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Abstract 

3D printing in medicine has changed the paradigm of modern implant design. Using a 

combination of advanced imaging and digital fabrication, orthopaedic implants such as 

prosthetic hip replacements are able to be matched to individual patient’s anatomy and other 

complex requirements. This emerging technology gives surgeons and engineers a broad scope 

to explore implant designs that address the long-standing issue of stress shielding by using 

scaffold materials that encourage bone ingrowth and remodelling. However, the factors that 

influence how porous 3D printed titanium implants interact with bone need to be further 

understood to ensure that patients are offered safe and effective treatments. 

This research develops porous 3D printed materials using electron beam melted titanium 

intended for use in orthopaedic implants, from concept through to demonstration of efficacy in 

vivo. The clinical, regulatory and commercial requirements of porous 3D printed titanium 

implants were explored, along with considerations for design for additive manufacturing. 

Materials with both traditional and contemporary scaffold topologies were developed to isolate 

the effect of the porous design from other factors such as overall porosity or pore size. A 

translational pre-clinical model was established and the biological performance of the materials 

was determined in vivo. 

Overall, the results and findings from this research further our understanding of how scaffold 

topology affects the osseointegration of 3D printed titanium implants and advanced our 

knowledge of how to best apply these materials in clinical practice. Furthermore, this work has 

directly contributed to the commercial adoption of industrial 3D printing technology and 

resulted in wide-spread clinical application of the specific materials developed herein.  
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1 Introduction 

1.1 Overview 

Joint disease is the leading chronic condition in the elderly and affects almost half the 

population over the age of 65 [1]. Unfortunately, as our population demographics grey and 

grow older this condition will negatively affect the quality of life of more individuals each and 

every day. However, the good news is that surgical interventions for arthritic, destructive and 

necrotic joints and joint surfaces can reduce the pain associated with daily living and are the 

most effective health care measures for improving patient quality of life [2].  

Uncemented prostheses do not use bone cement for fixation and instead rely on a direct 

interface between the implant and surrounding bone to achieve long-term implant survival. 

Though current joint replacement prosthetics have an ultimately limited life, there is a great 

deal of momentum in the development and uptake of uncemented prostheses that may greatly 

extend implant lifecycle. Advances in uncemented prosthetic technology, particularly for 

challenging revision arthroplasty, require the pioneering of new, more effective solutions. The 

development and validation of one such new interface forms the underlying premise of this 

thesis.  

Osseointegration is the structural and functional connection of living bone with a load-bearing 

implant [3]. To promote osseointegration within the human body a prosthetic must create a 

sound union with the tissue in which it is implanted. This union must enable the natural smooth 

transfer of stresses and strains to and from the surrounding bone. This natural loading is 

achieved through the combination of appropriate device stiffness and the ability to properly 

transfer load to surrounding tissue. As classically described by Wolff [4], it is this physical 

stimulation that encourages the host bone to remodel. The remodelling process incorporates 



 18 

the device within healthy, living bone. This thriving environment helps to avoid the otherwise 

inevitable decline caused by stress shielding, where the bone becomes weak, embrittled and 

receding as a result of a stiff prostheses failing to expose the adjacent bone to sufficient strain 

to maintain bone health [5]. This decline ultimately requires removal of the implant from host 

bone through destructive revision surgery [6]. It is this single mechanism of failure that is 

largely responsible for the need to improve the long-term clinical outcomes of uncemented 

implants. 

Recent methods of improving the osseointegration of prostheses, such as for total hip and total 

knee replacements, are focused on the combination of porous scaffold structures with rough 

surfaces that together facilitate direct bone apposition and mechanical interlocking of bone at 

both cellular and tissue levels. The utilization of additive manufacturing has allowed 

unprecedented advances in the creation of these interfaces by enabling their direct manufacture 

and incorporation into medical devices [7]. This direct printing of integral scaffolds and 

underlying structural features has notably overcome the specific issue of coating delamination 

that has plagued uncemented prostheses in the past [8]–[11]. As the integrated nature of these 

bone interfaces is intrinsically more robust than previous sintered coatings, the medical device 

community has been emboldened to try scaffold structures with large pore sizes and high 

porosities. The movement towards macro scaled pore sizes, over previously used micro scale 

porous surfaces, is intended to enable significant improvements in osseointegration. 

The use of additive manufacturing to create orthopaedic devices with integrated scaffold 

interfaces is in its early stages with active development into materials, manufacturing methods 

and device design [12]. There is thus a great deal still to be determined as to why these new 

products perform so well [13]. As answers obtained from pre-clinical studies are incorporated 

into the design of the next generation of medical devices there is the opportunity to create 
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implants that greatly increase the quality of life of sufferers of joint disease in our ever-ageing 

population. 

1.2 Background 

1.2.1 Titanium in Orthopaedics 

Although the use of titanium in orthopaedic implants dates back to the 1950’s, it was only after 

Brånemark discovered what he termed the osseointegration phenomenon in 1964 [14] that the 

exploration of this material’s dental and surgical applications exploded into the limelight. Over 

the decades that followed, a plethora of research firmly established titanium as the ’gold 

standard’ biomaterial for bone interfacing and load bearing orthopaedic devices [15]. Today, 

titanium and its alloys are the ubiquitous metallic biomaterials and form the foundation from 

which the goal of improved osseointegration is pursued. 

In its pure form, titanium exhibits many favourable properties for use in orthopaedic devices. 

When combined, with small fractions of aluminium and vanadium, the resulting alloy 

possesses excellent mechanical properties including high strength, a moderate bulk modulus 

and a relatively low density [16]. This alloy has the additional benefit of significantly reduced 

thermal conductivity that, perhaps non-obviously, has a pronounced influence on patient 

comfort, especially in colder environments. However, more importantly, titanium and its alloys 

are bio-inert [17] and have excellent corrosion resistance in the human body due to the 

formation of a protective oxide layer. Titanium is thus biocompatible [15] and, in an optimal 

situation, capable of osseointegrating with bone [18]. 

Commercially pure Ti (CP Ti), grade 4 (ASTM 67) and grade 5 Ti-6Al-4V (ASTM F136) are 

the most commonly used titanium based biomaterials. The relatively soft single-phase α micro 
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structured CP Ti is typically used in dental and maxillofacial implants and the harder, high 

strength biphasic α + β micro structured Ti-6Al-4V reserved for use in load bearing orthopaedic 

applications [19]. The inclusion of aluminium and vanadium alloying agents help to stabilize 

the biphasic microstructure with the β stabilizer (V) giving Ti-6Al-4V the ability to be solution 

treated to achieve even higher strength when required. 

Despite wide spread use, some concerns have been raised about the long-term effects of 

cytotoxic alloying elements, including vanadium [17], [20]. The release of cytotoxic elements 

affects not only surrounding tissue, but the body as a whole. Both aluminium and vanadium 

ions have been associated with long term health problems like Alzheimer’s disease and 

neuropathy [21], [22]. To address these issues, new titanium alloys that make use of potentially 

less harmful elements are being developed [15], [23]. 

Of particular interest are the second generation of β metastable titanium alloys without 

cytotoxic alloying agents. Specifically, Ti-12Mo-6Zr-2Fe (TMZF) and Ti-Nb-Zr-Ta (TNZT), 

which exhibit significantly reduced moduli compared with Ti-6Al-4V. As these materials 

mature, they will no doubt play an important role in the continued prevalence of titanium in 

biomedical applications. 

1.2.2 Stress Shielding 

The trend towards a reduction in the modulus of bone interfacing biomaterials contributes to 

its ability to integrate with the surrounding osseous tissue. By closely matching the stiffness of 

a biomaterial to that of the surrounding bone it is hoped that a more natural transfer of 

physiological loads can be attained and that stress shielding can be reduced or avoided [5], 

[24]. Long-term experience indicates that insufficient load transfer from the artificial implant 
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to the adjacent remodelling bone may result in bone mineral resorption and eventual loosening 

of the device [25]–[28]. Alarmingly, it has been clearly demonstrated that when the natural 

loads on living bone are reduced, bone thickness is decreased, bone mass is lost, and there is 

an increase in osteoporosis [28]–[30]. This outcome can contribute to catastrophic failure of 

the implant system, as a significant reduction in the patient’s bone density may have been a 

factor in the need for the original treatment. 

1.2.3 Porosity and Bone Ingrowth 

Porosity is the amount void space in a material and allows it to be infiltrated by bone. The 

introduction of porosity to the surface of an implanted device has the ability to further improve 

the bond between the device and the host. A porous surface can facilitate mechanically 

interlocking bone ingrowth that considerably enhances the bone to implant interface strength 

compared with direct bone apposition alone. Practical application of this concept is used on the 

majority of devices on the market today.  

Pore size is a measure of the diameter of the individual pores in a material. Early work 

investigating how porosity affects this interface strength was focused on determining an 

‘optimum’ pore size to fix an implant in bone [31]. This search had some elements of a “Holy 

Grail” or single valued answer. However, a great deal of research has shown that effective pore 

sizes for bone ingrowth have been found in the relatively broad range from 100 – 700 µm [31], 

[32]. Today, the scientific community remains far from a consensus on pore size for bone 

ingrowth [33], [34]. 
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1.2.4 Bone Tissue Scaffolds 

Recently, there has been a paradigm shift to include porosity not only as a surface coating 

intended to improve bone to implant interface strength, but to transform a biomaterial into a 

bone tissue scaffold. These scaffold structures are being designed to carry physiological loads 

as well as allow for cell adhesion, proliferation and differentiation to form a healthy repair that 

restores functionality to the recipient site [35]. This level of interaction with the human body 

is far beyond that of traditional orthopaedic devices.  

Successful bone tissue scaffolds must carefully consider pore size and porosity, fluid transport, 

material and device moduli, the behaviour of the material in the human body, and factors on 

the cell scale. Properties such as topography [36], [37] and chemical composition [38], surface 

energy [36], wettability, surface bioactivity, and even electrostatics [39], are now all becoming 

important considerations in bone tissue scaffold design. Hence, the problem has become more 

complex and considers a far greater number of design parameters. 

1.2.5 Material Characterization 

Critical to the development of an understanding as to how these factors influence 

osseointegration is the accurate characterization of the scaffolds themselves. Techniques for 

assessing many factors are well established, but, as is becoming a common theme, pore size is 

a crucial and under-served metric. The measurement of pore size in materials with small pores 

is straightforward using traditional physical methods based on fluid porosimetry [40], gas 

adsorption [41], or flow porosimetry [42]. As pore size increases, image based techniques that 

measure the space between opposing scaffold struts, or the perimeter of struts enclosing a pore 

have also been effectively applied [43], [44]. However, these methods, although repeatable, 

fail to accurately describe the true diameter of an individual pore, which is necessary in 
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evolving material properties versus any specification. Contemporary methods that use 

advanced industrial computed tomography data as their basis are being adopted and, although 

refinement is needed, precedence for their use is established [45]–[47]. 

1.2.6 Manufacturing 

Traditionally, three dimensional scaffolds and porous coatings for bone tissue engineering have 

been manufactured using gas injection [48], sintered powders [49] or fibres [50], [51], as metal 

foams [52], [53] using a space holder method [54], as vapour deposited constructions [43], or 

by using a plasma spray [55]. These methods create stochastically distributed pore sizes that 

may, in practice, extend far above and below the desired pore size range. The potential 

limitations of these methods are abundant, but none are more important than the constraint of 

maximum attainable porosities of less than 50% at desirable pore sizes [52], [56].  Such low 

porosities can drastically limit bone ingrowth and thus osseointegration, and are thus a hard 

limit. 

Rapid prototyping technology first emerged in the hi-tech manufacturing sector in the mid 

1980’s. This technology allowed the free-form fabrication of complex structures through the 

addition of material. For medical applications, this fabrication is typically done by the layer-

by-layer melting of metallic powders, also known as powder bed fusion, rather than by 

subtraction as in creating a machined part. This technique alleviates many of the limitations of 

traditional metal part production and has been embraced by the medical community [57]–[61]. 

Now termed additive manufacturing (AM), or 3D printing, this technology is breaking free of 

the small pore size dogma by enabling new generations of materials with controlled porous 

architectures that are showing great success with large pore sizes over 1 mm [62]–[64]. 
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One manufacturing technology, electron beam melting, is a qualified additive manufacturing 

method for medical devices [65]. This process involves the layer-by-layer melting of metallic 

powders with a high-energy electron beam. As these charged particles are deflected by a series 

of magnetic fields, there are no moving parts involved in the melting of each successive layer. 

This approach allows the rapid scanning of the energy beam across the build platform and 

results in a swift fabrication time.  

The rough surface topography created by electron beam melting is a significant coincidence in 

to the success of additive manufactured orthopaedic implants. The energy imparted by the 

electron beam completely melts the targeted metal powder and creates an intrinsically micro-

featured surface of partially coalesced powder on the periphery of the part. These rough implant 

surfaces increase bone to implant contact and interface strength and thus, an unintended side 

effect of this unfinished finish is an improved interface connection [66]. 

1.2.7 Pre-clinical Studies 

Additive manufactured orthopaedic devices using Ti-6Al-4V as a bone tissue scaffold are 

leading endo-prostheses into the future. Pre-clinical studies are beginning to demonstrate the 

significant potential of additive manufactured titanium scaffolds [64], [67], [76]–[78], [68]–

[75]. However, to date, the understanding of the mechanisms of their success is limited.  

In particular, and unfortunately, many early studies focused exclusively on bone ingrowth and 

did not always directly measure the resulting interface strength of these materials through 

mechanical testing [64], [68], [69], [72], [74], [77], [78]. Compounding this issue, many studies 

did not use animal models that accurately reflect the physiological loads experienced by 

humans nor did the animals used have appropriate mineral deposition rates [64], [68], [83]–
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[86], [69], [74], [75], [77], [79]–[82]. Even so, the groundwork has begun to characterize 

simple constructions for use in bone interfacing devices [44], [70] and the mechanical 

properties of simple scaffolds have been evaluated [87]–[90]. Studies investigating bone 

ingrowth in additive manufactured Ti scaffolds have been performed [64], [68], [72], [74], 

[75], [77], [78] as well as studies of similar materials and structures, such as tantalum [43], Ti 

fibre scaffolds [69], and carbon fibre scaffolds [91], all of which demonstrate the potential of 

these biomaterials.  

Spurred by early anecdotal successes, a number of increasingly clinically relevant studies are 

being undertaken on additive manufactured materials [70]–[73], [76]. In contrast to smaller 

animal models, such as the New Zealand white rabbit, the ovine (sheep) model has been 

validated for assessing the bone ingrowth in to these orthopaedic biomaterials  and has suitable 

osseous structures that can closely model human anatomy [70]–[72], [92]–[95]. These 

contemporary studies using this more relevant model are rapidly expanding the knowledge 

base for additive manufactured scaffolds and will likely contribute to significant advances in 

the efficacy of orthopaedic devices in the years to come. 

1.2.8 Evaluating Bone Ingrowth 

Natural bone is a composite material comprised of a collagen fibre matrix stiffened by 

hydroxyapatite crystals (Ca10(PO4)6(OH)2) accounting for 69% of the material by weight. The 

cellular component of bone consists of osteoblasts (bone forming cells), osteoclasts (bone 

destroying cells), osteocytes (bone maintaining cells comprising inactive osteoblasts trapped 

in the extracellular matrix), and bone lining cells (inactive cells believed to be osteoblast 

precursors). The traditional way to microscopically investigate bone, and thus osseointegration, 

is by way of histology. With the appropriate sectioning and staining it is relatively 
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straightforward to measure the extent of bone ingrowth and bone to implant contact. This 

technique of histomorphometric assessment remains the most trusted method to investigate the 

interaction of an implant and host bone, and is a key feature of this work.  

In contrast with routine histology, the preparation of bone biopsies with in-situ implants is 

fraught with difficulty. Hard methacrylate embedding resin has to be used to plastify and 

support the biopsy to enable the implant to be sectioned without damaging the surrounding 

tissue. Diamond wafering tools, more commonly found in the semi-conductor industry, are 

employed as they impart little cutting force on the sample and only tenths of a millimetre of 

the precious biopsy are lost with each cut. After microscopically thin sections are prepared, 

special staining techniques are applied to dye cells and intercellular matrix features so they 

appear distinct under transmitted light. In this manner, the stage and structure of new bone 

growing into a scaffold can be clearly identified. 

Non-destructive methods of evaluating bone ingrowth use instead the transmission and 

absorption of X-ray radiation to identify densely calcified regions of bone. Micro computed 

tomography (µCT), similar to its clinical counterpart, is able to create a true volumetric 

representation of a biopsy. This imaging technology is able to identify the X-ray attenuation of 

incredibly small regions of the sample, commonly at spatial resolutions of only few cubic 

micrometres. This high-resolution three-dimensional imaging can allow for accurate 

measurements to be made that quantitatively assess bone volume, though imaging artefact 

remains an issue with this method [45], [96]–[98]. 

A new advanced imaging modality, based on the Medipix3 spectral X-ray detector (The 

Medipix Collaboration, CERN), offers the promise of identifying differing materials based on 

their unique attenuation profile across different energy bands [99]. It is also possible to use the 
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differing information across the captured X-ray spectra to reduce image noise and artefacts, a 

severe limitation of traditional µCT systems [100], [101]. The combination of these impressive 

features in a computed tomography unit is in early, but active, development. It is hoped that 

the eventual system will have the ability to elucidate histological information without 

destroying the biopsy. This would prove to be a pre-clinical research tool ideally suited to the 

study of bone ingrowth into metallic scaffolds. 

1.2.9 Evaluating Interface Strength 

Methods for measuring the interface strength of the implant to the surrounding bone have been 

well described with the push-out method common to the vast majority of pre-clinical efficacy 

studies [31], [32], [103], [104], [43], [66], [67], [70], [71], [92], [93], [102]. In these studies, 

an implant dowel is loaded axially until it is dislodged from the host bone. This simple 

technique allows a direct measurement of the interface shear stress and affords a standardized 

metric to compare differing scaffold products. As such, this tool provides researchers and 

clinicians with comparative data from a plethora of product data collected over the last half a 

century of orthopaedic research. 

1.3 Summary 

This thesis presents a novel scaffold design, the refinement of characterization and analysis 

tools to describe the scaffold and its interaction with living bone, the additive manufacturing 

of this new product, and the ultimate pre-clinical efficacy trials prior to clinical application. 

The goals for this scaffold include the satisfaction of regulatory requirements, strong biological 

performance, and the ability to be manufactured using electron beam melting. If found suitable, 

such a bone tissue scaffold will significantly improve osseointegration over the existing ‘gold 

standard’. Orthopaedic devices using this biomaterial would thus reduce stress shielding and 
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promote healing and active bone remodelling into and around the device. The end result of 

these improvements will enable reduced implant failure rates previously attributable to atrophy 

and osteopenia and increase implant survivorship to allow for the continued restoration of 

quality of life to our patients.  
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2 Problem Statement and Context 

2.1 Introduction 

Uncemented orthopaedic implants, such as the acetabular component of a total hip arthroplasty, 

typically incorporate a porous material that apposes bone and provides fixation via bone 

ingrowth. Examples of porous materials in clinical use include sintered particles [49]–[51], 

metal foams [52], [53], and additively manufactured scaffold structures [66], [69], [70]. All of 

these materials must conform to relevant regulatory requirements. 

The five founding members (AU, CA, EU, JP and USA) of the World Health Organization 

(WHO) Global Harmonization Task Force (GHTF) on Medical Devices all share a similar 

function in regulating medical devices in their respective jurisdictions. Each member enacts 

their requirements to maintain the safety and effectiveness of medical devices used in its 

healthcare system. Guidelines are generally available to assist device manufacturers to create 

products likely to be approved for use. The most commonly used guidelines are those published 

by the United States Food and Drug Administration (FDA) as they govern devices sold into 

the USA, the world’s single largest market for medical devices. Specific guidelines [105], [106] 

are available for porous materials and provide required considerations and ranges in values for 

various parameters found to be important over many decades of clinical experience. 

In addition to conforming to relevant regulatory requirements there are many other factors that 

must be considered during the design of a new porous material. Prime consideration should be 

given to biological interaction and improving efficacy above existing treatment options. 

Secondary consideration should then be paid to aesthetics, manufacturability including 

processing steps such as cleaning, and an ability to garner proprietary rights to use the material. 

These factors are all intrinsically linked. 
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This chapter describes the specifications of a new, additively manufactured scaffold based 

porous material for use in uncemented orthopaedic implants. First and foremost, the basic 

specifications are drawn based on relevant regulatory requirements. Additional factors are then 

described with the intention that, In Toto, the design specifications will lead to both a clinically 

and commercially relevant product. 

2.2 Regulatory Requirements 

Medical devices sold in the USA are governed by the FDA. The FDA publishes guidelines on 

a wide variety of topics with the intention of assisting medical device manufacturers to create 

safe and effective products. The relevant guidance document for designing the new porous 

material is: ‘Guidance Document for Testing Orthopaedic Implants with Modified Metallic 

Surfaces Apposing Bone or Bone Cement’ [105]. Additional guidance can be found in: ‘Class 

II Special Controls Guidance Document: Knee Joint Patellofemorotibial and Femorotibial 

Metal/Polymer Porous-Coated Uncemented Prostheses; Guidance for Industry and FDA’ 

[106]. 

The guidance documents describe various metrics and accepted values, as well as specific 

testing and reporting requirements. The key requirements relate to the metallurgy and structure 

of the materials, a detailed technical description of the porous region demonstrating compliance 

with specific values for pore parameters, physical properties of the materials, and assurance of 

biocompatibility and clinical data. Additional information is required surrounding the 

manufacturing processes used to produce the materials, test specimens and end-use devices, 

which is of particular interest in the case of new manufacturing methods. A summary of the 

requirements is compiled in Table 1. 
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Table 1: Regulatory requirements for bone tissue scaffolds 

Requirement Comment 
Metallurgical analysis of the 
materials: 

Chemical composition [105]; 
Trace element analysis [105]; 
Microstructure [105]; 
Corrosion (equal or less than a legally marketed device) [105]; 

Microstructure of the 
modified surface: 

Surface thickness [105]; 
Drawings or photographs illustrating the position of the modified surface(s) 
and any variation in modified surface thickness [105]; 
Shape and size of the particles or material between pores; 
Diameter or area of welds between surface coating particles and substrate and 
microphotographs to identify all geometric characteristics of the 
microstructure [105]; 

Pore parameters: Pore diameter at the surface [105]; 
Average pore size between 100 and 1000 µm [106]; 
Interconnecting porosity [106]; 
Minimum void intercept length or minimum pore diameter of the 
interconnecting porosity [105]; 
Mean volume percent of voids (porosity) [105]; 
Volume porosity of 30 to 70 percent [106]; 
Coating thickness between 500 and 1500 µm [106]; 

Physical properties of the 
substrate surface: 

Drawings of any non-random surface structure patterns [105]; 
Surface roughness in Ra [105]; 

Mechanical properties of the 
modified surface: 

Shear fatigue strength tested to at least 107 cycles; 
Static shear shall exceed 20 MPa as per ASTM F 1044; 
Static tensile strength shall exceed 20 MPa as per ASTM C 633 or ASTM F 
1147 [105]; 
Abrasion simulation [105]; 

Mechanical properties of the 
substrate: 

Yield strength [105]; 
Ultimate tensile strength [105]; 
Fatigue strength according to ASTM F 1160 [105]; 

Biocompatability: Biological response equal or better than approved or substantially equivalent 
devices when tested with ASTM F 748, ASTM F 981, and an animal study 
testing tissue apposition, depth of tissue ingrowth, and interface strength in 
bending, shear, tension or torsion [105]; 

Clinical data: Any available clinical data that at minimum includes data on loosening, 
radiographic evidence of bone or fibrous tissue ingrowth, surface particulate 
migration, surface coating failure or other indications of success or failure 
[105]; 

Manufacturing: Sufficient detail of the manufacturing process of the final product and test 
samples to explain any differences between its properties and those of 
currently marketed devices [105]; 

Reporting: Summary table of the aforementioned requirements; 
Name and address of testing facility [105]; 
Name of study director, investigator and supervisors; 
Date that testing was initiated and completed and final report date [105]; 
The objectives, methods, materials, deviations from references protocols and 
standards, results and conclusions of the test. (With mandated sections.) 
[105]. 

2.3 Clinical Performance 

By and large, materials that conform to the regulatory guidelines will have adequate clinical 

performance. However, the enhancement of bone ingrowth and fixation strength over existing 
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treatment options is paramount to maximise connection strength. There is a plethora of 

published information regarding aspects of porous material design [62], [107]–[110]. A 

thorough evaluation of this information should form the foundation of any new porous material 

design. 

Porous materials have been in clinical use since the early 1940’s [111]. Using the best 

technology available at that time, sintered bead coatings, it was only possible to investigate 

basic relationships. A foundation study by Bobyn et al established that porosity at the surface 

of the implant can predict interface strength [31]. An early clinical report by Engh et al found 

that press-fit of the porous coated implant was important to successful bone ingrowth and that 

this led to stable fixation and excellent clinical results [112]. This result has recently been 

corroborated by Bertollo et al with a rigorous In Vivo investigation [71]. 

Decades of research followed these initial pioneering cases. Today, it is well-established that 

porous material design is a trade-off between large interconnected pores that permit nutrient 

and waste exchange, vascular intrusion and complex tissue formation, with the conflicting goal 

of mechanical integrity and tissue matched elastic moduli [62], [107]–[110]. 

The design requirements outlined in Table 2 and are derived from scientific papers reviewed 

in Chapter 1.2 and build upon the basic regulatory requirements. 
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Table 2: Clinical requirements for bone tissue scaffolds. 

Requirement Comment 
Pore size: Ideal pore size of 500 – 600 µm and minimum interconnecting pore size 

(throat size) greater than 200 µm [31], [33], [34], [36], [62]–[64], [106], 
[113], [114]; 

Pore interconnectivity: Fully interconnected pores, minimum pore interconnectivity value (Z) of 2 
(single entry single exit, i.e. no dead-end pores), and pore interconnectivity 
value as high as possible (multiple entries and exits to every pore) [46], [97], 
[115]; 

Porosity: As high as possible (target 70 percent as regulatory guideline maximum) 
[31], [33], [114], [34], [36], [62]–[64], [105], [106], [113]; 

Surface roughness: High surface roughness (Ra) [66]; 
Press-fit: Surface is able to be placed in intimate contact with the surrounding bone i.e. 

no large layer thickness that dictates how a surface can be approximated [71]; 
Coefficient of friction: High coefficient of friction for initial implant stability [116]. 

2.4 Ancillary Requirements 

A porous material will ultimately be used in a product that ends up in the hands of an 

orthopaedic surgeon. The design of a porous material can evoke great confidence in the product 

through perceived biological affinity and porous designs that mimic naturally occurring 

structures are generally well regarded in this respect [43], [76]. A design of porous material 

with visible biological potential that a surgeon can immediately engage with will be more easily 

adopted and this should be considered an essential design requirement. 

The complex geometry of an orthopaedic implant must be considered when designing an 

aesthetic porous material. The material should present an equally advantageous surface when 

cut on a variety of planes. In this way, the contours of a patient’s bony anatomy can be followed 

with a uniform presentation of pores that bone may grow into. 

A compliant, effective and aesthetic porous material must, finally, be able to be manufactured 

in high volume to meet growing demands from the orthopaedic industry and ageing 

populations. The modern process of additive manufacturing (AM) has rendered the production 

of a complex scaffold based porous material an almost trivial task. However, it is in the details 

of ‘almost’ that great care must be given to the intricacies of this process. 
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The design for AM (DfAM) is an emerging sub-field in mechanical engineering that has 

evolved to take advantage of the new capabilities that the manufacturing platform offers. 

DfAM helps engineers both design parts that are efficient concerning cost, complexity and 

time, and seeks to avoid manufacturing defects caused by part geometry. For example, the 

consolidation of multiple components into one part for an integral porous coating on a hip 

replacement results in an implant that is stronger than with a traditional sintering process. 

 The electron beam melting process developed by Arcam (Arcam AB, Sweden) is an 

established choice for producing AM medical devices. This process uses a high-power electron 

beam (currently, up to 3 kW) to selectively melt a pre-heated titanium alloy powder to form a 

solid component. The design of the component must factor in the powder metallurgy 

underpinnings of this manufacturing technique, along with the large thermal stresses involved 

in selective melting. Additionally, the additive layer-by-layer approach introduces 

requirements for components to be supported against mechanical forces during fabrication, 

including gravity and those imparted by the machine’s blade that applies and smooths each 

successive layer of powder. Failure to address these design requirements may result in a 

component that has poor material properties, is warped or distorted, fails to fabricate 

successfully, or even damages the machine. 

A simple, but often overlooked, constraint of AM techniques is the software and hardware 

limitations of the computational tools used to prepare computer models of the components and 

the numerical control instructions for their manufacture. In the following example, a simplified 

design issue is highlighted. Suppose the length of an individual unit cell is 500 µm along each 

side. For a hypothetical 50 mm cubic implant, there are one hundred unit cells along each side; 

an easy number to comprehend. However, in total, there is a huge one million individual unit 

cells in the complete volume. Given this hypothetical implant is on the small side compared to 
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a human hip, the issue of computational weight is immediately apparent. The computationally 

light-weight design of the unit cell is now an obvious further requirement, which also interacts 

with porosity. 

Following primary production, the porous material must be thoroughly cleaned of any 

manufacturing remnants. The removal of entrapped build powder is typically achieved in two 

stages. First, a closed loop blasting process scours loose powder from crevices and open porous 

channels and captures it for re-use in the building operation. Second, an ultrasonic bath filled 

with either super-clean water or isopropyl alcohol breaks apart clusters of compacted powder 

and encourages deeply trapped powder to escape through the porous material pathways, as 

possible. Following these initial, overall cleaning processes, products undergo critical cleaning 

to ensure they are suitable for implantation. 

For any product to be commercially relevant, a proprietary right to control its manufacture and 

sale must be sought. Various mechanisms exist to garner this protection. Initially, a trade-secret 

approach that simply does not disclose critical aspects of the product may prove effective. In 

the longer term, and for greater security, critical aspects of the product should be patented. The 

basic requirements to patent are novelty and inventiveness. In simple terms, the design must 

not only be new, but must also be a non-obvious leap beyond the status quo. 

All these additional design requirements are summarized in Table 3. 
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Table 3: Ancillary requirements for bone tissue scaffolds 

Requirement Comment 
Aesthetics: Bio-mimetic design that evokes trabecular bone; 

Consistent when cut across multiple planes; 
 

Manufacturability (computer 
design): 

Lightweight STL file (less computationally intensive); 
Unit cell based; 
Repeatable in orthogonal directions; 

Manufacturability (design 
for AM): 

Self-supporting structure; 
No large overhanging features that are prone to distortion under gravity or by 
mechanical disturbance from the blade; 
No large planar features that are prone to warping under thermal stress; 
Open porous channels to facilitate powder removal; 

Manufacturability (primary 
manufacture): 

Manufactured from titanium alloy grade 5 or 23, (Ti6Al5V or Ti6Al4V ELI); 
Additively manufactured using an Arcam S12 Electron Beam Melting (EBM) 
machine; 

Manufacturability 
(cleaning): 

Powder removal using Arcam powder recovery system; 
Powder removal and non-critical cleaning using ultrasonic bath; 

Patentable design: Novelty; 
Inventive step. 

2.5 Summary 

Designing the structure of a material for use in a medical device is a complex task with 

competing requirements and multiple stakeholders. By breaking this task down into a series of 

discrete requirements it becomes obvious that many factors are prescribed. These factors are 

common between new and established designs alike. It is also clear that there is practically no 

limitation on the porous architecture, and, as a result, there is great opportunity to innovate 

here. Additive manufacturing provides the tools to build new porous designs that focus on 

improving biological interaction. These designs must encourage bone to grow into the porosity 

quickly and completely, thereby allowing the device to develop a robust and long lasting union 

with the patient. 

2.6 Problem Statement 

This thesis documents the development, characterisation and evaluation of a novel porous 

materials for cement free fixation in bone. The relative influence of materials and 

manufacturing method, and scaffold architecture are investigated. Additionally, an overview 
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of the development of the novel material will be given including presentation and evaluation 

of selected concept materials against a subset of the design requirements. A comprehensive 

background and methods development process will be undertaken to determine a suitable 

animal model and bone to implant interface analysis techniques. 

The primary aims are to: a) demonstrate efficacy, ideally over and above existing treatments; 

b) investigate the effect of different scaffold topologies; and c) investigate the effect of small 

changes in pore properties with identical topology. The majority of this thesis will be the 

evaluation of efficacy by way of an animal study. 

The specific design concepts are developed in conjunction with the industry partners of this 

project (Ossis Limited, New Zealand, and Medical Modeling LLC, USA (now 3D Systems 

Inc.)). The formation of concept designs involves significant propriety input from these 

partners and will be excluded from this thesis. The scope of the designs will be limited to new 

scaffold architectures for AM production in Ti6Al4V by Arcam EBM.  
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3 Material Concepts 

3.1 Introduction 

As stated in Chapter 2.6, the material concepts presented in this chapter were developed outside 

of the scope of this thesis by various individuals and industry partners. As such, and due to 

proprietary issues, their development is not reported. The purpose of this chapter is to provide 

context and details of the concepts to build a foundation for the following chapters. 

Medical Modeling Inc. (Golden, Colorado, USA) was founded by Andy Christensen with the 

idea that medical imaging studies should not only be used for diagnosis, but that they should 

drive clinical treatment. Medical imaging studies, such as CT or MRI scans, provide a series 

of medical images that enable clinicians and engineers to visualise medical anatomy in 3D. 

These 3D visualisations are a natural fit with 3D printing, which allows that data to be printed 

in a tactile medium to help surgeons better understand and treat disease. Medical Modeling 

Inc. is a pioneer of additive manufacturing and began working with Arcam EBM (Arcam AB, 

Sweden) technology shortly following the commercial release of the Arcam EBM S12 in 2002. 

For the first time, the Arcam technology allowed the additive manufacture of end use titanium 

orthopaedic implants [65]. 

Paul Morrison and orthopaedic surgeon James Burn founded Enztec Ltd. (Christchurch, New 

Zealand) to design and manufacture orthopaedic products. By the early 2000’s they had already 

made a handful of custom orthopaedic implants. When Paul Morrison then met Andy 

Christensen, a future of additively manufactured custom implants became reality. Leveraging 

Enztec’s clinical history and market access, the partnership was successful in bringing the first 

3D printed implants to New Zealand in 2006. Figure 1 shows concept sketches and models of 

an early case. Figure 2 shows an image from a newspaper article [117] reporting the story. 
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Figure 3 shows the end result, the clinical application of one of the first 3D printed implants in 

New Zealand. This particular custom implant was co-designed by Paul Morrison and Seamus 

Tredinnick and treated a maxillofacial tumour resection. 

 

Figure 1: Digital anatomical model derived from CT scan data showing remaining bony 

anatomy following maxillary sinus tumour resection (left) and concept sketches of a 

corresponding patient specific implant (right). 
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Figure 2: A prototype patient specific maxillofacial implant printed using electron beam 

melting and anatomical model printed using fused deposition modeling, as reported in The 

Press [117]. 
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Figure 3: The definitive maxillofacial implant in situ during reconstructive surgery. The 

implant was produced using electron beam melting and finished using traditional machining 

techniques. The bone interface was left as grown. 

AM was a paradigm changing manufacturing method that allowed porous scaffolds to be 

produced as an integral part of a device. Enztec began to include porous scaffolds in its AM 

custom implants in 2007 in an early move to provide primary fixation via bone ingrowth. 

Initially, simple cubic scaffolds were used as they were straightforward to model and could be 

easily tailored to meet a surgeon’s desired properties. One particular scaffold, the ‘Jimmy’ 

mesh, proved very successful in a handful of clinical cases and was considered for inclusion in 

this project. Figure 4 shows a prototype ALIF device using the Jimmy mesh, circa 2009, 

designed by Seamus Tredinnick. 
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Figure 4: CAD model of an implant to replace an inflamed spinal disc during an anterior 

approach lumbar interbody fusion (ALIF) procedure. The implant was designed to be produced 

using electron beam melting and uses a simple cubic scaffold intended to encourage bone 

ingrowth into the device. 

To enable Enztec to focus on its highly successful surgical instrumentation business, the design 

and production of custom implant products was shifted to another business in 2008, Stratatec 

Ltd. (Christchurch, New Zealand, est. 1998), New Zealand’s first rapid prototyping bureau of 

which Paul Morrison was also a co-founder. Now focused on patient specific treatments for 

complex acetabular (hip) reconstructions, the products were sold under the trade-name ‘Ossis’. 

Under this brand, there was new found enthusiasm to ‘productify’ the scaffold used to create 

rapid cement free fixation, a critical foundation of the success of their products. 

The shift from designing a unique scaffold for an individual surgeon to applying a standard 

scaffold as a product provided Ossis (Ossis Ltd. Christchurch, New Zealand, previously 

Stratatec) with an opportunity to benchmark its performance using a pre-clinical study. This 
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undertaking would provide Ossis with valuable data it could use to confidently market the bone 

ingrowth properties of its custom hip products. The desire to capture the science behind why 

these products work so well was the genesis of this research. 

Ossis Ltd. and manufacturing partner Medical Modeling Inc. set out to develop a scaffold for 

use in Ossis’ custom hip products. Two candidates were put forward for inclusion in this 

project: 1) ‘Cranial Mesh’, an existing product developed in-house at Medical Modeling Ltd.; 

and 2) ‘Labrynth’, which was collaboratively developed by Andy Christensen, Ryan Kircher, 

Paul Morrison and Seamus Tredinnick. The two candidates were radically different in their 

design and manufacturing pathways. 

The design for additive manufacturing (DfAM) of scaffold structures for production on the 

Arcam EBM S12 machine had to deal with the idiosyncrasies of the specific technology 

platform. In the mid-2000’s the desktop computing tools were simply not able to handle 

complex models of organic surfaces comprised of thousands or millions of faces. This issue is 

still somewhat of a limitation today, because, although the computational tools have improved, 

so too have user expectations.  

The concepts presented herein tackle the challenges of DfAM using different approaches. 

Cranial Mesh was developed so the porous properties could be applied during the build 

processing step.  This method circumvented the computational overheads associated with 

designing a complex structure using CAD tools. In contrast, Labrynth was designed to have a 

lightweight file size so that the structure could be easily manipulated on a CAD workstation. 

The following sections describe the two concepts and how they met some of the challenges of 

DfAM in different and unique ways. A great deal of proprietary knowledge was developed by 
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Ossis Ltd. and Medical Modeling Inc. during the development of these products, and a 

summary is presented to allow the reader understand what makes these products unique, 

without disclosing proprietary information. 

3.2 Cross Hatched Lattice (CH) 

A cross hatched lattice is 3D structure produced from alternating layers of parallel fibres 

arranged at right angles to the previous layer. Fused deposition modelling (FDM) is an 

established AM technique for producing porous lattices as tissue scaffolds. FDM lays down 

discrete fibres of materials to fill in the internal structure of a model in a layer-by-layer fashion. 

By adjusting the spacing of the fibres, it is possible to create porous lattice structures as shown 

in Figure 5. 
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Figure 5: A porous lattice structure produced by controlling the raster spacing of an electron 

beam melting machine. Note the alternating direction of the ‘fibres’ in the top layer and layer 

below, similar to traditional FDM lattice structures. 

The tool path for the deposition of the fibre is generated in a computer aided manufacturing 

(CAM) build processing step. During build processing, the 3D model is sliced into sequential 

2D layers. The tool path, where the fibres will be deposited, is determined by an algorithm. 

These tool paths are then sent as instructions to the machine for manufacture. By adjusting 

build processing parameters, it is possible to alter the orientation and spacing of the fibres and 

control the properties of the resultant structure. 
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Cranial Mesh (CH) was designed as an analogue of a porous cross-hatched lattice structure 

produced by FDM. As implemented here, the lattice structure is only applied during the build 

processing stage. This workflow is attractive because the original component model remains 

lightweight and able to be manipulated on a traditional workstation. 

EBM is an AM process in which a high-energy electron beam selectively melts a bed of 

powder. The electron beam follows a predetermined beam path (raster) on each layer of the 

build. By controlling the beam current, and spacing and orientation of the raster, it is possible 

to produce parallel struts. By modifying the orientation of the raster, it is possible to build up 

a lattice structure over successive layers of the build. 

CH is a cross hatched lattice structure. Parallel struts are spaced 1 mm apart and the orientation 

of the struts is alternated by 90 degrees every 1 mm in the Z axis. The width of the strut is 

determined by the electron beam melt pool. Cranial Mesh was originally developed by Medical 

Modeling Inc. for use in cranial flap prostheses, and was one of the first clinically applied 

porous structures produced on the EBM platform. 

3.3 Modified Dodecahedron (D1 and D2) 

CAD tools can be used to model complex 3D designs. When CAD tools are combined with 3D 

printing there is little restraint on the creative freedom of the design. With this context as a 

foundation, the Labrynth scaffold was designed to mimic trabecular bone with interconnected 

pores and a complex network of trabeculae (struts). This design provides a significantly 

enhanced product aesthetic, in terms of mimicking the anatomical situation, and may also 

increase bone ingrowth performance compared with CH, due to its biologically inspired design. 
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In particular, natural trabecular bone is a complex array of struts that bound separation spaces 

(pores), which vary widely in size and shape. In natural bone, the distribution of these 

parameters is continuously variable. This complexity is difficult to replicate with common 

CAD tools. 

Labrynth overcomes this complexity issue by simplifying the trabecular structure down to a 

unit cell. This unit cell is repeated in orthogonal directions to build up a bulk material. The size 

of the unit cell can be scaled appropriately to match the pore size of trabecular bone. In this 

case, each cell is 1.8 mm along each side. 

The underlying topology of the Labrynth unit cell is a dodecahedron. This structure is then 

modified by truncating the vertices to replace each regular pentagon with a regular decagon. 

This modification creates a duopoly of interconnecting geometries, comprising a series of 

regular decagons and isolateral triangles. When patterned, the unit cells encompass a highly 

spherical large inner pore and channel-like interstitial pores. The Labrynth unit cell is shown 

in Figure 6 and the resulting bulk structure in Figure 7. 
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Figure 6: The modified dodecahedral unit cell, as shown in Figure 5B of patent 

US20130199748 A1 [118]. The unit cell is based on a dodecahedron with each vertex truncated 

such that each pentagon now forms a regular decagon and each vertex now forms an isolateral 

triangle. Note the choice of triangular struts that minimise the number of total faces on the solid 

part. 
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Figure 7: The bulk structure resulting from the repeating unit cell, as shown in Figure 5E of 

patent US20130199748 A1 [118]. The unit cell is repeated in orthogonal directions (x, y and 

z) and each unit cell abuts its neighbour along a one length of the decagonal faces of the unit 

cell. The specific pattern creates a range of pore sizes and open channels running between the 

unit cells. 
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The Labrynth structure has oblique struts built up layer-by-layer. The cross section of the struts 

presents a range of profiles to the build surface, ranging from circular, when the strut is aligned 

with the Z axis, through rectangular, when the strut is aligned with the X or Y axes. In these 

two different scenarios, the beam path ranges from very short stop/start paths through long 

continuous paths, respectively. When built using the Arcam EBM standard build parameters 

(theme), there is a significant difference in the as-built strut properties due to heat build-up 

effects. 

To create uniform struts, a custom build theme was developed. The build theme remains a 

proprietary trade-secret of Arcam AB (Sweden). Traditional build themes use continuous beam 

paths of various beam currents and raster speeds. The Labrynth build theme instead uses 

discrete points to create overlapping circular melt pools. In this way, the size of the melt pool 

can be controlled more readily, allowing the Labrynth structure to be built with more uniform 

struts. 

The Labrynth build theme creates melt pools at discrete uniformly spaced points. Because of 

this discrete step-wise build theme, small changes of the modelled strut diameter have no effect 

on the as-built strut diameter. Therefore, to change the strut size, the beam current settings can 

be modified to affect the melt pool diameter. Thus, higher beam current results in a larger melt 

pool and larger strut diameter.  

Three beam current settings were successfully applied (1.4 mA, 1.6 mA and 1.8 mA). The 

Labrynth scaffold produced using a 1.4 mA beam was aesthetically desirable with fine struts, 

but ultimately lacked the strength, based on testing, to meet FDA requirements. The other two 

beam currents, 1.6 mA (D1) and 1.8 mA (D2), are investigated herein. Although similar, the 

finer strut D1 provides an aesthetic edge over the more robust strut D2. Investigation of both 
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D1 and D2 ensures that Ossis Ltd. (Christchurch, New Zealand) has design knowledge and 

options in the future. 

The Labrynth structure and its production method was developed by Andy Christensen and 

Ryan Kircher (Medical Modeling, Colorado, USA) with input from Paul Morrison and Seamus 

Tredinnick (Enztec, Christchurch, New Zealand, and Ossis, Christchurch, New Zealand, prior 

to PhD commencing). Labrynth was subsequently patent in the USA by Medical Modeling Inc. 

(Golden, Colorado, USA) with Andy Christensen and Ryan Kircher as named inventors. 

Additional information can be found in patent US20130199748 A1 [118]. 

3.4 As Grown (AG) 

The raw, as grown surface of an EBM fabricated part is very rough. Anecdotal clinical 

experience showed that a variety of tissues readily attached to this surface (P. J. Burn, personal 

communication). A monolithic, solid, non-porous, sample with the as grown surface (AG) was 

put forward for inclusion in this study. The AG sample was mooted as both an effective 

alternative surface finish for an implant, broadly equivalent to roughened surfaces such as 

course grit blasted or a plasma spray coated, and also to serve as an on-growth surface control 

sample. 

3.5 Summary 

Four AM fabricated scaffold structure concepts were put forward for inclusion in this study: 1) 

a monolithic substrate with as grown surface finish (AG); 2) a traditional cross hatched lattice 

(CH); and 3, 4) two variants of a modified dodecahedral unit cell structure (D1 and D2). The 

CH sample was an established porous structure that had been used clinically in cranial flap 

prostheses. CH was attractive because it could be applied in the build processing step of the 
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AM workflow and placed little strain on CAD software and hardware alike. D1 and D2 

represented the future of AM scaffolds with complex structures based on trabecular bone, 

resulting strong aesthetic appeal, and porous properties distilled from decades of medical 

research. AG was put forward both as non-porous control sample and as a potential alternative 

for traditional rough surface finishes. Samples are comprehensively evaluated against various 

specifications in Chapter 4.  
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4 Characterization 

4.1 Introduction 

This chapter details the characterization of the material concepts from Chapter 3 against the 

various specifications outlined in Chapter 2.2 – 2.4. Established characterization techniques 

were used wherever possible. Therefore, and by intent, many of the results presented in this 

chapter align with the regulatory guidelines for porous materials in orthopaedic devices [105], 

[106]. Additional techniques were employed as required to allow for a better, more detailed 

comparison of the samples. 

Additively manufactured metals are not well established at the FDA. Traditional requirements 

for porous materials relate to coatings and address concerns with their interaction with the 

substrate, particularly regarding delamination of porous sintered bead coatings delaminating 

from solid substrates. In contrast, single step additive manufacturing techniques can produce 

components with integral porous and solid domains, negating issues of coating delamination. 

Hence, the majority of the characterization methods used herein focus attention on the 

properties of the porous structures, which is the primary, relevant concern. 

The bulk EBM material was qualified for use by established tests against existing material 

standards. The properties of the porous structures were comprehensively evaluated by a variety 

of methods including µCT, confocal microscopy, and scanning electron microscopy (SEM). 

Overall, the properties of the material concepts were examined so they could be accurately 

compared. Future investigation into the performance of the materials will enable a look back 

to these differences to potentially identify drivers for biological response, improving the 

fundamental understanding of how bone interacts with these materials. 
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Some FDA requirements were not addressed herein either because they were comprehensively 

and conclusively evaluated elsewhere, or because they were outside the scope of this study. 

Specifically, evaluation of the mechanical properties of the materials was not within the scope 

of this study. Primary biocompatibility studies were not undertaken as the response to 

implantation of Ti6Al4V has been well established in a wide variety of sites and species and 

the material is in common clinical use [15], [20], [23], [119], [120]. A pre-clinical efficacy 

study is the main focus of this thesis and will be presented in detail in the following chapters. 

4.2 Metallurgical Analysis 

The ultimate performance of an implant is significantly influenced by the properties of the bulk 

material. Titanium and titanium alloys have a long-established history as effective materials 

for constructing orthopaedic implants. Electron beam melted titanium is directly comparable 

to identical alloys produced by conventional methods. 

Leading into this project, Christensen et al [65] investigated the metallurgic properties of 

Ti6Al4V produced via EBM. The chemical composition, microstructure and mechanical 

properties of bulk material (Ti6Al4V ELI) were evaluated to qualify this new production 

method for orthopaedic applications. In conclusion, Christensen et al [65] stated that “The 

results demonstrate that the EBM process is a manufacturing technique capable of meeting, 

and in some cases exceeding, the properties of present manufacturing methods.”. 

ASTM F 2924 and ASTM F 3001 are recently published material standards for powder bed 

fusion of Ti6Al4V and Ti6Al4V ELI, respectively [121], [122]. These standards were 

specifically created for the initial and ongoing qualification of titanium alloys produced by 

EBM and laser additive manufacturing. Broadly, materials produced in accordance with these 
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standards meet identical requirements to existing material standards for conventional 

manufacturing methods. For example, the compositional requirements of ASTM F 2924 are 

identical to ASTM F1472, Ti6Al4V wrought alloy [123]. However, powder fusion processes 

can fully melt the material thereby creating a new microstructure and potentially contaminating 

the chemical composition. To address this significant concern, AM specific standards place 

additional emphasis on process control and metallurgic inspection within an appropriate quality 

management system, such as ISO 13485 for medical devices [124]. 

The bulk material used for all samples here aligns as a substantially equivalent material and 

meets the requirements of the FDA at the present time. It has been qualified for use by test to 

the specifications of existing comparable materials [65], [125], [126]. Furthermore, the 

material can meet the additional requirements outlined in ASTM F 2924 or ASTM F 3001, 

when produced within the scope of an ISO 13485 accreditation. 

4.3 Physical Properties of the Substrate Surface 

4.3.1 Surface analysis 

The surface of as grown EBM parts is rough. Surface roughness affects how cells and tissues 

interact with materials. The roughness average (Ra) is the most common metric used to 

describe surface roughness [127], and is required to be reported to the FDA [105]. However, 

roughness is only one aspect of surface topography, and other, qualitative assessment methods 

can help to gain a better understanding of the true properties of the substrate. In this study, two 

independent analysis methods have been employed: 1) SEM imaging as a qualitative tool to 

assess surface features; and 2) confocal microscopy from which surface roughness can be 

measured. Due to the large size of the surface features (up to 100 µm), stylus profilometry 

[127] was not suitable. 
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4.3.2 Surface features 

The surface of the as grown EBM samples were imaged using SEM. Samples were imaged 

using a Hitachi TM3000 Tabletop Microscope (Hitachi Ltd., Japan) at a range of low 

magnifications (x30, x50, x100 and x200). Images were acquired at similar locations on each 

sample in order to assess and compare surface topography. Interesting features were imaged at 

higher magnification using a JEOL JSM 6100 (JEOL Inc., USA). 

Low magnification SEM images revealed that the as grown EBM parts had distinctive surface 

features as typified in Figure 8. The dominant feature is build powder sintered to the part. The 

partially coalesced powder ranged between 40 and 100 microns in diameter, unchanged from 

the original build powder. The sintered powder was uniformly present on the bottom and sides 

of all parts, as shown in Figure 9. The top surfaces of the samples were smooth, as shown in 

Figure 10, because the free surface of the melt pool has no powder above it, preventing material 

from sintering to the part. 
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Figure 8: The electron beam melting process results in a characteristic rough as grown surface. 

The spherical features are built powder that are fused to the part surface. 
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Figure 9: The rough as grown surface produced by the electron beam melting process is 

uniformly present on the bottom and sides of scaffold struts. 
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Figure 10: The top surface of parts produced by electron beam melting is smooth, because there 

is no free build powder above the working layer to fuse to the part. 

The exterior surfaces of the parts exhibited horizontal layering as shown in Figure 11. These 

strata, perpendicular to the build direction, clearly identify the individual layers of the build 

process. The layering artefact is caused by the irregular shape of the melt pool and by ‘stepping’ 

of the input model when the continuous surface of the part is sliced into discrete layers. 

Layering artefacts were most pronounced on oblique surfaces, and in particular, on small struts, 

where the melt pool and layer height is large relative to the feature size, as shown in Figure 12. 
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Figure 11: Layering artefact is clearly seen in this part produced by electron beam melting. 

Layering artefact occurs because the part is built in a series of discrete layers stacked on top of 

each other. The layers in this part were 70 µm thick.  
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Figure 12: Pronounced layering artefact on a single thin strut produced using electron beam 

melting. The significant variation in strut thickness is due to the large size of the melt pool 

relative to the size of the feature. This strut is at the lower size limit of what can be reliably 

produced using electron beam melting. 

Following an EBM build, loose powder is removed by the powder recovery system, a blasting 

process. A closer look at the surface of the parts showed regions where loosely sintered powder 

had been removed. Isolated areas showed evidence of ductile rupture, as shown in Figure 13, 

resulting in small areas of macroscopically smoother surface finish. 
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Figure 13: Macroscopically smooth surfaces can occur where loose powder has removed by 

blasting. At high magnification, this surface shows evidence of ductile rupture of the loosely 

adhered build powder. 

4.3.3 Surface roughness 

The surface roughness of as grown EBM parts was investigated by Laser Scanning Confocal 

Microscopy (LSCM) using a Leica TCS SP5. Surface roughness was assessed for the AG 

sample only, as the small individual struts of the scaffold materials were not suitable for 

analysis due to their high rate of curvature. The characteristic surface topography was identical 

for all samples, as shown previously with SEM imaging.  
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Images were acquired via LSCM at x10 magnification in air using 1024 x 1024 camera 

resolution and 1550 x 1550 µm (1.51 µm/px) spatial resolution. Serial images were acquired 

over a 168.1825 µm range at 167 intervals (1.01 µm/px). Resultant image stacks were imported 

into ImageJ [128], [129], an extended depth of field image created [130] and the surface 

roughness measured [131]. LSCM imaging and subsequent post-processing measured the 

surface roughness of the as grown EBM surface, as Ra 45.7 µm. 

4.4 Pore Parameters 

The bulk material and surface topography of the material concepts are identical. Thus, it is the 

size, shape and arrangement (topology) of the struts that define the pores. Any differences in 

the biological performance of the materials can only be attributed to variation in pore 

parameters. Hence, accurate characterization of the pore parameters is essential. 

The FDA recommends evaluating the following parameters [105][106]: pore diameter at the 

surface; average pore size; minimum pore diameter of the interconnecting porosity (throat 

diameter); and mean volume percent of voids (porosity). The material concepts will ultimately 

be applied to patient specific implants with varying geometry. As such, the surface of the 

implant will cut through the material at many arbitrary angles. Therefore, the pore diameter at 

the surface will range from the minimum pore size through to the maximum pore size. For this 

reason, pore diameter at the surface was excluded from this analysis. 

4.4.1 Micro computed tomography 

Computed tomography generates cross-sectional slices from a series of projected X-ray 

images, allowing the viewer to see internal structures of the body. Micro computed tomography 

(µCT) is an industrial and scientific instrument capable viewing objects at up to two orders of 
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magnitude (x102) greater resolution than a clinical CT. µCT is ideally suited to imaging objects 

with small, complex features. The accurate images series, or stacks, produced by µCT can be 

analysed using image analysis tools to accurately calculate pore parameters. 

Samples of each material concept were scanned in air using a Bruker SkyScan 1172 µCT 

(Bruker Inc., Massachusetts, USA) to generate high contrast projection images. A 0.5 mm 

aluminium filter was used to improve contrast and reduce metal artefact by conditioning the 

X-ray beam through the absorption of low-energy X-rays. The raw projection images were 

reconstructed using NRecon software (Bruker Inc., Massachusetts, USA). The resulting image 

stack had an isotropic resolution of 17 µm per voxel, where a voxel is a volumetric (3D) pixel, 

allowing for accurate analysis. 

The image stacks were exported in uncompressed TIFF format to avoid digital compression 

artefacts. Images were thresholded to create a binary stack prior to analysis. Analysis was 

performed using various tools. In particular, BoneJ (BoneJ v1.3.10, BoneJ.org) plugin for 

ImageJ [2–4] and novel methods [132]. 

Scaffold parameters are presented herein using standard trabecular bone nomenclature [45]: 

• The volume of the scaffold material (Bone Volume, B.V.) was measured using the 

Volume Fraction command in BoneJ. 

• Porosity was determined using scaffold volume and total volume calculated from 

physical measurements of the sample (Bone Volume, B.V, divided by Total Volume, 

T.V, B.V/T.V, %). 



 65 

• Scaffolds strut and pore size was measured using the Thickness command in BoneJ 

[6,7]. (Trabecular Thickness, Tb.Th, µm, and Trabecular Spacing, Tb.Sp, µm, 

respectively).  

• Surface area (Bone Surface, B.S, mm2) was also measured using the Isosurface 

command in BoneJ. Surface area was normalized to total sample volume (B.S/T.V, 

mm-1). 

A summary of the results is presented in Table 4. 

4.4.1.1 Pore size 

Analysis of µCT data revealed average pore parameters were similar for all material concepts. 

CH had an average pore size of 483 µm (σ = 174 µm). D1 had an average pore size of 658 µm 

(σ = 276 µm). D2 had an average pore size of 576 µm (σ = 248 µm). For all samples, the 

average pore size was within the 100 – 1000 µm range set by the FDA guidelines. 

4.4.1.2 Porosity 

The mean volume percent of voids (porosity) was 65%, 73% and 71% for CH, D1 and D2, 

respectively. The mean volume percent of voids was at or slightly above the upper extent of 

the FDA guidelines of 30 – 70% porosity and in-line with established clinical reference 

materials [43]. 

4.4.1.3 Strut size 

The average diameter of the struts was consistent across all the samples. The range of average 

strut size was 331 µm – 347 µm.  However, the measurement technique only measured the 

underlying circular cross section. The D2 sample was produced with a higher beam current 

than D1. The higher beam current resulted in greater peripheral melting and partial coalescence 
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of build powder on the part surface. The measured average diameter of the underlying solid 

struts of D1 and D2 were very similar. However, the greater partially coalesced powder on the 

D2 struts encroached further into the pore space and, as such, explains the marginally lower 

average pore diameter. 

4.4.1.4 Surface area 

The surface area of the samples was measured from the reconstructed isosurface. Surface area 

was normalized against the sample volume.  The surface area to volume ratio ranged from 3.1 

mm-1 to 3.7 mm-1. For comparison, the surface area to volume ratio of the monolithic AG 

sample was 1.3 mm-1, which is approximately 2.4 – 2.8 times lower. 

4.4.1.5 Density 

The density of the material concepts was calculated from the previously obtained porosity 

measurements. For each sample, the porosity was multiplied by the known density of the bulk 

material (ρTi6Al4V = 4.43 g·cm3). Scaffold densities ranged from 1.19 - 1.55 g·cm3, which is 

similar to that of the bone of the eventual implantation site [133]. 

4.4.1.6 Pore connectivity 

Pore connectivity (Z) is a measure of adjacent connected pores [115] and was also determined. 

All samples have fully interconnected porosities by design. All samples had 100% accessible 

pores. The differences in topology between the design of the material concepts resulted in 

markedly different pore connectivity. More specifically, CH had Z = 4, compared to D1 and 

D2, which had Z = 12. 
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4.4.2 Results summary 

Table 4 summarises all the results to this point for each concept. 

Table 4: Summary of pore characterisation for all scaffold concepts 

Property CH D1 D2 FDA 
Porosity (%) 65 73 71 30 – 70 
Pore size (µm) 483, SD = 174 658, SD = 276 576, SD = 248 100 – 1000 
Strut size (µm) 331, SD = 90 343, SD = 98 347, SD = 107 N/A 
Surface area (mm-1) 3.7 3.1 3.4 N/A 
Density (g·cm3) 1.6 1.2 1.3 N/A 
Pore connectivity 4 12 12 N/A 

4.4.3 Novel methods and metrics of evaluation 

4.4.3.1 Pore morphology 

A novel method was developed for describing individual pores and interconnecting boundaries 

from µCT data [132]. Briefly, pores were described as the largest sphere that could fit within 

a local region of a scaffold. A hierarchical approach was used to identify larger pores first, then 

successively small pores, and, finally, the interconnecting regions were defined as the 

intersecting plane between adjacent pores. 

An algorithm was developed that identified the largest circumcircle that could fit in a local 

region of the scaffold. This algorithm picked a starting point, then iteratively enlarged the pore 

diameter and migrated the pore centre until a local maximum was found. Pore migration was 

achieved by moving the pore centre in a direction most directly away from the contact points. 

The entirety of the porous domain was investigated and the largest pore identified in each local 

region. Area outside this circular pore was then allocated to the nearest neighbour for the 

purpose of accounting for individual pore area and shape. 
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The algorithm was found to be both accurate and computationally efficient when implemented 

on 2D µCT slice images. The µCT scan resolution had little effect on measurement accuracy. 

A reduction in image resolution from 300 x 300 to 150 x 150 pixels resulted in an insignificant 

0.1% difference in measured pore size, but a significant 50% reduction in processing time. 

However, the algorithm was not developed further, as other methods became established and 

provided adequate and accepted measurements [134]. 

4.4.3.2 CT artefact reduction 

Beam hardening artefacts occur when 'soft' low-energy X-rays are filtered out by a sample, and 

'hard' high-energy X-rays are not [135]. This behaviour results in an increase in average beam 

energy and a loss of low-energy information. The most common beam hardening artefacts are 

bright and dark streaks, which limit diagnostic and scientific image quality. Dense samples, 

such as the metallic scaffolds used in this study, can cause severe beam hardening resulting in 

poor quality images that may not be suitable for analysis. 

Traditional CT scanners use X-ray detectors that are unable to determine the energy of 

incoming photons. A new scanner, the Medipix All Resolution System (MARS Bioimaging 

Ltd. Christchurch, New Zealand), based on the Medipix3RX detector [136] offers the ability 

to determine the spectral (energy) information of the X-ray beam. A novel method was 

developed to reduce beam hardening using the narrow high-energy range acquired using this 

spectroscopic detector [137]. 

Briefly, metallic phantoms were imaged using a MARS scanner with the X-ray images 

captured at various energy thresholds. This allowed the post-processed images to be viewed in 

wide and narrow energy spectrum. Specifically, the MARS scanner was operated with the X-



 69 

ray source at 80 kVp and a CdTe-Medipix3RX sensor in charge-summing mode (CSM) with 

energy thresholds of 15, 35, 50 and 60 keV. The resulting spectral reconstructions showed that 

narrow high energy ranges (50 – 80 keV and 60 – 80 keV) exhibited less cupping and streak 

artefact than wide energy ranges (15 – 80 keV and 35 – 80 keV). 

This novel beam hardening reduction method remains imminently applicable. However, the 

spatial resolution of the MARS remains a limiting factor for pre-clinical imaging. In future, the 

development of high-resolution spectroscopic imaging will offer significant advantages for 

biomaterials research. 

4.5 Summary 

Material concepts were comprehensively evaluated to allow for detailed comparison and 

regulatory filing support. The material concepts were found to be highly porous, with fully-

interconnected pores, with rough surfaces and high over-all surface area. The bulk material 

was previously investigated and demonstrated to be equivalent to existing FDA approved 

materials, so the control comparator is sound. 

Despite significant differences in topology, pore parameters remained similar across all 

samples. Average pore size ranged from 483 µm (CH) to 658 µm (D1), and overall porosity 

ranged from 65 % (CH) to 73 % (D1). Differences between D1 and D2 were minor, but in-line 

with predictions that higher electron beam current leads to larger struts, smaller pores and lower 

porosity. These results validate that beam current modification as a method for fine-tuning 

scaffold parameters. 
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Average pore size of 483 – 658 µm was within the FDA guidelines of 200 – 2000 µm [105], 

[106]. Overall porosity was slightly higher than existing FDA guidelines, but lower than a 

successful clinically established material, and so should not be cause for regulatory or clinical 

concern. As the materials are additively manufactured, the scaffold domain and dense substrate 

are integral, thereby negating historic concern for coating delamination. 

Micro computed tomographic methods were used extensively. A novel pore quantification 

method using µCT data was developed and successfully applied. Beam hardening artefacts 

were identified as a critical limitation, and an artefact reduction method was developed using 

a new spectroscopic scanner. Ultimately, established and accepted methods were employed to 

provide robust characterization. 

The three material concepts (CH, D1 and D2) were characterized and found suitable for a pre-

clinical trial of their biological performance. As pore parameters are similar across samples, 

and substrate chemistry and surface finish are identical, any differences in biological 

performance can confidently be attributed the differences in topology. In future chapters, the 

material concepts will be evaluated in vivo. This experiment will investigate the effect of 

scaffold topology on biological performance, and will, perhaps most significantly, be used to 

determine the scaffold material to be applied clinically.  
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5 In Vivo Model Background 

5.1 Introduction 

It is imperative to establish the safety and efficacy of new medical technology prior to clinical 

application. As a proxy for human patients, a suitable animal model may be employed in a pre-

clinical field trial to evaluate the effectiveness of a potential treatment. A well-chosen model 

closely mimics the biological, biomechanical, and anatomical environment of the ultimate 

application and encompasses all the complexity of life that is so difficult to simulate and/or 

measure with in silico and in vitro testing. 

Scaffold biomaterials for the cement free fixation of prostheses are ultimately tasked with 

establishing osseointegration of the device with the patient. Therefore, the material must 

develop a strong living interface with healthy, natural bone formation. The requirements for 

this interface are broadly separated into functional and structural aspects that can be evaluated 

together or separately to give an indication of clinical performance. 

To assess the functional ability of a material to provide fixation, the strength of the interface of 

the implant to the bone must be established. Typically, this task is accomplished by destructive 

mechanical testing. Testing may be performed on a repaired structure, such as a whole long 

bone, but can introduce substantial variation between tests and limit the sample number to one 

treatment per animal. To avoid this shortcoming, smaller test samples are often used, where 

multiple defects can be created in each animal and a more judicious use of the model can be 

made. 

Care must be taken to select an anatomical location suitable for multiple smaller defects, while 

maintaining clinical relevance. These samples are commonly evaluated in constrained testing 
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apparatus and, for the sake of calculation, simple geometry is preferred. This approach 

generally favours contrived implant schedules over end-use device testing. Often, 

compromises in the anatomical site are made to accommodate these testing requirements since 

the primary goal is to assess fixation, rather than clinical efficacy of a device. For all the 

drawbacks of a simplified testing regime, a plethora of studies have shown, as well as providing 

consistency with existing tests described in the literature, these arrangements can provide 

strong and relevant predictions of clinical performance. 

A specific loading regime can affect bone remodelling. For field trial results to indicate clinical 

performance, a sample must be evaluated in an anatomical niche as close as possible to the 

final application. Natural weight bearing and locomotion should be encouraged. This 

arrangement aims to subject the sample to realistic physiological loading, which plays a major 

role in bone strength and remodelling, and is thus critical [138]–[140]. 

Over the years, scaffold biomaterials have moved progressively towards larger pore sizes. With 

these large pore sizes, the minimum thickness of the porous region is often several millimetres 

thick. To create a relevant implant, it must be of considerable size, which necessitates a 

corresponding large osseous structure into which they can be implanted. These requirements 

obviously place limits on the species of animals that could potentially be employed as a model. 

To elucidate the structure of the interface of implant and bone, one must delve down to the 

level of the cell.  The direct apposition of living cells and the mineralized extracellular matrix 

on the surface of an implant provides strong evidence that a material is eminently suitable for 

application as a bone interfacing biomaterial. Conversely, an unsatisfactory, sometimes 

inflammatory, response can be inferred from the presence of intervening fibrous tissue, 
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pathological multinucleate cells, a disproportion or increased activity of healthy but 

undesirable cell types, or in extreme cases cell atrophy or death, or tissue necrosis [141]. 

The growth of bone into and onto the scaffold, as well as the quality and amount of growth, is 

elucidated by histological and histomorphometric analysis. However, because this process is 

encumbered by the presence of hard metallic implants, highly specialized techniques are 

required to investigate the tissue – implant interface. The use of diamond coated abrasive saws 

enables hard metallic implants to be sectioned without damaging the surrounding tissue. 

Observation of the cut surface may be made by microphotograph or by scanning electron 

microscopy. The direct preparation of a semi-thin section can be achieved using an annular 

diamond saw, but this approach is limited to small samples [142]. The painstaking cutting and 

grinding method is another versatile method suitable for the preparation of histological sections 

with permanent metallic implants in situ.  

Specialized embedding resins support the biopsy during sectioning and allow for low 

temperature polymerization, which preserves immunological markers. The introduction and 

uptake of fluorescent dyes at various time points throughout a study allows for observation of 

the spatiotemporal formation and remodelling of bone. The development and refinement of 

polychromatic stains allows for the highly specific identification of biological features. These 

many complex options for histological assessment, combined with cut and ground sections, 

allow for the selection of detailed analyses to support the ultimate goal of a field trial. 

5.2 Animal model review 

Animal models of varying complexity and clinical relevance were reviewed. Important factors, 

such as the size of the implant, the relevance of the implant site, and the ex vivo evaluations 



 74 

performed were noted for each study. This information is summarized in Table 5 and formed 

a basis of knowledge on which the ultimate model choice was made. 

Table 5: A review of animal models for evaluating bone tissue scaffolds. 

Author Animal model Clinical results Demonstrated properties 
Matsuzaka, 
K. et al.[79] 
(2005) 

Implantation of Ti porous 
scaffold fabricated by 
space holder technique 
(pore size 200-500 µm, 
78% porosity) with and 
without BMP-2 
immobilization in rat 
femur. 

Two weeks after 
implantation new bone 
tissue formed around the 
scaffold with and without 
BMP-2 immobilization. 

Ti porous scaffold with 
BMP-2 can produce new 
bone tissue at an early 
stage and can be beneficial 
in the repair of bone 
defects. 

Ponader, S  
et al.[68] 
(2009) 

Implantation of porous 
Ti6Al4V scaffold 
fabricated by selective 
electron beam melting 
(SEBM) (pore size 450 
µm, 61.3% porosity) into 
defects in the frontal skull 
of domestic pigs. 

Bone ingrowth (≈46%) 
was reached after 60 days 
and the healing bone 
structure in the outer 
region of the scaffold was 
comparable with that of 
pristine bone. 

The scaffold shows 
adequate architecture to 
allow bone ingrowth and 
excellent mechanical 
properties. 

Li, J. P. et 
al. [69] 
(2007) 

Implantation of porous 
Ti6Al4V scaffold made by 
3D fibre (3DF) deposition 
(pore size 160-680 µm, 39-
68% porosity) into the 
posterior lumbar spine of 
goats. 

Bone ingrowth 
progressively increased 
during the first nine weeks 
after which this increase 
levelled off. 

Scaffold architecture can 
be easily controlled and 
changes in the porosity and 
pore size had a positive 
effect on the amount of 
new bone formation. 

Bottino, 
M.C. et 
al.[80] 
(2009) 

Implantation of powder 
metallurgy (P/M) 
processed Ti13Nb13Zr 
porous samples (pore size 
50-100 µm, 30% porosity) 
into rabbit tibia for 8 
weeks. 

Close bone implant contact 
observed, however due to 
the absence of open as well 
as interconnected pored no 
bone ingrowth was 
observed. 

Porous Ti13Nb13Zr 
manufactured by P/M with 
metallic hydrides were 
non-cytotoxic but pore 
structure and pore 
distribution were not 
appropriate for bone 
ingrowth. 

Chang, Y. S. 
et al.[81] 
(1998) 

Implantation of fibre 
meshes fabricated by 
sintering and plasma 
spraying (pore size 200-
400 µm, 56-60% porosity) 
into femoral defects in 
dogs. 

Abundant bone ingrowth 
was observed that resulted 
in the complete integration 
of this composite device 
implant and host bone. 

Scaffolds with 3-D open 
pore structure led to 
compete osseointegration. 

Lopez-
Heredia, M. 
A. et al.[64] 
(2008) 

Implantation of scaffold 
made by rapid prototyping 
(RP) technique (pore size 
800 and 1200 µm, 60 
porosity) into the femoral 
epiphysis of rabbits. 

Bone ingrowth observed 
(≈24%) after 3 weeks with 
no difference between the 
two pore sizes. BIC were 
around 30%. 

RP Ti possess excellent 
mechanical and biological 
properties. 

Takemoto, 
M. et al.[82] 
(2007) 

Implantation of porous Ti 
with a bioactive titania 
layer fabricated by the 
spacer method (mean pore 
size 303 µm, 50% 

Interbody fusion was 
confirmed in all five dogs. 
Histological evaluation 
demonstrated a large 
amount of new bone 
formation with marrow 

Bioactive alkali and heat-
treatment effectively 
enhanced the bone bonding 
and the fusion ability of 
the porous Ti scaffolds. 
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porosity) into the anterior 
lumbar spine in dogs. 

like tissue into the 
bioactive scaffolds. 

Pinto-Faria, 
P. E. et 
al.[83] 
(2008) 

Implantation of porous Ti 
sponge rods made by space 
holder method (pore size 
200~500 µm, 80% 
porosity) for the healing of 
humerus bone defects in a 
canine model. As a 
control, HA granules were 
used. 

HA granules rendered 
more bone formation than 
Ti foam after 2 and 4 
months of implantation. 
However, the Ti foam led 
to a better bone-growth 
distribution in the 
implanted sites. 

Ti foam exhibited good 
biocompatibility, and its 
application resulted in 
improved maintenance of 
the bone height compared 
with control sites filled 
with HA granules. 

Walboomers
, X. F. et 
al.[84] 
(2005) 

Implantation of hollow 
cylindrical fibre mesh 
scaffold filled and unfilled 
with COLLOSS® into the 
back of rats. 

After 12 weeks of 
implantation in the control 
scaffold no bone-like 
tissue formation was 
evident in almost all 
samples.  

The COLLLOSS® filled 
scaffold showed bone-
inducing properties. Bone 
marrow tissue formation 
was evident in almost all 
samples. 

Bertollo, N.  
et al.[70] 
(2012) 

Implantation of electron 
beam melted (EBM) (pore 
size 130-370 µm, 46-57% 
porosity) and plasma 
sprayed (PS) Ti6Al4V 
dowels into the tibia and 
femur of the sheep. 

Shear strength of EBM 
exceeded that for Ti PS at 
12 weeks. On growth to Ti 
PS at 12 weeks was 
correlated with decreasing 
radial distance to defect 
but not for ingrowth to 
EBM. 

Osteoconductive EBM 
structures are a viable 
alternative to traditional 
surface treatments. 

Bertollo, N.  
et al.[71] 
(2011) 

Implantation of 
Regenerex® electron beam 
melted (EBM) (pore size 
100-600 µm, ≈67% 
porosity) Ti6Al4V into the 
tibia and femur of the 
sheep. 

Cortical shear strength 
increased significantly 
with time (26.1 MPa at 12 
weeks) accompanied by a 
concomitant increase in 
bone integration and 
remodelling. Cancellous 
bone integration was well 
established at 4 and 12 
weeks under press-fit and 
line-to-line but not in gap 
conditions. 

Regenerex® could prove 
to be an effective scaffold 
material for uncemented 
fixation in cortical and 
cancellous bone. 

Palmquist, 
A. et al.[72] 
(2011) 

Implantation of solid 
machined and porous 
electron beam melted 
(EBM) (pore size 500-700 
µm, estimated 65-70% 
porosity) Ti6Al4V dowels 
the femur and discs 
subcutaneously into the 
dorsum of sheep. 

Solid and EBM 
osseointegrated with high 
BIC throughout EBM at 26 
weeks. Thinner fibrous 
encapsulation formed 
around EBM compared 
with solid in soft tissue.  

EBM Ti6Al4V implants 
possess valuable properties 
in bone and soft tissue 
applications. 

Demol, J.  
et al.[73] 
(2012) 

Implantation of selective 
laser melted (SLM) 
Ti6Al4V scaffolds (pore 
size average 720 µm, 70% 
porosity) with different 
porous networks, surface 
treatments or calcium 
phosphate coatings into 
subchondral bone of the 
femur and tibia in goats. 

Implant stability increased 
with time. Ingrowth into 
SLM increased slightly 
between 6 and 12 weeks. 
SLM with regular internal 
structure had higher pull 
out force. 

Mobelife® SLM allowed 
ingrowth and strong 
biological fixation at 3 
months in the goat. 

Pattanayak, 
D. K. et 
al.[74] 
(2010) 

Implantation of selective 
laser melted (SLM) human 
cancellous bone structure 
(CBS) (pore size 500-2000 

On growth to treated 
increased with time 
compared with untreated. 
Ingrowth to treated CBS 

SLM Ti osseoconductivity 
is increased after NaOH, 
HCl and heat treatment.  
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µm) and cubic (IPS) (pore 
size 400-800 µm) Ti with 
and without NaOH, HCl 
and heat treatment into the 
femoral condyles of 
Japanese white rabbits. 

and IPS was seen at 12 
weeks. Untreated showed 
little ingrowth at 12 weeks.  

Van der 
Stok, J. et 
al.[75] 
(2013) 

Implantation of selective 
laser melted (SLM) 
dodecahedral celled 
Ti6Al4V with 120 µm 
(titanium-120) (pore size 
490 (240-730) µm, 88% 
porosity) and 230 µm 
(titanium-230) (pore size 
490 (240-730) µm, 68% 
porosity) struts in the mid-
diaphysis femur of rats.  

Bone ingrowth was higher 
into defects treated with 
scaffold. Titanium-120 
restored 62% and titanium-
230 restored 45% of the 
bending strength of the 
contralateral femur after 12 
weeks. 

Porous titanium can 
provide adequate 
mechanical support, 
facilitate bone ingrowth 
and restore mechanical 
integrity of treated large 
bone defects. 

Devine, D.  
et al.[76] 
(2012) 

Implantation of Trabecular 
Titanium® electron beam 
melted (EBM) TT1 (pore 
size 650 µm) and TT2 
(pore size 1250 µum) 
Ti6Al4V and vacuum-
plasma (PT1) and inert-gas 
shielding arc spray (PT2) 
solid Ti in the femur and 
tibia of sheep. 

5/6 TT1 and 4/6 TT2 could 
be pushed out of cortical 
bone and all TT1 could be 
pushed out of cancellous 
bone at 4 weeks. TT1 and 
TT2 could not be pushed 
out at 16 and 52 weeks. 
TT1 and TT2 ingrowth 
increased with time. Bone 
apposition rates remained 
superior to 2 µm per day 
for the 52 weeks of the 
study. 

Trabecular Titanium® 
implants provide a good 
scaffold for bone ingrowth. 

Thomsen, P. 
et al.[77] 
(2009) 

Implantation of electron 
beam melted (EBM) solid 
net shaped, machined and 
machined conventionally 
produced Ti6Al4V dowels 
in the proximal tibia and 
distal femur of New 
Zealand white rabbits. 

Net shaped EBM had 
increased roughness. A 
large part of all implant 
peripheries was in contact 
with osteoid, mineralized 
bone and bone marrow. 

No evidence of 
inflammation or other 
adverse reaction to EBM. 

Willie, B. 
M. et al.[85] 
(2010) 

Implantation of Cp Ti 
sintered beads (mean void 
intercept length 117 µm, 
34.3% porosity), Ti foam 
(pore size ≈900µm, 
interconnect size ≈300 µm, 
74.4% porosity and pore 
size ≈600 µm, interconnect 
size ≈200 µm, 79.0% 
porosity) dowels in distal 
femur of New Zealand 
male rabbits. 

Ingrowth, peri prosthetic 
bone and mineral 
apposition rate was similar 
for all samples at all time 
points. Push out strength 
was significantly greater 
for sintered beads at 12 
weeks.  

Histological data suggest 
titanium foam is a 
promising alternative to 
sintered beads. 

Willie, B. 
M. et al.[86] 
(2010) 

Implantation of externally 
loaded (1MPa, 1Hz, 50 
cycles/day) Ti foam (pore 
size ≈900µm, interconnect 
size ≈300 µm, 74.4% 
porosity) dowels in distal 
lateral femur of New 
Zealand male rabbits. 

Ingrowth was significantly 
higher in loaded Ti foam 
than in unloaded. Lack of 
intervening fibrous tissue 
and no significant 
difference in mineral 
apposition rates and 
underlying cancellous peri 
prosthetic bone in loaded 
and unloaded. 

Biophysical therapy may 
enhance long-term fixation 
of Ti foam. 
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Biemond, J. 
E. et al.[67] 
(2013) 

Implantation of Ti6Al4V 
EBM (pore size 350-1400 
µm, 49% porosity) and 
SLM (pore size 250-800 
µm, 63% porosity) with 
and without biomimetic 
calcium phosphate coating 
as dowels in the iliac crest 
and blocks in the distal 
femur of goats. 

Ingrowth was variable in 
all samples at 4 weeks and 
good at 15 weeks. Push out 
strength was lower for 
coated vs uncoated SLM at 
4 and 15 weeks and no 
difference between 
uncoated EBM and SLM. 
Uncoated EBM showed 
significantly higher BIC 
than SLM. 

Lower push out strength 
for coated SLM was 
unexpected and required 
further investigation. HA 
coating did not contribute 
to higher ingrowth in EBM 
and SLM. 

Biemond, J. 
E. et al. [78] 
(2011) 

Implantation of electron 
beam melted (EBM) wave 
lattice (WL) (pore size 900 
µm, 49% porosity), cubic 
lattices (CL) (pore size 
1200 µm, 77% porosity), 
plasma sprayed (PS) 
(TiPore) and sandblasted 
(SB) Ti6Al4V dowels 
were implanted in the 
femoral condyles of goats. 

SB had a significantly 
lower friction coefficient 
than WL, CL and PS. 
Bone ingrowth depth was 
greater in to CL than WL 
and bone ingrowth area 
was higher for WL than 
CL at 4 and 6 weeks. Bone 
implant contact was 
comparable for CL, WL 
and PS at 4 and 6 weeks. 

Frictional and ingrowth 
properties were similar for 
EBM and plasma spray. 
Longer term follow up is 
required to assess whether 
EBM has better long-term 
performance than plasma 
spray. 

5.2.1 Rat 

In a limited capacity, the rat has been used to evaluate porous titanium scaffolds. Owing to its 

small size there are severe limitations as to the osseous structures that can be utilized for 

implantation. However, for early stage screening, and in particular for assessing tissue 

response, various rat models can prove effective.  

Walboomers et al. evaluated ectopic bone formation of a proprietary bovine derived product 

in combination with a titanium fibre mesh as an indicator of osteoinduction using a 

subcutaneous rat model [84]. This model was simple and effective at facilitating observation 

of new bone formation, but obviously limited in utility as it did not assess the bone to implant 

interface strength. The size of the implant sample used, 5 mm diameter by 10 mm length 

dowels, was large relative to the model. The evaluation performed was limited to histologic 

assessment of 10 µm thick plastic embedded bone sections with basic fuchsin and methylene 

blue staining. Sections were prepared directly using a Leica SP1600 saw microtome (Leica 

Biosystems Nussloch GmbH, Germany). 
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Matsuzaka et al. implanted porous titanium scaffolds manufactured via the space holder 

technique, with and without a growth factor, into the femur of rats [79]. This model used 

smaller dowel implants of only 1.5 mm diameter by 4 mm length, but demonstrated that they 

could be implanted into femoral defects. The evaluation performed was similar to that of 

Walboomers, but used far thicker 100 µm sections and a toluidine blue stain. 

Van der Stok et al. recently evaluated selective laser melted (SLM) titanium scaffolds in the 

mid-diaphysis femur of rats. This model evaluated anatomically shaped implants of 6 mm 

length, which demonstrated that usefully large implants could be implanted in the rat. In 

addition to 20 µm thick histological sections, prepared using a Leica SP1600 saw microtome 

(Leica Biosystems Nussloch GmbH, Germany), with basic fuchsin and methylene blue 

staining, biomechanical and µCT evaluation was undertaken. Immediately after surgery and at 

4, 8, and 12 weeks, as well as ex-vivo, high-resolution µCT scans were taken to establish total 

bone volume and the bone volume within the pores. Three-point bending tests were performed 

to evaluate the strength of the interface of treated femurs, using the untreated contralateral 

femur as a control. 

In summary, the rat has utility as a screening model only. The availability and low cost of the 

animal model make it useful where high throughput is required, prior to evaluation in a larger 

and more clinically relevant model. However, the rats small size makes osseous implantation 

difficult and dictates a low number of samples per animal, generally only one. The femur is the 

preferred bony implantation site and has been used to evaluate metallic scaffolds. These 

scaffolds have been evaluated using high resolution µCT, biomechanical 3-point bending tests, 

and thick section resin histology. 
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5.2.2 Rabbit 

The rabbit offers the possibility of introducing clinically relevant defects, while remaining a 

cost-effective model for larger studies. Rabbits have a high intrinsic repair capacity [143]–

[145], which means indications of clinical performance must be moderated to gain an accurate 

appreciation of the outcome. Rabbits are the smallest animals into which multiple defects can 

be created, enabling larger sample sizes to be achieved using fewer animals. 

Bottino et al. manufactured powder metallurgy processed titanium scaffolds and implanted 

them into rabbit tibia [80]. Implants were 3.2 mm diameter by 6 mm length dowels. Three 

implant locations were used per animal, two in the left tibia spaced 7 mm apart and one in the 

right. Histological sections were prepared by using a diamond saw in a precision cutting 

machine (Isomet®, Buehler, Illinois Tool Works Inc., USA) to prepare ~700 µm thick sections, 

which were then affixed with cyanoacrylate to Plexiglas® and then ground and polished to a 

final thickness of ~30 µm. Interestingly, these sections were not stained, but rather carbon 

sputter coated and imaged using a scanning electron microscope. An SEM (Philips XL 30, The 

Netherlands) with EDX analyser (EDAX1, Japan) was used to determine mineralized regions 

of the bone to implant interface. 

Lopez-Heredia et al. used a rapid prototyping technique to produce titanium scaffolds that were 

implanted in femoral epiphysis of rabbits [64]. Large implants were used (6.2 mm diameter by 

10 mm length) meaning only one implant was placed in each distal femoral condyle. The 60 

µm histological sections were prepared using a Leica SP1600 saw microtome, which were then 

polished to 20-40 µm using a Buehler Metaserv 2000 polishing machine. Sections were stained 

with Movat’s pentachrome. The remaining sectioned block was polished then sputter coated 

with gold-palladium and contiguous scanning electron microscope images taken. The SEM 
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images were used for histomorphometric evaluation of bone ingrowth and bone to implant 

contact. 

Pattanayak et al. implanted selected laser melted human cancellous bone structured porous 

titanium, with various treatments, into the femoral condyles of rabbits [74]. Implants were 6 

mm by 10 mm dowels. The EXAKT cutting and grinding system (BS-3000CP diamond band 

saw and MG-4000 microgrinder; EXAKT Technologies Inc., Oklahoma, USA) was used to 

produce 50-60 µm sections that were stained with Stevenel’s blue and Van Gieson’s 

picrofuchsin. Other thick sections (500 µm) were cut and polished for SEM observation. Bone 

affinity index, a synonym of bone to implant contact, was analysed.  

Thomsen et al. investigated differences between electron beam melted and wrought titanium 

in the tibia and femur of rabbits [77]. The 3.75 mm diameter by 4 mm length dowels were 

implanted into the proximal tibial metaphysis and distal femoral condyle. The EXAKT system 

was used to produce 15-20 µm sections that were stained with toluidine blue. Bone to implant 

contact was measured and general qualitative observations made to assess bone formation and 

inflammation.  

Willie et al. compared titanium foam against sintered beads in the femur of rabbits [85]. Long 

dowel implants of 5 mm diameter and 25 mm length were inserted axially at the intercondylar 

notch under 0.1mm press fit with the surrounding bone. Extensive ex vivo evaluation was 

performed. Scanning electron microscopy was used for histomorphometric analysis of bone 

ingrowth. Fluorochrome markers were used to establish the mineral apposition rate of newly 

formed bone. Biomechanical push-out testing enabled measurement of the ultimate push-out 

load and interface stiffness and µCT was used for failure mode analysis. 
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Willie et al. also investigated titanium foam implants subject to direct mechanical load in the 

femur of rabbits [86]. Externally actuated cyclic compressive loads were applied to 5 mm 

diameter by 2 mm length cylindrical disks in shallow defects in the distal femur. Bulk samples 

were subjected to SEM imaging for histomorphometric analysis of bone ingrowth. 20-40 µm 

sections were then prepared and fluorochrome markers analysed to yield mineral apposition 

rate. Following fluorescence microscopy, sections were stained with Pico Sirius Red and 

imaged with transmitted light microscopy. Sections were then ground again and stained with 

Sanderson Rapid Bone Stain and Acid Fuchsin counterstain and imaged with polarized and 

transmitted light microscopy. For both stains the bone, bone to implant interface, and host 

tissue response was analysed. 

The rabbit is readily available and has been extensively used to investigate bone growth into 

porous biomaterials. Due to its size, it is useful as a stepping stone between the rat, as a 

screening model, and larger clinically relevant animals. Generally, multiple dowel shaped 

implants, up to 6 mm in diameter, can be inserted into defects in the tibia and femur. Bone 

ingrowth, bone to implant contact were studied histologically using ground resin sections and 

SEM with EDX, and in 3D using µCT. The inclusion of fluorochrome markers allowed the 

bone mineral apposition rate to be determined. Biomechanical push-out testing was used to 

determine interface strength. 

5.2.3 Dog 

Historically, dogs have been the model of choice for orthopaedic trials owing to their size, 

availability, and ease of handling. However, in more recent years there has been a strong 

movement away from using companion animals in field trials. However, the dog remains a 

clinically relevant medium sized animal, albeit socially undesirable. 
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Chang et al. implanted sintered titanium fibre mesh alongside smooth and plasma spray coated 

titanium as osteochondral repairs in femoral condyle of dogs [81]. Large rectangular implants 

of approximately 10 mm by 6 mm by 5 mm were used. The EXAKT system was used to 

produce 100-150 µm sections, which were subjected to Giesma surface staining. 

Microradiographs and transmitted light microscope images were taken, the tissue assessed 

qualitatively, and bone to implant contact measured. 

Takemoto et al. performed spinal fusion on dogs using porous bioactive titanium implants [82]. 

7 or 8 mm diameter by 24 mm length cylindrical implants were used in combination with other 

fixation. Fluoroscope examination allowed for the scored assessment of radiographic fusion. 

Manual palpation of the explanted fused vertebra was made to assess the union. The EXAKT 

system was used to prepare 20-30 µm sections that were stained with Stevenel blue and van 

Gieson picrofuchsin and bone ingrowth and bone to implant contact assessed 

histomorphometrically. 

Pinto-Faria et al. implanted porous titanium sponge rods into the humerus of dogs [83]. 5 mm 

diameter by 4 mm depth implants were used. 20-25 µm sections were produced using a 

diamond band saw in a precision-slicing machine (Microslice 2™, Ultratec). Sections were 

stained with toluidine blue-pyronine and histomorphometric assessment of bone ingrowth (and 

soft tissue infiltration) undertaken in a blinded fashion. 

The dog is an easy to handle, large and clinically relevant animal model for studying porous 

biomaterials. However, there are significant social and ethical issues that effectively preclude 

the dog from common use. Implant dowels are commonly inserted into a variety of large 

osseous structures including the femur, humerus and spine. The dog is compatible with 
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common ex vivo analysis methods as well as clinical imaging techniques, such as fluoroscopy, 

due to the dog’s larger size and easy of handling. 

5.2.4 Pig 

From a biological standpoint, the pig represents the ideal pre-clinical model prior to human 

translation. However, due to handling difficulties, the pig is used infrequently. Specialist 

medium sized domestic breeds have resulted in animals with a more docile temperament, but 

cost and availability remain significant issues. When justified, the pig makes a highly relevant 

and versatile model with similar sized osseous structures to humans. 

Ponader et al. investigated highly porous electron beam melted titanium structures in the frontal 

skull of pigs [68]. 4 mm diameter by 8 mm length dowels were implanted into slowly drilled 

trephine defects. Histological sections were cut to 120 µm using the EXAKT system, 

microradiographs taken, then ground and polished to a final thickness of 20-30 µm. Sections 

were stained with toluidine blue O. Bone to implant contact was measured. Bone ingrowth was 

analysed by subdividing the implant into zones and assessing the amount of newly formed bone 

in the outer, middle and inner region. 

The pig can support multiple, large implants inserted into human sized osseous structures 

subjected to relevant physiological loading. However, specialist medium sized pig breeds with 

a docile temperament are difficult and expensive to obtain, and are other breeds are excessively 

large and can be dangerous to handle. The pig is supremely compatible with a wide variety of 

ex vivo and in vivo analysis methods. 
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5.2.5 Goat 

The goat is an easy to handle large animal with osseous structures similar in size to humans. 

Similar to the sheep, the goat is an abundant domestic animal that proves to be a cost-effective 

model for evaluating orthopaedic treatments. The goat has been used effectively in a variety of 

models and continues to be a model of choice where available. 

Li et al. attached 3D fibre deposited titanium to the transverse process of the lumbar spine in 

goats [69]. Three rectangular scaffolds, 4 mm width by 7 mm depth by 8 mm height, were 

plugged into a Teflon plate, which was screwed onto exposed bone. This arrangement allowed 

the side-by-side comparison of three materials per site. A Leica saw microtome was used to 

prepare 10-15 µm sections and tissue response, bone ingrowth, bone to implant contact and 

mineral apposition rate (using fluorochrome markers) was assessed.  

Demol et al. tested selective laser melted titanium scaffolds in the femur and tibia of the goat 

[73]. Large dowel implants, 8 mm diameter by 14 mm length, were press fit into drill hole 

defects. Fluorochrome markers were used. Computed tomography and radiographs were taken 

during the study. Resonant frequency analysis was used to assess implant stability. Pull-out 

testing enabled direct measurement of the interface strength developed. µCT and 

histomorphometry was used to measure bone ingrowth.  

Biemond et al. compared electron beam melted and selective laser melted titanium scaffold 

with and without a biomimetic coating in the goat [67]. Two implant types were used: 4 mm 

diameter by 10 mm length dowels for mechanical testing, and 5 mm by 6.5 mm by 10 mm 

specimens for histological analysis. Mechanical samples were implanted in the iliac crest and 

tested via push-out. Histological samples were implanted bilaterally in the distal femoral 
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condyle of one limb. 40 µm sections were produced using a Leica SP1600 saw microtome and 

stained with hematoxylin and eosin. Bone ingrowth and bone to implant contact were 

measured. 

Biemond et al. also measured the friction and bone ingrowth properties of electron beam 

melted titanium scaffold in the goat [78]. 8 mm diameter by 10 mm length dowels were 

implanted into the medial and lateral femoral condyle as well as the region dorsal of the femoral 

trochlea. 40 µm sections were prepared with a Leica SP1600 saw microtome and stained with 

hematoxylin and eosin. Bone ingrowth and bone to implant contact were measured, as well as 

bone ingrowth in a radial direction at different time points using fluorochrome markers. 

Where available, the goat is an excellent animal for evaluating porous biomaterials. The goat 

is easy to handle and cost effective. Multiple, large implants can be inserted into a variety of 

anatomical sites that are similar to size and loading to humans. A wide variety of analysis 

methods have been used to study bone formation. Commonly, bone ingrowth and bone to 

implant contact are determined histologically, and interface strength determined 

biomechanically using either push-out or pull-out testing. 

5.2.6 Sheep 

Sheep have remarkably similar body weight and osseous structures to humans. Implants can 

be sized to be clinically relevant where, allowing for differences between quadrupeds and 

bipeds, the implant will be subjected to biomechanical loading similar to that of the human 

condition. In many cases, multiple implants per animal can be utilized, especially where 

screening type models are used, where multiple treatments are evaluated side by side. The ease 
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of surgical approach to distal limbs make for efficient surgery with a minimum of secondary 

morbidity that allows for manipulations to be well tolerated. 

Bertollo et al. studied porous electron beam melted and plasma sprayed titanium in the sheep 

[70]. 6 mm diameter by 25 mm length implant dowels were implanted in three sites in the tibial 

mid-shaft, and one site in the proximal tibia and distal femur respectively. Radiographs were 

taken to identify implants ex vivo. Cancellous biopsies were sectioned with a Buehler linear 

precision saw and imaged with a scanning electron microscope for ingrowth and bone to 

implant contact assessment. A Leica saw microtome was then used to prepare 20 µm sections 

that were stained with methylene blue and basic fuchsin for qualitative assessment of bone 

formation. Mid-shaft samples were separated into respective cortices and subjected to push-

out testing to evaluate interfacial shear stress and energy to failure. 

Bertollo et al. additionally investigated the effect of surgical fit on porous titanium scaffold in 

the sheep [71]. The 5 mm diameter by 25 mm length dowels were inserted into one stepped 

drill hole of varying diameters in the proximal tibia and one in the distal femur, as well as bi-

cortically in two sites in the tibial mid-shaft. Samples were tested as previously described [70].  

Palmquist et al. investigated porous and solid machined electron beam melted titanium both 

subcutaneously and in the femur of the sheep [72]. Two implant types were used: 5.2 mm 

diameter by 7 mm length dowels for bone implantation, and 20 mm diameter by 3 mm thickness 

disks for subcutaneous implantation. Bone implants were press fit into drill hold defects in the 

distal femoral epiphysis. Subcutaneous sites were created in the dorsum, parallel to the 

vertebra. 15-20 µm histological sections were produced using the EXAKT system, stained with 

toluidine blue, and bone ingrowth and bone to implant contact measure. Energy dispersive X-

ray spectroscopy was performed on the remaining biopsy blocks. µCT was also performed on 
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the remaining blocks of one sample and one control, using a high number of projections (2544). 

However, this data was purely qualitative. Paraffin sections of surrounding tissue was also 

prepared for subcutaneous sites. 

Devine et al. tested electron beam melted titanium scaffold in the sheep [76]. The 5 mm 

diameter by 12 mm length dowels were implanted in the distal femur, proximal tibia and tibial 

mid-shaft. Bone to implant interface strength was established via push-out testing of mid-shaft 

samples. Bone ingrowth was measured using histomorphometry. Fluorochrome analysis 

enabled the mineral apposition rate to be determined. Bone to implant contact was measured 

using a backscatter scanning electron microscope. 

In New Zealand, the sheep is ubiquitous. This availability, combined with its docile 

temperament and clinically relevant human scale anatomy and loading contribute to the sheep’s 

suitability for orthopaedic research. Multiple implants are commonly inserted into defects in 

the tibia and femur making the model cost effective. De facto standard analysis methods are 

histological assessment of bone ingrowth and biomechanical push-out testing of interface 

strength. 

5.3 Summary 

The evaluation of orthopaedic biomaterials is an active field. Many studies have been 

performed and a wide variety of models used. Contemporary studies continue this momentum 

and several relevant studies in this area have been published in this area within the previous 24 

months [146]–[149]. Each animal model presents a unique set of characteristics as summarized 

in Table 6. 



 88 

Table 6: A summary of the advantages of various animal models. 

Animal Model / Feature Rat Rabbit Pig Goat Sheep 
Large implants No Yes Yes Yes Yes 
Multiple implants per animal No Size 

limited 
Yes Yes Yes 

Human size osseous 
structures 

No No Yes Yes Yes 

Physiological weigh bearing No No Yes Yes Yes 
Easy to handle Yes Yes Some 

breeds 
Yes Yes 

Readily available Yes Yes No Not in NZ Yes, in NZ 
Cost effective Yes Yes No Yes Yes 

It is clear that the sheep is an ideal model for evaluating orthopaedic biomaterials. The 

combination of clinically relevant defects in physiologically loaded bone represents a 

satisfyingly close parallel to that of the final application. The sheep’s docile and predictable 

nature leads to ease of handling. The ready availability of domestically farmed animals enables 

the cost-effective acquisition and housing of animals.  

Sheep surgery can utilize common veterinary or human surgical equipment and manipulations 

can be performed using readily available consumables. The approach to the distal femur and 

tibia is simple as there is little musculature or subcutaneous tissue in this region. Generally, the 

medial approach required only a simple incision to expose the bone surface.  

The use of slow speed drilling with copious saline irrigation was common. Both speed choice 

and irrigation were intended to reduce thermal necrosis. Defects were introduced in a single 

step, or in two or more stages using incremented burs or bits. Surgical guides were commonly 

used where controlled defect geometry is required. 

Drill hole models were most common, whereby cylindrical defects of tightly controlled 

diameter are introduced by drilling normal to the bone surface to a controlled depth. Large 

implants (10 mm diameter and above) were used in small numbers, or many smaller implants 
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(generally 5 mm diameter) used with appropriate spacing. Cortical sites in the tibial mid-shaft 

were used in combination with cancellous or corticocancellous sites in the distal femur and 

proximal tibia. It was common to implant two or three smaller implants in the tibial mid-shaft 

with unicortical application preferred to maintain bone integrity. Implant spacing of 20 mm in 

the mid-shaft was desirable to prevent fracture. 

Histological evaluation of implant and surrounding tissue was common across studies. 

Biopsies were generally fixed in formalin solution and dehydrated in graded ethanol. The hard, 

metallic implants investigated dictated resin embedding and a variety of resins were used as 

appropriate to final staining. Biopsies were not decalcified prior to embedding.  

Two methods of sectioning were prevalent, the EXAKT cutting and grinding system, and the 

direct sectioning using a Leica SP1600 saw microtome. Both systems produced sections 

suitable for histological and histomorphometric analysis with lower limits of thickness of ~10 

µm for the Leica SP1600 and ~25 µm for the EXAKT system. The thickest useful section was 

~100 µm, although it appears that keeping the entire section in focus during imaging was 

problematic. The Leica SP1600 saw microtome is unfortunately limited to a biopsy size of 

approximately 25 mm, a restraint not shared by the EXAKT system. 

A plethora of histological stains were used. Simple stains such as toluidine blue were 

commonly used to identify bone. Routine hematoxylin and eosin staining was also performed 

where inflammation was investigated. Notably, von Kossa staining was not performed, despite 

being a reference stain for positively identifying mineralized tissue. This is understandable as 

in all cases the implant does not transmit light and would be indistinguishable from the black 

silver precipitate in von Kossa stained bone. More complex stains, such as Movat’s 

pentachrome, allowed greater tissue and cell specificity and were occasionally used to great 
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effect. Fluorochrome markers were sometimes utilized to identify the mineral apposition rate 

of newly formed bone, but the value of this information seemed inconsequential. 

Electron microscopy was used to overcome the shortcomings of simple staining techniques 

regarding tissue specificity. Bone was able to identified using SEM with appropriate contract 

enhancing coatings. In limited cases, emission dispersion spectroscopy was used to positively 

identify mineralized bone. 

Histomorphometry was performed on either stained histological sections, on SEM images of 

the same slide, or on the adjacent face of the remaining resin block. Bone ingrowth was 

measured. The total area inside some bounding hull of the porous implant was determined and 

the area occupied by the implant deducted to give the area of the porous region. Bone area 

within this region was then measured and expressed as a percentage. Bone to implant contact 

was also commonly measured. The length of the interface of bone directly contacting the 

implant was expressed as a percentage of the total implant perimeter.  

Mechanical testing to evaluate interfacial strength was performed in many studies. On larger 

animals, especially the sheep, push-out testing was the preferred methodology. This technique 

involved axially dislodging a dowel implant from the host bone using a mechanical test 

machine. The force and displacement are measured. The shear stress is calculated by 

normalizing the peak force resisted against the interface area. Generally, appropriate clearance 

for the implant to be pushed out into was maintained with an oversized hole as per Dhert et al. 

[102]. The bone can be supported with bone cement (polymethyl methacrylate, PMMA) or 

similar when required. 
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Micro computed tomography was seldom used. In some cases, µCT was used to corroborate 

histological bone ingrowth measurements and in others it was used for failure mode analysis 

following mechanical testing. For all the promise of µCT based histomorphometric assessment, 

even the most contemporary studies did not rely on this technique and instead presented 

traditional histological sections in the first instance. 

5.4 Recommendations 

The sheep presents as an ideal model for evaluating materials for bone ingrowth and interface 

strength. Multiple small defects can be made in the pelvic limbs. A medial approach to the tibia 

is simple as it does not involve substantial dissection, minimizing both surgical time and 

convalescence.  

Three implants can be placed in the cortical bone of each tibial diaphysis. Two implants can 

be placed in corticocancellous bone in the proximal tibia. The distal femur is less commonly 

used and the femoral diaphysis should be avoided. Implants should be cylindrical dowels with 

a diameter approximately equal to the thickness of the host bone cortex. Implants should be 

placed mono-cortically to reduce the risk of bone fracture. Final implant positioning should be 

such that the implant sits flush with the periosteum, extends into the medulla when placed in 

the diaphysis and be depth limited when placed in the proximal tibia. 

Mechanical push out testing should be undertaken on the diaphysial implants to evaluate 

interface strength. Histological sections should be taken from the proximal tibia. Biopsies 

containing the implant and surrounding bone should be embedded in resin without being 

decalcified. If transmitted light microscopy is to be used the sections should be 20 – 80 µm 
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thick and stained to positively identify mineralized bone. Bone ingrowth and bone to implant 

contact should be measured. 

The following chapters describe the staged development and refinement of methods for an 

ultimate large-animal study. First, a cadaver will be used to evaluate suitable implant locations, 

surgical approach and defect size (Chapter 6). Then, a complete surgery will be performed on 

a single pilot animal, with the opportunity taken to refine surgical technique, anaesthetic and 

analgesic routines, and to evaluate convalescence. Finally, a main study will be undertaken 

(Chapter 7) and the efficacy of the material concepts will be evaluated by way of mechanical 

testing (Chapter 8) and histology (Chapter 9).  
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6 Pilot Study 

6.1 Introduction 

Based on the findings of Chapter 5, a sheep tibial drill-hole model will be developed to evaluate 

bone ingrowth and push-out strength of the material concepts. A cadaver will be used to 

investigate the surgical approach, instrumentation, defect introduction and implant fit. 

Following preliminary evaluation on a cadaver, a pilot animal will be used to optimize the 

anaesthesia and analgesia routine, animal recovery, and general animal wellbeing.  

The purpose of these investigations is to establish and standardize experimental variables to 

maintain the scientific validity of the main study. In addition, it offers the opportunity to 

identify possible improvements in welfare over existing practices prior to operating on a larger 

cohort of animals. To reduce the number of animals used, the pilot animal will be included in 

a field trial cohort, provided there are no changes to the manipulation that affect the scientific 

integrity of the study. 

6.2 Cadaver 

6.2.1 Introduction  

A sheep cadaver will be used to trial and evaluate various aspects of the surgical manipulation. 

The animal will be positioned for surgery, defects introduced, and samples implanted. Defect 

size and repeatability will be evaluated alongside implant fit and stability. Custom 

instrumentation will be used and critiqued for improvement if required. The sheep cadaver was 

obtained as a carcass. Therefore, ethics approval was not required. 
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6.2.2 Methods 

6.2.2.1 Cadaver preparation 

A two-tooth Romney cross sheep cadaver was obtained as a carcass from the Johnstone 

Memorial Laboratory, Lincoln University, New Zealand. Following slaughter, skinning and 

evisceration, all necessary for the original manipulation, the sheep carcass was placed in cold 

storage until required. The cadaver was thawed to room temperature prior to use. 

6.2.2.2 Samples 

All four material concepts were used (AG, CH, D1 and D2). Implants were cylindrical dowels, 

nominally 5mm in diameter by 6mm in length. Actual implant diameters varied slightly from 

the nominal size due to manufacturing tolerances. Implant diameters were measured using a 

hole gauge, where the implant was passed through holes of various diameters in 0.1 mm 

increments. The smallest diameter hole through which the implant passed was recorded. 

6.2.2.3 Surgical procedure 

The sheep cadaver was positioned in dorsal recumbency (on its back) and the hind legs 

extended caudally (away from the head). The cadaver was supported side-to-side using chocks. 

A surgical assistant support to the limb by hand as required during drilling and implantation. 

Multiple surgical sites in the anteromedial epiphysis and the mid-shaft diaphysis of the tibia 

were identified. Surgical sites were exposed by a 10 mm vertical incision down to the bone. 

The bone surface was exposed using a periosteal elevator and tissues held using Gelpi 

retractors. The 10 mm length two-sided periosteal flap created an approximately 7 mm square 

window of exposed bone surface.  
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A cylindrical defect was introduced by drilling at low speed. A variable speed domestic battery 

operated hand drill was used in combination with bright high-speed steel drill bits. A low 

drilling speed was maintained using the variable speed trigger. Drill speed was measured by 

videographic assessment, whereby the period of revolution of a contrasting tape mark was 

recorded as the drill chuck rotated.  

A custom sized drill sleeve was used. The axis of the sleeve was aligned normal to the bone 

surface. The drill sleeve was held firmly against the bone surface whilst the defect was 

introduced. 

A depth-limiting collar was applied to the drill bit to control the defect depth to 6 mm. Two 

drill sizes (4.9 mm diameter and 5.0 mm diameter) were trailed to vary the amount of implant 

press-fit, which influences impaction force and implant stability. 

Implants of each type were inserted into both 4.9 and 5.0 mm defects to trial all combinations 

of implant and defect size. Implants were introduced using rat-toothed forceps and aligned by 

hand as required. A custom manufactured punch and hammer was used to position the implant 

flush with the superior bone surface. A qualitative assessment of the impaction force and 

implant stability was made. 

6.2.3 Results 

6.2.3.1 Samples 

The diameter of the samples varied by ≤ 0.1 mm from the nominal diameter. Actual sample 

diameters are summarized in Table 7. 
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Table 7: Actual diameters of individual sample groups. 

Sample Diameter (mm) 
AG 5.0 
CH 5.0 
L1 5.1 
L2 5.1 

6.2.3.2 Surgical procedure 

The positioning of the cadaver proved suitable for allowing the surgeon free access to the 

surgical window. The surgical approach was found to be effective in exposing an adequate area 

of bone surface. The surgical window was maintained effectively using Gelpi retractors. 

The depth and diameter of the cylindrical defect was able to be accurately controlled using the 

depth-limiting collar and drill sleeve. The battery operated variable speed drill was easily 

handled. A consistent drill speed was able to be maintained using the variable speed trigger. 

Videographic assessment determined the lowest practical drill speed to be ≈ 1 revolution per 

second.  

The implant was manipulated with rat-tooth forceps and introduced into the cylindrical defect. 

Hand alignment of the implant with the defect was possible but somewhat clumsy. A high 

pinching force was required to hold and manipulate the implants.  

Implant stability was highly dependent on surgical fit as summarized in Table 8. Larger 

interference of the implant and bone resulted in higher implant stability, but also required 

greater impaction force. Implant fragments were observed when impaction forces were large. 

Positioning of the implants was successful, where there was ≤ 0.1 mm interference. A line-to-

line implantation (0.0 mm interference, i.e. no interference) resulted in relatively low implant 

stability. 
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Table 8: Assessment of implant stability at various degrees of interference fit. 

Interference (mm) Assessment 
0.0 Very low impaction force required resulting in no observable damage to 

implants and low implant stability 
0.1 Low impaction force required resulting in no observable damage to implants 

and high implant stability 
0.2 High impaction force required resulting in observable damage to implant and 

very high implant stability 

6.2.4 Recommendations 

The diameter of the defect could be accurately controlled by drilling with the use of a drill 

guide. The implants could be inserted by light impaction, although introduction was difficult 

to achieve by hand. Light impaction resulted in high implant stability with implant to bone 

interference of approximately 0.1 mm. Implant to bone interference of greater than 0.1 mm 

resulted in observable damage to the implants due to the high impaction force required. 

The surgical approach is suitable for use on live animals with the following modifications:  

I. The defect size should be chosen to achieve 0.1mm of interference between the 

implant and the bone. I.e. AG and CH samples should be placed in defects drilled 

using a 4.9 mm diameter bit and D1 and D2 samples should be placed in defects 

drilled using a 5.0 mm diameter bit. 

II. An instrument to aid in the implant placement and alignment should be developed. 

6.3 Pilot Animal 

A single pilot animal was used to establish various aspects of the surgical protocol. The live 

animal surgery was successful, and no substantial changes were required. Therefore, the pilot 

animal will be included in main study and the detailed breakdown of the surgery will be 

reported in Chapter 7. Minor changes to the anaesthetic protocol and instrumentation are 
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reported herein. Ethical approval was obtained from Lincoln University, New Zealand, Animal 

Ethics Committee Application #446. 

6.3.1 Anaesthesia 

Improvements to the anaesthetic protocol were identified. In the pilot animal, halothane at 1 – 

4 % in oxygen was used to maintain general anaesthesia. The recovery from anaesthesia was 

slow with the animal taking an extended period of time to become bright and alert following 

surgery. Following this experience, a change to isoflurane was made. This change resulted in 

significantly improved general anaesthesia maintenance, which is the animal’s response to 

changes in anaesthetic agent dose rate, and recovery. Additionally, an epidural of lidocaine 

hydrochloride with epinephrine was chosen to provide a regional nerve block to the pelvic 

limbs [150].  

6.3.2 Instrumentation 

Based on the cadaver trial, a custom implant insertion instrument was developed as shown in 

Figure 14. The instrument held the implant using a spring retainer on the tip of a punch. The 

instrument was used during the pilot animal surgery and greatly improved the axial alignment 

and introduction of the implant in the defect. The instrument will be used on all subsequent 

surgeries. 
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Figure 14: A set of instruments was designed and manufactured to assist with the surgery. In 

order from the top: mallet, punch, inserter, and drill guide. The inserter instrument has recessed 

cylindrical tip with a leaf spring retainer to accommodate and securely hold the dowel implant 

during positioning and introduction into the drill hole defect. Final positioning was achieved 

using the mallet and punch. 
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6.4 Summary 

A sheep tibial drill-hole model was identified as an ideal model for evaluating bone ingrowth 

and push-out strength of the material concepts. A cadaver and pilot animal were used to 

evaluate and improve various aspects of the surgery prior to the main study. The full study 

design, as well as detailed breakdown of the surgery, will be presented in Chapter 7.  

Significant findings were identified through the use of a cadaver. Specifically, testing showed 

that the degree of press-fit of the implants should be 0.1 mm to achieve sufficient implant 

stability without damage. The degree of press-fit should be identical for each sample. 

Therefore, due to the variation in sample diameter, two drill sizes shall be used during surgery; 

a 4.9 mm bit for the AG and CH samples, and a 5.0 mm bit for the D1 and D2 samples. In 

addition, hand placement of the implants was difficult and an instrument should be developed 

for implant insertion. 

The use of a pilot animal proved valuable and improvements in animal welfare were made by 

changing the anaesthetic agent from halothane to isoflurane. The pilot animal surgery was 

successful and none of the changes made affected the research goals of the study. Hence, the 

pilot animal was included in the main study, reducing the overall number of animals required.  
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7 In Vivo Trial 

7.1 Introduction 

In vivo evaluation is the ultimate test that must be passed before clinical application. This 

chapter describes the study design and detailed protocols used for the definitive evaluation of 

the material concepts to establish early cement free fixation in bone. Based on the findings of 

Chapter 5, a sheep drill-hole model was selected as the most suitable animal model.  

Briefly, small surgically created defects will be created in the tibia. An implant dowel will be 

inserted into each defect under press-fit conditions. Over time, the surrounding bone will grow 

into and attach onto the implants. At specific time points, a cohort of animal will be euthanized 

and the implants removed for post-mortem analysis, providing a temporal evolution of bone 

growth and interaction with the material implant. 

Biomechanical push-out testing of the bone to implant interface strength will be presented in 

Chapter 8. Bone ingrowth will be evaluated by histology and presented in detail in Chapter 9. 

A summary of findings and conclusion of this study, and thesis, will follow in Chapter 10. 

7.2 Study design 

7.2.1 Aims 

The primary aim of this study is to demonstrate that additively manufactured titanium scaffold 

implants will integrate with the surrounding bone in less time and to a greater extent than 

traditional titanium surface modifications. The secondary aim of this study is to compare EBM 

Ti6Al4V scaffold implants with varying topology, but similar porosity, pore size and surface 
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area, and identical surface roughness in order to assess the relative influence of scaffold 

topology on osseointegration.  

7.2.2 Study type 

The study type is a prospective pre-clinical cohort study using a translational animal model. 

This study was approved by Lincoln University, New Zealand, Animal Ethics Committee 

Application #446. 

7.2.3 Time points 

The primary aim of the study is to demonstrate that additively manufactured titanium scaffold 

implants will integrate with the surrounding bone in less time and to a greater extent than 

traditional titanium surface modifications. To satisfy this aim, only short-term evaluation is 

required. In the sheep, 12 weeks is limit of short-term evaluation [141]. Two additional earlier 

time points will provide insight into the rate of healing. Specific time points have been selected 

to best align with studies investigating similar materials and the timing of clinical 

examinations. The final time points chosen were 3, 6 and 12 weeks. 

7.2.4 Treatment groups 

Each of the material concepts will be evaluated as a separate implant group as summarized in 

Table 9. An overview of the samples is shown in Figure 15. 

Table 9: Sample groups and properties. 

Group Description Porosity Pore Size 
CH Cross-hatched lattice 65 % 483 µm, SD 174 µm 

D1 Dodecahedral unit cell 73 % 658 µm, SD 276 µm 
D2 Dodecahedral unit cell 71 % 576 µm, SD 248 µm 
AG Monolithic N/A N/A 
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Figure 15: An overview of the samples used in the in vivo trial, shown at various magnifications 

using SEM. The rough as grown surface characteristic to the EBM process is uniformly present 

on all surfaces. 

7.2.5 Sample Size 

A total of 120 implants will be applied to 12 animals. Each animal will receive 10 implants, 

with 2 implants in each proximal tibia for histology and 3 implants in each tibial diaphysis for 

mechanical testing. Cohorts will consist of 4 animals per time point and evaluated at 3, 6 and 

12 weeks. Therefore, each of the material concepts will have 6 push-out samples and 4 

histology samples at each time point, as summarised in Table 10. 
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Table 10: Summary of sample numbers and evaluation time points. 

Surgical sites Cohorts Samples per cohort Totals 
n = 6 (push-out) per 
animal 
and 
n = 4 (histology) per 
animal 

A (3 week), 4 animals 
B (6 week), 4 animals 
C (12 week), 4 animals 

n = 6 (push-out) per 
implant group 
and 
n = 4 (histology) per 
implant group 

12 animals 
120 implants 

7.3 Animal model 

All animals in this study were used with ethical approval from Lincoln University, New 

Zealand, Animal Ethics Committee Application #446. All animal work was conducted at the 

Johnstone Memorial Laboratory, Lincoln University, New Zealand. Animals were skeletally 

mature 2 – 4 tooth (1 – 2 years of age) unmated New Zealand Romney ewes and weighed 

approximately 60 kg. 

Each animal received a total of 10 small implants (5 implants in each tibia). Surgical sites were 

the cortico-cancellous bone of the tibial epiphysis (2 sites) and cortical bone of the tibial 

diaphysis (3 sites), as shown in Figure 16. Surgical sites were located on the anteromedial face 

of the tibia and did not involve the joint cavity. These surgical sites had minimal soft tissue 

coverings and the bone was readily exposed through a small, 10 mm incision. 
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Figure 16: Implant locations. The skeletal anatomy of the sheep (left) with the tibia identified 

by a black square. The enlarged region (right) shows the approximate locations of the five 

surgical sites, two sites in the anteromedial tibial epiphysis and three sites in the anteromedial 

tibial diaphysis. These locations were chosen to maximise the number of samples that could be 

placed into each animal while maintaining the structural integrity of the tibia. A minimum 

separation of 20 mm was maintained between each defect in the diaphysis. Two defects were 

able to be placed in the proximal tibia, which was a simpler surgical approach than the distal 

femur as it did not disrupt the joint capsule. Note that procedure is performed bilaterally (on 

both legs), but that the approach is from the medial side so surgical sites in the left tibia in the 

foreground are hidden. 

Significant consideration was given to maintaining the integrity of the bone. Defects were less 

than 1/3rd of the diameter of the tibial diaphysis, involved the near cortex only and were spaced 

at least 20 mm apart. Together, these factors act to reduce the risk of fracture of the tibia. 

Each surgically created defect was introduced by low speed drilling, at approximately one 

revolution per second with copious saline lavage, to prevent local heating and thermal necrosis. 
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A drill sleeve was used to both prevent soft-tissue wind-up and to ensure that the defect was 

introduced normal to the surface of the bone. The defects were introduced in a single step using 

an appropriately sized drill-bit. To account for minor differences in implant diameter, drill bit 

size was varied per implant to achieve a consistent 0.1 mm interference fit. A depth limiting 

collar was used to control the defect depth to match the implant length. 

Implants were cylindrical dowels of nominal 5 mm diameter by 6 mm length. Implants were 

placed using custom surgical instrumentation developed for this study. Final implant placement 

was achieved using a mallet and punch to align the implant flush with the superior bone surface. 

Following surgery, animals were returned to pasture for the duration of the study. This 

environment provided the opportunity for natural grazing behaviour, which helped to maintain 

animal welfare. Critically, it also provided physiological mechanical stimulation to the bone to 

encourage healing. 

Early osseointegration was targeted. Groups were euthanized at 3 weeks, 6 weeks, and 12 

weeks after surgery, as outlined in Table 10. The tibiae were removed post-mortem. Bone 

ingrowth and push-out strength were evaluated as key performance indicators for cement free 

fixation in bone. 

7.4 Surgery protocol 

The surgical manipulation was performed according to Table 11. Details of the surgery are 

shown in Figure 17 – Figure 34 at the end of this chapter. 
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Table 11: Surgical protocol. 

Step number Details 
1 Animals were conditioned for surgery by withholding food (24 hours) and water (6 hours) 

prior to surgery. 
2 A premedication of (0.2 mg/kg buprenorphine) was administered 30 minutes prior to 

surgery. 
3 The rear legs, rump, flank, and throat were shorn to remove wool coverings.  
4 General anaesthesia was induced with diazepam (0.3 mg/kg) and ketamine (7.5 mg/kg) i.v., 

the sheep intubated orally, and anaesthesia maintained by isoflurane (1 – 4 % to effect) in 
oxygen. 

5 The hind legs were clipped and the hooves and cannon gloved and covered with self-
adherent bandaging. The bladder was expressed. 

6 An epidural of 5 ml 2% lidocaine hydrochloride with 5 µg/ml epinephrine was administered 
to provide a regional nerve block to the pelvic limbs. 

7 The animal was transferred to the operating theatre table and secured in dorsal recumbency 
with the hind limbs extended caudally. 

8 A heat pad was used and the animal covered by a thermal blanket. 
9 A catheter was inserted in the jugular and a sterile saline drip was administered at a rate of 

20 drips/min to maintain hydration. 
10 The shaven skin was disinfected with iodine scrub and alcohol. The body was draped with 

sterile impermeable drapes and the hoof and cannon were draped with sterile disposable 
impermeable drapes and sterile self-adherent bandaging exposing only the skin from the 
stifle to hock within the sterile field. 

11 Two surgical sites in the anterio-medial epiphysis and three surgical sites in the upper 
diaphysial midshaft of each tibia were sequentially exposed. In each case a 10mm 
longitudinal incision was made through the cutis, sub cutis, and periosteum, the periosteum 
elevated, and all tissue retracted to expose the bone. 

12 A cylindrical bone defect was introduced by drilling at very low speed (≈ 1 revolution per 
second) with a battery operated variable speed drill in a sterile shroud. Sharp sterile high-
speed steel drill bits and a sterilized drill chuck were used. A 4.9 mm diameter drill bit was 
used for AG and CH samples used and a 5.0 mm diameter drill bit used for D1 and D2 
samples. A drill guide was used to ensure the defect axis was perpendicular to the superior 
bone surface and copious saline irrigation was used to prevent localized heating. Bone 
debris was evacuated by saline lavage. 

13 Implants were introduced axially to the defect using a custom inserter instrument. Light 
impaction force was used to position the implants flush with the superior surface of the 
surrounding bone. 

14 The periosteum and sub cutis were sutured back using 2M PDS sutures and the cutis closed 
using 3M Ethilon sutures. 2 ml of long-acting local aesthetic (bupivacaine hydrochloride 5 
mg/ml [Marcaine 0.5%]) was administered subcutaneously at each site to control pain at 
each implant site during surgery. 

15 The sterile drapes were removed and the surgical site washed with water. Primapore 
dressings were applied following the application of Opsite spray. Gamgee bandaging was 
applied and held in place by stirrups and the leg covered and compressed with self-adherent 
dressing. 

16 Animals were recovered unrestricted in pens and were monitored for 48 hours post 
operatively to evaluate general well-being. Analgesia (Meloxicam) was administered as 
indicated and antibiotics were given. 

17 Implant placement was confirmed by post-operative CT. 
18 Following recovery sheep were returned to pasture for the remainder of the study. 

7.5 Complications 

There were no complications resulting from the scientific manipulations performed in this 

study. However, one animal caught its leg in a fence, which resulted in a fractured tibia. The 
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animal was euthanized, and an identical surgery performed another animal, to replace this 

animal. 

7.6 Sample collection 

Sheep were euthanized by captive bolt and exsanguination at the termination of each 

convalescence period. Pelvic limbs were removed by gross dissection of the acetabulum. The 

tibia was isolated by gross dissection and then stripped of tissue (skin and muscle) to leave 

only bone and periosteum. The freshly harvested tibia was sealed in an evacuated plastic bag 

surrounded by saline and frozen to -18 °C. Radiographs of the frozen tibia were obtained to 

visualize implant locations for dissection. Tibia were stored frozen until required. 

While still frozen, biopsies containing an individual implant were prepared using a saw and 

osteotome. Cortico-cancellous biopsies were isolated with at least 5 mm of surrounding bone, 

thawed, then placed in 10% NBF to fix the sample. Cortical biopsies were isolated by 

longitudinal section of the diaphysis and transverse section midway between implants. Frozen 

cortical samples were returned to freezer until required for mechanical testing. 

7.7 Summary 

The material concepts were evaluated in a translational animal model to provide an indication 

of likely clinical performance. A total of 120 implant dowels were placed under press fit 

condition into surgically created defects in the tibia of sheep. The detailed study protocol was 

presented. At 3, 6 and 12 weeks after surgery, the tibiae from a subset of animals were 

harvested and frozen for future assessment. The following two chapters describe the 

mechanical push out testing (Chapter 8) and histology (Chapter 9) to evaluate biological 

performance. 



 109 

 

Figure 17: The hind legs and rump were clipped and cleaned outside of the operating theatre 

to minimise the transfer of dirt on the woolly covering of the animal. At this stage, the sheep 

had already received a premedication including antibiotics, which reduces the opportunity for 

infection caused by micro abrasions sustained during clipping. 
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Figure 18: Following clipping, the hooves and canon were covered with a latex glove and 

cohesive bandages. This created an impervious barrier that isolated the dirty region from the 

surgical field. Note, this is prior to the application of another layer of sterile cohesive bandages 

during draping, which creates an aseptic covering. 
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Figure 19: An epidural regional analgesia was administered prior to surgery. This technique 

blocks the transmission of pain signals through nerves in the cauda equina. This proceedure 

was performed with aspetic technique using sterile gloves and the region cleaned with 

chloroxeidine and alcohol. Note the air bubble in the syringe that is used to visualise the lack 

of resistance to the injection confirming the needle is in the epidural space. 
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Figure 20: The animal was positioned in dorsal recumbence and supported by lateral chocks 

and tie down restraints. Final cleaning and preparaton of an aseptic surgical site was performed 

using aquous chloroxidine scrub and alcohol because the animal was housed on a farm and 

physical debris had to be washed from the wool. Note the cohesive bandages on the hooves 

that minimises the transfer of dirt to the gloved hands of the surgical team. 
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Figure 21: A thermal blanket, heat pad (only the cord is visible) and insulating towels were 

used to maintain body temperature during surgery. Maintaining body temperature prevents 

unintended perioperative hypothermia, a common occurrence in an un-warmed patient that is 

associated with significant morbidity or even mortality. 
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Figure 22: An incision is made in the anteromedial tibial epiphysis. A single incision is made 

down to the bone because there is very little soft tissue in this region. Note the needle used to 

identify the joint space proximal to the incision. Full aspetic technique is used to reduce the 

risk of infection. 
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Figure 23: The incision is retracted using a mini Gelpi retractor and the periosteium scraped 

back using a periosteal elevator. Note there is minimal bleeding because retraction aids in 

hemostasis and the choice of surgical site is free of major blood vessels. 
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Figure 24: The bone surface is exposed and a second pair of mini Gelpi retractors is used to 

maintain a small (10 mm) window. The remainder of the implant procedure is performed 

through this small incision. 
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Figure 25: The defect is introduced by drilling at low speed. A domestic battery-operated drill 

is used with a sterile shroud and chuck. A drill sleeve prevents soft tissue wind-up and helps 

orientate the axis of the defect perpendicular with the surface of the bone. Note the use of saline 

lavage to prevent heat build-up and flush debris from the surgical site. The surgical drapes 

include an impervious layer to prevent strike through caused by the lavage. 
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Figure 26: The surgical defect is flushed of debris using copious saline lavage. The tightly 

controlled defect geometry creates a reliable press-fit for the implant.  
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Figure 27: The implant is aligned with the defect and a custom punch and mallet is used to 

lightly impact the implant into its final location. The animal’s leg is supported by the 

arrangement of the lateral chocks and an assistant during this stage. 
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Figure 28: The implant in situ in the proximal tibia. Note the implant is flush with the 

superficial surface of bone. The implant is held in place by press-fit and no additional support 

is required to prevent implant migration. 
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Figure 29: The incision is closed in two layers. The periosteum and sub cutis is closed using 

absorbable sutures and the cutis is closed using non-absorbable sutures. The suture was finished 

with an Aberdeen knot. 
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Figure 30: Surgical sites were sequentially exposed from proximal to distal. Here, the second 

cortico-cancellous site has been exposed in the anteromedial tibial epiphysis. Note the copious 

lavage has spread liquid around the surgical field. Lavage dilutes the incision site and reduces 

the risk of infection, but as seen here, necessitates an impervious drape to prevent strike through 

from the patient outside of the sterile field. 
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Figure 31: This finished result. Five individual surgical sites in the anteromedial tibia of the 

sheep. Each incision is approximately 10 mm in length. Note that surgical sites in the diaphysis 

are separated by 20 mm each to reduce the risk of fracture. The leg has been swabbed down 

with saline, but the incision sites have been left untouched to reduce the risk of infection. The 

skin is swollen partially due to the subcutaneous administration of long-lasting local 

anaesthetic. 
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Figure 32: After surgery, a sterile non-adherent dressing is applied to the surgical site. A Robert 

Jones bandage [151] consisting of Gamgee tissue covered with cohesive bandages is applied 

prior to the patient leaving the surgical theatre. The bandages help reduce swelling and provide 

a temporary barrier to infection while the skin heals. The bandages were removed after 48 

hours. 
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Figure 33: The animals recovered quickly and were bright and alert after approximately 15 

minutes following the withdrawl of gaseous anasthesia. The animal above was enjoying some 

chaf, in spite of the affects the anasthesia still lingering, a good sign following surgery. The 

value of the bandages can also be seen as the bandages are already soiled from contact with the 

holding pen. 
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Figure 34: Local hypertrophy and scar tissue cohesion are clearly visible on dissection at 3 

weeks post-surgery. Tissue was dissected in layers to expose the bone. The tibia was harvested 

intact and frozen in saline. Subsequent resection of individual implants and bone biopsies were 

performed with the sample frozen. This approach minimised the effects of autolysis.  
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8 Mechanical Testing 

8.1 Introduction 

Bone to implant interface strength is a key metric to assess and compare an implant’s ability to 

integrate with bone. Implant materials that exhibit high interface strength are able to withstand 

larger forces before rupturing free of the surrounding bone. Therefore, the implant is more 

stable and the surgical repair is more robust. A robust bone-implant interface is better able to 

support physiological loads to and from the surrounding bone and, by that mechanism, 

encourage bone and joint health and over time. 

Ideally, the bone to interface strength should be developed rapidly, so that the patient may be 

rehabilitated faster. However, in the long term, maintenance of adequate strength is more 

important to implant survival. As bone remodels in response to load, the bone to implant 

strength may change over time. Quantification of interface strength over time allows for the 

meaningful comparison of different implant materials and their expected clinical performance. 

There are two fundamental factors that influence interface strength: 1) bone apposition to an 

implant surface (bone on-growth); and 2) mechanical inter-digitation of bone into a porous 

implant (bone ingrowth). Bone ingrowth is the dominant factor for bone to implant interface 

strength and is ultimately limited by the porosity at the surface of the implant and the strength 

of the surrounding bone [31]. In particular, shear strength is most commonly determined using 

a push-out method whereby a cylindrical implant is axially dislodged from surrounding cortical 

bone [152]. Push-out testing is frequently performed using near-standardized methods and 

results are widely published allowing for direct inter-study comparison against decades of 

studies. Other common test methods include axial pull-out and removal torque (for screws). 
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Push-out testing is a destructive ex vivo mechanical test to directly measure bone to implant 

interface strength. The specimen is prepared by sectioning the bone containing the implant and 

by removing bony over growth by grinding. The specimen is then aligned in a testing rig with 

the implant concentric with an oversize hole in a support tube or plate [102]. A punch is then 

driven to dislodge the implant from the surrounding bone. The uniaxial mechanical testing 

machine is operated in displacement control mode with the force and displacement recorded.  

In this chapter, bone to implant interface strength will be determined by push-out test. The 

shear stress and energy to failure will be calculated, as well. A statistical comparison of the 

results will be performed to determine significant differences between the material concepts 

over time, assessing the evolution and rapidity of the bone growth over time. 

8.2 Sample groups 

Each of the material concepts will be evaluated as a separate group as summarized in Table 9, 

repeated from Chapter 7. Each group will be evaluated at all time points (3, 6 and 12 weeks 

post operatively) in equal numbers (n=6). 

Table 12: Sample groups and properties, repeated from Table 9, Chapter 7. 

Group Description Porosity Pore Size 
CH Cross-hatched lattice 65 % 483 µm, SD 174 µm 

D1 Dodecahedral unit cell 73 % 658 µm, SD 276 µm 
D2 Dodecahedral unit cell 71 % 576 µm, SD 248 µm 
AG Monolithic N/A N/A 
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8.3 Methods 

8.3.1 Sample preparation  

Each tibia was sectioned transversely to isolate each individual specimen followed by a 

longitudinal section to expose both implant faces. Bony overgrowth, particularly on the 

superior (outside) surface was removed by hand grinding with SiC abrasive paper. Protruding 

bone on the superior surface was also ground flat and perpendicular to the axis of the implant 

so the sample could be aligned in the test rig. Samples were prepared frozen, then thawed to 

room temperature prior to testing. Samples were kept hydrated using saline during testing. 

8.3.2 Mechanical test machine 

A table-top servo-hydraulic universal test machine (MTS 858, MTS Systems Corp., Minnesota, 

USA) was used to perform uniaxial compression (shear) testing. Force measurements were 

taken using a 2.5 kN load cell. Displacement measurements were taken from the machine 

crosshead. Both force and displacement were recorded at a sampling rate of 100 Hz. The 

standard testing parameters are presented in Table 13. 

Table 13: Test parameters for biomechanical push-out testing. 

Parameter Value Comment 
Test speed 0.5 mm·min-1  
Displacement 2 mm Sufficient displacement to 

partially dislodge the sample 
and fully rupture the bone to 
implant interface 

Channels Force, Displacement 
(crosshead) 

 

Sampling rate 100 Hz  

8.3.3 Push-out test rig 

A custom test rig was used, as shown in Figure 35. An under-size punch (4.8 mm diameter) 

was chosen to provide uniform loading to the implant without possibility of contacting the 
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surrounding bone. A flat sample holder was used with the sample supported using quick setting 

epoxy putty. This arrangement supported the sample well and fixed it rigidly in place during 

testing. A clearance hole of 6.4 mm with 0.7 mm clearance was chosen in accordance with 

Dhert et al’s recommendations [102]. Concentric alignment of the sample and the clearance 

hole was achieved by visually assessing the position of the sample through the clearance hole. 

A bright torch light was shone through the bone to help visualize the sample location. The test 

rig was manually approximated to the sample with no pre-load applied prior to testing. 
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Figure 35: Sample mounted on a removable platen immediately prior to testing in a push-out 

rig. The implant is aligned concentric with a clearance hole in the removable platen and 

dislodged from the bone during compression displacement. 
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8.3.4 Sample measurement 

All samples were cylindrical with dimensions summarized in Table 14. The interface area was 

determined: 

 𝐴 = 𝜋𝑑𝑙  8-1 

where the sample diameter (d) and the measured gauge length (l) for each sample are the inputs. 

The gauge length was the actual thickness of the bone adjacent to the implant. The gauge length 

was measured immediately proximal and distal to the sample and averaged. 

Table 14: Sample measurements for push-out calculations. 

Parameter Value (range) Comment 
Diameter, d 4.9 – 5.0 mm  
Gauge length, l 2.63 – 6.0 mm Average cortical bone 

thickness adjacent to sample 

8.3.5 Mechanical testing 

The following protocol was used for all mechanical tests: 

1. Prepare and mount sample in sample holder and load in test rig. 

2. Approximate the punch to the to the sample using the crosshead. 

3. Displace the crosshead 2 mm at a rate of 0.5 mm·min-1 and record force and 

displacement at a sampling rate 100 Hz. 

4. Return the crosshead to the starting position and remove the sample holder from the 

test rig. 

5. Remove the sample from the sample holder and identify the failure mode. 
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6. Re-freeze the sample to facilitate future histology if required. 

8.3.6 Shear strength calculations 

8.3.6.1 Peak shear stress 

The peak shear stress (τmax, N·mm-2) was determined by calculating the shear stress at the 

highest force recorded. Shear stress was calculated:  

 
𝜏'() =

𝑓'()
𝐴

 8-2 

where 𝑓'() is the maximum force measured, and A is the interface area determined from 

Equation 1. 

8.3.6.2 Energy to failure 

Energy to failure, or shear toughness (US, J·mm-3), is the ability of a material to absorb energy 

prior to failure. Energy to failure is calculated by integrating the stress-strain curve up to 

failure: 

 
	𝑈- = 	 𝜏

./012

3
𝑑𝜀  

8-3 

The failure point was defined at the peak shear stress (τmax). 
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8.3.7 Statistics 

A two-way (3 x 4) analysis of variance (ANOVA) and post-hoc Tukey HSD test was conducted 

to examine the effects of time (3, 6 and 12 weeks) and morphology (AG, CH, D1 and D2) on 

shear stress and energy to failure. Residual analysis was performed to test for the assumptions 

of the two-way ANOVA. Outliers were assessed by inspection of a boxplot, normality was 

assessed using Shapiro-Wilk's normality test for each cell of the design and homogeneity of 

variances was assessed by Levene's test. Statistical analysis was performance according to 

Laerd Statistics Two-way ANOVA using SPSS Statistics [153] using SPSS Statistics (v23, 

IBM Corp., USA). The interpretation of findings and specific wording of results were also 

informed from this source. Differences were considered significant where p <.05. 

8.4 Results 

8.4.1 Sample preparation 

Bony overgrowth completely obscured some samples, which complicated preparation. In a 

limited number of these cases, the bone was inadvertently sectioned too close to the implant. 

This resulted in fracture of the bone immediately adjacent to the implant. These damaged 

samples were not tested. 

8.4.2 Failure mode analysis 

The common mode of failure was shearing of de novo bone peripheral to the implant as shown 

in Figure 36. Non-elastic subsidence was noted in one D1 sample at 12 weeks. No implant 

fragments were observed. 
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Figure 36: Failure mode analysis of the bone to implant interface immediately after push-out 

testing. Intact sample with implant dislodged (left) and magnified, showing shearing of the 

bone to implant interface (right). 

8.4.3 Ultimate shear stress 

Ultimate shear stress (𝜏'()) increased significantly throughout the duration of the across all 

samples (p < 0.000). The ultimate shear stress was significantly higher for the porous samples 

(CH, D1 and D2) than for the monolithic AG sample across all time points (p < 0.000). D1 

developed the highest interfacial shear stress with 17.7 ± 3.6 MPa at 3 weeks, 26.9 ± 7.5 MPa 

at 6 weeks, and 50.68 ± 7.5 MPa at 12 weeks. Interfacial shear stress is summarized in Table 

15. 

. 
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Table 15: Interfacial shear stress of sample groups across all time points. 

Time Parameter AG CH D1 D2 
3 weeks Interfacial 

Shear Stress 
(N·mm-2) 

5.5 (0.9) 17.1 (11.3) 17.7 (3.6) 10.4 (2.4) 

6 weeks Interfacial 
Shear Stress 
(N·mm-2) 

16.1 (1.5) 24.4 (6.5) 26.9 (7.5) 26.2 (5.2) 

12 weeks Interfacial 
Shear Stress 
(N·mm-2) 

29.1 (3.4) 43.8 (6.8) 50.7 (7.5) 44.4 (9.3) 

There was one outlier in the data (D2, 12 weeks), as assessed by inspection of a boxplot for 

values greater than 1.5 box-lengths from the edge of the box. This outlier (D2, 12 weeks, 28.2 

MPa) was much lower than other values in the same group (D2, 12 weeks: 45.6, 45.9, 48.9 and 

53.1 MPa), suggesting an issue with the sample. Therefore, the outlier was removed from the 

analysis. 

Residuals were normally distributed, as assessed by Shapiro-Wilk’s normality test (p >.05). 

The assumption of homogeneity of variances was violated, as assessed by Levene’s test for 

equality of variances (p =.032). Transformations ( 𝑦, µ − 𝑦, 𝑙𝑜𝑔:3 𝑦 , 𝑙𝑜𝑔:3 µ − 𝑦 , :
;
 and 

𝑦<) were not successful in normalising the data. The small sample size, maximum n = 6, limited 

the ability to successfully manipulate the data, so the two-way ANOVA was run anyway. 

8.4.4 Energy to failure  

Energy to failure increased significantly from 3 to 12 weeks and from 6 to 12 weeks, but not 

from 3 to 6 weeks, across all samples (p < 0.001). Energy to failure was significantly lower for 

the monolithic AG sample than porous D1 and D2 samples (p < 0.008), but not the CH sample 

(p < 0.52) across all time points. L1 demonstrated the highest energy to failure with 22.9 ± 17.6 

J·mm-3 at 3 weeks, 27.6 ± 40.4 J·mm-3 at 6 weeks, and 25.0 ± 31.8 J·mm-3 at 12 weeks. Energy 

to failure is summarized in Table 16. 
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Table 16: Energy to failure of sample groups across all time points. 

Time Parameter AG CH D1 D2 
3 weeks Energy to 

Failure 
(J·mm-3) 

1.56 (0.94) 13.12 (11.61) 22.9 (17.6) 9.9 (5.6) 

6 weeks Energy to 
Failure 
(J·mm-3) 

13.6 (7.3) 5.8 (2.5) 27.6 (40.4) 17.9 (8.5) 

12 weeks Energy to 
Failure 
(J·mm-3) 

6.5 (0.5) 12.7 (5.6) 25.0 (31.8) 20.5 (18.9) 

There were two outliers in the data (D1, 3 weeks; D1, 12 weeks), as assessed by inspection of 

a boxplot for values greater than 1.5 box-lengths from the edge of the box. These outliers (D1, 

3 weeks: 4.01 unit; D1, 12 weeks: 11.56 unit) were much higher than other values in the same 

groups (D1, 3 weeks: 0.86, 0.97, 1.39 and 1.80 unit; D1, 12 weeks: 2.44, 2.59, 3.87, 4.12 unit), 

suggesting an issue with each sample. Therefore, the outliers were removed from the analysis. 

Residuals were normally distributed, as assessed by Shapiro-Wilk’s normality test (p >.05). 

The assumption of homogeneity of variances was violated, as assessed by Levene’s test for 

equality of variances (p =.000). Transformations ( 𝑦, µ − 𝑦, 𝑙𝑜𝑔:3 𝑦 , 𝑙𝑜𝑔:3 µ − 𝑦 , :
;
 and 

𝑦<) were not successful in normalising the data. The small sample size, maximum n = 6, limited 

the ability to successfully manipulate the data, so the two-way ANOVA was run anyway. 

8.5 Discussion 

Understanding bone to implant interface mechanics enables a picture to be built of an implants 

ability to pass both day-to-day forces and shock loads to and from the host bone. Although the 

push-out method is an idealized scenario, it is representative of typical implant loading. Shear 

stress gives a succinct quantitative measure that can be directly compared across previous 

studies, as shown in Table 17: Interface strength of commercially available ingrowth and on 
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growth technologies. The dodecahedral samples developed a very high ultimate interface shear 

stress (D1; 12 weeks; 50.7 MPa). 

Table 17: Interface strength of commercially available ingrowth and on growth 
technologies. 

Technology Reported interface strength 
Duofix, DePuy 39 MPa [92] 
Porocoat, DePuy 35 MPa [92] 
Regenerex, Biomet 26.1 MPa [71] 
Biofoam, Wright Medical Technology 22 MPa [154] 
Wright Beads, Wright Medical Technology 13 MPa [154] 
Trabecular Titanium, Lima Exhibited subsidence in the majority of tests [76] 
Trabecular Metal, Zimmer Exhibited subsidence in the majority of tests [43] 

The very rough EBM surface (AG) developed a similar interface strength to that of plasma 

sprayed titanium (Ti PS) (AG; 29.13 MPa, Ti PS; 24.4 MPa) and a far stronger interface than 

traditional grit blasted titanium (Ti BG; 10 MPa). This result alone is a significant finding that 

shows that AM implant surfaces can successfully osseointegrate with host bone. It is clear that 

these solid titanium substrates are far stiffer than bone and do not flex much in response to 

load, instead relying on the bone to bend. This lack of flexibility compromises the implants 

ability to absorb energy and would likely contribute to stress fracture of the interface in a 

sudden loading scenario, such as a fall. In contrast to the three scaffold based material concepts, 

the monolithic substrate absorbed less than half the energy prior to rupture. Such a stiffness 

mismatch could also lead to micro-fractures during less intensive loading, due to uneven load 

and strain sharing. 

The three scaffold based material concepts (CH, D1 and D2) developed considerable interface 

strength. Both the rough surface and their porosity contributed to this performance. Shear stress 

and energy to failure increased significantly with time, and scaffold samples significantly 

outperformed the monolithic sample in all cases.  
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The low sample numbers and high variability of the data prevented further statistical findings 

between the relatively similar concept materials. It was always going to be difficult to 

demonstrate statistically significant results with a small sample size. In some cases, because of 

the small sample size, the data did not satisfy the assumptions of the two-way ANOVA. 

Specifically, the distribution of the data was not normally distributed, as assed using a Shapiro 

Wilk’s normality test, and the assumption of homogeneity of variances was violated, as 

assessed by Levene’s test for equality of variances. Several transformations were applied, but 

these were not successful in normalising the data. This is not un-expected as the distribution 

and variance of the data was different between groups, due to the small sample sizes. Therefore, 

the two-way ANOVA was performed anyway.  

The results were, in many cases, not statistically significant. Where statistically significant 

findings were found, they tended to be across time, i.e. bone grew more with time, which is 

likely true. However, the findings between groups need to be viewed as indicative only, i.e. 

cautiously, as they are drawn from pilot data and greater sample numbers would be required to 

demonstrate them with more statistical power.  

Based on the observable trends in this study, it is likely that further samples in a larger study 

justified by these findings, would reinforce the findings here and lead to significant differences 

being found between scaffold architectures. However, any small difference in performance 

between the similar dodecahedral samples (D1 and D2) would require a very large sample size 

to demonstrate, if such exists at all. 

More specifically, the use of live animals in this research must be carefully balanced against 

beneficence. Such highly statistically powered studies are thus, potentially, a luxury that cannot 
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be justified. Hence, the limitations of low sample numbers are balanced against ethical 

concerns in this first proof of concept study. 

The primary goal of this trial was to identify the effect of scaffold topography on 

osseointegration. Pore size, porosity, and surface area to volume ratio were similar for all 

scaffold materials. There were clear differences in the biological performance of the two 

distinct topographies. In all but one observation, complex 3D dodecahedral topography 

outperformed the simple crosshatched structure. The two topographies studied differed most 

significantly by pore connectivity (ZCH; 4, ZD1,2; 12), isotropy, and associated mechanical 

properties. Although not investigated in this research, the mechanical properties of the scaffold 

materials likely have a considerable effect on the biological performance. More importantly, 

this study provides clear evidence of the dodecahedral scaffolds ability to develop a robust 

interface through a combination of high ultimate interface shear stress, material flexibility and 

energy absorption. 

8.6 Summary 

The results of the push-out testing clearly demonstrate the ability of EBM Ti6Al4V implants 

to develop a robust functional interface with bone. The rough EBM surface is similarly 

effective to traditional plasma sprayed coatings for fixation in bone. Scaffolds built with EBM 

benefit from this baseline performance. The addition of porosity, particularly highly 

interconnected porosity with a dodecahedral strut topology, significantly enhanced bone to 

implant strength. The material concept D1, known commercially as Labrynth™ (Ossis Ltd. 

Christchurch, New Zealand), outperformed existing clinically available ingrowth technologies 

at similar time points. In particular, Labrynth® provides strong early fixation in bone, 

particularly, particularly in comparison to other typical implant materials and systems.  
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9 Histological Findings 

9.1 Introduction 

Bone growth into and onto an implant is important to the healthy, living interface between a 

patient’s body and an endo-prosthesis. Mature bone in intimate contact with an implant surface, 

without foreign body encapsulation, is critical to long term implant survival. Together with the 

development of mechanical strength, the level of bone health, ingrowth, and bone to implant 

contact form a largely complete understanding of an implants ability to osseointegrate. 

Direct bone apposition onto an implant surface indicates the implant material is 

osteoconductive [155]. This behaviour is in contrast to the fibrous encapsulation experienced 

when the body tries to isolate and reject a foreign body. Bone to implant contact is thus both a 

qualitative marker that conclusively demonstrates material biocompatibility and 

osteoconduciton, and a key metric used to compare implant performance. When used in a 

quantitative frame, bone to implant contact is evaluated as the percentage of an implant 

perimeter (2D) or surface (3D) that is directly contacted by bone. In these cases, it is 

abbreviated as BIC. 

Bone ingrowth into a porous material exposes the bone to more of the implant surface, onto 

which it can attach. Bone ingrowth also contributes to interface strength through interdigitating 

of bone and implant. Through these mechanisms, bone ingrowth significantly influences 

osseointegration. Similar to BIC, the quantification of bone ingrowth is commonly assessed to 

compare implant performance. 

Bone health, ingrowth and bone to implant contact are not directly observable in living patients. 

Histology is the process by which thin sections of tissue biopsy are produced, such that they 
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can be viewed microscopically. In clinical medicine, a small biopsy of tissue, is removed from 

the patient for study. In animal research, where the tissue of interest is often large and critical 

to ongoing wellbeing, such as an entire limb, the biopsy is produced ex vivo. 

In this project, the tissue biopsy is a significant portion of bone containing an individual 

implant. The hard materials involved dictate special histological techniques. Following 

resection, the biopsy is fixed to prevent decay, dehydrated to remove water, and then embedded 

in plastic resin that infiltrates and supports the structure of the tissue down to a cellular level. 

The bone and implant are cut thin enough that light can be transmitted through the section to 

illuminate the tissue. Finally, bone health is observed microscopically, with the aid of 

specialized stains that dye features of interest, such as cell nuclei, collagen, calcified bone 

matrix etc., and other features [156]. 

Histomorphometry is the quantification of bone morphology from histological sections. These 

measurements allow for the direct comparison between different biopsies, patients, and studies. 

Histomorphometric assessment of bone ingrowth and bone to implant contact, along with push-

out interface strength, is the gold standard for demonstrating implant performance [152]. 

In this chapter, bone ingrowth and bone to implant contact are assessed by histomorphometry. 

Bone health is qualitatively assessed. A statistical comparison of the results is performed to 

determine significant differences between the material concepts over time. 
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9.2 Sample groups 

Each of the material concepts will be evaluated as a separate group as summarized in Table 9, 

repeated from Chapter 7. Each group will be evaluated at all time points (3, 6 and 12 weeks 

post operatively) in equal numbers (n=4). 

Table 18: Sample groups and properties, repeated from Table 9, Chapter 7. 

Group Description Porosity Pore Size 
CH Cross-hatched lattice 65 % 483 µm, SD 174 µm 

D1 Dodecahedral unit cell 73 % 658 µm, SD 276 µm 
D2 Dodecahedral unit cell 71 % 576 µm, SD 248 µm 
AG Monolithic N/A N/A 

9.3 Methods 

9.3.1 Sample preparation 

As described in Chapter 7, the tibiae were harvested, stripped of tissue and frozen in saline. 

Frozen tibiae were then sectioned to isolate the proximal tibia that contained implants for 

histological assessment. Each proximal tibia was sectioned into biopsies containing an 

individual implant, as shown in Figure 37, then fixed in 10% NBF. Following fixation, biopsies 

were trimmed to a more uniform size to enable standardized processing and simple section 

orientation as shown in Figure 38. Each biopsy was trimmed to rectangular form with a target 

of 5 mm bone surrounding the implant. 
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Figure 37: Gross sectioning of the proximal tibia prior to fixation. Each implant was retrieved 

individually with the surrounding bone intact, but soft tissue carefully removed. 

 

Figure 38: Biopsies were trimmed to a uniform size to enable consistent processing in 

histological cassettes. 
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9.3.2 Processing 

Biopsies were fixed in 10% NBF, dehydrated using increasing grades of ethanol, cleared in 

xylene, then embedded in methyl methacrylate based resin (Technovit 9100, Heraeus Kulzer 

GmbH, Germany). Harvest of the tibiae was performed at Lincoln University, Johnstone 

Memorial Laboratory. Preparation and fixation of biopsies was performed at the University of 

Otago, Christchurch. Biopsies were then shipped in 70% ethanol to Queensland University of 

Technology in Brisbane, Australia for all further steps. A complete overview of the processing 

steps is listed in Table 19. 

Fixation time is related to the size and composition of the biopsy. In this study, the biopsies 

were large (up to 15 mm x 15 mm x 10 mm), and comprised of predominantly dense cortico-

cancellous bone. Thus, the samples required an extended fixation time to ensure the fixative 

could penetrate the tissue completely. Samples were exposed to 10% NBF for at least one 

month at room temperature. 

Embedding resins do not mix with water. To successfully embed the sample in resin, all of the 

water within in the tissue must be removed. In this study, the biopsies were chemically 

dehydrated in increasing grades of ethanol, which eventually replaces all water within the tissue 

with ethanol. Following dehydration, the sample is cleared to replace ethanol with xylene, 

which is miscible with the embedding resin. Xylene has a similar refractive index to proteins 

within the tissue and so turns the biopsy transparent, and thus, the term ‘clearing’. 

Technovit 9100 is a methyl methacrylate based plastic resin designed specifically for 

embedding mineralized tissue. The resin is very hard and supports the biopsy during sectioning. 
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The biopsy is first infiltrated with non-catalysed resin before being polymerized by peroxide 

and amine catalysts without oxygen.  

Embedding tissues in Technovit 9100 is a technically demanding process.  The biopsy is treated 

with multiple pre-infiltration and infiltration solutions to ensure complete resin penetration.  

Finally, the non-catalysed solution is replaced with a catalysed solution for subsequent 

exothermic polymerization at -20 °C in hermitically sealed embedding forms. The presence of 

any water or oxygen, such as from an improperly sealed embedding form, causes the 

polymerization to fail. Biopsies were embedded according to the resin manufacturer’s 

instructions [156]–[158]. 

Table 19: Histological processing and embedding protocol 

Step Process Time 
 Fixation  
1 10% NBF 1 month 
 Dehydration  
2 70% ethanol As required for storage and 

transport 
3 Fresh 70% ethanol 24 hours 
4 95% ethanol 24 hours 
5 Fresh 95% ethanol 24 hours 
6 100% ethanol 24 hours 
7 Fresh 100% ethanol 24 - 72 hours 
 Clearing  
8 100% xylene 24 hours 
9 Fresh 100% xylene 24 hours 
 Embedding  
10 Technovit 9100 pre-infiltration solution, 90%  7 days 

11 Fresh Technovit 9100 pre-infiltration solution, 100% 7 days 
12 Technovit 9100 infiltration solution 7 days 
13 Technovit 9100 embedding solution for polymerization 3 days 

9.3.3 Sectioning  

Biopsies were sectioned using the EXAKT (EXAKT Technologies Inc., Oklahoma, USA) 

cutting and grinding method [156]. The process to prepare each section is convoluted, slow 
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and expensive. However, the results are extremely good if done properly. Briefly, the process 

is defined: 

1. The block is trimmed to create a face parallel to that of the intended final section 

orientation, as close as possible to the implant;  

2. the trimmed block is mounted on an extra-large acrylic backing slide using epoxy 

cement and the EXAKT 401 Vacuum Adhesive Press;  

3. the trimmed block is then ground flat and parallel to the backing slide using an 

EXACT 400CS Micro Grinder;  

4. an extra-large acrylic slide is glued to the newly polished surface using Technovit 

7210 light-curing adhesive and an EXAKT 402 Precision Adhesive Press;  

5. the slide-block-slide sandwich is then mounted on a vacuum plate on an EXAKT 310 

Diamond Band Saw;  

6. the blade is zeroed on the inside face of the second slide, offset into the sample by 

100 µm, and a rough section cut from the block; 

7. sequential sections are made by repeating steps 3 through 6 until the section of 

interest is reached (in this case, the midline section of the implant); 

8. the rough-cut section is ground flat and polished to a final thickness of 50 µm using 

the EXACT 400CS Micro Grinder and graded grinding paper ranging from 320 – 

4000 grit; 

9. finally, the back of the acrylic slide that the section is mounted to is polished using an 

alumina polishing slurry to remove any scratches. 

The combination of section thickness, kerf width and re-facing the block resulted in 

approximately 500 µm biopsy loss for each section. Therefore, up to five sections were taken 

from each block until the section of interest was reached. Only the section at the midline of the 
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implant was used for analysis. This specific location and orientation of this section can be seen 

in Figure 39. Other sections were polished and used during staining optimization. 

 

Figure 39: The location and orientation of the histological sections is shown inset and enlarged, 

next to the entire tibia. The two implants in the proximal tibia were processed for histology and 

only the mid-line section of the implant was used for histomorphometric analysis. Adjacent 

sections were used for staining optimisation. 
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9.3.4 Staining 

A variety of stains were investigated, including methylene blue and basic fuchsin [69], [159]–

[163], von Kossa [164]–[169] and Goldner’s trichrome stain [170]–[173]. Goldner’s trichrome 

stain was chosen because it gave rich information, specifically allowing the clear identification 

of implant, bone and osteoid. Goldner’s trichrome stain was extensively optimized by 

exploring the effects of sample thickness, etching methods and exposure times of each solution. 

Prior to staining, sections were etched first in xylene then absolute ethanol for 20 min each, 

rehydrated in 90% ethanol, 70% ethanol, then DI water for 5 minutes each. The final staining 

protocol is outlined in Table 20 and a more detailed method available from the Biofabrication 

and Tissue Morphology (BTM) Group at Queensland University of Technology, Brisbane, 

Australia. Following staining, the sections were dried overnight in darkness, briefly cleared in 

xylene, then cover-slipped with double-wide glass cover-slips and xylene based mounting 

media, Eukitt (Sigma Aldrich Co. LLC., Missouri, USA), diluted 1:1 by volume in xylene. 

Table 20: Goldner's trichrome staining protocol. 

Step Process Time 
1 Stain slides in Weigert’s hematoxylin (working) solution 25 min 
2 Rinse slides with DI water 1 min 
3 Wash slides gently in running tap water 10 min 
4 Rinse slides with DI water 1 min 
5 Stain slides with ponceau-fuchsin (working) solution 10 min 
6 Rinse slides with 2 changes of fresh 1% acetic acid solution 30 s each 
7 Stain slides in freshly filtered orange G solution 20 min 
8 Rinse slides with 2 changes of fresh 1% acetic acid solution 30 s each 
9 Stain slides in freshly filtered light green solution 15 min 
10 Check if slides have been sufficiently stained, if not, repeat 

step 9 
 

11 Rinse slides in 2 changes of fresh 1% acetic acid 30 s each 

9.3.5 Imaging and ROI preparation 

A single section from each biopsy, co-incident with the midline of the implant was stained, 

imaged and analysed. Sections were imaged with a Zeiss Axio M2 (Carl Zeiss AG, Germany) 
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using transmitted light at x5 magnification. A tiled image was taken and stitched together using 

Zeiss Zen Blue 2012 to form a single large format micro-photograph of the entire section. An 

example image is shown in Figure 40 along with a region of interest (ROI) for 

histomorphometric analysis. 

 

Figure 40: An example of a large composite image of a full histological section stitched 

together from 68 individual microphotographs taken at x10 magnification. The resulting image 

was reoriented to aid in the positioning of an ROI for histomorphometric analysis. The position 

of the ROI is shown here with a red box. 

A rectangular ROI (5 mm width by 2 mm height) was selected in-line with the implant diameter 

and to exclude superficial bony over-growth. Each standardized ROI (5000 by 2000 µm or 

3874 by 1549 pixels) was exported as a 24-bit Intel TIFF image for compatibility with the 

histomorphometry software. An example ROI is shown in Figure 41, enlarged from Figure 40. 
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Figure 41: An example of an ROI positioned coincident with the margins of implant cylinder 

and so as to exclude both superficial and deep bony overgrowth. A standardised 2 mm high by 

5 mm wide ROI was used for histomorphometric analysis of bone ingrowth and bone to implant 

contact across samples. 

9.3.6 Histomorphometry 

Histomorphometric analyses were performed using a semi-automated digital suite 

(OsteoMeasure™, Osteometrics Inc., Georgia, USA). This software runs on a large, pen input 

display (Wacom Cintiq 27”, Wacom Co. Ltd., Japan) that allows the user to accurately identify 

tissue features. The software allows for initial threshold based segmentation followed by 

manual brush segmentation to include or exclude areas as appropriate. Measurements were 

exported as .CSV files for analysis in Excel. 

Bone ingrowth was calculated for scaffold materials: 
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 𝐵𝑜𝑛𝑒	𝑖𝑛𝑔𝑟𝑜𝑤𝑡ℎ =
𝐵. 𝑉
𝑉𝑑. 𝑉

	×	100%  9-1 

Mineralized bone and the actively mineralizing osteoid were included in the calculation of bone 

ingrowth into the scaffold void space. Bone to implant contact (BIC) was calculated for all 

samples: 

 𝐵𝐼𝐶 =
𝐵𝑜𝑛𝑒	𝑡𝑜	𝑖𝑚𝑝𝑙𝑎𝑛𝑡	𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒	𝑙𝑒𝑛𝑔𝑡ℎ

𝑇𝑜𝑡𝑎𝑙	𝑖𝑚𝑝𝑙𝑎𝑛𝑡	𝑝𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟
	×	100%  

9-2 

BIC included both bone and osteoid contact. Intervening fibrous layers were carefully 

identified and excluded. Histological artefacts, such as shrinkage of tissue away from the 

implant surface, could not be definitively identified. Therefore, BIC measurements are 

conservative as they count areas of artefact as no-contact. 

9.3.7 Statistics 

A two-way (3 x 4) analysis of variance (ANOVA) and post-hoc Tukey HSD test was conducted 

to examine the effects of time (3, 6 and 12 weeks) and morphology (AG, CH, D1 and D2) on 

bone ingrowth and bone to implant contact. Residual analysis was performed to test for the 

assumptions of the two-way ANOVA. Outliers were assessed by inspection of a boxplot, 

normality was assessed using Shapiro-Wilk's normality test for each cell of the design and 

homogeneity of variances was assessed by Levene's test. Statistical analysis was performance 

according to Laerd Statistics Two-way ANOVA using SPSS Statistics [153] using SPSS 
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Statistics (v23, IBM Corp., USA). The interpretation of findings and specific wording of results 

were also informed from this source. Differences were considered significant where p <.05. 

9.4 Results 

9.4.1 Staining optimization 

Staining resin embedded sections required significant optimization. Initial attempts with 

methylene blue and basic fuchsin and von Kossa stains yielded inferior results. Specifically, 

methylene blue and basic fuchsin had low tissue specificity that made the segmentation of bone 

and soft tissue difficult. However, von Kossa staining clearly identified mineralized bone, but 

the mineralised bone was completely opaque making it indistinguishable from the implant. 

These two stains were thus abandoned, based on these results. Examples of these stains are 

shown in Figure 42 and Figure 43 respectively. 
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Figure 42: An example of methylene blue and basic fuchsin stained sheep bone. (Top) 

Unstained ground resin section of a 3D printed titanium scaffold implant in situ in sheep bone. 

(Middle) Adjacent section stained with methylene blue and basic fuchsin. (Bottom) The top 

section stained with Goldner’s trichrome stain. 



 155 

 

Figure 43: An example of von Kossa stained sheep bone. (Top) Unstained ground resin section 

of a 3D printed titanium scaffold implant in situ in sheep bone. (Middle) Adjacent section 

stained with von Kossa stain. (Bottom) The top section stained with Goldner’s trichrome stain. 

Unstained sections lack tissue specificity. Goldner’s trichrome stain allowed for the clear 

identification of implant, bone and osteoid. A comparison of an unstained section compared 
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with Goldner’s trichrome stained section is made in Figure 44 and Figure 45 respectively. 

 

Figure 44: An example of an unstained ground resin section of a 3D printed titanium scaffold 

implant in situ in sheep bone. The implant is clearly discernible in black, but the surrounding 

bone and soft tissue lacks specificity. 
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Figure 45: An example of Goldner’s trichrome stained ground resin section of a 3D printed 

titanium scaffold implant in situ in sheep bone. The implant is clearly discernible in black, 

mineralised bone in green, and actively mineralising osteoid in red. 

Initial trials resulted in inconsistent colouring due to variation in section thickness and etching 

method. The most consistent staining was achieved with 50 µm thick sections. Variations in 

the thickness of nominal 27 µm sections were relatively large and resulted in the colouring 

changing from region to region. Thicker 80 – 100 µm sections were too opaque. The effect of 

section thickness on staining is shown in Figure 46. Treating the section with xylene followed 

by absolute ethanol was found to be an effective etching method that improved staining, but 

required the use of a plasticine wall to prevent xylene contacting the acrylic slide. 
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Figure 46: Histological section thickness had a marked effect on staining. (Top) Fluctuation in 

thickness across a nominal 27 µm thick section resulted in variation in staining colour across 

the sample. (Middle) A nominal 50 µm thick section resulted in the best overall staining 

colouration and consistency, and was used for all subsequent sections. (Bottom) A nominal 

100 µm thick section was too opaque to adequately highlight histological features. 
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9.4.2 Histological assessment 

Substantial de novo woven bone and osteoid infiltrated CH, D1 and D2 within 3 weeks. At 12 

weeks following surgery this bone ingrowth was abundant and had remodelled into mature 

mineralized bone with prevalent Haversian systems. An overview of the bone ingrowth and 

bone to implant contact is shown in Figure 47. Mature bone features such as blood vessels and 

individual osteons were clearly identifiable, as shown in Figure 48. Overall, the bone appeared 

healthy, free from inflammation and fibrous encapsulation, with abundant bone ingrowth into 

the implant pores and direct bone on-growth onto the implant surface. 

 

Figure 47: An overview of bone ingrowth and bone to implant contact for 3D printed titanium 

scaffold and monolithic implants after 3, 6 and 12 weeks in situ in a sheep drill hole model. 

Bone ingrowth increased with time for all scaffold samples and completely filled the porous 

space by 12 weeks after surgery. Direct bone to implant contact was evident for all samples. 
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Figure 48: An overview of bone remodelling in and around 3D printed titanium scaffold and 

monolithic implants after 3, 6 and 12 weeks in situ in a sheep drill hole model. Direct bone 

apposition (white arrows) was present in both peripheral and central regions. Bone remodelling 

within scaffold implants was evidenced by Haversian systems forming in the central region of 

the implants. (red arrows). 
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9.4.3 Bone ingrowth 

A trend of increasing bone ingrowth was evident for all scaffold samples. Bone ingrowth 

increased significantly from 3 to 12 weeks (p = .005) and 6 to 12 weeks (p = .017), but not 

between 3 and 6 weeks (p = .92). Bone ingrowth was not significantly different between 

scaffolds (p = .194). D1 ultimately achieved 73% bone ingrowth at 12 weeks. Bone ingrowth 

is summarized in Table 21. 

Table 21: Bone ingrowth of sample groups across all time points. 

Time Parameter AG CH D1 D2 
3 weeks Bone 

ingrowth 
(B.V/Vd.V) 

N/A 16.7, SD 8.5 20.7, SD 9.3 36.3, SD 31.4 

6 weeks Bone 
ingrowth 
(B.V/Vd.V) 

N/A 41.1, SD 31.1, SD 27.7 36.0, SD 18.0 

12 weeks Bone 
ingrowth 
(B.V/Vd.V) 

N/A 58.6, SD 15.6 72.6, SD 12.2 52.9, SD 26.2 

There were no outliers in the data, as assessed by inspection of a boxplot for values greater 

than 1.5 box-lengths from the edge of the box. Residuals were normally distributed in all but 

two groups (Solid, 3 weeks; D1, 3 weeks), as assessed by Shapiro-Wilk’s normality test (p > 

.05). The assumption of homogeneity of variances was violated, as assessed by Levene’s test 

for equality of variances (p =.044). Transformations ( 𝑦, µ − 𝑦, 𝑙𝑜𝑔:3 𝑦 , 𝑙𝑜𝑔:3 µ − 𝑦 , :
;
 

and 𝑦<) were not successful in normalising the data. The small sample size, maximum n = 6, 

limited the ability to successfully manipulate the data, so the two-way ANOVA was run 

anyway. 

9.4.4 Bone to implant contact 

Intimate contact of mineralized bone and the implant surface was present in all samples. Bone 

to implant contact increased significantly from 3 to 12 weeks (p < .000) and 6 to 12 weeks (p 
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= 0.02) for all samples but not between 3 and 6 weeks (p = .157). There were no significant 

differences between samples (p = .094). Bone to implant contact is summarized in Table 22. 

Table 22: Bone to implant contact of sample groups across all time points. 

Time Parameter AG CH D1 D2 
3 weeks BIC 6.9, SD 5.0 0.8, SD 0.8 2.2, SD 1.3 6.0, SD 6.1 
6 weeks BIC 9.9, SD 1.3 10.5, SD 9.8 4.4, SD 3.0 7.1, SD 5.7 
12 weeks BIC 11.2, SD 1.8 21.8, SD 11.4 21.2, SD 6.2 13.7, SD 8.9 

There were no outliers in the data, as assessed by inspection of a boxplot for values greater 

than 1.5 box-lengths from the edge of the box. Residuals were normally distributed in all but 

two groups (Solid, 3 weeks; D2, 3 weeks), as assessed by Shapiro-Wilk’s normality test (p > 

.05). The assumption of homogeneity of variances was violated, as assessed by Levene’s test 

for equality of variances (p =.005). Transformations ( 𝑦, µ − 𝑦, 𝑙𝑜𝑔:3 𝑦 , 𝑙𝑜𝑔:3 µ − 𝑦 , :
;
 

and 𝑦<) were not successful in normalising the data. The small sample size, maximum n = 6, 

limited the ability to successfully manipulate the data, so the two-way ANOVA was run 

anyway. 

9.5 Discussion 

The direct apposition of bone into an implant surface is a pre-requisite for osseointegration. 

This study shows bone is able to grow directly onto the surface of EBM Ti6Al4V implants. 

This direct bone to implant contact, combined with substantial bone ingrowth into the pores of 

scaffold materials, and the development of a strong bone to implant interface (Chapter 8), 

indicate the material concepts are highly osteoconductive and able to effectively 

osseointegrate. 

Embedding the bone biopsies in resin and sectioning with a cutting and grinding method, 

enabled the preparation of bone sections with implants in situ. Observation of these sections 
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showed abundant bone ingrowth and remodelling over time. Mature bone features were present 

at 12 weeks following surgery. The remodelling of bone within the scaffold pores strongly 

suggests the ability of the material concepts to support and encourage bone health over time, 

leading to enhanced implant survival. 

Histomorphometric analysis of bone ingrowth and bone to implant contact enable the 

quantification of key metrics of osseointegration. The substantial similarity of this study to 

previous work allow for the direct comparison of implant efficacy using standardized metrics. 

The animal model used herein utilized relatively young sheep that presented well-healing bone 

that was subjected to physiological load throughout the course of the study. Results in 

osteopenic bone or where the patient is not fully weight bearing may differ, providing a 

limitation for future study, given the positive results in this first proof of concept. 

For scaffold samples, there were few differences in bone ingrowth and BIC. Although 

somewhat surprising, this result shows that a range of scaffold architectures can successfully 

support bone ingrowth. The rough EBM surface was shown to be osteoconductive with bone 

growing directly on the implant surface, and thus contributing greatly to osseointegration. 

A substantial overall picture of osseointegration can be drawn when the histological findings 

are viewed together with the mechanical behaviour investigated in Chapter 8. The various 

material concepts, all with similar pore size, porosity and surface area, encouraged similar bone 

ingrowth. However, differences in scaffold topology manifested in both interface strength and 

resilience. The dodecahedral structure of D1 and D2 are, overall, clearly superior to the lattice 

structure of the CH concept. More generally, the porous implants are vastly superior to a 

monolithic substrate for developing a strong and resilient bond with host bone, even though 

they both support similar direct bone apposition to the implant surface. 
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Bone ingrowth into scaffold pores was abundant, with D1 ultimately developing 73% bone 

ingrowth after 12 weeks in situ. The bone ingrowth percentages achieved are higher than 

existing studies using EBM titanium. For example, Trabecular Titanium; Lima achieved up to 

48.6% bone ingrowth after 16 weeks in situ. Longer term results are needed to determine if 

similar levels of bone ingrowth are eventually achieved.  

The increase in bone ingrowth across time points indicates that rate of infiltration was 

consistent until the available void space was filled. The steady rate of tissue infiltration 

suggests that the scaffolds allowed relatively uninhibited bone ingrowth into the 2.5 mm from 

implant periphery to centre. The high rate of bone ingrowth suggests the as grown EBM surface 

is highly osteoconductive and effective at encouraging substantial new bone formation. 

As discussed for mechanical findings in Chapter 8.5, the low sample numbers and high 

variability of the data prevented extensive statistical findings between the relatively similar 

concept materials. Although the data violated the assumptions of normality of distribution and 

homogeneity of variances, the two-way ANOVA was performed anyway and was successful 

in showing some statistical findings. Greater sample numbers would be required to demonstrate 

further significant findings. 

9.6 Summary 

The rough as grown EBM Ti6Al4V surface is highly osteoconductive, demonstrated 

histologically by direct bone to implant contact. The porous materials encouraged substantial 

bone ingrowth. This bone ingrowth, initially woven, was able to remodel to form a mature bone 

structure that is critical to bone health over time. The different topologies of the material 

concepts had little effect on bone ingrowth and would not be expected to affect bone apposition. 
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The porous CH, D1 and D2 concepts encouraged similar bone ingrowth and bone to implant 

contact. The combination of direct bone to implant contact, substantial bone ingrowth and 

strong interface strength conclusively demonstrate that EBM Ti6Al4V implants are able to 

successfully osseointegrate.  
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10 Conclusions 

3D printing in medicine has changed the paradigm of modern implant design. 3D printed 

custom implants are common; mass-customization of patient matched implants is the new 

norm; the regulatory framework has caught up. We are thus experiencing a future depicted in 

science fiction only 1 – 2 decades ago. This thesis describes a small step towards making that 

science fiction future a reality.  

Joint diseases are common and debilitating conditions that affect almost half the elderly 

population. As global population and life expectancies increase, there are an increasing number 

of potential patients that will require treatment. Thankfully, joint replacements are supremely 

effective at improving patient’s quality of life. 

Titanium, in its various forms, is the most common metal used in joint replacement prostheses. 

Titanium, has excellent mechanical properties, is biocompatible, bio-inert and able to 

osseointegrate with bone. These properties have contributed to over five decades of clinical 

success of titanium orthopaedic prostheses. 

Osseointegrating, cement-free joint replacements, manufactured from titanium, are designed 

for bone to grow directly onto and into the implant. This approach allows the implant to share 

physiological load with peri-implant bone. Fundamentally, bone remodels in response to this 

loading. As a result, it is hoped that these devices can avoid stress shielding and aseptic 

loosening leading to implant revision. 

Porous coatings and structures are used to enhance fixation of implants in bone. Foundational 

work began with sintered bead coatings. Since then, sintered powders and fibres, metal foams, 



 167 

space-holder materials, and vapour deposited metals have been used to greater or lesser effect. 

The current benchmark material is Trabecular Metal (Zimmer), a chemical vapour deposited 

tantalum scaffold. 

Porous structures that promote bone growth are termed bone tissue scaffolds. These scaffolds 

are designed to carry physiological loads and serve as a framework for cell adhesion, 

proliferation and differentiation to form healthy, functional bone. Scaffold architecture, 

specifically, topology, pore size and porosity, is critical to this biological performance. 

Computational topology design and solid free-form fabrication was, and is, seen as a way to 

precisely tailor scaffold architecture for a range of tissue engineering applications. Industrial 

3D printing enables that vision to be put into practice with the manufacture of cellular materials 

for use as bone tissue scaffolds. 

This thesis covers the conception, development and evaluation of that product. 

The scope of this thesis was confined to a bone tissue scaffold produced in Ti6Al4V using 

EBM. The design of the scaffold was performed in a commercial partnership, prior to 

commencement of this thesis. Evaluation of performance was strictly by way of a translation 

in vivo study to inform clinical and commercial decision making. 

The overall aims were to: a) demonstrate efficacy; b) investigate the effect of different scaffold 

topologies; and c) investigate the effect of small changes in pore properties with identical 

topology. 

Two unique scaffold topologies were studied. In particular, a cross-hatched lattice structure 

applied during build processing and a patented cellular modified dodecahedral structure 
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applied in the CAD model prior to build processing. Scaffolds were characterized primarily 

using µCT methods. A novel pore model and algorithm to determine pore size and porosity 

was developed and published. Metal artefact reduction techniques for emerging spectral CT 

were also developed and published. 

A translational animal model was developed, based on an extensive review, and the 

osseointegration of EBM titanium alloy bone tissue scaffolds was investigated in vivo. A total 

of 120 implants were implanted into surgically created drill-hole defects in the tibiae of sheep. 

A less invasive surgical approach was developed, where implants were placed through 

individual key-hole incisions instead of a large open surgical wound. A pre-emptive multi-

modal analgesia routine including regional (epidural) and local (incisional) nerve blocks was 

refined and used. These methods raised the standard for the use of sheep in orthopaedic 

research. Osseointegration was determined ex vivo using histology and biomechanical testing.  

Bone to implant strength was determined from biomechanical testing using the push-out 

method. Ultimate interface shear strength was found to be similar between scaffolds with 

different topologies. Therefore, topology does not appear to play a significant role in the 

interface strength of bone tissue scaffolds. The combination of high porosity and large pore 

size in the scaffold materials were likely dominant factors in interface strength. Higher porosity 

means more bone crossing the interface, and larger pores mean that the bone is able to remodel, 

making it stronger. 

Interestingly, the modified dodecahedral scaffold was able to absorb a greater amount of energy 

before failure. The mechanism was simple. More specifically, although the ultimate stress was 

similar, it deformed more than the lattice structure, leading to these results. The toughness of 

the interface was influenced by scaffold topology. From a clinical perspective, this result means 
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a hip replacement using the scaffold with the tougher interface would be less likely to fracture 

due to a shock loading event, such as a fall. 

Bone ingrowth and bone to implant contact was determined from semi-thin sections of resin 

embedded bone with implants in situ. Bone ingrowth into the porous implants was abundant 

and unimpeded throughout the 12-week observation period, even for scaffolds with different 

architecture. This result shows the scaffold architecture is not a significant factor for bone 

ingrowth in scaffolds with similar pore size and porosity. Small differences in pore properties 

also factored little in the resulting bone ingrowth. Ingrowth was rapid and bone grew directly 

upon the surface of the implants, demonstrating that Ti6Al4V implants produced by EBM are 

highly osseoconductive. 

The sheep is well suited to translational research of orthopaedic implants. However, it is 

ultimately only a proxy for human application, and with that comes limitations. The 

microscopic bone structure, growth rate, and loading are similar to, but not same as, that of 

humans. Therefore, it is important to recognize that although the findings of this study strongly 

predict clinical efficacy, they do not prove it. Furthermore, the number of observations was 

low. Hence, further statistically powered studies would need to be undertaken to conclude any 

or all of the findings presented decisively. However, in total, the breadth of the study 

undertaken clearly identified key relationships that support the aims, and provided initial strong 

positive results justifying such a larger study. 

The interface shear strength of the scaffolds investigated were greater than the current gold 

standard, demonstrating the materials developed were among the most effective yet produced. 

Bone was shown to rapidly infiltrate the scaffolds and, notably, grow directly against the as-

built surface. Ti6Al4V implants produced by EBM were conclusively shown to be highly 



 170 

effective as bone tissue scaffolds, In Vivo in a translational large animal model. The findings 

of this thesis were instrumental to the adoption of one particular scaffold, referred to here as 

D1, as the product incorporated into Ossis’ 3D printed custom hip implants. These treatments 

are now in widespread clinical use and offer a profound improvement in quality of life for 

patients in dire need to our best efforts.  
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11 Future work 

Looking to the future, mechanical optimization appears to offer an avenue to further improve 

the performance of bone tissue scaffolds. We need to better understand the mechanical 

behaviour of bone tissue scaffolds, both at a material level and their complex interaction with 

living bone. It is clear, from this study and others, that many scaffolds can encourage 

osseointegration. This knowledge can be used to support new freedom in the modification of 

scaffold design and implant geometry in pursuit of enhanced interaction of implants with 

bones, not just bone.  

Individual patients have unique requirements. An implant designed for one individual, may not 

be ideal for others. The majority of orthopaedic implants are produced as approximations of a 

subset of the patient demographic. The dominant factor in implant choice is shape. “Will this 

implant will fit my patient?” This paradigm will change to show respect for the vast complexity 

of factors that drove the design of the original anatomy. 

Mechanical properties, modulus in particular, is the evolutionary next step. Today, patient-

matched implants are adapted to a patient’s anatomy. Tomorrow, the implant will also respect 

the natural stresses and strains put upon it as it works in harmony with the patient. In this way, 

healing will be expedited and bone will be encouraged to grow, not recede. 

Clinical imaging is the fundamental input that underpins patient-matched device design. 

Advances in imaging will, soon, allow the accurate determination of materials and their 

properties. These new input parameters will be integrated into the device design pathway. 
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Computational orthopaedic medicine will combine individual patient data, derived from 

sensors and scans, with complex in silico models and intelligent manufacturing. Orthopaedic 

device design and performance will be learnt, adapted and predicted by intelligent systems. 

Implants, and the materials used to make them, will be tailored to individual patients. 

The rate of innovation in both computational design and additive manufacturing is exponential. 

Computer aided design (CAD), design for additive manufacturing (DfAM), and finite element 

methods (FEM) are, combined, a revolutionary new tool. With this new tool, we are finally 

able to put computational orthopaedic medicine into practice. 

Software and machines will be used to understanding each patient’s personal demands. These 

requirements will be drive the autonomous design of a device as part of an individual healthcare 

plan. The integration of healthcare systems, computational orthopaedic medicine and 

intelligent manufacturing will turn physicians into conductors of an orchestra of technologists 

and technology. 

Data science will surface fundamental relationships between patients, treatments and 

outcomes. Great care will need to be taken to studiously evaluate innovative treatments. 

Fortunately, that same data science will enable each and every patient’s journey to be 

recognised. We will learn from our successes and our failures, and patients will get better 

treatment.  
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