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Abstract 

This dissertation presents the design, simulation and analysis of a porous femoral stem to 

reduce the occurrence of stress shielding in Total Hip Arthroplasty (THA). Stress shielding 

occurs when rigid prosthetic structures prevent the natural elastic deformation of surrounding 

bone tissue that would normally stimulate the growth of new bone cells, resulting in a loss in 

bone density and increased risk of implant failure. This project introduces lattice-based 

porous structures within the femoral stem to replicate the elasticity of natural bone and reduce 

the occurrence of stress shielding.  

Finite Element Analysis (FEA) was conducted on square, hexagonal and diamond-star lattice 

structures over a range of porosities to assess their mechanical performance. At the maximum 

tested porosity, the hexagonal and diamond-star lattices were able to achieve an elastic 

modulus lower than that of cortical femoral bone at 19.6GPa, indicating that they are suitable 

for use in a low elastic modulus femoral stem. Each lattice was incorporated into an in-situ 

porous femoral stem and FEA was conducted, measuring the occurrence of stress shielding. 

The hexagonal and diamond-star lattices reduced stress shielding to a maximum of 12% and 

completely negated stress shielding in some zones of the femur.  

The results of the study show that hexagonal and diamond-star lattice-based porous femoral 

stems are highly effective in reducing the occurrence of stress shielding in THA, however, the 

surface cell layer is prone to failure and the proposed designs require further refinement. 
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Chapter 1 Introduction 

 

The objective of this project is to design a fully porous femoral stem to reduce the occurrence 

of bone density loss secondary to stress shielding and increase osteointegration in Total Hip 

Arthroplasty (THA) recipients. In THA the upper portion of the femur, the entire hip joint, 

and part of the hip bone are removed and replaced with prosthetic components. The prosthetic 

components are commonly made from stiff, inelastic alloys and ceramics which prevent the 

natural elastic deformation of the surrounding bone in a process known as stress shielding. 

This is particularly prevalent in the femur due to the long length of bone shielded by the 

femoral stem. The elastic deformation of bone tissue is the mechanism that triggers the 

growth of new bone cells which maintain bone density and strength. The stress shielding 

reduces the amount of new bone cells produced, resulting in lowered bone density and 

strength over time. The weakened proximal bone tissue leads to an increased chance of 

implant failure via ascetic loosening, periprosthetic fracture and misalignment dislocation, 

requiring revisionary surgery. Revisionary surgery leads to poorer patient outcomes, reduced 

mobility and increased risk of complications. 

In this project, a fully porous lattice structure is incorporated into the femoral stem to increase 

the elasticity of the structure, reduce the occurrence of stress shielding, and allow for bone 

ingrowth. Three lattice types are tested for suitability through Finite Element Analysis (FEA), 

and their equivalent elastic modulus is measured over a range of porosities. The lattices are 

then incorporated into a sample in-situ femoral stem, and FEA conducted to measure the 

stress shielding in each implanted femur relative to its intact state. 
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Chapter 2 explores a detailed literature review focused on the significance of stress shielding, 

the factors effecting the occurrence of implant failure, and the current state of the art of 

endoprosthesis. Chapter 3 explains the methodology and rationale used to model, simulate 

and analyse various lattice and femoral stem types. Chapter 4 provides the results obtained 

from each FEA study and adjustments made to the initial methodology based on these 

observations. Chapter 5 explains the significance of the results, compares the findings of this 

project to existing work, and discusses the limitations of the study. Chapter 6 summarises the 

key findings of the project and provides recommendations for future work.  

  



3 

 

Chapter 2 Literature Review 

THA is a commonly performed procedure that restores mobility and reduces the pain 

experienced by patients suffering from severe osteoarthritis. THA endoprosthesis have a high 

survivorship rate, however, over time revision surgery is often required due to implant 

degradation and failure. Revision surgery carries an increased risk of post-operative 

complications and yields poorer results than the initial procedure. Prolonging the lifespan of 

THA endoprosthesis and reducing the occurrence of unnecessary revision surgery is critical 

for ensuring the quality of life for those undergoing THA.  

This literature review seeks to identify how the outcomes of THA can be improved through 

endoprosthesis design, with a focus on porous lattice femoral stems. The review will 

investigate current and historical trends in THA endoprosthesis design, the limitations of 

current THA outcomes, ongoing areas of THA endoprosthesis development and methods of 

mitigating stress shielding.  

2.1 Background  

2.1.1 Total Hip Arthroplasty 

THA is a surgical procedure used to reduce pain and restore lower limb function to patients 

suffering from severe hip osteoarthritis (Mendiolagoitia et al. 2020). THA involves the 

complete replacement of the upper femur, hip socket and ball joint with internal artificial 

components (endoprosthesis), usually made from metals or ceramics (Patel et al. 2023). 

During the procedure, the femoral neck and head are removed, the core of the femur is bored 

out, the acetabular socket is widened and the prosthetic components are fixed to the bone 

using cementing compounds, screws or wedge-fit bone ingrowth (Katz et al. 2020).  

Figure 2-1 shows an example X-ray of a THA recipient with a cemented femoral stem.  
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Figure 2-1: X-Ray image of femur and hip after THA (Hacking, Worsley & Nicoletti 2023) 

 

The first THA was conducted in 1951 using a cemented vitallium endoprosthesis design by 

E.J. Haboush. This first procedure reported poor results due to stress shielding of the bone. 

John Charnley introduced the modern THA endoprosthesis in 1962 and the basic design has 

remained largely unchanged (Markatos et al. 2020). 

Modern hip prosthetics generally consist of four major modular components as indicated in 

Figure 2-2. The femoral stem, femoral head, acetabular cup, and acetabular cup liner. During 

THA, the top of the femur is removed, and a long cavity is bored out along the axis of the 

bone. The femoral stem is fixed within the cavity and the femoral head is attached to the 

upper neck of the femoral stem with a press fit. The acetabulum socket of the pelvis is 
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widened and houses the acetabular cup. The cup and head are almost always separated by a 

liner to reduce friction (Petis et al. 2015).   

 

Figure 2-2: Schematic of common modern THA endoprosthesis designs (Crosby 2013).  

2.1.2 Causes of Hip Prosthetic Failure 

THA is becoming more common globally, and the average age of recipients is decreasing 

(Alontseva et al. 2023). Between 2011 and 2022, the number of THA recipients in the USA 

increased by 85% (Shanmugaraj et al. 2023). Younger patients have a more active lifestyle, so 

there is an increasing demand to maintain long-term mobility (Vickers et al. 2021).  

Mendiolagoitia et al. (2020) used three-dimensional optoelectronic movement measurement 

to compare the gait kinematics of healthy individuals to those of pre-operative and post-

operative THA recipients. It was found that THA produced a significant improvement in 

reported pain, hip and knee range of motion, step and stride length, walking speed, gait 
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pattern and support line symmetry when compared to the pre-operative state. However, when 

comparing post-operative THA recipients to healthy individuals, a decrease in all previously 

mentioned parameters was observed.  

After receiving THA, patients reported increased difficulty performing actions such as 

walking and climbing stairs, with over 25% reporting an inability to participate in sports they 

previously played (Mendiolagoitia et al. 2020). In the short term, this can be attributed to 

post-surgery muscular damage (Vickers et al. 2021) and reduced range of motion (Chi et al. 

2018), however long-term reduction in mobility is often attributed to the effects of stress 

shielding (Tan & van Arkel 2021). 

Bone tissue relies on cyclic mechanical stresses to maintain its density and strength. When an 

endoprosthesis is made from a rigid material such as titanium, stainless steel, or ceramic, 

most of the loading that would normally be carried by the bone is transferred to the implant. 

The reduction of loading in the surrounding bone is referred to as stress shielding 

(Kharmanda 2016). Because the effected bone is not undergoing normal stresses, there is a 

resulting loss in bone density and strength. This compromises the mechanical integrity of the 

implant fixing and leads to aseptic implant loosening. Lowered bone density also increases 

the occurrence of peri-prosthetic fracture after THA (Arabnejad et al. 2017), which is the 

second most common cause of revision surgery, accounting for 18% of rTHA (Oltean-Dan et 

al. 2022). Over 60% of peri-prosthetic failure could be attributed to primary and secondary 

failure modes influenced by stress shielding (Emara et al. 2021).  

Aseptic loosening is defined as a failure of fastening between an implant and tissue in the 

absence of infection (Puijk et al. 2023). Aseptic loosening occurs as a result of fatigue and 

deformation of fixings over time. Aseptic loosening is accelerated by particulate debris 

causing localised inflammation, known as osteolysis, but is most heavily effected due to loss 
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of bone density, known as osteopenia (Abu-Amer, Darwech & Clohisy 2007). The resulting 

misalignment further increases the occurrence of impingement dislocation (Chi et al. 2018). 

Aseptic loosening is the most common indication for revision surgery in THA (Vickers et al. 

2021), and accounts for 52% of all revision surgeries conducted (Oltean-Dan et al. 2022).  

2.1.3 Revisionary Total Hip Arthroplasty 

Even with an extremely low failure rate, approximately 2 million revisionary total hip 

arthroplasty (rTHA) surgeries are carried out worldwide each year (Shanmugaraj et al. 2023). 

Reducing the occurrence of rTHA is critical to ensuring the highest quality of life to THA 

recipients. rTHA carries an increased risk of infection, prosthetic rejection, and delayed 

recovery time (Patel et al. 2023). The occurrence of peri-prosthetic fracture during, and post 

rTHA is increased, particularly in patients with decreased bone quality, as seen in osteopenia 

and osteoporosis (Wendler et al. 2022). Further, the occurrence of dislocation instability, and 

aseptic loosening are increased after rTHA (Patel et al. 2023). The increased recovery time 

associated with rTHA contributes to over 39% of recipients experiencing secondary 

complications post-surgery. Additionally, post-operative anaemia, hypertension (Patel et al. 

2023), thrombosis, embolism and pneumonia (Wendler et al. 2022) are also commonly 

observed. Reducing the occurrence of rTHA is an ongoing area of research. 

2.2 Areas of Current Research for Improving THA Outcomes 

The following section will detail the current areas of research being conducted to improve hip 

prosthetic design and improve outcomes of THA recipients.  
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2.2.1 Surface Finishes 

A prosthetic surface that mimics the mechanical, chemical, and geometric properties of bone 

is desirable for successful bone ingrowth (osteointegration). To reduce the chance of 

rejection, surface treatments can be applied to enhance the antibacterial, and bioactive surface 

properties of the endoprosthesis (Zhang, J. et al. 2022). The successful application and 

adhesion of surface finish is significantly improved on porous structures with rough surface 

finishes (Alontseva et al. 2023). High surface roughness increases the chance of bacterial 

infiltration and the amount of particulate debris created during the arthroplasty. Infiltration of 

particulate debris from implant surface damage may cause bone tissue necrosis, which 

contributes significantly to rejection rates (Alontseva et al. 2023). The effect of particulate 

debris is especially impactful when using a cemented implant (Emara et al. 2021). 

2.2.2 Topology Optimisation 

Topology optimisation is generally used to maximise stiffness of a component under loading 

conditions, but it may also be modified to maximise compliance while remaining below a 

stress threshold (Tan & van Arkel 2021). This is particularly useful in the design of low 

elastic modulus endoprosthesis. Tan and van Arkel (2021) demonstrate a Solid Isotropic 

Material with Penalisation (SIMP) algorithm, which has been modified to maximise the 

elasticity of a femoral stem, without loss in bearing load. Lu and Chen (2013) used topology 

optimisation to decrease the weight, increase the elastic properties, and ensure even stress 

distribution of a new compliant component within a knee prosthetic. There are numerous 

topology optimisation techniques that have been developed, however, SIMP is the most 

common type seen in commercial software (Kharmanda 2016). The bespoke geometry 

created by topology optimisation is enabled by advancements in additive manufacturing. 
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2.2.3 Advancements in Prosthetic Manufacturing 

The onset of modern Additive Manufacturing (AM) techniques has allowed the design and 

production of prosthetic components with intricate internal cellular structures and complex 

geometries (Tan & van Arkel 2021).  

Plasma spraying is an emerging technology that has been used to create porous femoral stem 

prototypes with complex geometries and controlled biocompatible surface coatings. Selective 

Laser Sintering (SLS)  is an AM process that allows components to be directly constructed 

from hydroxyapatite powder, the major inorganic compound found in mammalian bones, 

encouraging high levels of osteointegration (Alontseva et al. 2023).  

Titanium alloys are commonly used in biomedical AM applications. Titanium, Aluminium 

and Vanadium (Ti6Al4V) lattice structures have been manufactured with a range of AM 

techniques, such as electron beam melting, SLS and laser powder bed fusion (Zhang, Y. et al. 

2022). The method of manufacture can also effect the mechanical properties of the finished 

component. Hezil et al. (2022) found the sintering temperature of SLS effected the phase 

distribution of Ti6Al7Nb grain structure which had a significant impact on the elastic modulus 

of the finished component. 

Although there are a wide range of manufacturing techniques appropriate for porous lattice 

stems, there are currently none in commercial production (Liu et al. 2021). AM reduces waste 

but generally increases the component cost due to the software, equipment and expertise 

required (Alontseva et al. 2023).  When using AM for biomedical applications, there are 

further limitations that must be considered. During the sintering process of powdered alloys, 

some unmelted particles will remain. Over time the loose particles will dislodge in the body 

and cause osteolysis in the surrounding tissue (Hezil et al. 2022).  
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2.2.4 Endoprosthesis Fixing Methods 

The femoral stem is commonly fixed to the femur using a cementing compound or by relying 

on taper fit wedging (Emara et al. 2021). The use of screws and pins in the femur is generally 

avoided as their use increases the chance of periprosthetic fracture during surgery (Wendler et 

al. 2022). Porous structures allow for an improved cement bone interface and cement 

penetration, increasing the rate of bonding (Katz et al. 2020). The preference for cementless 

or cemented femoral stem varies by country, however cementless is more common in New 

Zealand and the United Kingdom (Emara et al. 2021).  

A study carried out by Katz et al. (2020) found that uncemented femoral stems are more 

likely to require early revision surgery due to higher rate of aseptic loosening and post-

operative fractures. Wendler et al. (2022) found cemented stems were able to rapidly achieve 

a high level of primary fixation, allowing for early mobilisation of the patient (Wendler et al. 

2022). The rigid bond between the bone and prosthetic mantle of cemented stems has been 

shown to reduce short term aseptic loosening at the cost of increasing the long term effects of 

stress shielding (Corona-Castuera et al. 2021). Cemented implants are preferred for patients 

with already poor bone quality, particularly elderly females (Emara et al. 2021). For patients 

with good existing bone quality, the effects of cementing on stress shielding should be 

considered.  

2.3 Stress Shielding 

In THA, stress shielding is most prevalent in the lengthy bone-prosthetic interface between 

the femoral stem and femur (Arabnejad et al. 2017). This area is most effected by the transfer 

of normal loading to the rigid prosthetic. Rigid stem structures change the typical 
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compressive loads of the femur to shear stresses in the contact zone between the implant and 

bone (Alontseva et al. 2023).  

Due to the complex loading conditions and geometry of the hip joint and femoral stem, there 

is not currently an agreed upon method of measuring the occurrence of stress shielding. There 

are various methods used in previous studies such as von Mises, principal and energy density 

stress and strain methods (Emara et al. 2021). Emara et al. (2021) propose an algorithm for 

calculating proximal stress shielding in the femur, however the authors highlight the need for 

experimental validation of theoretical stress measurement. Arabnejad et al. (2017) use a 

method of identifying 75 predetermined sample points across the femur to calculate stress 

shielding and preserve stress distribution measurement. Liu et al. (2021). Propose a 

simplified method of calculating the relative change in average stress using FEA and 

analytical calculations. 

Altering component geometry to change loading conditions has been used to reduce the effect 

of stress shielding in previous research. Reduction in stem length, the inclusion of collars, 

stem grooves and tapered sections have been used to encourage greater load transfer to the 

surrounding femoral region and reduce shear stress concentration (Arabnejad et al. 2017). de 

Waard et al. (2021) conducted a systematic literature review and concluded that short femoral 

stems increased loading in the femur and reduced proximal bone loss by up to 15% over two 

years.  

Many approaches to reduce occurrence of stress shielding focus on increasing elasticity of the 

component (Arabnejad et al. 2017). The elastic modulus of the endoprosthesis needs to be 

reduced below 19GPa  to match that of bone (Hedayati & Fallah 2015). Low elastic modulus 

alloys have been developed, but it remains challenging to maintain the required load bearing 

properties and biocompatibility (Wang et al. 2021).  
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Increasing the bulk porosity of a structure is a commonly proposed method for decreasing the 

elastic modulus (Cilla, Checa & Duda 2017), and has been a particular focus in biomedical 

applications (Alontseva et al. 2023). Porous structures allow the continued use of 

biocompatible, mechanically stable, and proven materials while reducing the effects of stress 

shielding.  

2.3.1 Porous Structures 

Porous structures have been used with great success in biomedical applications. The modern 

generation of highly porous titanium alloy acetabular cups have a 99.3% survivorship rate 

after 10 years (Emara et al. 2021). The application of porous structures in the femoral stem is 

still the subject of research.  

Liu et al. (2021) conducted a systematic review of porous lattice structures for femoral stems. 

The key features of lattice structures are controlled stiffness, high strength, isotropy and the 

ability to promote bone ingrowth. The ability to decrease the elasticity of the femoral stem, 

without sacrificing its strength makes porous lattice structures ideal for combating the effects 

of stress shielding. The lattice type (Tan & van Arkel 2021), average pore size, bulk porosity 

and relative density distribution are independent factors that can be adjusted to change the 

mechanical properties of a structure (Zhang, Y. et al. 2022). Figure 2-3 shows the relationship 

between elastic modulus, yield strength and porosity observed in a study of porous lattices by 

Mehboob et al. (2020).  
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Figure 2-3: Change in effective elastic modulus and yield strength of BCC lattice at various porosities (Mehboob et al. 2020) 

 

Cubic node arrangements are a commonly observed lattice structure. Body Centred Cubic 

(BCC), body-centred tetragonal, face-centred cubic, attached face-centred cubic, (Zhang, Y. 

et al. 2022) tetrahedral, (Tan & van Arkel 2021) and diamond structures, have been used in 

previous studies to form the femoral stem (Corona-Castuera et al. 2021). Cubic node 

structures are generally isotropic and have high strength, however, they commonly share the 

issue of stress concentration at node intersections, reducing the load bearing capacity (Liu et 

al. 2021). Tan and van Arkel (2021)  propose a stochastic porous and selectively hollowed 

femoral stem structure, to reduce the occurrence of stress shielding. The authors were able to 

reduce the equivalent stiffness of the structure by approximately 40%. Jetté et al. (2018) used 

a diamond lattice, with an average pore size of 800µm and porosity of 68% to achieve 15% 

stress shielding, a reduction of 30% compared to a solid stem. Zhang, Y. et al. (2022) found 

that an optimal increase in elasticity while minimising reduction in yield strength of a 

Ti6Al4V cubic strut was at an average pore size of 600-700µm, as shown in Figure 2-4. 
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Figure 2-4: Cubic lattice samples of various porosities (Zhang, Y. et al. 2022) 

The density, pore size and type of lattice structure can be varied to match the bone density 

distribution present in natural bone (Liu et al. 2021). This allows the elasticity of the structure 

to be maximised where load bearing requirements are lower. A limitation with variable 

density is that non uniform and sheet network lattice structures are more prone to failure as 

there is stress concentration at geometric discontinuities between layers or structures (Zhang, 

Y. et al. 2022). Arabnejad et al. (2017) present a design for a fully porous femoral stem with a 

density optimised tetrahedron lattice, as seen in Figure 2-5. The authors found that at an 

average pore size of 500µm, bone loss due to stress shielding could be theoretically reduced 

by up to 75%, when compared to a solid titanium implant. Fraldi et al. (2010) used topology 

optimisation to for a variable density femoral stem that was able to completely negate stress 

shielding across some portions of the femur.  



15 

 

 

Figure 2-5: Example of tetrahedron lattice with optimised density distribution (Arabnejad et al. 2017) 

The use of Triply Periodic Minimal Surface (TPMS) porous structures in the femoral stem 

has been proposed in many studies to improve on the properties of cubic node lattices. TPMS 

have continuous zero-mean curvature geometry, and highly interconnected pores, which 

allow for high strength and fatigue resistance, while reducing the occurrence of stress 

concentration (Zhang, Y. et al. 2022). Zhang, J. et al. (2022) tested TPMS of constant and 

linearly changing layer height and found that varying the layer height could be used to alter 

the localised mechanical properties of the structure, as seen in Figure 2-6.  
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Figure 2-6: Example of Triply periodic minimal surface structures at variable porosity  (Zhang, J. et al. 2022) 

Porous structures provide a greater bonding surface area and allow the implant to be secured 

through osteointegration, where surrounding bone grows into the voids of the implant, 

resulting in a strong adhesion without the need for cementing or additional fasteners. As this 

is almost exclusively a surface interface phenomenon, only the porosity of the outer 700µm is 

considered significant for osteointegration (Alontseva et al. 2023). High porosity titanium 

alloy outer layers, with an average porosity of up to 70%, have been shown to achieve 

optimal levels of osteointegration, with pore sizes in the range of 100–700µm (Zhang, Y. et 

al. 2022). Irregular pore size has been shown to promote greater integrated bone growth and 

have superior mechanical properties (Wang et al. 2021).  

Alontseva et al. (2023) conducted a literature review on the current state of porous coatings. 

The authors identified a lack of surface roughness and porosity standards under the 

International Organization for Standardization for medical implants, because they are an area 

of ongoing research. The authors highlight that further research needs to be conducted into 

developing novel designs for titanium scaffolds. 
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A review conducted by Tan and van Arkel (2021) highlighted the practical limitations of 

lattice structures. In small scale lattices, thin components with sharp edges become 

impractical to use during surgery and risk damage to the implant or bone. There has been no 

in vivo testing of porous stems on humans and limited testing in mammals, so the 

computational analysis of stress shielding still requires further validation. The effect of 

muscle and micromovement in the stem bone interface is often not considered, with most 

studies focused on porous stems not considering the effect of geometric properties in addition 

to elastic modification (Tan & van Arkel 2021). The type, size and distribution of porous 

lattice used in the femoral stem is intrinsically linked to the material it is made from.  

2.3.2 Material Selection 

The specific functionality of each prosthetic component requires different material properties 

to be considered. Hip prosthetics are required to last more than 10 years and undergo an 

average of 2.2 million gait cycles per year (Kinkel et al. 2009), with THA found to last 25 

years in 58% of patients (Evans et al. 2019). The required service life means high strength, 

fracture toughness and fatigue resistance are important for all load bearing structural 

components. All materials should be corrosion resistant and biologically inert to ensure 

biocompatibility and reduce risk of inflammation or infection.  

Articulating surfaces require high wear resistance and low coefficients of friction with good 

wetting properties, to avoid debris causing periprosthetic inflammation. Bishop, Waldow and 

Morlock (2008) conducted testing of material pairings for the hip socket ball joint. They 

found that ceramic on ceramic produced the lowest frictional moment and metal on metal 

surfaces produced the highest.  
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Where the prosthetic is interfacing with the bone, separate outer layers may be applied to 

alter biocompatibility while the structural scaffold may be made of a material with better 

mechanical properties. High bioactivity is desirable for osteointegration and cell growth, 

while particulate toxicity should be minimised (Alontseva et al. 2023).  

Rahaman et al. (2007) found that most knee and hip joint replacement consisted of titanium 

alloy (Ti6Al4V) structural components and Alumina (Al2O3) bearing surfaces separated by 

ultrahigh-molecular-weight polyethylene liners. In 2023, the trend of metal and ceramic 

componentry has continued with titanium alloys, hydroxyapatite, zirconium, and tantalum 

being common materials for prosthetics (Alontseva et al. 2023).  

Titanium  

Titanium is by far the most popular structural scaffolding material, with the lowest 

component failure rate. In the USA, 89% of titanium alloy THA implants are over 10 years 

old. Titanium alloy is desirable for biomedical applications because of its high corrosion 

resistance, hardness and tribological properties compared to stainless steel and Co-Cr alloys. 

Of the Titanium alloys, Ti6Al4V is the most commonly used in endoprosthesis (Hezil et al. 

2022).  

A systematic review conducted by Liu et al. (2021) found that Ti6Al4V was the most viable 

alloy for constructing porous 3D lattice structures for femoral stems. It retains high strength 

at high bulk porosity and can be used in a wide range of modern AM techniques. The 

formation of a passive oxide outer layer on titanium alloys provides a corrosion resistant 

bioinert barrier (Alontseva et al. 2023). If this layer experiences wear due to frequent 

frictional movement, toxic vanadium and aluminium ions are released. Niobium has been 

proposed as an alternative non-toxic alloying compound due to its bioinert properties, but it 

has not been tested in vivo (Liu et al. 2021). 
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Ceramics 

Ceramics are characterised as having high hardness, wear resistance, chemical inertness, and 

biocompatibility (Paulsen et al. 2024). The major drawback of ceramics is their brittleness 

and low fracture toughness, leading to increased risk of catastrophic in vivo bearing failure. 

This is rarely observed in practice due to modern ceramic compounds and advanced 

manufacturing processes providing excellent material properties (Rahaman et al. 2007).  

Traditional monolithic ceramic oxides such as Al2O3 and stabilized zirconia (ZrO2) have 

historically been the most common ceramics used in prosthetics (Lehil & Bozic 2014). 

Modern ceramic composites and surface modified refractory compounds provide much 

higher mechanical properties without sacrificing fracture toughness (O'Dwyer Lancaster-

Jones & Reddiough 2023). The inclusion of Si3N4 can be used to create a passive oxide layer, 

phase mixed and nanocomposite ceramics increase fracture toughness and hard surface 

coatings such as titanium nitride or diamond-like carbon can be used to increase fatigue and 

wear resistance (Rahaman et al. 2007). 

Modern manufacturing techniques allow the phase composition and distribution, micro and 

grain structure of ceramics to be controlled with high precision, allowing for the production 

of bio ceramics that comfortably exceed the material requirements of orthopaedic implants 

(Rahaman et al. 2007). The characteristic high stiffness of ceramics limits their use in elastic 

porous structures, and the required manufacturing techniques prevent the formation of 

complex geometry.  

Polymers and Fibre Composites  

Polymers and fibre composite materials are rarely used in load bearing components of 

endoprosthesis (Emara et al. 2021) because they are unable to withstand the repetitive loading 
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without undergoing plastic deformation. Composite materials often have poor fatigue 

strength and some composites do not show a fatigue limit (D'Amore & Grassia 2019). 

Additionally polymers generally have a lower bio inertness, and higher particulate toxicity 

(Stewart et al. 2019).  

2.4 Conclusion  

The increasing number of THA recipients and their decreasing age highlights a growing need 

to prolong the lifespan of hip endoprosthesis and reduce occurrence of rTHA. rTHA increases 

the risk of post-operative complications, and yields poorer overall results compared to the 

initial procedure. Current THA endoprosthesis use a solid titanium or stainless-steel alloy 

femoral stem, leading to long term loss of bone density through stress shielding. The resulting 

loss in bone density has been identified as a major contributor to aseptic loosening, 

impingement dislocation and periprosthetic fracture, which account for over 70% of rTHA 

procedures.  

There has been a substantial amount of research conducted into how to prevent stress 

shielding of the femoral stem. Altering the geometry of a rigid stem has yielded limited 

success. The research indicates that lowering the stem’s elastic modulus to match that of the 

surrounding bone is an effective way to reduce stress shielding. This may be achieved 

through material selection or increasing the bulk porosity of the structure. Material selection 

is limited by biocompatibility and manufacturing restrictions. Porous lattice strictures have 

been identified as a viable option for constructing low elastic modulus femoral stems, while 

maintaining the required material properties. Various lattice structures have been tested, 

however, there are currently no commercially produced fully porous femoral stems. There 

exists a need to further test and validate lattice designs to move fully porous femoral stems 

from theory to practical application.   
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Chapter 3 Methodology 

3.1 Introduction 

The following methodology details the steps taken to design, model, simulate and analyse a 

femoral stem which utilises a porous 3D lattice to reduce the effect of stress shielding and 

maximise osteointegration in THA. This was achieved in three stages.  

The first stage focused on investigating and validating alternate methods and factors effecting 

the FEA and calculation of elastic modulus for lattice samples. A simple square unit cell and 

small lattice samples were modelled in Creo Parametric. FEA was then conducted in Creo 

Simulate and the results were compared against analytical calculations to validate the 

method. The effect of the number of cells in the sample, method for measuring stress and 

method for calculating elastic modulus were analysed and refined.  

The second stage expanded the analysis to investigate the properties of alternate lattice types. 

A range of lattice samples were generated and analysed through FEA while varying the 

porosity. The elastic modulus was calculated at each porosity, indicating the lattice’s 

suitability for use in a porous femoral stem. As identified in Chapter 2.4, reducing elastic 

modulus of a prosthetic component will reduce the effect of stress shielding in the 

surrounding bone. Additionally, the average cell size and porosity were calculated to indicate 

the effectiveness of the lattice for encouraging osteointegration. 

The final stage focused on applying the lattice sample findings in a scale test of a porous 

femoral stem to measure the occurrence of stress shielding. A series of solid and fully porous 

femoral stems were modelled within a simulated femur under an example working load. FEA 

was conducted to measure the stress shielding percentage of the implanted femur compared 
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to an intact, unimplanted femur. A lower stress shielding percentage indicated a stress 

distribution closer to that of an intact femur, indicating a more successful lattice design. 

The methodology used in this report was adapted from components of the systematic 

literature review conducted by Liu et al. (2021). This review consolidates the various 

methods for modelling and analysing porous femoral stems used in over 50 previous studies. 

Due to software limitations, numerous revisions were made to the initially planned 

methodology. The overall scope of the project was reduced, and further simplifications were 

made to allow for the conduct of analysis. The changes and rationale are discussed in further 

detail in this chapter.  

3.2 Material and Access Requirements 

The resources required for this project are shown in Table 3-1. As the results of the project 

were obtained using FEA, no physical testing was required. This limits the material and 

access requirements exclusively to computers and software. It is assessed there was no 

requirement to physically access University of Southern Queensland facilities during the 

conduct of the project. 
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Table 3-1: Resources and access requirements. 

Task Equipment Source 

General conduct PC capable of running FEA 

simulations 

Provided by author 

Microsoft Windows licence Provided by author 

Microsoft Word Provided by author 

Microsoft Excel Provided by author 

Conduct solid modelling Creo Parametric access Provided by University of 

Southern Queensland 

Conduct FEA  Creo Simulate access Provided by University of 

Southern Queensland 

Conduct result analysis MATLAB Provided by author 

 

3.3 Risk Analysis 

A Workplace Health and Safety (WHS) risk assessment has been raised and approved in the 

SafeTrak WHS risk register to cover the conduct of this project. As the project is a desktop 

study, no additional control measures were required beyond the existing control measures 

implemented in the workspace. The full risk assessment can be found in Appendix C. 

3.4 Modelling  

The following section details the methods used to model, simulate and analyse the various 

lattice structures prosthetic components. 
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3.4.1 Square Unit Cell Modelling 

The core component of a regular porous lattice structure is the individual unit cell (Yang et al. 

2020). The unit cell represents the smallest repeating structure used to form the greater 

lattice. To check the validity of the modelled results, first a simple square unit cell was 

modelled in Creo Parametric using solid geometric features, as pictured in Figure 3-1. The 

simple geometry of this cell type allowed for analytical calculations to be conducted, and the 

results compared to the model data for validation.  

 

Figure 3-1: Square unit cell 

The average porosity (𝜑) of the cell was controlled by altering the strut thickness (𝑡) and cell 

size (c). 𝜑 was calculated as per Equation 3-1 (Arabnejad et al. 2017).    

𝜑 =
𝑉𝑣𝑜𝑖𝑑𝑠

𝑉𝑡𝑜𝑡𝑎𝑙
=

𝑉𝑡𝑜𝑡𝑎𝑙  −  𝑉𝑚𝑜𝑑𝑒𝑙

𝑉𝑡𝑜𝑡𝑎𝑙
 

  Equation 3-1 

 

Where 𝑉𝑣𝑜𝑖𝑑𝑠 is the volume of voids, 𝑉𝑡𝑜𝑡𝑎𝑙 is the total volume of the unit cell including 

voids, and 𝑉𝑚𝑜𝑑𝑒𝑙 is the volume of the unit cell excluding voids. 
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𝑉𝑡𝑜𝑡𝑎𝑙 and 𝑉𝑚𝑜𝑑𝑒𝑙 were calculated analytically as per Equation 3-2 and Equation 3-3 

respectively, given that the corner nodes lay on the central axis of each strut. 

𝑉𝑡𝑜𝑡𝑎𝑙 =  (𝑛𝑐 + 𝑡)3  Equation 3-2 

𝑉𝑚𝑜𝑑𝑒𝑙 = 𝑛𝑡2(𝑐 − 𝑡)(𝑛 + 1)2 − 𝑡(𝑛2(𝑐 − 𝑡)2 − (𝑡 + 𝑐𝑛)2)(𝑛 + 1)  Equation 3-3 

Where n is the number of cells along each axis of the square lattice. 

Although 𝑉𝑚𝑜𝑑𝑒𝑙 of the square unit cell was able to be calculated analytically, the complex 

geometry of subsequent cell types makes the calculation difficult. To set the conditions for 

calculating the porosity of more complex structures further in the methodology, 𝑉𝑚𝑜𝑑𝑒𝑙 was 

recorded directly from the Creo model using the volume measurement tool. It was confirmed 

that the analytical value and modelled value were equal. 

The average pore size (p) for each sample was calculated as per Equation 3-4. 

𝑝 = 𝑐 − 𝑡  Equation 3-4 

A porosity of up to 70% (Alontseva et al. 2023), and pore size between 100–700 µm have 

been identified as optimal for bone ingrowth (Arabnejad et al. 2017; Wang et al. 2021; 

Zhang, J. et al. 2022). To optimise these values, a parametric relationship was established in 

the model for strut thickness and cell size. An initial average cell size of 500µm was selected 

and the strut thickness varied to produce 5 sample cells with porosity within the range of 

0.5 < 𝜑 < 0.9. 
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3.4.2 Square Unit Cell Simulation 

As noted in Chapter 2, specific material properties are required for use in endoprosthesis 

components. The material used for all analysis was Ti6Al4V with an elastic modulus (E) of 

114GPa. The femoral stem requires a chemically inert material with low toxicity, high 

corrosion resistance for biocompatibility and high strength, fracture toughness, fatigue and 

wear resistance for the required longevity. Additionally, the material needs to be usable in 

AM processes to create the complex geometry of a porous lattice. Ti6Al4V fulfils all the 

required criteria, and has the lowest elastic modulus compared to other commonly used 

materials such as cobalt alloys at E = 230GPa, and stainless steels at E = 210GPa (Bliss et al. 

2023). The material properties of Ti6Al4V were obtained from a datasheet sourced from 

MatWeb (2024). The project objectives were achieved using Ti6Al4V, so further analysis of 

alternate materials was not required.  

To simulate the initial loading conditions, a compressive load of 4kPa was applied along the 

vertical YY axis to the top surface of the cell, and the displacement of the lower surface of the 

cell was fixed. The simplified loading allowed for analytical stress calculations to be 

conducted and compared against simulated results. The value of 4kPa was selected to 

represent an above average working load of 200kg, supported by an average 25mm diameter 

femur (Shanto et al. 2024).  

A mesh was generated, the simulation was run, and mesh refinement was attempted. Due to 

the small element sizes and sharp internal corners of the structure, any reduction in maximum 

element size beyond the default resulted in stress singularities. The maximum stress did not 

converge on a single value and increased exponentially as element size was reduced. This 

could have been alleviated by adding rounds to the internal corners to avoid stress 

concentration points, however this would not be viable for use in subsequent tests involving 
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Where 𝐹 is the applied load, 𝐴𝑎𝑣𝑒 is the average cross-sectional area of the structure, 𝐴𝑡𝑜𝑡𝑎𝑙 is 

the cross-sectional area of the entire unit cell including voids, and 𝜑 is the porosity. 

The absolute values and relative error between the three methods of stress calculation (𝜎𝑉𝑀, 

𝜎𝑌𝑌, and 𝜎𝑐) was calculated and compared. 𝜎𝑚𝑎𝑥 was checked to be under the materials yield 

strength of 1070 MPa (MatWeb 2024). 

Two methods for calculating strain were carried out and compared for validity. The mean 

measured strain (𝜀𝑚) was calculated as per Equation 3-7, using directly measured minimum 

and maximum strain values. Alternatively, a displacement-focused approach was used to 

determine displacement-calculated strain (𝜀𝑐) as seen in Equation 3-8 and Equation 3-9. 

𝜀𝑚 =
|𝜀𝑚𝑎𝑥| + |𝜀𝑚𝑖𝑛|

2
 

 Equation 3-7 

∆𝐿 =  
∆𝑦𝑚𝑎𝑥 + ∆𝑦𝑚𝑖𝑛

2
 

 Equation 3-8 

𝜀𝑐 =
∆𝐿

𝐿𝑜
 

 Equation 3-9 

Where ∆𝐿 is the total change in length and 𝐿𝑜 is the original length of the lattice. 

The relative error between 𝜀𝑚 and 𝜀𝑐 was calculated and compared to assess the validity of 

each method. 

Two methods for determining the effective elastic modulus (𝐸) were carried out and 

compared for validity. The measured elastic modulus (𝐸𝑚) was calculated based on the mean 

VM stress and mean measured normal stress as per Equation 3-10. The calculated effective 

elastic modulus (𝐸𝑐) was determined based on the analytical average normal stress and 

displacement calculated stress, as per Equation 3-11.  
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𝐸𝑚 =
𝜎𝑉𝑀

𝜀𝑚
  Equation 3-10 

𝐸𝑐 =
𝜎𝑐

𝜀𝑐
  Equation 3-11 

The measured relative change in elastic modulus (𝐾𝑚) was determined as per Equation 3-12. 

The calculated relative change elastic modulus (𝐾𝑐) was determined for comparison, as per 

Equation 3-13. These values were used to quantify the effectiveness of the unit cell in 

increasing elasticity compared to a solid material. 

𝐾𝑚 = 100 
𝐸𝑚 − 𝐸

𝐸
 

 Equation 3-12 

𝐾𝑐 = 100 
𝐸𝑐 − 𝐸

𝐸
 

 Equation 3-13 

Where E is the elastic modulus of the solid material. 

3.4.3 Square Lattice Modelling and Simulation 

Once the results for the square unit cell were analysed, the model was scaled up to simulate a 

small sample of a square lattice structure consisting of a regular repeating structure of the unit 

cells, as seen in Figure 3-2. The lattice was generated as solid geometry using the pattern tool 

in Creo Parametric.  
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Figure 3-2: left: 𝑛 = 4 square lattice, right: 𝑛 = 8 square lattice 

To test the effect that the number of cells within the lattice has on the results, two variations 

of 𝑛3 cells were generated, where 𝑛 is the number of cells along each axis. First, an 𝑛 = 4 

lattice was generated. It was noted that if the strut thickness remained constant as the number 

of cells was increased, the porosity also increased. The formula describing the porosity of a 

square lattice as a function of cell size, strut thickness and number of cells was derived as 

Equation 3-14. This analytically derived formula was checked against the measured value of 

porosity described by Equation 3-1 and shown to be correct. 

 

𝜑 =
(𝑡 + 𝑐𝑛)3 + 𝑡(𝑐2(𝑛 − 𝑡)2 − (𝑡 + 𝑐𝑛)2(𝑐 + 1) − 𝑐𝑡2(𝑛 − 𝑡)(𝑐 + 1)2

(𝑡 + 𝑐𝑛)3
 

 

 Equation 3-14 

The same procedure used to analyse the unit cell was repeated for the lattice sample. The 

FEA simulation was run and 𝜎𝑚𝑎𝑥, 𝜎𝑚𝑖𝑛, 𝜎𝑌𝑌, 𝜀𝑚𝑎𝑥, 𝜀𝑚𝑖𝑛, ∆𝑦𝑚𝑎𝑥 and ∆𝑦𝑚𝑖𝑛 were recorded. 
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The measured 𝐸𝑚 and 𝐾𝑚 were compared against the calculated 𝐸𝑐 and 𝐾𝑐, as well as the 

previous the values obtained from the unit cell analysis. The strut thickness was varied to 

produce 5 sample lattices with porosity within the range of 5 ≤ 𝜑 ≤ 0.9 and the analysis was 

repeated. The analysis was repeated for a 𝑛 = 8 lattice, and the results recorded and 

compared.  

3.4.4 Hexagonal and Diamond-star Lattice Modelling and Simulation 

A set of alternate lattices were generated for analysis using the previously stated 

methodology. Initially the intent of this project was to create custom novel lattice types based 

on gyroids, helical and curved beams, using patterned unit cells as was done with the square 

cell lattice. This operation proved too complex for the software to perform and resulted in 

constant crashing. Multiple attempts were made to simplify geometry, combine features and 

generate the lattice in sections to avoid overwhelming the software but these efforts yielded 

limited success.  

To alleviate the issue of pattern generation, the inbuilt automatic lattice feature was used. The 

formula driven gyroid lattice feature only generated voxelated objects which could not be 

used in Creo Simulate for FEA. Numerous attempts were made to convert the voxelated 

features into solid bodies such as shrink wrapping, copying geometry to use a template for 

new parts, solidifying and processing in external software, however these attempts were 

unsuccessful. Using the custom cell function of the lattice feature, a full geometry custom 

lattice was generated based on curved struts. The software was, however, unable to mesh the 

lattice sample, again resulting in constant crashes. The curved structure resulted in a large 

number of elements being generated and attempts to reduce this number yielded limited 

success. It was noted that using a full geometry model for FEA testing was not viable at scale, 

considering how many cells were required for the subsequent full femoral stem tests.  
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The only viable option was to use the beam lattice type, which could be generated with 

simplified geometry especially designed for use in FEA and as full geometry at small sample 

scale. This reduced the scope of the project considerably to only analyse straight beam-based 

lattices.  

Two beam-based lattice types were selected for testing, as seen in Figure 3-3. A hexagonal 

honeycomb-like structure, and diamond-star truss were generated as full geometry using the 

lattice feature. The alternate lattice designs were modelled and simulated as 𝑛 = 4 lattices.  

  

Figure 3-3: a) Hexagonal unit cell, b) Hexagonal lattice sample, c) Diamond-star unit cell,  

d) Diamond-star lattice sample 

The minimum feature size for lattice generation was 0.1mm, to allow for the required strut 

thickness and porosity range, the cell size was increased to c = 1mm. The loading conditions 
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were varied slightly due to the upper surface no longer having the same total cross-sectional 

area as the complete unit cell. A 25N distributed force was used rather than the previous 

4MPa distributed pressure. This new load represented the equivalent force placed on the 

4mm2 cross sectional area under normal operating conditions of an 80kg person. The 

simulations were run using the same process as the square lattice and the results recorded.  

3.4.5 Femoral Stem Modelling and Simulation 

To determine the effectiveness of a porous femoral stem in reducing the occurrence of stress 

shielding, a femoral stem and example femur were modelled and analysed.  

The femoral stem was modelled based on dimensioned drawings of the Kyocera A400 

Standard Hip Stem (Kyocera 2024), sized for a recipient with an average cortical femur 

diameter of 25mm, and a neck angle (𝜃) of 51.4° from the horizontal plane. An example 

femoral head was added to the neck of the femoral stem to replicate realistic loading 

conditions. The stem and head were modelled as a single component and the dimensions of 

the head were visually estimated based on the x-ray imagery in Figure 2-1. The geometry and 

composition of the head is not relevant for the analysis.  

The dimensions for the femur were modelled off the same x-ray imagery of a THA recipient 

(Hacking, Worsley & Nicoletti 2023). The femoral stem depicted in this image is not the 

same model that was used for the analysis, so it is dimensioned differently. The material for 

femoral bone was assumed to be solid and constant density. Real bone is porous and with 

varying density (Jones 2008) however this could not be represented in the model. The 

material properties of the bone were taken to be those of femoral cortical bone with a 

Poisson’s ratio of 0.36 (Bazyar et al. 2023) and an elastic modulus of E = 19.6GPa (Hedayati 

& Fallah 2015). Figure 3-4 depicts the modelled stem, head and femur.  
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Figure 3-4: Cross sectional view of solid femoral stem and proximal femur by numbered Gruen zone 

Multiaxial loading was applied to the head of the femoral stem, to simulate loading 

experienced in the body. The magnitude and direction of the resultant force was based on the 

findings of Eschweiler et al. (2012). The resultant three-dimensional force acting on the hip is 

a function of the applied force by the hip abductor muscles, bodyweight excluding the 

weightbearing leg, and lever arm length based on hip geometry. This force can be simplified 

to a two-dimensional representation by adjusting respective lever arm lengths. The mean 

resultant force (F) was determined to be 2.388kN acting at an angle (𝛽) of 71.53° from the 

horizontal plane on the rotational centre of the femoral head. The existing body of medical 

and engineering literature examines the effect of THA on the femur using a series of 

predetermined zones, called Gruen zones (Tan & van Arkel 2021), depicted in Figure 3-4. 
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A three-dimensional (3D) solid femoral stem and femur were initially modelled. The material 

properties and loading conditions were set, and the FEA simulation was run, producing 

usable data, however difficulties were encountered when attempting to run the simulation for 

the porous stems. The simplified beam lattice could not transfer load to a separate part i.e. 

could not transfer stress from the stem to the femur. Additionally, the lattices contained too 

many elements to mesh.  

To run the simulation, a solid, thin outer layer had to be added to the stem, the cell size was 

increased to c = 2mm and a 2.5-dimensional (2.5D) modelling approach was taken. A 4mm 

slice was taken through the frontal vertical plane of the stem and femur, as depicted in Figure 

3-5. As the loading conditions were already simplified to a two-dimensional resultant force, 

the direction remained constant, however the magnitude of the force was adjusted by a factor 

of 0.1612 to account for the difference in average cross-sectional area between the 2.5D slice 

and the 3D stem. 
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Figure 3-5: 2.5D model of porous femoral stem and proximal femur 

The model was regenerated in the 2.5D slice format. The simulation was run for a solid stem 

and a porous stem of each lattice type at a porosity of 𝜑 = 0.8. To simulate an intact femur, 

the material for the solid stem was set to be that of bone and the simulation was run. For each 

simulation, the minimum and maximum VM stress in each Gruen zone of the proximal femur 

was recorded, as well as the VM stress distribution within the femoral stem.  

The percentage of stress shielding (SS) experienced in each Gruen zone was calculated by 

comparing the relative change in average stress between the implanted proximal femur and 

intact femur in the corresponding Gruen zone, as shown in Equation 3-15 (Limmahakhun et 

al. 2017). 
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𝑆𝑆 = 100
𝜎𝑖𝑛𝑡𝑎𝑐𝑡 − 𝜎𝑖𝑚𝑝𝑙𝑎𝑛𝑡𝑒𝑑

𝜎𝑖𝑛𝑡𝑎𝑐𝑡
 

 Equation 3-15 

Where 𝜎𝑖𝑛𝑡𝑎𝑐𝑡 is the mean VM stress in the intact femur and 𝜎𝑖𝑚𝑝𝑙𝑎𝑛𝑡𝑒𝑑 is the mean VM 

stress in the implanted femur. 

The fatigue strength of the lattice structure was calculated using Soderberg failure criteria 

(Mehboob et al. 2020). To do so, the alternating stress (𝜎𝑎) was calculated as per Equation 

3-16. 

𝜎𝑎 =
𝜎𝑠𝑡𝑒𝑚 𝑚𝑎𝑥 − 𝜎𝑠𝑡𝑒𝑚 𝑚𝑖𝑛

2
  Equation 3-16 

Where 𝜎𝑠𝑡𝑒𝑚 𝑚𝑎𝑥 and 𝜎𝑠𝑡𝑒𝑚 𝑚𝑖𝑛 are the maximum VM stress within the femoral stem. 

The Soderberg line is plotted in intercept form as per Equation 3-17. 

𝜎𝑎

𝑆𝑒
+

𝜎𝑚

𝑆𝑦𝑠
=

1

𝑁
 

 Equation 3-17 

Where 𝜎𝑚 in the mean VM stress within the femoral stem, 𝑆𝑒 is the endurance limit of the 

material obtained from property tables, 𝑆𝑦𝑠 is the yield strength of the material at 1070MPa 

(MatWeb 2024), and N is the desired safety factor.  

If the plotted points for 𝜎𝑚 and 𝜎𝑎 lay below the Soderberg line, the material was predicted to 

not fail due to fatigue. Finally, the maximum stress of the femoral stem was checked to be 

under the yield strength of the material.   
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The relative error rates between the alternate methods for measuring stress and strain are 

tabulated in Table 4-2. The relative error between VM stress and normal stress to analytical 

stress is very high, indicating the model is not producing valid results. The relative error 

between measured and displacement-calculated strain is also high, but not to the same 

magnitude as the stress.  

Table 4-2: Square unit cell measured to analytical error rates 

Porosity  𝜑 0.4999 0.6001 0.6997 0.8000 0.8996 

𝜎𝑉𝑀 to 𝜎𝑐  relative error (%) 184.65 246.23 319.40 462.45 693.19 

𝜎𝑌𝑌 to 𝜎𝑐  relative error (%)  9.18 64.63 186.59 431.85 759.30 

𝜀𝑚 to 𝜀𝑐 relative error (%) 60.3 76.6 92.1 95.8 37.4 

 

A comparison of the results for the different methods of measuring stress are plotted in Figure 

4-1. The VM stress and normal stress return similar values. At 𝜑 = 0.5, the measured and 

analytical normal stress are within 9.18%, however as the porosity increases, the VM and 

measured normal stress diverge exponentially from the analytically calculated normal stress. 

 

Figure 4-1: Comparison of VM stress, measured normal stress and analytically calculated normal stress for square unit cell 
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The VM stress and YY axis strain distributions for the square unit cell are shown in Figure 

4-2. The stress and strain distribution for the models are similar and the absolute maximum 

and minimum values occur at the same points. This same trend was observed for all 

subsequent models. 

 

Figure 4-2: Left: VM Stress distribution for square unit cell, right: Maximum YY strain distribution for square unit cell 

The displacement and deformation of the square unit cell are shown in Figure 4-3. Due to the 

loading being represented as an evenly distributed pressure on the top surface, bending of the 

top horizontal struts occurred. This is a contributing factor to the stress concentrations on the 

surface layer observed in Figure 4-2. 

 

Figure 4-3: Vertical displacement for square unit cell 
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When plotting the different methods of measuring stress for the n = 4 square lattice, the same 

trend is observed for that of the unit cell. As shown in Figure 4-4, the VM and measured 

normal stress diverge from the analytically calculated normal stress as porosity increases. 

 

Figure 4-4: Comparison of VM stress, measured and analytically calculated normal stress for n=4 square lattice 

 

The stress distribution for the n = 4 square lattice is shown in Figure 4-5. As with the unit 

cell, the point of maximum stress occurred on the surface layer at the internal corner nodes, 

furthest from the centroid of the upper surface. The minimum and maximum values for stress 

were used to calculate the median value, so it was noted that isolated stress concentrations 

skewed the results considerably. The stress distribution for the lattice followed the same 

trend. To alleviate the source of error, the results were adjusted to exclude the surface layer in 

subsequent tests. 
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Figure 4-5: VM stress distribution of n=4 square lattice at 𝜑 = 0.67 

 

4.3 n = 8 Square Lattice 

The model was regenerated as an n = 8 square lattice, and the simulation was run again under 

the same loading conditions. In this iteration, the surface cell layer stress concentrations were 

excluded from the results, shown in Figure 4-6. The maximum stress and strain on the bulk 

structure were roughly half that observed in the surface layer. This provides much more 

accurate representation of average stress and strain throughout the entire structure. The results 

are presented in Table 4-5.  
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Table 4-6: n=8 Square lattice measured to analytical error rates 

Porosity  𝜑 0.456 0.546 0.666 0.779 0.877 

𝜎𝑉𝑀 to 𝜎𝑐  relative error (%) 82.60 64.47 80.44 51.51 13.56 

𝜎𝑌𝑌 to 𝜎𝑐  relative error (%)  1.94 6.38 8.96 1.73 2.12 

𝜀𝑚 to 𝜀𝑐 relative error (%) 22.36 2.76 1.33 11.76 0.052 

 

Figure 4-7 shows a comparison of the alternate methods for measuring stress in the n = 8 

square lattices once the surface layer measurements have been excluded. The measured and 

analytically calculated normal stress are comparable in magnitude and follow the same linear 

trend as porosity is increased. The VM stress follows a similar linear relationship with 

porosity, however, is a higher magnitude than the normal stresses. The consistency between 

the measured and analytical normal stress indicate that the n = 8 lattice produced valid 

results.  

 

Figure 4-7: Comparison of VM stress, and measured and analytical normal stress for n=8 square lattice 
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The comparison between the relative error for the n = 4 lattice and n = 8 lattice can be 

observed more clearly in Figure 4-8 and. The figures illustrate how removal of surface layer 

measurements, drastically reduced the error rate between measured and analytical results in 

both stress and strain. Although Figure 4-8 still presents a high absolute error rate between 

measured VM stress and analytically calculated normal stress, the error can be attributed to 

the difference in methods of calculating stress. Importantly, the error no longer exponentially 

increases as porosity increases. All subsequent lattice sample analysis was conducted 

excluding surface layer measurement data.

 

Figure 4-8: Comparison of Relative error % for each square lattice type. Left: 𝜎𝑉𝑀 to 𝜎𝑐 error, Right: 𝜎𝑌𝑌 to 𝜎𝑐 

 

 
Figure 4-9: Comparison of Relative error % (𝜀𝑚 to 𝜀𝑐) for each square lattice type 
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The relative change in elastic modulus as a function of porosity for each square lattice is 

plotted in Figure 4-10. Although the results initially seem to suggest that the number of cells 

has an impact on the rate of change of K, it is important to note that the unit cell and n = 4 

tests were carried out without excluding surface layer stress concentrations and were not 

producing valid results. Therefore, comparison between these datasets cannot be directly 

made. Regardless, there is a clear trend in all the data that as porosity increases, the 

equivalent elasticity of the structure increases.  

 

 

Figure 4-10: Comparison of K for each square lattice type. Left: Calculated relative change (Kc), Right: measured relative 

change (Km) 
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4.4 Porosity as a Function of Number of Cells 

The effect that the number of cells has on the accuracy of lattice FEA results was analysed to 

confirm the reduction in error observed in the n = 8 square lattice was not due to the 

increased number of cells. Figure 4-11 shows a plot for porosity as a function strut thickness 

(t), number of cells (n) and cell size (c), as described in Equation 3-14, for a selected range of 

strut thicknesses at c = 0.5mm. The porosity of the structure converges on a value 

logarithmically as the number of cells increases, and this convergence occurs quicker at lower 

strut thickness. At n = 4, and t = 0.2mm the porosity within 10% of its value at n = 1000. At n 

= 4, and t = 0.05mm, the porosity within 3% of its value at n = 1000. These results show that 

conducting further analysis on single unit cells would not provide accurate data, and an n ≥ 4 

lattice sample would provide a close approximation of the full lattice behaviours.  

 

Figure 4-11: Porosity of square lattice as a function of the number of cells cubed at various strut thicknesses, at c=0.5mm 
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The VM stress distribution is shown in Figure 4-13. The surface layer maximum stress is 

roughly double the maximum stress of the bulk structure. Areas of stress concentration at 

strut intersections remain, however, the maximum stress is relatively low. 

 

Figure 4-13: Diamond-star lattice VM stress distribution excluding surface layer effects at 𝜑 = 0.62 
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Figure 4-14 shows a comparison of the square, hexagonal and diamond star lattice’s 

measured relative change in elastic modulus (𝐾𝑚) as a function of porosity. The data was 

analysed in the MATLAB curve fitting toolbox, and a two-term exponential line of best fit for 

𝐾𝑚 was identified. The same trend was observed in all 𝐾𝑚 datasets. As porosity increases, the 

equivalent modulus of elasticity decreases exponentially. Additionally, it appears that for the 

square lattice, below a minimum porosity no reduction in elastic modulus will occur. 

 

Figure 4-14: Comparison of Km for all tested lattice types 
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Figure 4-15 shows the comparison of each lattice type’s calculated relative change in elastic 

modulus (𝐾𝑐). In contrast to Figure 4-14, The results for 𝐾𝑐 show a linear relationship 

between porosity and reduction in elastic modulus. Additionally, 𝐾𝑐 indicates that the 

diamond-star and hexagonal lattice achieve a far greater reduction in elastic modulus than the 

square lattice. 

 

 

Figure 4-15: Comparison of Kc for all tested lattice types 
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4.6 Femoral Stem – FEA Results and Observations 

This section covers the results for all femoral stem tests. The combined stress distributions 

for each femoral stem and corresponding femur are presented by lattice type with general 

observations noted in Chapter 4.6. Following this, the stress distribution of all femurs 

compared by Gruen zone and subsequent values for stress shielding are presented in Chapter 

4.7. Finally, the stress distribution of all femoral stems are presented along with findings for 

fatigue and yield strength in Chapter 4.8. 

The solid femoral stem and femur were modelled and analysed as a 2.5D representation of 

the 3D structure with an applied load of F = 384.9kN acting at an angle of 𝛽 = 71.53°. The 

stress distribution of the central plane is shown in Figure 4-16. The stress within the stem is 

higher than in the proximal femur, however, the difference between the two is relatively low. 

The area of maximum stress occurs within the femoral neck; however, this is not relevant for 

the purpose of measuring stress shielding. 
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Figure 4-16: Solid stem and proximal femur stress distribution 

 

The intact femur was simulated by changing the material of the solid femoral stem to bone. 

The stress distribution of the central plane of the intact femur is shown in Figure 4-17. The 

stress concentration on the bottom surface is a result of the simulation fixed displacement 

condition and was excluded from the analysis. The stress distribution throughout the 

remainder of the intact femur shows no stress concentrations and a smooth gradient.  

 



56 

 

 

Figure 4-17: Intact femur stress distribution 

 

The 2.5D model of the femoral stem was regenerated as a square cell lattice of Ti6Al4V, at a 

cell size of c = 2mm, and porosity of 𝜑 = 0.8, and the simulation run under the previous 

loading conditions. The stress distribution on the central plane of the porous stem and femur 

are shown in Figure 4-18. The maximum stress within the femoral stem now occurs at the 

corner of the intersection between the solid neck, and the porous lattice section. A substantial 

stress concentration is present at this corner, with a maximum value of 681MPa. The 

maximum stress outside this single point is approximately 154MPa at the node intersections 

in the same general vicinity. Additionally, the point of maximum stress occurs on the thin, 

solid outer wall of the porous section. As explained in Chapter 3.4.5, this solid outer wall was 

an idealisation needed to make the simulation run, and the behaviour indicated at the point of 

stress concentration will not reflect what would be observed in a true porous lattice. Figure 
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4-18 also shows the presence of irregularly formed surface layer cells. This is an artifact of 

the automatic lattice feature in Creo Parametric. These irregular surface layer cells appear to 

have little impact on the stress distribution of the square lattice type in contrast to the 

subsequent lattice tests. The average stress within the femoral stem is considerably higher 

than that of the surrounding femur. The same is true for the strain distribution, indicating a 

greater amount of deformation is occurring in the femoral stem, and therefore more stress is 

being placed on the femur. 

 

Figure 4-18: Square lattice porous stem and proximal femur stress distribution 
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The stress distribution of the hexagonal lattice femoral stem and its corresponding femur are 

presented in Figure 4-19. Similar to the square lattice, a main stress concentration occurs at 

the intersection region between the solid neck, porous lattice section and the solid outer wall. 

In this case, the point of maximum stress does not occur on the solid wall, but within the 

beam member of a partially formed surface lattice cell. The highest stress beam member is at 

809MPa. Excluding the directly adjacent members, the next highest stress beam is at 

132MPa. The partially formed surface cells appear to cause anomalous stress concentrations 

throughout the outer layer of the lattice. As with the square lattice the stress within the 

femoral stem is substantially higher than that of the surrounding femur indicating 

deformation is occurring.  

 

 

Figure 4-19: Hexagonal lattice porous stem and proximal femur stress distribution  
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The stress distribution for the centre plane of the diamond-star lattice femoral stem is shown 

in Figure 4-20. As with the hexagonal lattice, the point of maximum stress occurs on a 

partially formed, surface layer lattice member in the corner between the solid stem, lattice 

and wall section. The maximum stress observed in this member is approximately 3.92GPa. 

Excluding this member and those directly adjacent to it, the next highest stress member is 

168MPa. The diamond-star lattice stem also shows the presence of anomalous stress 

concentrations at partially formed surface cells throughout the exterior of the model. In these 

instances, the stress concentrations do not occur on the beam member, but on the outer wall. 

As with all the porous lattices, the stress within the stem is substantially higher than the 

surrounding femur.  

 

Figure 4-20: Diamond-star lattice porous stem and proximal femur stress distribution  
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4.7 Femoral Stem – Stress Shielding 

The implanted femurs were analysed independent of their stems for the purpose of 

calculating stress shielding. Figure 4-21 shows a comparison of the stress distribution for 

each proximal femur. Because stress shielding is measured as a relative difference between 

the stress distribution of an intact femur and an implanted femur, the stress within the stem 

was not required for this calculation. A higher stress within the femur indicates a lower 

occurrence of stress shielding. The numbered zones in Figure 4-21 represent the seven Gruen 

zones. 

 

Figure 4-21: Comparison of stress distribution for each proximal femur split into 7 Gruen zones 
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4.8 Femoral Stem – Stem Strength and Fatigue Life 

The maximum and minimum stress within the lattice structure of each femoral stem were 

recorded and used to calculate the alternating stress and mean stress to determine the fatigue 

life, and structural integrity of the stem. As with the calculation of stress shielding, this 

process was noted as highly susceptible to stress concentration and partially formed cells. 

Table 4-11 shows the results including all cells, and Table 4-12 shows the results excluding 

the partially formed surface cells. The maximum stress in all porous stems is drastically 

reduced when removing the effect of these problematic cells. 

Table 4-11: Stress for each femoral stem - including surface cell stress concentrations 

  𝜎𝑚𝑖𝑛 (MPa) 𝜎𝑚𝑎𝑥   (MPa) 𝜎𝑎 (MPa) 𝜎𝑚 (MPa) 

Solid Stem 0.00075 56.99 28.49 28.49 

Hexagonal lattice 0.00271 809.0 404.59 404.60 

Square lattice 0.00191 681.1 340.4 340.50 

Diamond-star lattice 0.00183 3918.2 1959 1959 

 

Table 4-12: Stress for each femoral stem - excluding surface cell stress concentrations 

  𝜎𝑚𝑖𝑛 (MPa) 𝜎𝑚𝑎𝑥   (MPa) 𝜎𝑎 (MPa) 𝜎𝑚 (MPa) 

Solid Stem 0.00075 56.99 28.49 28.49 

Hexagonal lattice 0.00271 132.30 66.14 66.15 

Square lattice 0.00191 153.60 76.79 76.80 

Diamond-star lattice 0.00183 168.50 84.24 84.25 
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Figure 4-26 shows a graph of the Soderberg failure criteria, with the alternating and mean 

stress values for each lattice type plotted, assuming a safety factor of 3, at 107 cycles. If the 

points lay below the line, the structure should not fail at the given stresses. The points marked 

with circles indicate when partially formed surface cell stress measurements are used, and the 

points marked with an x indicate the stress values without considering these cells. All porous 

stems fail when including the effect of partially formed cells, however all stems do not fail 

when removing the effect of surface cells. The yield strength of the material is 1070MPa. 

Even with a safety factor of 2, all porous stems do not meet the required strength when 

considering the effects of surface cells, however without the surface cells the structures pass a 

safety factor of 6. This is another example of how susceptible the model is to individual stress 

concentrations. 

 

Figure 4-26: Soderberg Line Failure criteria 
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Chapter 5 Discussion  

This chapter will discuss the accuracy, validity and relevance of the results obtained in 

Chapter 4. The discussion is broken down by the three stages of the methodology. Section 5.1 

focuses on model validation by comparing measured and analytical error rates of the square 

lattice FEA. Section 5.2 discusses the different methods used for calculating elastic modulus, 

comparing the change in elastic modulus between various lattice types and the issues 

encountered during the process. Lastly, section 5.3 discusses the stress shielding values 

achieved by each porous stem, design considerations and limitations of the results.  

5.1 Square Lattice FEA – Model Validation 

The objective of the square lattice tests was to confirm the accuracy and validity of the 

model, identify potential sources of error, compare the suitability of different methods for 

measuring stress and strain, and identify the minimum number of cells required to accurately 

represent a lattice. These objectives were achieved, and some incidental findings were noted.  

In the square lattice testing, it was observed that the behaviour of the surface cell layer under 

load does not accurately represent the behaviour of the bulk structure. This became a 

persistent issue in all subsequent tests. For all square lattice sample tests, the compressive 

load was applied as an evenly distributed pressure acting on the top surface of the lattice. 

This meant a portion of the load was applied to the horizontal lattice struts on the upper 

surface, which would not normally bear a load perpendicular to their axis. The resulting 

bending moment in the upper struts generated maximum values of stress and strain far higher 

than those observed in the bulk of the structure. Additionally, the outer cells shared fewer 

supporting faces with adjacent cells, leading to a greater degree of displacement occurring 

along their vertical plane. This was especially prevalent in the corner cells, which being 
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furthest from the centroid of the structure, and having the least amount of adjacent support 

showed the greatest degree of deformation. The maximum stress and strain were therefore 

always located within an outer surface cell. The behaviour of the outer cell layer varying 

from the bulk of the structure was also observed in the hexagonal and diamond-star lattice 

samples and femoral stem simulations. In the case of the femoral stem simulations, the 

variation in behaviour was primarily due to partially formed and non-uniform cells rather 

than the applied loading conditions. Measuring the maximum stress and deformation in the 

outer cell layer is important for analysing the occurrence of structural failure, however, to 

accurately model the elastic behaviour of the entire lattice, the surface layer measurement had 

to be removed.  

The value of von Mises stress (𝜎𝑉𝑀), measured strain (𝜀𝑚) and measured normal stress (𝜎𝑌𝑌) 

were highly influenced by the presence of stress concentrations. 𝜎𝑉𝑀, 𝜎𝑌𝑌 and 𝜀𝑚 were 

calculated as the arithmetic mean of their minimum and maximum respective values. Where 

large stress concentrations with steep gradients were present within the structure, such as 

those occurring on the upper surface cell layer, it skewed the mean values. The effect of this 

can be observed when comparing measurements including the surface layer to measurements 

excluding the surface layer. When including the surface layer, the relative error between 𝜎𝑌𝑌 

and analytically calculated stress (𝜎𝑐) was high as 759.3%, the relative error between 𝜎𝑉𝑀 and 

𝜎𝑐 was up to 693.2%, and the relative error between 𝜀𝑚 and the displacement-calculated 

strain (𝜀𝑐) was up to 193.5%. After removing the surface layer measurements, the error 

across all measurements dropped substantially, to a maximum of 82.6% between 𝜎𝑉𝑀 and 𝜎𝑐, 

8.96% between 𝜎𝑌𝑌 and 𝜎𝑐, and 20.36% between 𝜀𝑚 and 𝜀𝑐. The large reduction in error rate 

when removing the surface layer can be more clearly observed across all samples in Figure 

4-8 and Figure 4-9. Although excluding the surface layer removed the largest stress 

concentration, smaller stress concentrations were still present across the lattice structure, 



71 

 

primarily at internal corners. These remaining stress concentrations contribute to the residual 

error. 

The measured normal stress (𝜎𝑌𝑌) and analytically calculated normal stress (𝜎𝑐) are closely 

correlated, indicating that the model is producing valid results. The only direct comparison 

that can be made to validate the model between analytical and measured results is between 𝜎𝑐 

and 𝜎𝑌𝑌. Both methods calculate principal stress normal to the axis of loading and can 

therefore be directly compared. Once the surface cell layer effects were removed, the relative 

error of 𝜎𝑌𝑌 to 𝜎𝑐 was between 1.73% and 8.96%. 𝜎𝑐 was calculated analytically based on 

applied force and average cross-sectional area, and 𝜎𝑌𝑌 was directly measured from the FEA 

model. The low error rate between the analytical calculation of stress and measured value 

show that the model is producing accurate, valid data. It is noted that the low error rate only 

occurs when the surface cell measurements of 𝜎𝑌𝑌 are removed. 

The measured VM stress (𝜎𝑉𝑀) varies from both the analytically calculated stress (𝜎𝑐) and 

measured normal stress (𝜎𝑌𝑌), indicating that VM stress may not be suitable for calculating 

the elastic modulus. The relative error between the VM and analytically calculated normal 

stress was between 13.56% and 82.6% even after surface cell effects were removed. 𝜎𝑉𝑀 is 

not a measure of principal stress and therefore cannot be directly compared to 𝜎𝑐 or 𝜎𝑌𝑌. 

The measured strain (𝜀𝑚) is closely correlated with the displacement-calculated strain (𝜀𝑐), 

once the effect of surface stress concentration was removed. Removing the surface layer cell 

stress concentrations significantly reduced 𝜀𝑚. 𝜀𝑐 was calculated using the average 

displacement of the upper surface measured at the corner nodes, so was unaffected by the 

increased strain on the outer cells. After removing surface cell measurements, the relative 

error between 𝜀𝑚 and 𝜀𝑐 was between 0.05% and 22.36%. Both methods for calculating strain 

are based on measured FEA data so cannot be directly used to validate the model, however, 
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they can be compared to each other for accuracy. Displacement-calculated strain was shown 

to be less prone to the effects of surface loading conditions and stress concentrations than the 

directly measured strain. This indicates 𝜀𝑐 is a more accurate method for measuring strain. 

An n = 4 lattice was shown to sufficiently approximate the behaviour of a full-scale lattice. 

The lattice porosity was identified as a function of number of cells (n) as well as strut 

thickness (t) and cell size (c). It was observed that over the range of t and c used, the porosity 

of an n = 4 lattice was within 3% to 10% of the value obtained from an n = 100 lattice. It is 

important to note that these exact error values were calculated based on a square lattice type 

at a cell size of c = 0.5mm and a strut thickness of 0.05mm < t < 0.20mm, and the error rate 

for different lattice types will vary. It was not possible to analytically calculate the porosity 

error rate as a function of number of cells for the more complex lattices. A similar analysis 

was carried out by Mehboob et al. (2018), and the authors concluded that for diamond, cubic 

and BCC lattice types, the measured change in elastic modulus converged on a single value at 

n = 4 cells. It was therefore assessed that the error rate introduced by using an n = 4 lattice 

sample in this paper for all lattices was less than or equal to 10%. 

5.2 FEA of Various Lattice Types - Elastic Modulus 

The analysis of the square, hexagonal and diamond-star lattice utilised two different methods 

for calculating the equivalent elastic modulus and its relative change, over a range of 

porosities. The two methods are compared with each other and existing literature to test their 

validity. Both methods for calculating the equivalent elastic modulus showed that as porosity 

increased, the equivalent elastic modulus decreased across all lattice types, however, the 

magnitude and shape of the function varied by method. 
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The measured equivalent elastic modulus (𝐸𝑚) decreased exponentially as porosity (𝜑) was 

increased, in all tested lattice types. The hexagonal and diamond-star lattice performed 

similarly, achieving a moderate measured relative change elastic modulus (𝐾𝑚), of up to 

30.1% at 90% porosity, and 22.19% at 88.6% porosity respectively. The square lattice 

performed marginally better, achieving a 47.89% reduction at 87.7% porosity. 

The calculated equivalent elastic modulus (𝐸𝑐) decreased linearly as porosity (𝜑) was 

increased, in all tested lattice types. The hexagonal and diamond-star lattice performed 

similarly, achieving a large reduction in calculated relative change elastic modulus (𝐾𝑐) of up 

to 95.5% at 90% porosity, and 87.17% at 88.6% porosity respectively. The square lattice 

performed considerably worse, achieving a 54.09% reduction at 87.7% porosity. 

Other similar studies of Ti6Al4V lattices show a linear decrease (Rotta, Seramak & Zasińska 

2015), (Kováčik 1999), or slight exponential decay relationship between porosity and elastic 

modulus (Mehboob et al. 2018), (Wang et al. 2013). Only studies involving alternate 

materials such as alumina, gypsum and silica (Boccaccini & Fan 1997), or femoral bone 

(Jones 2008) show the same exponential decrease observed in 𝐸𝑚. Additionally, previous 

studies of Ti6Al4V achieve a relative reduction in elastic modulus similar to those observed 

with 𝐾𝑐. Eldesouky et al. (2017) achieved a 92% reduction at a porosity of 57%, Eldesouky, 

El-Hofy and Harrysson (2017) achieved a 95% reduction at 64% porosity. Mehboob et al. 

(2018) achieved a 95% reduction at 89.6% porosity.  

The calculated equivalent elastic modulus (𝐸𝑐) of each lattice type much more closely aligns 

with the existing literature than the measured equivalent elastic modulus (𝐸𝑚). Additionally, 

the 𝐸𝑐 value for each lattice type correlates with the results of stress shielding testing. In the 

stress shielding testing, the diamond-star and hexagonal lattices performed similarly, 

eliminating almost all stress shielding, and the square lattice performed worse, only 
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marginally reducing stress shielding. These factors indicate that the analytical stress-based 

approach of 𝐸𝑐 is a more appropriate method for calculating elastic modulus than the 

measured VM stress-based approach of 𝐸𝑚. 

Initially it was hypothesised that the use of 𝜎𝑉𝑀 would be beneficial to allow for analysis of 

more complex lattice types. The VM stress is not directional, so if measurements could be 

taken under multiaxial loading, the results would be less dependent on cell orientation and 

strut angle. Additionally, mean VM stress was used to calculate stress shielding and fatigue 

strength in the femoral stem analysis, so using it to calculate E would allow for a more direct 

comparison of these results. However, the variance observed in the results compared to 

existing literature, the susceptibility to error due to stress concentrations and the lack of 

correlation between elastic modulus measurement and stress shielding when using VM stress 

indicate that VM stress is not suitable for calculating elastic modulus.  

An additional source of error for calculation of elastic modulus is that, in this study, only a 

single value of E was calculated at a fixed load for each porosity value. If E was calculated 

over multiple loads for each porosity value and plotted, It would provide a more accurate 

value (Eldesouky, El-Hofy & Harrysson 2017). 

5.3 Femoral Stem FEA – Stress Shielding 

The results of the femoral stem simulations illustrate that using a porous femoral stem is an 

effective method for reducing the occurrence of stress shielding. At 80% porosity the 

diamond-star and hexagonal lattice produced similar results, reducing stress shielding in 

Gruen zones 2-6 to a maximum 12%, with stress shielding completely negated in some zones. 

The square lattice performed worse, achieving a stress shielding between 28% and 78% in 

Gruen zones 2-6. Arabnejad et al. (2017) found that bone reabsorption and density loss are 
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likely to occur at stress shielding of greater than 50%, so all porous lattices modelled in this 

project were effective in reducing or preventing the occurrence of bone reabsorption. 

Although a positive outcome was achieved within this project, the results were prone to a 

large degree of error. The method for calculating average stress, assumptions and 

idealizations made within the model mean the simulated results may not accurately reflect 

real world outcomes. 

In all simulations, Gruen zones 1 and 7 contained large stress concentrations at the bone-

prosthetic interface which effected the validity of their calculated stress shielding values. As 

with the lattice samples, stress values within the femur were calculated as the arithmetic 

mean of minimum and maximum VM stress. The anomalous stress concentrations in zones 1 

and 7 resulted in mean stress values that did not represent the behaviour of the bulk of the 

bone in their respective zone. All porous stems returned a very large negative stress shielding 

value in zone 1 and a smaller negative value in zone 7, indicating the stress in the femur after 

implantation is much higher in these zones than the intact femur. In the case of the hexagonal 

lattice, a negative stress shielding value as large as -546% was observed in zone 1. The 

negative stress shielding observed in zones 1 and 7 did not correlate with the occurrence of 

stress shielding across zones 2-6. When the stress value of the outer 1mm of femoral tissue 

was excluded the stress shielding observed in Gruen zones 1 and 7 across all porous stems 

increased dramatically to between -31.7% and 2.60% in zone 1 and between 11.6% to 37.7% 

in zone 7. Removing the outer 1mm measurements did not have a significant effect on the 

stress values of zones 2-6. Because of the susceptibility of the stress shielding values in zones 

1 and 7 to the measurement technique, all stress shielding results for these zones must be 

considered invalid. To accurately calculate average stress in these zones, a multi-point 

method of calculating average stress is required, such as that conducted by Arabnejad et al. 

(2017) who used 75 sample points across the femur. The use of a multi-point system for 
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calculating average stress and strain would have also improved the accuracy of the lattice 

sample tests and elastic modulus calculations. 

Using an average value to calculate stress shielding in each Gruen zone does not indicate how 

the stress is distributed within the zone. Femoral bone is of variable density, so even if the 

average stress within a section of the femur is the same after implantation, if the stress 

distribution is altered, some degree of stress shielding may still occur. The results indicate 

that the stress distribution remained comparable between the implanted and intact femurs, 

however the model did not consider the change in geometry of the femoral head and 

trochanter that would have occurred during a real THA procedure. In the model, the intact 

femur was simulated using the geometry of a solid stem-implanted femur, with the material 

of the stem being set to bone. This simplification was made for ease of comparing results, 

however the geometry of an actual intact femur would be considerably different in Gruen 

zones 1 and 7. In these zones, large portions of bone are removed during the THA procedure, 

which is not reflected in the model. Therefore, the modelled stress distribution of the intact 

femur in zones 1 and 7 is not an anatomically accurate representation. The geometry of the 

femur in zones 2-6 is unaffected by this problem, however the stress distribution in these 

zones may still be affected by the change in zones 1 and 7. Using 3D imaging and AM 

techniques, bespoke designs for femoral stems can be produced that focus on replicating the 

original geometry of the femoral head to maintain the pre-implanted stress distribution and 

reduce the effects of stress shielding, such as the design by Corona-Castuera et al. (2021).  

The effect of completely negating stress shielding for the diamond-star and hexagonal lattices 

was expected, given the large reduction in elastic modulus that was achieved. The study 

assumed bone to have an elastic modulus of E = 19.6GPa. At approximately 80% porosity the 

hexagonal and diamond-star lattices had an elastic modulus of 𝐸𝐶 = 23.73GPa, and  
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𝐸𝐶 = 25.20GPa respectively. Given how close the values of elastic modulus are to that of 

bone, it was expected that the effect of stress shielding would be almost completely negated. 

The square lattice showed the lowest reduction in equivalent elastic modulus as a function of 

porosity in the sample tests when calculated as 𝐸𝑐. At 80% porosity the elastic modulus for 

the square lattice is 𝐸𝐶 = 49.94GPa, roughly twice that of the other two lattice types, 

however this resulted in an average stress shielding value 4038% greater than the hexagonal 

lattice and 2399% greater than the diamond-star lattice across Gruen zones 2-6.  The higher 

stress shielding of the square lattice compared to the diamond-star and hexagonal lattice was 

expected, but not to the degree that was observed. This suggests that the relationship between 

elastic modulus and stress shielding may be nonlinear, however given the lack of additional 

data points, this relationship was unable to be proven in this study. Alternatively, the 

inconsistency between the elastic modulus tests and the stress shielding tests for the square 

lattice may be attributed to the orientation of the square lattice struts.  

The elastic modulus was calculated using uniaxial loading in the orientation of the square 

struts, however the stress shielding simulations were run under multiaxial loading. The 

hexagonal and diamond-star lattices contained struts at multiple angles which made them 

behave in an isotropic manner across the varying loading conditions. The 90-degree 

orientation of the square lattice struts may have resulted in a poorer load distribution under 

the multiaxial loading, leasing to a variation between elastic modulus and stress shielding 

results.  

The reduction in stress shielding achieved by the diamond-star and hexagonal lattice across 

Gruen zones 2-6 is comparable to a range of similar studies. Jetté et al. (2018) used a 

diamond lattice, with an average pore size of 800µm and porosity of 68% to achieve 15% 

stress shielding, a reduction of 30% compared to a solid stem. Fraldi et al. (2010) used 
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topology optimisation and a variable density femoral stem that completely negated stress 

shielding in Gruen zones 2-6, however up to 15% stress shielding remained in zones 1 and 7. 

Singh and Tandon (2018) used a heterogeneous lattice with variation of material and porosity 

to reduce stress shielding by 31% compared to a solid implant. He et al. (2018) achieved a 

stress shielding of 10-16% using a variable density titanium lattice, which was a 57.3% 

reduction compared to the solid stem. Bliss et al. (2023) reported an 18% reduction in 

stiffness, and a corresponding 30% reduction in stress shielding compared to a solid stem 

using a hexagonal lattice. The stress shielding observed in the diamond-star and hexagonal 

lattice across Gruen zones 2-6 aligns with these previous studies, indicating the results are 

valid. The reduction in stress shielding compared to a solid stem cannot be directly compared 

across studies since they all use a different baseline, however the stress shielding compared to 

the intact femur can be directly compared. 

The bone used in this study was assumed to be solid and a constant density, which is a 

notable source of error. Real bone is porous and of variable density. The elastic modulus of 

bone can be described as a function of the density (Arabnejad et al. 2017) or as a function of 

porosity (Jones 2008). Additionally, the properties of the bone depend largely on the type of 

bone tissue, with the outer trabecular layer being higher density, with a higher elastic 

modulus than the inner coronal tissue (Sheridan et al. 2021). The properties of bone depend 

on age, gender and individual health (Havaldar, Pilli & Putti 2014). Havaldar, Pilli and Putti 

(2014) reported the elastic modulus of femoral tissue to be as low as 330MPa, and Hezil et al. 

(2022) report it as 3GPa, however many studies analysing stress shielding use a value of 

approximately 20GPa (Hedayati & Fallah 2015), (Liu et al. 2021). Because the effect of 

stress shielding in this paper is measured as a relative change in mean stress between an 

implanted and intact femur, the error introduced by simplifying bone tissue to a solid 

homogeneous structure will be reduced, however this will still affect the results.  
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The requirement to include a solid outer shell to contain the lattice members meant the 

objective of designing a fully porous femoral stem to encourage bone ingrowth was not 

achieved. As explained in Chapter 3, due to the limitations of the modelling software the 

lattice structure had to be modelled using simplified beam geometry, which could not directly 

interact with other solid parts in the FEA environment. This required the inclusion of a thin, 

solid outer shell to the femoral stem, allowing the part to interact with the surrounding femur. 

The overall effect of the shell on the stress shielding properties of the stem was assessed to be 

negligible. The shell was the same thickness as the lattice struts, and the stem was modelled 

as a 4mm slice of the full 3D structure, so the additional volume added by the shell accounted 

for less than 0.1% over the overall structure. Given that the method for calculating stress 

shielding was highly prone to error at points of stress concentration, the inclusion of a solid 

surface shell likely improved the accuracy of the results by evenly distributing load to the 

surrounding femur, rather than the near-point loads that would have been experienced by the 

partially formed surface cell struts. The inclusion of a solid shell does however significantly 

change the structural analysis of the stem itself.  

The results obtained for the fatigue and failure analysis were highly dependent on the 

inclusion of surface cell and shell interaction. When surface cell and shell interactions were 

considered, all the porous stems failed under the Soderberg failure criteria and did not meet 

the required yield strength, however the bulk of the lattice remained comfortably below these 

thresholds with a safety factor of 3. This illustrates one of the key findings of this project, 

being that to design a successful porous femoral stem, the design of the surface layer cells is 

critical.  

Creating the required 3D curvature of the femoral stem using a regularly repeating lattice 

with constant porosity is not possible at a feasible cell size. The surface cells will always be 
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intersected and partially formed, impeding their ability to regularly distribute load, creating 

points of stress concentration and increasing the chance of localised failure. The common 

failure point of a regular lattice could be removed by trimming all partially formed cell struts 

and including a solid outer layer of variable thickness to match the geometry of the stem to 

the geometry of the femur. Even if a surface treatment is applied to the stem’s outer surface to 

allow for improved osteointegration, this design would only be partially porous. A more 

comprehensive solution to the design of a fully porous femoral stem would be to use an 

irregular lattice such as that used by Wang et al. (2021) or a lattice with variable density and 

cell size, used by Singh and Tandon (2018).  These irregular designs allow for complete 

surface cells to be generated as close to their intended geometry as possible, while 

conforming to the required curvature of the femur, eliminating partially formed cells.  

The inclusion of variable density and cell size allows for topology optimisation to be 

conducted, allowing the stem to mimic the variable porosity and elasticity of the surrounding 

bone. Conventionally, topology optimisation has been used to maximise stiffness while 

minimising the amount of material used. In the use case of reducing the effect of stress 

shielding, the opposite outcome is required from topology optimisation, where it will be 

optimised for minimising rigidity while retaining as much material as possible. The same 

problem occurs when examining lattice type for use in reducing stress shielding. 

Conventional engineering lattices commonly used in AM, such as those used in this project, 

are generally designed to maintain rigidity while minimising the amount of material used. 

Again, this does not align with what is desired when trying to increase elasticity. This project 

has highlighted the need for further research into the design of irregular lattices and topology 

optimisation techniques that focus on surface cell optimisation, and maximising elasticity 

while maintaining structural strength. 
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Chapter 6 Conclusions and Further work 

 

In this project, three porous low elastic modulus femoral stems were designed, simulated and 

analysed with the objective of reducing stress shielding and maximising osteointegration after 

Total Hip Arthroplasty (THA).  

Finite Element Analysis (FEA) was conducted on square, hexagonal, and diamond-star 

Ti6Al4V, lattice structures over a range of porosities, to evaluate their effectiveness in 

replicating the mechanical properties of natural bone by reducing their elastic modulus. The 

square lattice achieved a 54.1% reduction in elastic modulus at 87.7% porosity, the hexagonal 

lattice achieved a 95.5% reduction at 94.1% porosity, and the diamond-star lattice achieved 

an 87.2% reduction at 88.6% porosity. The results established a linear relationship between 

the increase in porosity and reduction in elastic modulus. At the maximum tested porosity, the 

hexagonal and diamond-star lattices were able to achieve an elastic modulus lower than that 

of cortical femoral bone at 19.6GPa, indicating that they are suitable for use in a low elastic 

modulus femoral stem.  

FEA was conducted on a 2.5-dimensional representation of a 3-dimensional human femur 

and in-situ porous femoral stem to measure the occurrence of stress shielding between an 

implanted and intact femur. At 80% porosity the hexagonal and diamond-star lattices 

performed comparably well, reducing stress shielding in Gruen zones 2-6 to a maximum of 

12% and completely negating the stress shielding in some zones. The square lattice achieved 

a stress shielding value between 28% and 78% in Gruen zones 2-6, moderately reducing the 

effect of stress shielding in comparison to a solid stem. The results indicate that both the 

hexagonal and diamond-star lattices are highly effective in reducing the effect of bone density 

loss secondary to stress shielding. The reduction in stress shielding achieved in this project 
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reflects what has been observed in previous studies, indicating that the results are valid. The 

stress shielding values measured for Gruen zones 1 and 7 were assessed to be invalid, due to 

large stress concentrations in these zones skewing the average stress calculation. 

The objective of designing a fully porous femoral stem to maximise osteointegration was not 

achieved. Due to computational limitations, a solid outer shell was required to surround the 

porous lattice of the femoral stem. It was observed that the loading conditions and resultant 

stresses of surface cells varied considerably from the bulk of the structure in both fully and 

partially porous lattices. Additionally, any partially formed surface cells had compromised 

structural integrity and were prone to stress concentration, deformation and failure.  

To build upon the findings of this project, several recommendations for future work have 

been identified. Physical testing is required to validate the computationally modelled results. 

This should cover both the lattice sample elasticity testing under uniaxial compressive load 

and the testing of a manufactured porous femoral within a bovine femur. The development of 

a sophisticated multi-point method for measuring the average stress, and stress distribution in 

the femur will increase the accuracy of stress shielding calculations in future studies. The 

design of future porous stems will be enhanced by the development of an algorithm to 

generate irregular fully porous lattices that conform to the required geometry of the femoral 

stem while avoiding the formation of partial surface cells. Developing femoral stem designs 

with neck and head geometry that mimics a natural femur will aid in maintaining the pre-

implantations stress distribution. The development of lattice types and topology optimisation 

techniques which optimise for maximum elasticity will further enhance future engineering 

lattices used in low elastic modulus biomedical applications.   
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APPENDIX A – Working Spreadsheet 

The following spreadsheet contains all raw data recorded from the model and FEA, as well as all calculations carried out for analysis of the data. 

The cells highlighted in green contain raw input data. The cells highlighted in blue contain the output data presented in the body of this report. 

The cells highlighted in purple present relative error rates between output data variables. All unhighlighted cells contain intermediate steps for 

calculation or were part of redundant analysis that was not used in the final report.  

 

pressure applied (Pa) 4.00E+06
cell size (mm) 0.50
E solid 1.14E+11

Square unit cell 1
YY Stress (P rigional lengt

min max ave Max compres_ave error % VM compres_1-p error % YY min abs max abs ave anal error % Lo (mm) min (mm) max (mm) ave (mm) model Anal Solid*pou
0.1667 0.3333 0.2963 0.1482 0.4999 0.2223 0.2223 0.3334 1.3336 1.55E+05 3.40E+07 1.71E+07 6.55E+06 6.00E+06 184.65 6.00E+06 9.18 2.94E-04 3.13E-05 1.63E-04 1.02E-04 60.3 0.667 1.03E-04 3.28E-05 6.77E-05 1.05E+11 5.91E+10 5.70E+10 -8.02 -48.19 -49.99
0.1381 0.3619 0.2598 0.1039 0.6001 0.1628 0.1628 0.2762 1.1048 1.81E+06 4.52E+07 2.35E+07 1.12E+07 6.79E+06 246.23 6.79E+06 64.63 9.31E-05 3.94E-04 2.43E-04 1.38E-04 76.6 0.638 1.44E-04 3.16E-05 8.80E-05 9.65E+10 4.92E+10 4.56E+10 -15.36 -56.83 -60.01
0.1110 0.3890 0.2281 0.0685 0.6997 0.1120 0.1121 0.222 0.888 1.78E+05 6.63E+07 3.32E+07 2.27E+07 7.93E+06 319.40 7.92E+06 186.59 5.80E-04 2.06E-04 3.93E-04 2.05E-04 92.1 0.611 2.23E-04 2.69E-05 1.25E-04 8.46E+10 3.87E+10 3.42E+10 -25.78 -66.03 -69.97
0.0838 0.4162 0.1990 0.0398 0.8000 0.0681 0.0682 0.1676 0.6704 1.57E+05 1.11E+08 5.53E+07 5.23E+07 9.84E+06 462.45 9.83E+06 431.85 9.76E-04 4.54E-04 7.15E-04 3.65E-04 95.8 0.584 4.16E-04 1.09E-05 2.13E-04 7.74E+10 2.69E+10 2.28E+10 -32.12 -76.38 -80.00
0.0543 0.4457 0.1703 0.0171 0.8996 0.0308 0.0308 0.1086 0.4344 4.67E+05 2.24E+08 1.12E+08 1.21E+08 1.41E+07 693.19 1.41E+07 759.30 1.94E-03 1.24E-03 1.59E-03 1.16E-03 37.4 0.554 6.23E-05 1.22E-03 6.41E-04 7.05E+10 1.22E+10 1.14E+10 -38.16 -89.32 -89.96

Square lattice 4
YY Stress (P rigional lengt

min max ave Max compres_ave error % VM compres_1-p error % YY min abs max abs ave anal error % Lo (mm) min (mm) max (mm) ave (mm) model Anal Solid*pou
0.1667 0.3333 10.1718 3.35766 0.6699 1.5497 1.5497 2.91717 11.66868 7.90E+04 3.63E+07 1.82E+07 5.72E+06 7.53E+06 141.83 7.53E+06 24.04 5.20E-05 3.18E-04 1.85E-04 1.20E-04 54.6 2.167 3.23E-04 1.96E-04 2.60E-04 9.84E+10 6.29E+10 3.76E+10 -13.72 -44.85 -66.99
0.1381 0.3619 9.7743 2.3998 0.7545 1.1224 1.1224 2.4759 9.9036 1.08E+05 4.87E+07 2.44E+07 9.57E+06 8.82E+06 176.38 8.82E+06 8.44 4.32E-04 8.60E-05 2.59E-04 1.50E-04 72.8 2.138 2.24E-04 4.18E-04 3.21E-04 9.41E+10 5.88E+10 2.80E+10 -17.48 -48.41 -75.45
0.1110 0.3890 9.4073 1.6088 0.8290 0.7621 0.7621 2.03518 8.14072 8.12E+04 6.52E+07 3.26E+07 2.12E+07 1.07E+07 205.38 1.07E+07 98.47 5.73E-04 1.91E-04 3.82E-04 1.95E-04 95.9 2.111 2.65E-04 5.58E-04 4.12E-04 8.54E+10 5.48E+10 1.95E+10 -25.08 -51.93 -82.90
0.0838 0.4162 9.0483 0.95038 0.8950 0.4561 0.4561 1.57066 6.28264 8.80E-04 1.03E+08 5.14E+07 4.65E+07 1.38E+07 273.13 1.38E+07 237.78 8.99E-04 4.08E-04 6.54E-04 2.23E-04 193.5 2.084 2.96E-04 6.32E-04 4.64E-04 7.87E+10 6.19E+10 1.20E+10 -31.01 -45.72 -89.50
0.0543 0.4457 8.6695 0.41425 0.9522 0.2017 0.2017 1.0417 4.1668 5.63E+04 2.05E+08 1.03E+08 1.22E+08 2.07E+07 396.19 2.07E+07 489.44 1.15E-03 1.79E-03 1.47E-03 5.03E-04 192.5 2.054 1.69E-03 3.83E-04 1.03E-03 6.97E+10 4.11E+10 5.45E+09 -38.90 -63.98 -95.22

Square lattice 8 excluding top layer
YY Stress (P rigional lengt

min max ave Max compres_ave error % VM compres_1-p error % YY min abs max abs ave anal error % Lo (mm) min (mm) max (mm) ave (mm) model Anal Solid*pou
0.2500 0.2500 76.7656 41.76 0.4560 9.8272 9.8259 14.06 56.24 4.80E+05 2.04E+07 1.04E+07 5.61E+06 5.72E+06 82.60 5.72E+06 1.94 1.62E-04 2.43E-05 9.33E-05 7.63E-05 22.4 4.250 3.55E-04 2.94E-04 3.24E-04 1.12E+11 7.50E+10 6.20E+10 -1.80 -34.18 -45.60
0.2200 0.2800 75.1514 34.1 0.5462 8.0823 8.0806 12.79 51.16 2.21E+05 2.06E+07 1.04E+07 5.93E+06 6.33E+06 64.47 6.33E+06 6.38 1.66E-04 2.09E-05 9.34E-05 9.09E-05 2.8 4.220 3.39E-04 4.28E-04 3.84E-04 1.11E+11 6.96E+10 5.17E+10 -2.26 -38.92 -54.62
0.1800 0.3200 73.0346 24.4 0.6659 5.8390 5.8373 10.92 43.68 1.96E+05 2.68E+07 1.35E+07 6.81E+06 7.48E+06 80.44 7.48E+06 8.96 1.96E-04 4.37E-05 1.20E-04 1.18E-04 1.3 4.180 5.69E-04 4.20E-04 4.94E-04 1.13E+11 6.33E+10 3.81E+10 -1.17 -44.48 -66.59
0.1400 0.3600 70.9579 15.717 0.7785 3.7964 3.7964 8.295 33.18 8.36E+04 2.64E+07 1.32E+07 8.89E+06 8.74E+06 51.51 8.74E+06 1.73 2.52E-04 5.70E-05 1.55E-04 1.75E-04 11.8 4.140 8.75E-04 5.75E-04 7.25E-04 8.57E+10 4.99E+10 2.53E+10 -24.82 -56.21 -77.85
0.1000 0.4000 68.9210 8.505 0.8766 2.0744 2.0744 6.57 26.28 1.14E+05 2.87E+07 1.44E+07 1.24E+07 1.27E+07 13.56 1.27E+07 2.12 1.55E-04 3.30E-04 2.42E-04 2.42E-04 0.1 4.100 1.15E-03 8.35E-04 9.93E-04 5.94E+10 5.23E+10 1.41E+10 -47.89 -54.09 -87.66

 theoro (%

Compressive stress analytical (Pa) Strain change in length E effective (Pa)
K (%)

StrainCompressive stress analytical (Pa)

K anal (%)

change in length E effective (Pa)
K (%) K anal (%)

K theoro (%
VM stress (Pa)

A upper
mm^2

F applied
N

VM stress (Pa)Pore size
 (mm)

strut thickness 
(mm)

V_total
(mm^3)

V_model
(mm^3)

porosity A_cell*(1-p)
mm^2

A_ave
mm^2

strut thickness 
(mm)

Pore size
 (mm)

V_total
(mm^3)

V_model
(mm^3)

porosity A_ave
mm^2

A_cell*(1-p)
mm^2

A upper
mm^2

F applied
N

E effective (Pa)
K (%) K anal (%)K theoro (%

strut thickness 
(mm)

Pore size
 (mm)

V_total
(mm^3)

V_model
(mm^3)

porosity A_ave
mm^2

A_cell*(1-p)
mm^2

A upper
mm^2

VM stress (Pa) Compressive stress analytical (Pa) Strain change in lengthF applied
N
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Square lattice 8 including top layerdefault mesh  

min max ave anal error min abs max abs ave anal error % min (mm) max (mm) ave (mm)
0.25 0.2500 76.7656 41.76 0.4560 9.83E-06 1.23E+05 2.39E+07 1.20E+07 5.72E+06 1.10 1.80E-04 3.06E-05 1.05E-04 7.63E-05 38.0 4.2500 3.55E-04 2.94E-04 3.24E-04 1.14E+11 0.14 7.50E+10 -34.18
0.22 0.2800 75.1514 34.1 0.5462 8.08E-06 6.06E+04 2.49E+07 1.25E+07 6.33E+06 0.97 1.93E-04 3.90E-05 1.16E-04 9.09E-05 27.3 4.2200 3.39E-04 4.28E-04 3.84E-04 1.08E+11 -5.36 6.96E+10 -38.92
0.18 0.3200 73.0346 24.4 0.6659 5.84E-06 8.09E+04 3.29E+07 1.65E+07 7.48E+06 1.20 2.23E-04 5.01E-05 1.37E-04 1.18E-04 15.7 4.1800 5.69E-04 4.20E-04 4.94E-04 1.20E+11 5.66 6.33E+10 -44.48
0.13 0.3700 70.4450 13.75 0.8048 3.33E-06 4.62E+04 5.32E+07 2.66E+07 9.97E+06 1.67 3.80E-04 1.16E-04 2.48E-04 1.76E-04 41.4 4.1300 8.75E-04 5.75E-04 7.25E-04 1.07E+11 -5.91 5.68E+10 -50.19
0.08 0.4200 67.9173 5.5987 0.9176 1.37E-06 1.17E+05 9.12E+07 4.57E+07 1.92E+07 1.38 7.97E-04 4.79E-04 6.38E-04 2.43E-04 162.2 4.0800 1.15E-03 8.35E-04 9.93E-04 7.16E+10 -37.21 7.87E+10 -30.94

Square lattice 8 excluding top layer  

min max ave anal error min abs max abs ave anal error % min (mm) max (mm) ave (mm)
0.25 0.2500 76.7656 41.76 0.4560 9.83E-06 4.80E+05 2.04E+07 1.04E+07 5.72E+06 82.57 1.62E-04 2.43E-05 9.33E-05 7.63E-05 22.4 4.2500 3.55E-04 2.94E-04 3.24E-04 1.12E+11 -1.80 7.50E+10 -34.18
0.22 0.2800 75.1514 34.1 0.5462 8.08E-06 2.21E+05 2.06E+07 1.04E+07 6.33E+06 64.43 1.66E-04 2.09E-05 9.34E-05 9.09E-05 2.8 4.2200 3.39E-04 4.28E-04 3.84E-04 1.11E+11 -2.26 6.96E+10 -38.92
0.18 0.3200 73.0346 24.4 0.6659 5.84E-06 1.96E+05 2.68E+07 1.35E+07 7.48E+06 80.38 1.96E-04 4.37E-05 1.20E-04 1.18E-04 1.3 4.1800 5.69E-04 4.20E-04 4.94E-04 1.13E+11 -1.17 6.33E+10 -44.48
0.14 0.3600 70.9579 15.717 0.7785 3.80E-06 8.36E+04 2.64E+07 1.32E+07 8.74E+06 51.51 2.52E-04 5.70E-05 1.55E-04 1.75E-04 11.8 4.1400 8.75E-04 5.75E-04 7.25E-04 8.57E+10 -24.82 4.99E+10 -56.21
0.10 0.4000 68.9210 8.505 0.8766 2.07E-06 1.14E+05 2.87E+07 1.44E+07 1.27E+07 13.56 1.55E-04 3.30E-04 2.42E-04 2.42E-04 0.1 4.1000 1.15E-03 8.35E-04 9.93E-04 5.94E+10 -47.89 5.23E+10 -54.09

F (N) = 25
Hexagonal 4  

min max ave anal error % min abs max abs ave anal error % min (mm) max (mm) ave (mm)
0.30 0.7000 64.0000 25.3 0.6047 6.33E-06 0.04 41.80 20.92 3.95E+06 429.21 5.26E-06 3.81E-04 1.93E-04 8.13E-05 137.7 4.0000 3.60E-04 2.90E-04 3.25E-04 1.08E+11 -4.99 4.86E+10 -57.33
0.20 0.8000 64.0000 13.2 0.7938 3.30E-06 0.07 136.10 68.08 7.58E+06 798.72 1.54E-05 1.33E-03 6.73E-04 3.19E-04 110.7 4.0000 1.50E-03 1.05E-03 1.28E-03 1.01E+11 -11.22 2.37E+10 -79.18
0.16 0.8400 64.0000 8.945 0.8602 2.24E-06 0.15 351.80 175.97 1.12E+07 1474.08 2.67E-03 1.03E-03 1.85E-03 7.57E-04 144.3 4.0000 2.46E-03 3.60E-03 3.03E-03 9.51E+10 -16.56 1.48E+10 -87.05
0.12 0.8800 64.0000 5.305 0.9171 1.33E-06 0.22 844.00 422.11 1.89E+07 2139.28 7.33E-03 2.59E-03 4.96E-03 2.34E-03 112.1 4.0000 1.12E-02 7.56E-03 9.36E-03 8.51E+10 -25.35 8.06E+09 -92.93
0.10 0.9000 64.0000 3.78 0.9409 9.45E-07 0.23 1292.00 646.12 2.65E+07 2342.32 1.27E-02 3.71E-03 8.19E-03 5.16E-03 58.7 4.0000 2.52E-02 1.61E-02 2.06E-02 7.89E+10 -30.76 5.13E+09 -95.50

Diamond 4  

min max ave anal error % min abs max abs ave anal error % min (mm) max (mm) ave (mm)
0.25 0.6464 64.0000 33.997 0.4688 8.50E-06 0.23 19.86 10.04 2.94E+06 241.47 1.64E-04 3.01E-05 9.71E-05 6.16E-05 57.6 4.0000 2.44E-04 2.49E-04 2.46E-04 1.03E+11 -9.22 4.78E+10 -58.10
0.20 0.7172 64.0000 24.232 0.6214 6.06E-06 0.31 34.15 17.23 4.13E+06 317.54 2.82E-04 4.27E-05 1.62E-04 1.17E-04 38.2 4.0000 4.61E-04 4.78E-04 4.70E-04 1.06E+11 -6.90 3.51E+10 -69.18
0.15 0.7878 64.0000 15.02 0.7653 3.76E-06 0.23 49.34 24.79 6.66E+06 272.29 4.22E-04 7.34E-05 2.48E-04 2.64E-04 6.3 4.0000 1.00E-03 1.11E-03 1.06E-03 1.00E+11 -12.22 2.52E+10 -77.90
0.12 0.8303 64.0000 10.148 0.8414 2.54E-06 0.17 89.42 44.79 9.85E+06 354.58 7.74E-04 1.88E-04 4.81E-04 4.28E-04 12.5 4.0000 1.71E-03 1.82E+00 1.71E-03 9.32E+10 -18.28 2.31E+10 -79.78
0.10 0.8585 64.0000 7.295 0.8860 1.82E-06 0.13 124.90 62.51 1.37E+07 356.03 1.15E-03 2.83E-04 7.14E-04 9.37E-04 23.8 4.0000 3.70E-03 3.80E-03 3.75E-03 8.76E+10 -23.19 1.46E+10 -87.17

Normal
K (%)

Normal
K (%)

A_ave
m^2

Normal
K (%)

stress (Pa)

stress (Pa)

stress (Pa)

stress (Pa)
VM E  (Pa) VM K (%)

A_ave
m^2

normal 
E (Pa)

strut thickness 
(mm)

Pore size
 (mm)

V_total
(mm^3)

V_model
(mm^3)

porosity VM stress (MPa) Strain Max Principal Origional 
length Lo 

change in length

VM E  (Pa) VM K (%)
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E (Pa)
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K (%)
strut thickness 

(mm)
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 (mm)
V_total

(mm^3)
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 (mm)

V_total
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VM stress (Pa) Strain YY
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(mm)

change in length

VM E  (Pa)
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Stress Shielding
zone 1 zone 2 zone 3 zone 4 zone 5 zone 6 zone 7

min max Ave SS min max Ave SS min max Ave SS min max Ave SS min max Ave SS min max Ave SS min max Ave SS
Intact 0.372 3.692 2.032 0.000 4.569 9.605 7.087 0.000 4.128 10.500 7.314 0.000 0.635 15.351 7.993 0.000 14.070 7.145 10.608 0.000 13.070 7.623 10.347 0.000 0.399 21.310 10.855 0.000
Solid 0.169 1.039 0.604 70.272 1.269 2.295 1.782 74.855 0.370 1.557 0.964 86.827 6.216 1.216 3.716 53.509 1.332 1.511 1.422 86.599 2.409 4.093 3.251 68.579 0.231 5.277 2.754 74.628
Hex 13.260 0.051 6.656 -227.545 2.496 11.100 6.798 4.078 9.895 3.168 6.532 10.699 0.311 15.600 7.956 0.469 7.313 13.760 10.537 0.669 5.479 17.196 11.338 -9.578 30.510 0.723 15.617 -43.869
Square 0.270 26.000 13.135 -546.423 0.220 5.755 2.988 57.845 1.860 5.821 3.841 47.491 7.626 0.407 4.017 49.750 4.013 0.452 2.232 78.955 3.005 11.850 7.428 28.212 0.422 24.300 12.361 -13.877
Diamond 0.230 13.910 7.070 -247.929 2.930 10.120 6.525 7.930 2.298 11.000 6.649 9.092 0.831 15.820 8.326 -4.160 11.470 7.189 9.330 12.048 16.820 6.856 11.838 -14.416 27.300 0.258 13.779 -26.940

min max alt stress mean
Solid 0.00075 56.99 28.493625 28.4943755
Hex 0.00271 809.20 404.59865 404.601355
Square 0.00191 681.00 340.49904 340.500957
Diamond 0.00183 3918.00 1958.9991 1959.00092

zone 1 zone 2 zone 3 zone 4 zone 5 zone 6 zone 7
min max Ave SS min max Ave SS min max Ave SS min max Ave SS min max Ave SS min max Ave SS min max Ave SS

Intact 0.372 3.692 2.032 0.000 4.569 9.605 7.087 0.000 4.128 10.500 7.314 0.000 0.635 15.351 7.993 0.000 14.070 7.145 10.608 0.000 13.070 7.623 10.347 0.000 0.399 21.310 10.855 0.000
Solid 0.169 1.039 0.604 70.272 1.269 2.295 1.782 74.855 0.370 1.557 0.964 86.827 6.216 1.216 3.716 53.509 1.332 1.511 1.422 86.599 2.409 4.093 3.251 68.579 0.231 5.277 2.754 74.628
Hex 0.051 3.907 1.979 2.603 2.496 11.100 6.798 4.078 9.895 3.168 6.532 10.699 0.311 15.600 7.956 0.469 7.313 13.760 10.537 0.669 5.479 17.196 11.338 -9.578 0.723 15.950 8.337 23.199
Square 0.270 4.451 2.361 -16.169 0.220 5.755 2.988 57.845 1.860 5.821 3.841 47.491 7.626 0.407 4.017 49.750 4.013 0.452 2.232 78.955 3.005 11.850 7.428 28.212 0.422 13.100 6.761 37.713
Diamond 0.230 5.124 2.677 -31.733 2.930 10.120 6.525 7.930 2.298 11.000 6.649 9.092 0.831 15.820 8.326 -4.160 11.470 7.189 9.330 12.048 16.820 6.856 11.838 -14.416 0.258 18.920 9.589 11.660

q

min max alt stress mean
Solid 0.00075 56.99 28.493625 28.4943755
Hex 0.00271 132.30 66.148645 66.151355
Square 0.00191 153.60 76.799043 76.800957
Diamond 0.00183 168.50 84.249085 84.250915

Rel change in comparable studies
E = 1.14E+11

source p E rel_change
ELDa 57 9.27E+09 -91.87
ELDa 64 4.74E+09 -95.84
Mehboob 89.6 4.86E+09 -95.74

21.6 7.14E+10 -37.40

WITHout surface cell layer

move 1mm from stress concentration point

WITH surface cell layer
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APPENDIX B – MATLAB Script 

% 03/06/24 - 1934 the equation for v total is wrong 

% 03/06/24 - 1946 the equation for As total is also wrong 

Here we are calculating the loading conditions for the cell, and sample. 

m = 80;         % kg    mass used to calculate pressure 

d = 25e-3;      % m     diameter of femur 

g = 9.81;       % m/s^2 gravity  

 

F = m*g         % N     Force on bone 

A = pi*(d/2)^2  % m2    Area 

P = F/A         % Pa    Pressure 

 

number_of_cells = 8; 

cell_size = 0.5e-3; 

A_sample = (cell_size*number_of_cells)^2 

F_sample = P*A_sample 

Here I am analytically calculating the total volume and volume of the strut to compare against the 

model. I am varying the thickness of the strut t to change the porosity. 

 

 

 

% this is all in mm and mm^3 

n = 0.5; 

 

t = 0.1667;  % thickness of wall mm to the +-1 um 

V_total = (n + t)^3; 

Vs = t^2*( 12*(n-t) + 8*t ) 

pour = (V_total-Vs)/V_total 

 

t = 0.1381;  % thickness of wall mm to the +-1 um 

V_total = (n + t)^3; 

Vs = t^2*( 12*(n-t) + 8*t ) 

pour = (V_total-Vs)/V_total 

 

t = 0.1110;  % thickness of wall mm to the +-1 um 

V_total = (n + t)^3; 

Vs = t^2*( 12*(n-t) + 8*t ) 

pour = (V_total-Vs)/V_total 
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t = 0.0838;  % thickness of wall mm to the +-1 um 

V_total = (n + t)^3; 

Vs = t^2*( 12*(n-t) + 8*t ) 

pour = (V_total-Vs)/V_total 

 

t = 0.0543;  % thickness of wall mm to the +-1 um 

V_total = (n + t)^3; 

Vs = t^2*( 12*(n-t) + 8*t ) 

pour = (V_total-Vs)/V_total 

 

syms t n pour  

V_total = (n + t)^3; 

Vs = t^2*( 12*(n-t) + 8*t ); 

pour = (V_total-Vs)/V_total 

The analytical calcs match the volume of the model. the porosity at this step has been validated 

now we can move on to simulate. 

 

a = (2*t) / (n+t) 

b = (n-t) / (n+t) 

A1 = (n+t)^2 - (n-t)^2 

A2 = t^2 

A_ave = A1*a + A2*b 

Plotting porosity as a function of the number of cells 

syms c n t  

n = 0.5 

t = 0.1667 

 

for t = 0.05:0.05:0.2 

 

V_total = (c*n + t)^3; 

 

A1 = (c*n+t)^2 - (n-t)^2*c^2; 

A2 = t^2*(c+1)^2; 

 

V1 = A1*t; 

V2 = A2*(n-t); 

 

Vs = V1*(c+1) + V2*c 

 

pour = (V_total-Vs)/V_total; 



92 

 

 

hold on 

fplot(pour) 

xlim([0 10]) 

end 

grid on 

xlabel('n') 

ylabel('Porosity') 

legend('t = 0.05 mm','t = 0.10 mm','t = 0.15 mm','t = 0.20 

mm','Location','southeast') 

hold off 

 

 

Calculating the required thickness to achieve a given porosity 

n = 100; 

c = 0.5; 

 

for pour = 0.5:0.1:0.9 

 

syms t 

V_total = (n*c + t)^3; 

A1 = (n*c+t)^2 - (c-t)^2*n^2; 

A2 = t^2*(n+1)^2; 

V1 = A1*t; 

V2 = A2*(c-t); 

Vs = V1*(n+1) + V2*n; 

 

eqn = pour == (V_total-Vs)/V_total; 

 

t = double(solve(eqn)); 

t = t(t<0.5 & t>0) 

 

end 

Calculating the average cross-sectional area of a square lattice 

syms t c n 

 

l_total = (n*c + t); 

A_total = l_total^2; 

l_pore = (c-t); 

A_pore = l_pore^2; 

 

A1 = A_total - A_pore*n^2; 

A2 = t^2*(n+1)^2; 
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A_ave = A1*t*(n+1)/l_total + A2*l_pore*n/l_total 

Force and moment calculations for full stem and cross sections. (not used in final version) 

F1 = 2.385e3; % applied resultant force 

beta = 90-18.47 % angle from horizontal plane 

Fx = -F1*cosd(beta) 

Fy = -F1*sind(beta) 

 

w = 4e-3; % width of slice 

F1 = 2.385e3; % applied resultant force 

beta = 90-18.47; % angle from horizontal plane 

 

d = 50e-3; % diamater of cross section 

F = F1*4*w/(pi*d) % adjusted resultant force 

%fx_norm = cosd(beta-51.4) 

%fy_norm = sind(beta-51.4) 

 

Fx = -F*cosd(beta) 

Fy = -F*sind(beta) 

This section is plotting the measured relative change elastic modulus and calculating the line of 

best fit 

 

p1 = [0.4560 0.5462 0.6659 0.7785 0.8766]; 

k1 = [0.98 0.98 0.99 0.75 0.52]; 

 

p2 = [0.6047 0.7938 0.8602 0.9171 0.9409]; 

k2 = [0.95 0.89 0.83 0.75 0.69]; 

 

p3 = [0.4688 0.6214 0.7653 0.8414 0.8860]; 

k3 = [0.91 0.93 0.88 0.82 0.77]; 

 

[xData1, yData1] = prepareCurveData( p1, k1 ); 

 

% Set up fittype and options. 

ft1 = fittype( 'power2' ); 

opts1 = fitoptions( 'Method', 'NonlinearLeastSquares' ); 

opts1.Display = 'Off'; 

opts1.StartPoint = [0.712441430247708 -0.360729212387818 

0.00725073328327437]; 

% Fit model to data. 

[fitresult1, gof1] = fit( xData1, yData1, ft1, opts1 ); 

 

[xData2, yData2] = prepareCurveData( p2, k2 ); 

 

% Set up fittype and options. 

ft2 = fittype( 'power2' ); 



94 

 

opts2 = fitoptions( 'Method', 'NonlinearLeastSquares' ); 

opts2.Display = 'Off'; 

opts2.StartPoint = [0.712441430247708 -0.360729212387818 

0.00725073328327437]; 

 

% Fit model to data. 

[fitresult2, gof2] = fit( xData2, yData2, ft2, opts2 ); 

 

[xData3, yData3] = prepareCurveData( p3, k3 ); 

 

% Set up fittype and options. 

ft3 = fittype( 'power2' ); 

opts3 = fitoptions( 'Method', 'NonlinearLeastSquares' ); 

opts3.Display = 'Off'; 

opts3.StartPoint = [0.712441430247708 -0.360729212387818 

0.00725073328327437]; 

 

% Fit model to data. 

[fitresult3, gof3] = fit( xData3, yData3, ft3, opts3 ); 

 

% Plot fit with data. 

figure( 'Name', 'untitled fit 1' ); 

hold on 

plot(fitresult1, xData1, yData1); 

plot(fitresult2, xData2, yData2); 

plot(fitresult3, xData3, yData3); 

legend( 'a', 'aa','b', 'b', 'c', 'cc' ); 

% Label axes 

xlabel( 'p1', 'Interpreter', 'none' ); 

ylabel( 'k1', 'Interpreter', 'none' ); 

grid on 

hold off 

This section is plotting the Soderberg failure criteria graph.  

% MATLAB Script to plot a line in intercept form 

 

% Clear workspace and figures 

clear; clc; close all; 

 

% Prompt user for intercepts 

a = 1070/2; %input('Enter the x-intercept (a): '); 

b = 400/3; %input('Enter the y-intercept (b): '); 

 

% Define the x range for plotting 

x = linspace(-2*a, 2*a, 100);  % Generate 100 points between -2*a and 2*a 

 

% Calculate corresponding y values using the intercept form equation 

y = b * (1 - x/a); 



95 

 

 

% Create the plot 

figure; 

plot(x, y, 'b-', 'LineWidth', 1,'Color','k', 'DisplayName', 'Soderberg 

line');  % Plot the line 

hold on; 

 

% Plot the intercepts 

plot(28.4, 28.4, 'ro', 'MarkerSize', 8, 'DisplayName', 'Solid','Color','r'); 

plot(404, 404, 'ro', 'MarkerSize', 8, 'DisplayName', 

'Hexagonal','Color','g'); 

plot(304, 304, 'ro', 'MarkerSize', 8, 'DisplayName', 'Square','Color','b'); 

plot(1959, 1959, 'ro', 'MarkerSize', 8, 'DisplayName', 

'Diamond','Color','m'); 

 

plot(28.4, 28.4, 'x', 'MarkerSize', 8, 'DisplayName', 'Solid','Color','r'); 

plot(66, 66, 'x', 'MarkerSize', 8, 'DisplayName', 'Hexagolan','Color','g'); 

plot(76, 76, 'x', 'MarkerSize', 8, 'DisplayName', 'Square','Color','b'); 

plot(64, 64, 'x', 'MarkerSize', 8, 'DisplayName', 'Diamond','Color','m'); 

 

% Set the limits of the axes 

xlim([0, 600]); 

ylim([0, 500]); 

 

% Add labels and title 

xlabel('\sigma_m (MPa)'); 

ylabel('\sigma_a (MPa)'); 

title('Soderberg Failure Criteria'); 

grid on; 

legend show; 

 

% Hold off to prevent further plotting on the same figure 

hold off; 

In this section I am working out the analytical volume of a square lattice 

syms t c n 

 

V_total = (n*c + t)^3; 

 

A1 = (n*c+t)^2 - (c-t)^2*n^2; 

A2 = t^2*(n+1)^2; 

 

V1 = A1*t; 

V2 = A2*(c-t); 

 

Vs = V1*(n+1) + V2*n 
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In this section I am working out the correction factor for the resultant applied force in the 2.5d 

representation 

syms l w r A d 

 

d = 31.6 % diamater mm 

 

A1 = 1/4*pi*d^2  % Area of circular cross section mm 

A2 = d*4  % Area of rectangular cross section mm 

 

j = A2/A1 % correction factor 

 



` 
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APPENDIX C – Risk Assessment 




