter 7 identified AX4 and AX1 as the best 

scaffold designs to perform optimisation under Scenario 1 and Scenario 2, 

respectively. As such, a parametric analysis of each of these designs (AX4 and AX1) 
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are carried out using the CCD method. The accuracy of the RS models is 

characterised using the analysis of variance (ANOVA) before using it for parametric 

analysis. Post-validation, the surrogate models are used to create response surfaces 

(RS) characterising the link between the geometrical parameters (𝑡, 𝜃) and the 

responses (𝜐, 𝜑, 𝜎𝑦, 𝐸 ) of interest for the auxetic bone scaffold. The subsequent 

section presents the analysis under respective scenarios starting from Scenario 1. 

8.3.1. Scenario 1: Influence of design parameters on the performance of AX4 

8.3.1.1. Generation of the response surface model for AX4 

The CCD higher-order methodology was used to create the response surface model, 

which represents the variables of interest as independent factors, as listed in Table 

8.3. Design variants of AX4 that met each of the factorial combinations dictated by the 

sampling points were generated. Each of the design samples was subsequently 

modelled and analysed using the using finite element method resulting in the 

responses for 𝜐, 𝜑, 𝜎𝑦 and 𝐸, as shown in Table 8.3. 

Table 8.3. CCD matrix showing the design variables and responses for AX4 in Scenario 1 

Factor 1 Factor 2 Response 1 Response 2 Response 3 Response 4 

A: 𝒕 

(mm) 

B: 𝜽 

(Deg.) 

𝝊 𝝋 

(%) 

𝝈𝒚 

(MPa) 

𝑬 

(GPa) 

0.39 24 -0.08 80.08 47 10.45 

0.43 20 -0.05 77.44 52 14.50 

0.47 16 -0.02 75.17 63 18.47 

0.43 20 -0.05 77.44 52 14.50 

0.43 20 -0.05 77.44 52 14.50 

0.43 20 -0.05 77.44 52 14.50 

0.43 25 -0.06 77.03 54 14.24 

0.43 15 -0.04 78.29 50 13.89 
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0.39 16 -0.05 81.13 46 10.07 

0.47 24 -0.03 73.99 64 18.69 

0.43 20 -0.05 77.44 52 14.50 

0.48 20 -0.02 73.63 64 20.60 

0.38 20 -0.07 81.38 41 09.46 

The best-fit indicators for the results were calculated and found that the 𝜑,  

𝜎𝑦 and 𝐸 can be characterised by linear models listed in Equations (8.3), (8.4) and 

(8.5), respectively. However, the 𝜐 was found to follow a quadratic trend signifying 

interaction effects between the design parameters as listed in Equation (8.6): 

𝜑 = 115.35 − 81.35𝑡 − 0.14𝜃 (8.3) 

𝜎𝑦 = −53.55 + 235.21𝑡 + 0.27𝜃 (8.4) 

𝐸 = −35.53 + 114.53𝑡 + 0.04𝜃 (8.5) 

𝜐 = 0.59 − 2.42𝑡 − 0.02𝜃 + 0.04𝑡𝜃 + 2.50𝑡2 + 5𝑒−5𝜃2 (8.6) 

The significance of each of the geometrical parameters of AX4 on the resulting 

mechanical performance was modelled using analysis of variance (ANOVA). Table 

8.4 summarises the relevant model terms and adequacy measures evaluating the 

quality of the response surface model generated. The probability (p-value), coefficient 

of determination R2, Adjusted R2, Predicted R2, and Adequate precision are the 

model’s accuracy measures. 
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Table 8.4. Summary of ANOVA for the developed RS model for AX4 

Model F-value p-value Statistical measurements 

R2 Adj-R2 Pre-R2 Adeq-

precision 

𝜑 1267.76 < 0.0001 0.9961 0.9953 0.9920 103.2622 

𝐸 613.45 < 0.0001 0.9919 0.9903 0.9822 72.873 

𝜐 124.28 < 0.0001 0.9889 0.9809 0.9208 37.6713 

𝜎𝑦 110.16 < 0.0001 0.9566 0.9479 0.9130 30.6959 

 

Table 8.4 shows that all four models feature large F-values and very low p-values, 

indicating that all four models are statistically significant. Model terms with p-values 

less than 0.0001 are considered significant [339]. Furthermore, models with more than 

four adequate precision ratios show that noise in the model is minimal [242]. And all 

of the models show high R2 (>0.9) values, which indicates a good agreement between 

the anticipated and adjusted R2. Overall, the analysis of variance reveals that all four 

models are accurate and can be utilised to carry out a parametric analysis within the 

range of design variables considered. 

After having evaluated the quality of the response surface models using ANOVA, the 

relationship between the finite element and RS model predictions were compared, as 

shown in Figure 8.2. For all responses being evaluated (𝜑, 𝐸, 𝜐 𝑎𝑛𝑑 𝜎𝑦), the predictions 

of the RS model (diagonal dotted line) can be seen to closely follow the numerical 

results. The comparatively small residuals, as presented in Table 8.5, also confirms 

that the models are valid. This means that Equations (8.3-8.6) adequately represents 

the relationship between the geometrical variables and the responses. This 

demonstrates that the RS models are suitable for predicting both mechanical 

performance and design parameter interactions for AX4. 
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(a) (b) 

  
(c) (d) 

Figure 8.2. Comparison between RS model and finite element predictions for AX4 showing (a) 

Porosity (𝜑), (b) elastic modulus (𝐸), (c) Negative Poisson’s ratio (−𝜐) and (d) Yield strength (𝜎𝑦) 

Table 8.5. Residual values for the RS models showing deviation of the sampling point responses with 

respect to ideal 

𝝋 𝑬 𝝊 𝝈𝒚 

0.1745 -0.1276 -0.0014 +1.36 

-0.0908 0.0100 0.0000 -1.00 

0.0140 0.0676 0.0039 +2.64 

-0.0908 0.0100 0.0000 -1.00 

-0.0908 0.0100 0.0000 -1.00 

-0.0908 0.0100 0.0000 -1.00 

0.2084 -0.4436 0.0008 -0.35 

0.0500 -0.4064 -0.0033 -1.65 
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0.2215 -0.2338 0.0016 +2.27 

-0.1630 0.0138 0.0009 +1.73 

-0.0908 0.0100 0.0000 -1.00 

0.1669 0.3834 -0.0029 -0.76 

-0.2184 0.6966 0.0004 -0.24 

 

8.3.1.2. Influence of AX4 design parameters on porosity 

Figure 8.3 shows that the strut thickness (𝑡) has the largest influence on porosity 

(Figure 8.3a), followed by the auxetic angle (𝜃) (Figure 8.3b). As shown in Figure 8.3a, 

the porosity of the structure increases linearly, consistent with the reduction in strut 

thickness. Looking at the influence of 𝜃 a similar trend could be observed, however, 

at a significantly lower linear slope. 

 
Figure 8.3. Influence of the design parameters on AX4 structure showing (a) the influence of strut 

thickness on porosity, (b) the influence of auxetic angle on porosity and (c) the interdependence of 

thickness and auxetic angle on porosity 

Looking at the interaction effects of the design parameters, as shown in Figure 8.3c, 

the lowest porosity of 73.63% was observed at the highest values for 𝑡 and 𝜃. The 

trend for the interaction effect also continued at the highest porosity of 81.38% at the 

lowest 𝑡 and 𝜃. This means that decreasing thickness reduces the relative density of 

the AX4 architecture, resulting in increased porosity. Decreasing 𝜃 reduces the length 
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of the strut, therefore increasing the relative density, also influencing porosity at a 

lower rate in comparison to 𝑡. Although an interdependence of 𝑡 and 𝜃 on porosity was 

observed, the cumulative effects are not drastic, as shown in Figure 8.3c. Therefore, 

for AX4, the porosity of the structure can be changed significantly by varying 𝑡. Overall, 

the first-order effects of 𝑡 are the most significant parameter on porosity. This indicates 

that varying porosity by decreasing 𝑡 will give a higher porosity than decreasing the 

same amount of 𝜃. 

8.3.1.3. Influence of AX4 design parameters on the elastic modulus 

It can be seen that the elastic modulus of AX4 primarily depends on 𝑡 (Figure 8.4a), 

with the highest (20.6 GPa) and lowest (9.46 GPa) value of 𝐸 corresponding to the 

highest and lowest 𝑡, respectively. Figure 8.4b shows that the influence of 𝜃 on the 

elastic modulus of AX4 is negligibly signified by an almost straight line across all the 

angles tested. 

Figure 8.4. Influence of the design parameters on AX4 structure showing (a) the influence of strut 

thickness on elastic modulus, (b) the influence of auxetic angle on elastic modulus and (c) the 

interdependence of thickness and auxetic angle on elastic modulus 
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As such 𝑡 is the most significant parameter when it comes to modulating the elastic 

modulus of the AX4 scaffold. This is expected as the thickness was found to have a 

significant influence on the relative density of the structure, as revealed in section 

8.3.1.2. Figure 8.4c shows that the interdependence of the design parameters on 𝐸 is 

minimal and has no effect on the performance trend, resulting in a constant 

performance slope notwithstanding the difference in 𝜃. Therefore, to increase 𝐸, 

increasing 𝑡 is the only option. 

8.3.1.4. Influence of AX4 design parameters on negative Poisson’s ratio 

Negative Poisson’s ratio was found to be significantly affected by both 𝑡 and 𝜃, as 

shown in Figure 8.5. A quadratic relationship can be observed in Figure 8.5a, with the 

absolute value of −𝜐 increasing consistently with thickness. This is due to the lateral 

shrinkage of the being significantly influenced by the porosity allowing space for elastic 

deformation. As the thickness increases, the relative density decreases, leading to a 

higher stiffness lowering elastic deformation. As a result, the lateral shrinkage is 

reduced, increasing the absolute value −𝜐, as shown in Figure 8.5a.  

Although not as significant in comparison to 𝑡, 𝜃 was also found to significantly affect 

−𝜐, as shown in Figure 8.5b. The reason for this is due to the influence of the angle 

on the load transfer of the unit cell; at higher angles, larger loads are being transferred 

to the lateral connections increasing the lateral strain increasing  −𝜐. This means, for 

AX4, if 𝜃 decreases below a certain value, the Poisson’s ratio will change from 

negative to positive. As can be seen, both design variables have a separate function 

to play in altering the Poisson’s ratio, as shown in Figure 8.5c. 
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Figure 8.5. Influence of the design parameters on AX4 structure showing (a) the influence of strut 

thickness on Poisson’s ratio, (b) the influence of auxetic angle on Poisson’s ratio and (c) the 

interdependence of thickness and auxetic angle on Poisson’s ratio 

Negative Poisson’s ratio was found to be increased by decreasing the 𝑡 and increasing 

the 𝜃. As a result, the highest value of −𝜐 was found at the highest angle and lowest 

thickness. It was found that both 𝑡 has the highest significance on −𝜐, closely followed 

by 𝜃. Overall, the first-order effect of 𝑡 is the most significant, followed by 𝜃 and finally, 

the interaction effect of 𝑡𝜃. 

8.3.1.5. Influence of AX4 design parameters on yield strength 

Figure 8.6a shows that the strut thickness (𝑡) has the largest influence on the yield 

strength of the scaffold. The yield strength can be seen to increase linearly, consistent 

with the strut thickness. Looking at the influence of auxetic angle, an increase in 𝜃 

resulted in an increase in yield strength, as shown in Figure 8.6b. However, the rate 

of 𝜎𝑦 increase was significantly lower for 𝜃 in comparison to 𝑡. 
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Figure 8.6. Influence of the design parameters on AX4 structure showing (a) the influence of strut 

thickness on yield strength, (b) the influence of auxetic angle on yield strength and (c) the 

interdependence of thickness and auxetic angle on yield strength 

Figure 8.6c shows the interdependence of the 𝜃 and 𝑡 on the yield strength of the AX4 

scaffold. It can be seen that although 𝜎𝑦 is sensitive to both 𝜃 and 𝑡, the rise in yield 

strength increases is largely driven by 𝑡 in a linear fashion with a very small 

contribution from 𝜃. However, the interaction effects mean that the largest 𝜎𝑦 is 

obtained with the highest 𝑡 and 𝜃. Nevertheless, the dependence on 𝜎𝑦 on 𝜃 is 

comparatively minimal and has a limited effect on the performance. As such, the most 

significant terms on 𝜎𝑦 are the first-order influences of 𝑡 followed by 𝜃 in the order 𝑡 >

𝜃, where the thickness has a significantly higher influence in comparison to 𝜃. This 

indicates that increasing 𝑡 will give a greater 𝜎𝑦 value than increasing the same amount 

of 𝜃. 

8.3.2. Scenario 2: Influence of design parameters on the performance of AX1 

8.3.2.1. Generation of the response surface model for AX1 

The CCD higher-order methodology was used to create the response surface model, 

which represents the variables of interest as independent factors, as listed in Table 
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sampling points were generated. Each of the AX1 design samples was subsequently 

modelled and analysed using the finite element method resulting in the responses for 

𝜐, 𝜑, 𝜎𝑦 and 𝐸, as shown in Table 8.6. 

Table 8.6. CCD matrix showing the design variables and responses for AX1 in Scenario 2 

Factor 1 Factor 2 Response 1 Response 2 Response 3 Response 4 

A: 𝒕 

(mm) 

B: 𝜽 

(Deg.) 

𝝊 𝝋 

(%) 

𝝈𝒚 

(MPa) 

𝑬 

(GPa) 

0.30 70 -0.27 79.75 46 14.89 

0.34 66 -0.21 73.95 60 19.08 

0.30 70 -0.27 79.75 46 14.89 

0.26 66 -0.38 83.77 30 8.60 

0.34 74 -0.16 75.50 80 22.58 

0.30 65 -0.28 78.93 44 12.91 

0.30 75 -0.22 80.43 52 16.79 

0.30 70 -0.27 79.75 46 14.89 

0.30 70 -0.27 79.75 46 14.89 

0.35 70 -0.19 73.46 76 22.6 

0.30 70 -0.27 79.75 46 14.89 

0.26 74 -0.31 84.71 38 11.48 

0.25 70 -0.37 85.36 32 8.94 

The best-fit indicators for the results were calculated and found that the 𝜑,  

𝜐 and 𝐸 can be characterised by linear models listed in Equations (8.7), (8.8) and (8.9), 

respectively. However, 𝜎𝑦 was found to follow a quadratic trend signifying interaction 

effects between the design parameters as listed in Equation (8.10): 

𝜑 =  106.23 –  126.78𝑡 +  0.16𝜃 (8.7) 

𝜐 =  −1.38 −  2.03t +  7.24𝑒−3θ (8.8) 

𝐸 =  −57.56 +  144.59𝑡 +  0.42𝜃 (8.9) 

𝜎𝑦   =  1106.34 –  3245.44𝑡 –  19.81𝜃 +  24𝑡𝜃 +  3400𝑡2  +  0.1𝜃2 (8.10) 
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The significance of each of the geometrical parameters of AX1 on the resulting 

mechanical performance was modelled using analysis of variance (ANOVA). Table 

8.7 summarises the relevant model terms and adequacy measures evaluating the 

quality of the response surface model generated. The probability (p-value), coefficient 

of determination R2, Adjusted R2, Predicted R2, and Adequate precision are the 

model’s accuracy measures. 

Table 8.7. Summary of ANOVA for the developed RS model for AX1 

Model F-value p-value Statistical measurements 

R2 Adj-R2 Pre-R2 Adeq-

precision 

𝜑 844.03 < 0.0001 0.9941 0.9929 0.9877 84.8287 

𝐸 466.58 < 0.0001 0.9894 0.9873 0.9786 61.0712 

𝜐 131.63 < 0.0001 0.9634 0.9561 0.9202 31.8144 

𝜎𝑦 74.97 < 0.0001 0.9817 0.9686 0.8696 26.4704 

Table 8.7 shows that all four models feature large F-values and very low p-values, 

indicating that they are statistically significant. P-values less than 0.05 indicate that 

model terms are significant. In comparison, for all the models generated (Equation 8.7-

8.10), the p-values are less than 0.0001, signifying a highly accurate model [339]. 

Furthermore, all the models can be seen to reveal an adequate precision ratio higher 

than 4, which is the measure showing that the noise in the model is minimal [242]. In 

addition, all the models were found to feature high R2 (>0.9), which also indicate that 

a good agreement can be anticipated for the predicted results. Overall, the analysis of 

variance reveals that all four models are accurate and can be utilised to carry out a 

parametric analysis within the range of design variables considered. 
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(a) (b) 

  
(c) (d) 

 

Figure 8.7. Comparison between RS model and finite element predictions for AX1 showing (a) 

Porosity (𝜑), (b) elastic modulus (𝐸), (c) Negative Poisson’s ratio (−𝜐) and (d) yield strength (𝜎𝑦) 

After having evaluated the quality of the response surface models using ANOVA, the 

relationship between the finite element and RS model predictions were compared, as 

shown in Figure 8.7. For all responses being evaluated (𝜑, 𝐸, 𝜐 𝑎𝑛𝑑 𝜎𝑦), the predictions 

of the RS model (diagonal dotted line) can be seen to closely follow the numerical 

results. The comparatively small residuals, as presented in Table 8.8, also confirms 

that the models are valid. This means that Equations (8.7-8.10) adequately represents 

the relationship between the geometrical variables and the responses of AX1. This 
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demonstrates that the RS models are suitable for predicting both mechanical 

performance and design parameter interactions for AX1. 

Table 8.8. Residual values for the RS models showing deviation of the sampling point responses with 

respect to ideal for scaffold AX1 

𝝋 𝑬 𝝊 𝝈𝒚 

-0.0031 -0.2969 -0.0031 0.0000 

0.0107 0.2642 0.0107 -0.3640 

-0.0031 -0.2969 -0.0031 0.0000 

-0.0157 0.0087 -0.0157 -2.81 

0.0095 0.7974 0.0095 3.81 

0.0231 -0.1791 0.0231 2.45 

0.0107 -0.4948 0.0107 -3.45 

-0.0031 -0.2969 -0.0031 0.0000 

-0.0031 -0.2969 -0.0031 0.0000 

-0.0246 0.1832 -0.0246 -2.23 

-0.0031 -0.2969 -0.0031 0.0000 

0.0031 -0.0780 0.0031 1.36 

-0.0015 0.9829 -0.0015 1.23 

8.3.2.2. Influence of AX1 design parameters on porosity 

Figure 8.8 shows that the strut thickness (𝑡) has the largest influence on porosity 

(Figure 8.8a), followed by the auxetic angle (𝜃) (Figure 8.8b). As shown in Figure 8.8a, 

the porosity of the structure increases linearly, consistent with the reduction in strut 

thickness. Looking at the influence of 𝜃 a similar trend could be observed at a lower 

linear slope. 
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Figure 8.8. Influence of the design parameters on AX1 structure showing (a) the influence of strut 

thickness on porosity, (b) the influence of auxetic angle on porosity and (c) the interdependence of 

thickness and auxetic angle on porosity 

The porosity of the AX1 scaffold is predominantly determined by the strut thickness 

(𝑡) and marginally by the auxetic angle (𝜃) of the re-entrant architecture. The porosity 

of the structure increases linearly when reducing 𝑡 and increasing 𝜃, reaching a 

maximum porosity of 85.36% at lowest 𝑡 and highest 𝜃. This means that decreasing 

thickness reduces the relative density of the structure, driving an increase in porosity. 

Increasing 𝜃, on the other hand, reduces the strut length lowering the relative density 

while increasing porosity. 

Looking at the interaction effects of the design parameters, as shown in Figure 8.8c, 

the lowest porosity of 73.46% was observed at the highest value of 𝑡 and lowest 𝜃. 

The trend for the interaction effect also continued at the highest porosity at the lowest 

𝑡 and highest 𝜃. Although an interdependence of 𝑡 and 𝜃 on porosity was observed, 

the cumulative effects are not drastic, as shown in Figure 8.8c. Therefore, for AX1, the 

porosity of the scaffold can be changed significantly by varying 𝑡. Overall, the first-

order effects of 𝑡 are the most significant parameter on porosity for AX1. This indicates 
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that decreasing 𝑡 will give a higher porosity as opposed to increasing 𝜃 by the same 

amount. 

8.3.2.3. Influence of AX1 design parameters on elastic modulus 

Figure 8.9 shows that the elastic modulus of the AX1 scaffold is primarily dependent 

on 𝑡 (Figure 8.9a) and slightly on 𝜃 (Figure 8.9b) linearly. Elastic modulus increases 

consistently with the rise in 𝑡 and 𝜃, leading to the highest value of 22.6 GPa at their 

maximum, as shown in Figure 8.9c. 

 
Figure 8.9. Influence of the design parameters on AX1 structure showing (a) the influence of strut 

thickness on elastic modulus, (b) the influence of auxetic angle on elastic modulus and (c) the 

interdependence of thickness and auxetic angle on elastic modulus 

While 𝑡 is the most significant design variable driving the stiffness of the AX1 scaffold,  

𝜃 can also be seen to influence the performance. This means modulating both 

thickness and angle can influence the elastic modulus at different rates. While 

increasing thickness raises density and, therefore, higher stiffness, a high auxetic 

angle helps to push the beams further apart, reducing buckling enhancing 𝐸. Figure 

8.10c shows that although there is a certain interdependence of the design 

parameters, 𝐸 is still largely driven by the thickness. As such, increasing 𝑡 will yield a 
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higher 𝐸 in comparison to increasing the same amount of 𝜃. Overall, the first-order 

effect of 𝑡 is the most significant, followed by the 𝜃 on the elastic modulus of AX1. 

8.3.2.4 Influence of AX1 design parameters on Poisson’s ratio 

Negative Poisson’s ratio (−𝜐) of AX1 can be seen to be dependent on both 𝑡 and 𝜃, 

as shown in Figure 8.10, signifying a change in lateral strain depending upon the 

parametric values of the design variables. −𝜐 increases linearly consistent with 𝑡 at a 

lower rate (Figure 8.10a) in comparison to a reduce in 𝜃 (Figure 8.10b) signified by 

varying slopes of the linear trend. Both design factors have a separate function to play 

in altering the Poisson’s ratio, as shown by the response surface data. As a result, the 

highest value of −𝜐 was found at the lowest angle and lowest thickness, as shown in 

Figure 8.10c. As 𝑡 reduces, the relative density reduces while porosity increases; this 

leads to a larger lateral strain pushing the – 𝜐 values higher. 

Figure 8.10. Influence of the design parameters on AX1 structure showing (a) the influence of strut 

thickness on Poisson’s ratio, (b) the influence of auxetic angle on Poisson’s ratio and (c) the 

interdependence of thickness and auxetic angle on Poisson’s ratio 

When it comes to the influence of 𝜃, larger angles lead to more material being 

influenced by the axial load, which also gives rise to high lateral strain, thus increasing 
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the – 𝜐 albeit at a lower rate in comparison to 𝑡. Overall, – 𝜐 the most significant factors 

are the first-order effect of 𝑡 followed by 𝜃. As such, the – 𝜐 for AX1 can be modulated 

by both adjusting the thickness and angle to obtain the desired performance. 

8.3.2.5 Influence of AX1 design parameters on yield strength 

The yield strength for AX1 was found to be largely driven 𝑡 with a small influence from 

𝜃, as shown in Figures 8.11a and 8.11b, respectively. This is due to the material 

deformation being significantly influenced by the porosity. As the thickness increases, 

the relative density increases leading to a higher strength due to more material 

resisting plastic deformation. A quadratic relationship can be observed for both the 

cases with 𝜎𝑦 increasing consistently with both thickness and angle at a higher rate.  

Figure 8.11. Influence of the design parameters on AX1 structure showing (a) the influence of strut 

thickness on yield strength, (b) the influence of auxetic angle on yield strength and (c) the 

interdependence of thickness and auxetic angle on yield strength 

Figure 8.11c shows a trend in performance which demonstrates a high interaction 

effect between the design parameters. For example, the highest yield strength was 

observed when both 𝑡 and 𝜃 peaked. Overall, the order of influence of design 

parameters on the yield strength of AX1 is of the form 𝑡 > 𝜃 > 𝑡𝜃. 

𝝈
𝒚
(𝑴

𝑷
𝒂
) 

𝝈
𝒚
(𝑴

𝑷
𝒂
) 

𝝈
𝒚
(𝑴
𝑷
𝒂
) 

𝜽 (𝒅𝒆𝒈. ) 𝒕 (𝒎𝒎) 

(a) (b) (c) 



   

 

184 

Overall, looking at both AX1 and AX4, it is evident that the design parameters have a 

varying influence on both the porosity and mechanical performance. As such, these 

design parameters can be modulated to achieve targeted performance. This will be 

demonstrated in Chapter 9 by optimising both the architectures for targeted stiffness 

(elastic modulus) while preserving high porosity and – 𝜐. Both near zero and high −𝜐 

materials possess significant potential when it comes to load bearing tissue 

engineering scaffolds. When such architectures are subjected to axial load, they will 

shrink locally, when the material is bent, the material exhibits an “arch” shape, which 

can well resist the bending deformation while offering compatible stiffness with the 

host bone. Literature shown that this kind of material possesses many advantages 

compared to conventional counterparts [384]. Furthermore, other physical properties 

including hardness [385], shear resistance [386] and energy absorption [387] are 

improved. Although not directly targeting bone scaffolds, increasing number of 

materials with zero and negative ratio Poisson’s are being investigated for numerous 

applications. Nevertheless, stiffness matched auxetic materials suitable for bone 

scaffold application are yet to be explored in literature. As such Chapter 9 shows 

reveals how meta-biomaterials that can offer near zero and negative Poisson’s ratio 

can be optimized for targeted performance. 

8.4. Conclusion 

The chapter presents the parametric analysis of two auxetic bone scaffolds, AX4 and 

AX1, predicted by the combined AHP and TOPSIS method as being the most suitable 

for Scenario 1 and Scenario 2, respectively. A methodology for the construction of a 

Response Surface Model for auxetic bone scaffolds that can adequately predict the 

trend in Poisson’s ratio (𝜐), porosity (𝜑), yield strength (𝜎𝑦) and elastic modulus (𝐸) 
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influenced by design variables strut thickness (𝑡) and auxetic angle (𝜃) is 

demonstrated. 

▪ The analysis of variance (ANOVA) found the central composite design (CCD) 

to adequately capture the influence of all design variables on 𝜑, – 𝜐, 𝜎𝑦 and 𝐸 

for both the AX4 and AX1 bone scaffolds. 

▪ The parametric analysis identified a linear dependence of design variables on 

both porosity and elastic modulus for both AX1 and AX4 scaffolds, with 𝑡 having 

a higher influence in comparison to 𝜃. 

▪ When it comes to – 𝜐 all parametric combinations demonstrated auxetic 

performance, with AX1 and AX4 showing a linear and quadratic relationship to 

design variables, respectively. 

▪ Parametric analysis on yield strength identified AX1 and AX4 to have a 

quadratic and linear relationship to design variables, respectively. 

▪ In the order of influence on design parameters, all responses were found to be 

primarily driven by the first-order effects of 𝑡 and 𝜃 in the form 𝑡 > 𝜃. However, 

the interaction effects of 𝑡𝜃 were found to be significant for – 𝜐 and 𝜎𝑦 for AX4 

and AX1, respectively. 
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Chapter 9 

Optimisation and validation of the best 

auxetic scaffold 

 

9.1. Introduction 

The term ‘optimisation’ refers to the process of identifying the best design. Design 

optimisation is a tool that may be used to speed up the design cycle and improve 

results by replacing an iterative design process [388]. For the best auxetic bone 

scaffold, the optimal design is the one that has the ideal characteristics to achieve 

targeted −𝜐, elastic modulus, strength while exhibiting suitable porosity. 

Understanding the relationship between these responses and the design parameters 

will allow for the generation of an optimised result. Based on the scaffold lattice 

selected for Scenario 1 (AX4) and 2 (AX1), multi-objective optimisation was carried 

out using a disability criterion that offers stiffness matching while maximising the 

porosity and yield strength. 

This chapter also evaluates the accuracy of the response surface models in deriving 

optimal solutions under two scenarios. One that offers a near-zero, and the other one 

maximises negative Poisson’s ratio. The validation of the optimal solutions is carried 

out by generating suitable finite element models of predicted designs for the two 

scenarios. Scenario 1 shows an example of an optimised auxetic bone scaffold with a 

near-zero −𝜐 that can match the modulus of an adult tibial host bone while maximising 
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porosity yield strength. The difference in Scenario 2 is to maximise the absolute −𝜐 

while offering all the same other criteria in Scenario 1. 

9.2. Multi-objective optimisation methodology 

Multi-objective optimisation methodology can be adopted when a solution to satisfy 

multiple objective functions are required [389]. The formulation of the optimisation 

problem will build on the responses surface model developed for Scenario 1 and 

Scenario 2 presented in Chapter 8. Multi-objective optimisation is part of multiple-

criteria decision-making, allows identifying the ideal solution that satisfies an objective 

desirability criterion. The desirability criteria can be conceived by featuring any number 

of objectives linked to the design variables and parametric responses [390]. The 

application of multi-objective optimisation based on the response surface model for 

auxetic materials was demonstrated by Arjunan et al. [242]. 

The general formulation of the optimisation problem can be represented by using 

Equation (9.1) which shows the relationship between the objective function and the 

associated variables [242,391]: 

{

 
𝑀𝑖𝑛𝑖𝑚𝑖𝑠𝑒 𝑓(𝑥) = [𝑓1(𝑥), 𝑓2(𝑥),…… , 𝑓𝑖(𝑥)]

 
𝑠. 𝑡                     𝑥𝑙 ≤ 𝑥 ≤ 𝑥𝑢          

 

 

(9.1) 

where, 𝑥 =  (𝑥1, 𝑥2, … , 𝑥𝑘) is the vector of 𝑘 design variables, 𝑥𝑙and 𝑥𝑢 are the lower 

and upper limits of the design variables, respectively, and 𝑓(𝑥) is the objective function 

[392]. After analysing five potential design candidates (AX1-AX5), the best auxetic 

architecture to be used for the bone scaffold designs were identified as AX4 and AX1 

for Scenario 1 and Scenario 2, respectively. Although the parametric analysis of the 
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scaffolds in Chapter 8 showed the dependence of design variables on the responses 

(𝜑,−𝜐, 𝐸 𝑎𝑛𝑑 𝜎𝑦), the optimum values leading to ideal responses are yet to be 

identified. In order to optimise the scaffold AX4 and AX1, the ideal design variables 

leading to the desired responses must be identified. The desired responses are the 

properties of interests (responses) that are thought to be the most beneficial for the 

problem for which the design is being optimised. 

Two optimisation scenarios were considered to identify the ideal scaffold parameters 

for AX4 and AX1, as summarised in Table 9.1. The suitability of the scaffolds to be 

applied to two different situations are conceived as Scenario 1 and Scenario 2, 

presented in Chapter 7. To achieve the first scenario, the optimal auxetic bone scaffold 

should feature the required design parameters to achieve the lowest lateral strain that 

can result in a near-zero −𝜐, highest strength and targeted elastic modulus of 18 GPa 

matching the cortical bone while preserving high porosity. The porosity criteria is used 

to ensure the effect of design parameters on porosity is minimal. This is critical as a 

higher than 50% 𝜑 is a requirement for bone ingrowth. Furthermore, having a high 

porosity requirement allows to better characterise the design variables allowing 

minimal contribution to material mass. 

Table 9.1. Summarising optimisation criteria used for the designs to generate optimum auxetic bone 

scaffold to satisfy multiple scenarios 

Optimisation scenario S1 S2 

Best design identified by AHP and TOPSIS AX4 AX1 

Negative Poisson’s ratio (−𝜐) Near zero Maximise 

Elastic modulus (𝐸) 18 GPa (stiffness matching) 

Yield strength (𝜎𝑦) Maximise 

Porosity (𝜑) Maximise 
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For the first scenario (S1), the four optimisation criteria conceive a desirability objective 

that can lead to a scaffold that offers near-zero lateral strain meeting the criteria 

dictated by Soman et al. for near-zero auxetic scaffolds. Generally, micro-strains on 

the growing bone tissue can lead to an improved tissue ingrowth interface between 

scaffolds and bone [3]. This can be achieved by conceiving a bone scaffold that 

features a high −𝜐. As such the study shows the optimisation potential for AX1 in 

achieving stiffness matching while maximising −𝜐. Therefore, the best auxetic scaffold 

for the second Scenario (S2) should have the ideal design parameters to achieve the 

highest −𝜐, 𝜎𝑦 and 𝜑 while offering a targeted elastic modulus of 18 GPa to match the 

cortical bone. 

9.3. Results and discussion 

9.3.1 Optimum auxetic bone scaffold for Scenario 1 

The optimisation problem description is created by combining the design variables, 

objective function and constraints. As such, the aim is to satisfy the objective function 

by altering the design variables within their bounds, following the relevant constraints 

[392,393].  An optimization problem requires design variables to be determined in 

order to attain the highest quantifiable performance within certain constraints [394]. 

Therefore, identifying the best design require conceiving a problem statement that 

focuses on the most significant responses. Where numerous responses are involved, 

a single objective strategy is ineffective, and a multi-objective description of the 

optimisation problem is required to find the best solution. 

The combined AHP and TOPSIS decision-making criteria identified AX4 as having the 

best features to be optimised for Scenario 1 (S1). The optimised AX4 structure should 
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result in a near-zero −𝜐, the elastic modulus of 18 GPa to match the modulus of adult 

cortical bone to avoid stress shielding and maladapted stress concentration. The yield 

strength (𝜎𝑦) should also be maximised while preserving a high porosity to offer the 

highest compressive strength while supporting bone reintegration. As such, the multi-

objective criteria for S1 can be satisfied by conceiving an optimisation problem as 

shown in Equation (9.2): 

{
 
 
 
 

 
 
 
 

 
𝑀𝑎𝑥𝑖𝑚𝑖𝑠𝑒 𝜎𝑦 = 𝑓1(𝜃, 𝑡)

 𝑀𝑎𝑥𝑖𝑚𝑖𝑠𝑒   𝜑 =  𝑓2(𝜃, 𝑡)

𝑀𝑎𝑥𝑖𝑚𝑖𝑠𝑒 − 𝜐 = 𝑓3(𝜃, 𝑡)
             𝑠. 𝑡      𝐸 = 18 𝐺𝑃𝑎

  
𝑠. 𝑡   15.0 ≤ 𝜃 ≤ 25.0
𝑠. 𝑡   0.38 ≤ 𝑡 ≤ 0.48

 

 (9.2) 

where, −𝜐, 𝜑, 𝜎𝑦  and 𝐸 are the responses of interest, 𝜃 and 𝑡 are the design variables, 

namely the strut thickness and auxetic angle, respectively. Equation (9.2) was solved 

using the desirability approach to find a single solution that satisfies the optimisation 

problem. Because of its simplicity, the desirability approach has been widely employed 

in multi-response optimisation. In this method, multiple objective functions are 

combined into a single cost objective function, which is a measure of its relative 

performance [242]. 

The optimisation solution is converted to a desirability function using the desirability 

function approach. The approach employs a desirability function, 𝐷(𝑋), as an objective 

function. It shows the acceptable response ranges for each response (𝑑𝑖). The 

desirability ranges from 0 to 1, identifying the least and most optimal solutions, 

respectively. When a response variable reaches the target value, the desirability 

function value becomes 1, and when the response variable reduces from the target 
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value, the desirability function value drops [395]. The geometric mean is used to 

combine the distinct desirabilities, giving the overall desirability 𝐷 as shown in 

Equation (9.3). 

𝐷 = (𝑑1 ⋅ 𝑑2 ⋅ … ⋅ 𝑑𝑛)
1
𝑛 = (∏𝑑𝑖

𝑛

𝑖=1

)

1
𝑛

 

(9.3) 

where, 𝑛 is the number of responses. The overall function becomes 0 if any of the 

responses or factors fall outside their desirability range. 

To carry out simultaneous optimization, each response was assigned a low and high, 

as shown in Equation (9.2), solved using the desirability approach. Figure 9.1 shows 

the output of the optimisation as a function of the desirability objective. It was found 

that the highest desirability of 0.94 can be achieved for design AX4 at an auxetic angle 

of 23.53° and strut thickness of 0.459 mm, as summarised in Table 9.2. 

 
Figure 9.1. The desirability of the optimum solution against design variables for AX4 under Scenario 1 

Table 9.2. Predicted optimal solution for AX4 under Scenario 1 criteria 

Number 𝒕(𝒎𝒎) 𝜽(𝑫𝒆𝒈. ) Desirability 

1 0.459 23.53 0.94 

𝜽
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𝒅
𝒆
𝒈
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Figure 9.1 shows that the highest desirability of 0.94 lies close to the highest auxetic 

angle and thickness. Scaffold design to satisfy the optimum design parameters was 

generated and numerically characterised using the finite element method, as shown 

in Figure 9.2. The von-Mises stress profile shown in Figure 9.2b indicates a stronger 

scaffold while featuring the optimum characteristics as summarised in Table 9.2. A 

comparison of the surrogate model and finite element prediction of the optimum AX4 

scaffold is shown in Table 9.3. 

Comparing the results showed that the response surface prediction underestimated 

the Poisson’s ratio and porosity by 2.7% and 0.39%, respectively. However, the elastic 

modulus and yield strength were overestimated by 4.39% and 2.27%, respectively. 

The results showed that the optimal design offers a scaffold with desirable 

characteristics while offering a near-zero (≤0.037) auxetic performance and stiffness 

matching behaviour. As such, the optimum AX4 can be used as a bone scaffold where 

a near-zero −𝜐 is desirable while offering stiffness matching to host bone. Overall, the 

surrogate model developed in this thesis offers an accuracy of 95.6% for predictions 

under scenario 1. As such, the response surface modelling presented in this thesis 

can be adopted for generating auxetic bone scaffold with targeted functionalities. 

Table 9.3. Comparison between predicted and FEM values of the optimum AX4 scaffold design 

Item 𝝊 𝝋 𝑬 𝝈𝒚 

Predicted -0.036 74.63 18 60.88 

FEM -0.037 74.93 17.21 59.5 

% Difference 2.7 0.39 4.39 2.27 
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Figure 9.2. Optimised AX4 scaffold satisfying scenario 1 showing (a) optimum design generated and 

(b) finite element informed von-mises stress distribution 

9.3.2 Optimum auxetic bone scaffold for Scenario 2 

The combined AHP and TOPSIS decision making criteria identified AX1 as having the 

best features to be optimised for Scenario 2 (S2). The optimised AX1 scaffold should 

offer a high −𝜐, E of 18 GPa to match the modulus of adult cortical bone. The scaffold 

should also maximise 𝜎𝑦, while preserving a high porosity to offer the highest 

compressive strength while supporting bone reintegration. As such, the multi-objective 

criteria for S2 can be satisfied by conceiving an optimisation problem as shown in 

Equation (9.4): 

{
 
 
 
 

 
 
 
 

 
𝑀𝑎𝑥𝑖𝑚𝑖𝑠𝑒 𝜎𝑦 = 𝑓1(𝜃, 𝑡)

 𝑀𝑎𝑥𝑖𝑚𝑖𝑠𝑒   𝜑 =  𝑓2(𝜃, 𝑡)

𝑀𝑖𝑛𝑖𝑚𝑖𝑠𝑒 − 𝜐 = 𝑓3(𝜃, 𝑡)
             𝑠. 𝑡      𝐸 = 18 𝐺𝑃𝑎

  
𝑠. 𝑡   65.0 ≤ 𝜃 ≤ 75.0
𝑠. 𝑡   0.25 ≤ 𝑡 ≤ 0.35

 

 

(9.4) 

(a) (b) 

𝑺𝒕𝒓𝒆𝒔𝒔 (𝑴𝑷𝒂) 



   

 

194 

where, −𝜐, 𝜑, 𝜎𝑦  and 𝐸 are the responses of interest, 𝜃 and 𝑡 are the design variables, 

namely the strut thickness and auxetic angle, respectively, for AX1.  

 
Figure 9.3. The desirability of the optimum solution against design variables for AX1 under Scenario 2 

 

Equation (9.4) was solved using the desirability approach to find a single solution that 

satisfies the optimisation problem, as shown in Section 9.3.1. Figure 9.3 shows the 

output of the optimisation as a function of the desirability objective. It was found that 

the highest desirability of 1 can be achieved for design AX1 at an auxetic angle of 

67.93° and strut thickness of 0.325 mm, as summarised in Table 9.4. 

Table 9.4. Predicted optimal solution for AX1 under Scenario 2 

Number 𝒕 (𝒎𝒎) 𝜽 (𝑫𝒆𝒈. ) Desirability 

1 0.325 67.93 1 

 

Figure 9.3 shows that the highest desirability of 1 lies close to the lowest auxetic angle 

and the highest thickness. Scaffold design to satisfy the optimum design parameters 

were generated and numerically characterised using the finite element method, as 

shown in Figure 9.4. The von-Mises stress profile shown in Figure 9.4b indicates a 

stronger scaffold while featuring the optimum characteristics as summarised in Table 

𝜽
 (
𝒅
𝒆
𝒈
.)

 

Desirability 

𝒕 (𝒎𝒎) 



   

 

195 

9.5. A comparison of the surrogate model and finite element prediction of the optimum 

AX1 scaffold is shown in Table 9.5. 

 

 

Figure 9.4. Optimised AX1 scaffold satisfying scenario 1 showing (a) optimum design generated and 

(b) finite element informed von-mises stress distribution 

Table 9.5. Comparison between predicted and FEM values of the optimum AX1 scaffold design 

Item 𝝊 𝝋 𝑬 𝝈𝒚 

Predicted -0.230 76.042 18 58.59 

FEM -0.223 76.351 17.53 57.2 

% Difference 3.04 0.40 2.61 2.37 

The predicted design overestimated the Poisson’s ratio, yield strength and elastic 

modulus by 3.04%, 2.37% and 2.61%, respectively. However, the surrogate 

underestimated the porosity by 0.4%. The results showed that the optimal design 

offers a scaffold with desirable characteristics while offering high -υ performance and 

stiffness matching behaviour. As such, the optimum AX1 can be used as a bone 

scaffold where a high -υ is desirable while offering stiffness matching to the host bone. 

In comparison to other works,  Arjunan et al. [242] used the desirability approach to 

(a) (b) 

𝑺𝒕𝒓𝒆𝒔𝒔 (𝑴𝑷𝒂) 
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optimise 3D printed auxetic nasopharyngeal swabs with predicted strut diameter, 

auxetic angle and cross-link angle. Here, the results revealed that the predicted 

surrogate model and the numerical model showed 7.8% and 4.1% in lateral shrinkage 

and von Mises stress. However, no changes in Poisson’s ratio and relative density 

were observed between the predictions carried out by the surrogate model in 

comparison to FEM. Overall, the surrogate model developed in that study offered a 

92.2% accuracy. In comparison, the surrogate model developed in this thesis offers 

an accuracy of 97% for predictions under scenario 2 which is higher than previous 

attempts in literature. As such, the response surface modelling presented in this thesis 

can be adopted for generating a high -υ bone scaffold featuring targeted strength, 

stiffness and porosity functionalities. 

9.4. Conclusion 

The parametric analysis in Chapter 8 revealed that the performance of the selected 

auxetic design candidates AX4 and AX1 was dependent on the geometrical 

parameters 𝑡 and 𝜃. The response surface model showed that the characteristics of 

the scaffolds could be modulated by varying 𝑡 followed by 𝜃 and 𝑡𝜃 as summarised in 

Chapter 8. Having captured these relationships using the response surface model, two 

multi-objective optimisations were carried out to develop the most optimum design to 

satisfy a near-zero (S1) and high (S2) −𝜐 bone scaffold while offering stiffness 

matching in addition to high strength and porosity. The results showed that: 

▪ The desirable solution for AX4 can offer a −𝜐 of 0.037 at a 𝑡 of 0.459 mm and 

𝜃 of 23.53° while featuring  𝐸, 𝜎𝑦 and 𝜑 of 17.21 GPa, 59.5 MPa and 74.93%, 

respectively. 
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▪ The desirable solution for AX1 was found to offer a −𝜐 of 0.223 at a 𝑡 of 0.325 

mm and 𝜃 of 67.93° while featuring  𝐸, 𝜎𝑦 and 𝜑 of 17.53 GPa, 57.2 MPa and 

76.35%, respectively. 

▪ Validation of the surrogate model developed in this chapter using finite element 

models showed an accuracy of 96.3% and 97% when applied to Scenario 1 

and Scenario 2 of the multi-objective design problem. 

▪ Overall, the study suggests that CoCrMo auxetic bone scaffolds can be 

developed with targeted Poisson’s ratio, mechanical performance and porosity 

characteristics by selecting 𝑡 and 𝜃 as design parameters using the surrogate 

model developed in this study. 

The chapter, for the first time, presents a methodology for the development of auxetic 

bone scaffolds that offer targeted −𝜐 and stiffness using re-entrant and double-

arrowhead unit cells. The scaffolds developed in this thesis can significantly reduce 

stress shielding and maladapted stress concentration while offering the advantages of 

negative and near-zero Poisson’s ratios. The validated methodology proposed in this 

chapter can be used by manufacturers and research institutions to further refine and 

generate alternate prototypes if necessary. 
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Chapter 10 

Conclusion and future work 

 

Recent literature reveals auxetic properties for a range of biological tissues identified 

by their negative Poisson’s ratio. Researchers continue to develop material 

architectures that strive to mimic the properties of biological tissue to offer a unique 

loading environment. A number of early-stage studies have shown the potential of 

auxetic bone scaffolds in increasing cell proliferation and tissue reintegration. Despite 

this, research on the development of load-bearing auxetic bone scaffolds is limited. In 

any case, there is no literature on the adoption of selective laser melting for the on-

demand fabrication of auxetic bone scaffolds. 

Furthermore, research on the development of stiffness optimised auxetic scaffolds has 

yet to be reported. Within this context, the thesis presents the first additively 

manufactured stiffness optimised auxetic bone scaffolds in Cobalt Chromium 

Molybdenum superalloy. The mechanical behaviour and manufacturability of CoCrMo 

auxetic bone scaffolds with different unit cells are characteristics using physical and 

numerical experiments. This chapter describes the main findings of this research and 

makes recommendations for future work. 

10.1. Main findings of the research 

This study puts forward an open innovation framework to develop 3D printable 

CoCrMo bone scaffolds that can perform in an auxetic nature. Auxetic bone scaffolds 

optimised under two scenarios to reveal their potential to offer near zero and high −𝜐 
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while offering stiffness matching is demonstrated. The thesis also offers a 

methodology for developing auxetic bone scaffolds that offer targeted −𝜐 and stiffness 

matching. The scaffolds developed in this thesis can significantly reduce stress 

shielding and maladapted stress concentration while offering the advantages of 

negative and near zero Poisson’s ratios. Manufacturers and research institutions can 

use the validated methodology proposed in this thesis to further refine and generate 

alternate prototypes if necessary. The results of this thesis go well beyond the 

development of CoCrMo auxetic bone scaffolds and demonstrate how multiple 

objectives such as stiffness matching and high strength and porosity can be achieved 

in a single additively manufactured architecture. 

The main findings of this research are chapter-specific and have been summarised in 

the respective chapters throughout this thesis. However, the section below aims to 

synthesise the main findings of this research in relation to the aim and objectives 

presented in the introduction of this thesis. As such, the following conclusions can be 

drawn from the results presented in this thesis: 

▪ Nine open porous unit cell assemblies (UCA1-UCA9) were digitally conceived, 

and their auxeticity was characterised using the finite element method (FEM). 

The results identified five potential candidates (UCA1-UCA5) to be suitable for 

the design of auxetic bone scaffolds exhibiting a −𝜐 in the range of -0.13 to -

0.31.  

▪ Informed by the five identified unit cells, open porous auxetic bone scaffolds 

(AX1-AX5) to mimic a tibia critical size bone defect at a porosity of 80-87% were 

demonstrated. The theoretical elastic modulus and yield strength were revealed 

to be in the range of 1.5-8.1 GPa and 28-96 MPa, respectively.  
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▪ A CoCrMo particle volume distribution at D10, D50 and D90 of 13.2 µm, 28.8 

µm and 46.1 µm, respectively was found to be suitable for selective laser 

melting for all the auxetic bone scaffolds developed. However, SEM 

investigation revealed slight dimensional inaccuracies leading to a porosity 

variation of 5.8% between digital and physical scaffolds.  

▪ SLM processed CoCrMo bulk material offered Young’s modulus, yield strength 

and ultimate tensile strength of 194.23 GPa, 975.6 MPa and 1169.81 MPa, 

respectively consistent with the literature. 

▪ Experimental tests on physical scaffold prototypes found that the strength and 

stiffness of the scaffolds were primarily driven by the unit cell shape as opposed 

to relative density. Comparing the tests data with theoretical predictions found 

the applicability of the Ashby and Gibson model was limited in characterising 

the performance of auxetic materials. 

▪ Experimental compressive tests demonstrated auxetic performance for all the 

scaffolds at a Poisson’s ratio of -0.1 to -0.24, with AX1 and AX3 showing the 

highest and lowest lateral strain, respectively. In addition, the elastic modulus 

and compressive strength of the scaffolds were found to be in the range of 1.13-

1.66 GPa and 32-56 MPa, respectively. The highest and lowest stiffness was 

exhibited by scaffolds AX1 and AX2 receptively.  

▪ The failure mode analysis on the printed scaffolds identified layer-based, 

localised and catastrophic failures beyond the yield strength influenced by the 

unit cell shape and the SLM process. 

▪ The comparison of the finite element and experimental test results showed that 

the FE model developed in this thesis could be used to predict the mechanical 
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performance of CoCrMo auxetic bone scaffolds at an accuracy of ~96% using 

a 0.1 mm element size. 

▪ For the first time, the thesis demonstrates the combined use of AHP and 

TOPSIS for the scenario-based selection of the best auxetic bone scaffolds. 

This is carried out considering five favourable parameters in the relative 

importance of −𝜐 > 𝜑 > 𝜎𝑦 > 𝐸 > 𝐸𝑜𝐷 applicable to specific scenarios. 

▪ The multi-criteria decision-making algorithms revealed AX4 and AX1 as the 

ideal scaffold designs to be optimised for a near zero and high −𝜐 behaviour 

respectively, while satisfying the relative importance of the five selected criteria.  

▪ The analysis of variance found the surrogate model developed in this thesis for 

both Scenario 1 (Equations 8.3 to 8.6) and Scenario 2 (Equations 8.7 to 8.10) 

to adequately capture the influence design variables (𝑡 and 𝜃) on 𝜑, – 𝜐, 𝜎𝑦 and 

𝐸 for both the AX4 and AX1 bone scaffolds. 

▪ The parametric analysis identified a linear dependence of design variables on 

both porosity and elastic modulus for both AX1 and AX4 scaffolds, with 𝑡 having 

a higher influence in comparison to 𝜃. However, a quadratic relationship was 

observed when it comes to 𝜎𝑦 and – 𝜐 for AX1 and AX4, respectively. 

▪ The response surface model revealed that the order of influence of design 

parameters on the scaffold characteristics was primarily dictated by the first-

order effects of 𝑡 and 𝜃 in the form 𝑡 > 𝜃. However, the interaction effects of 𝑡𝜃 

were found to be significant for – 𝜐 and 𝜎𝑦 for AX4 and AX1 respectively. 

▪ The parametric optimisation of AX4 auxetic bone scaffold revealed an optimum 

−𝜐 of 0.037 at a 𝑡 of 0.459 mm and 𝜃 of 23.53° while featuring  𝐸, 𝜎𝑦 and 𝜑 of 

17.21 GPa, 59.5 MPa and 74.93%, respectively. For AX1, the optimum solution 
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was at a 𝑡 of 0.325 mm and 𝜃 of 67.93° leading to a −𝜐, 𝐸, 𝜎𝑦 and 𝜑 of 0.223, 

17.53 GPa, 57.2 MPa and 76.35%, respectively. 

▪ Overall, the study suggests that CoCrMo auxetic bone scaffolds can be 

additively manufactured with targeted Poisson’s ratio, mechanical performance 

and porosity characteristics by selecting 𝑡 and 𝜃 as design parameters using 

the surrogate model developed in this study. The surrogate model can be used 

for user-defined scenarios at an accuracy of 96.3% and 97% when applied to 

optimise scaffolds for near zero and high −𝜐, respectively, while offering 

stiffness matching to host bone. 

10.2. Implications of the research 

As summarised in the literature review, numerous studies report the potential for the 

development of auxetic materials for tissue engineering. As a response, this study puts 

forward an open innovation framework to develop CoCrMo auxetic bone scaffolds that 

can be fabricated on demand using selective laser melting. Developing meaningful 

interventions bringing in new functionalities such as −𝜐 also requires addressing 

existing challenges in the development of load-bearing bone scaffolds. Stress 

shielding has been described as one of the major problems that lead to bone loss and 

revision surgery in the load-bearing bone scaffold. For regulating stress concentration 

and lowering stress shielding, a scaffold’s stiffness and strength must be carefully 

constructed. 

Previous research has revealed that titanium alloy bone scaffolds made by additive 

manufacturing have the potential to improve load transfer to the bone scaffold 

[86,268]. Furthermore, Hazlehurst [49]  has demonstrated the feasibility of using SLM 
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to create a surface topography that can increase the stability of CoCrMo cellular 

structures. This means SLM has the potential to produce porous cellular structures 

with enhanced stiffness while retaining bone-implant contact stability. 

Titanium alloys are frequently employed in the development of porous bone scaffolds; 

however, Cobalt-chromium-molybdenum (CoCrMo) superalloy has been chosen as 

the biomaterial of choice in this study as a result of its high Young’s modulus and 

density, leading to superior stiffness performance. This, in turn, allows for a significant 

opportunity to develop highly porous structures that can reduce stress-shielding 

effects associated with highly stiff implants. 

Auxetic structures are unusual architectures that show unconventional strain 

behaviour resulting in a negative Poisson’s ratio. In doing so, these structures exhibit 

deformation modes and mechanical characteristics different from traditional porous 

architecture. It can lead to favourable outcomes for load-bearing tissue engineering 

applications, which this research is aimed to exploit. In doing so, the thesis, for the first 

time, explored the possibilities of developing the CoCrMo bone scaffolds that show 

both targeted auxetic and stiffness matching behaviour to alleviate concerns regarding 

stress shielding and maladapted stress concentrations. Careful attention was also 

placed on incorporating all necessary design parameters such as porosity and 

strength that are required for an effective bone scaffold.  

This work has shown the potential of manufacturing CoCrMo auxetic bone scaffolds 

using SLM under multiple user-specified scenarios. The scaffolds developed in this 

thesis can significantly reduce stress shielding and maladapted stress concentration 

while offering the advantages of negative and near zero Poisson’s ratios. The 
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validated methodology proposed in this thesis can be used by manufacturers and 

research institutions to further refine and generate alternate prototypes as necessary. 

10.3. Limitations of the research 

The research presented in this thesis combined three topical areas of research; they 

are auxetic materials, numerical modelling, and selective laser melting. Assumptions 

were made when developing the numerical model using the finite element method. In 

Chapter 6, the material properties of the auxetic scaffolds were modelled using a 

bilinear isotropic strain hardening (BISO) model derived from experimentally tested 

bulk material. The BISO model simplifies the stress-strain relationship into a linear and 

perfectly plastic behaviour which is often suitable for simulating materials where the 

accuracy of post-plastic behaviour is not of significant concern. For the analysis carried 

out in this thesis, the use of BISO is justified as the numerical models are used only to 

predict mechanical performance up to failure, and the post-plastic behaviour is not of 

interest. The BISO material model is widely used by researchers when simulating the 

mechanical performance of implants, bone and bone scaffolds [86,268]. Furthermore, 

the validation of the parameters of interest predicted by the numerical model showed 

good agreement. 

The mechanical testing, performed in Chapter 5, utilised quasi-static loading 

conditions. Generally, bone scaffolds post-implantation can experience both static and 

dynamic loading. It may be perceived that the effects of cyclic loading should have 

been investigated. However, before cyclic loading can be considered, it is thought that 

the mechanical behaviour and stiffness matching of the auxetic bone scaffolds stems 

when subjected to monotonic loads needed to be understood first. 
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10.4. Recommendations for future work 

In order to further the understanding and develop the research presented in this thesis, 

the following areas of research are proposed for future work: 

▪ Dynamic loading of auxetic bone scaffolds 

The thesis primarily examined the characterisation of the CoCrMo bone scaffolds 

under quasi-static loading conditions. At the same time, this is adequate to 

characterise the mechanical performance of the scaffolds under static conditions. The 

loading does not take into consideration the effects on the scaffold under a cyclic 

loading environment. The SLM process is notorious for its fatigue properties, as such 

design refinements may be necessary for the scaffolds. As such, investigations on the 

dynamic properties of CoCrMo auxetic bone scaffolds will aid in improving the 

understanding of adopting laser melting technology for their on-demand fabrication. 

▪ Influence of fixing mechanism  

This work has investigated the compressive behaviour of auxetic bone scaffolds 

manufactured using selective laser melting. From reviewing the literature, this is the 

first study to investigate the design, manufacture and performance of such a scaffold. 

The design, optimisation and manufacturing approach employed in this work 

demonstrates auxetic scaffolds that exhibit stiffness matching the characteristics of 

the host bone. However, the length of the scaffold considered was arbitrary; it is 

anticipated that a ‘limited contact locking compression plate’ fixing mechanism 

resembling the ones reported by Wieding et al. [396] and Reichert et al. [397] may be 

adopted as the fixing mechanism of choice. However, further studies on the whole 



   

 

206 

assembly are required to evaluate the impact of such a fixing mechanism on the 

auxetic scaffold. 

▪ In vitro and In vivo bone regeneration  

The thesis only looked at the structural and materials engineering aspect relating to 

the development of auxetic bone scaffolds. As such, future research should look at the 

influence of auxetic behaviour on cell proliferation, migration, alignment, 

differentiation, and target tissue regeneration. The bone growth analysis should be 

carried out both in vitro and in vivo in large animal models before clinical evaluation 

can begin. Auxetic structures and their unique deformation characteristics have been 

explored in several biomedical devices, including implants, stents, and surgical 

screws. Although still in the early stages, the auxetic structure, which can create 

mechanical properties tailored to natural tissue by changing the internal architecture 

of the structure, is expected to show an improved tissue reconstruction ability. In 

addition, continuous research at the cellular level using the auxetic macro and 

microarchitectures could provide a breakthrough for tissue reconstruction. 

▪ Functionally graded auxetic architecture 

One of the great promises of additive manufacturing is the ability to build parts with 

volumetrically graded parameters that would be difficult or impossible with traditional 

manufacturing. This thesis looked at developing an auxetic bone scaffold that features 

uniform strut thickness and pore size. However, to effectively mimic human bone 

requires a functionally graded architecture that offers both porosity and stiffness 

grading that effectively mimics both the cancellous and cortical sections. As such, 
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further studies on functional grading can open new possibilities for auxetic bone 

scaffolds to mimic both the porosity and stiffness of natural tissue. 
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