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Abstract 

The development of Additive manufacturing (AM) techniques, such as electron beam powder bed 

fusion (EBPBF) or electron beam melting (EBM), allows the production of light-weight metallic objects 

with complex structures, such as lattice structures and cellular porous structures with limited 

geometrical constrains. In recent years, PBF-fabricated lattice structures with tailored mechanical 

properties have successfully been designed and manufactured for various applications such as aero 

engineering and biomedical engineering, as demonstrated in numerous published works. The 

mechanical properties of the PBF lattices have been extensively investigated considering uniaxial 

loadings. However, in the real-life applications, the loading can occur in varied directions and the 

mechanical properties of the PBF lattices can be affected by the different loading directions (LDs). 

Therefore, the anisotropic mechanical behaviour of the lattice structures must be well understood. Even 

though published works have confirmed that the mechanical behaviour of PBF lattices structures is 

affected by the geometrical features, process-induced defects and post-process treatments, limited 

attention has been given to the effect of LD with respect to the unit cell direction of the lattice.  

For biomedical implant applications, particularly in hip implants, compressive loading is dominant, thus, 

this PhD research focuses on investigate the mechanical behaviour of the EBPBF fabricated Ti6Al4V 

simple-cubic cell based lattice structures under quasi-static and cyclic compressive loadings considering 

the orientation-dependant effects with respect to the LD. The SC unit cell has been chosen as it can 

provide a condition for studying the orientation effects without the ambiguity introduced by more 

complex unit cell geometries. A series of experimental quasi-static and fatigue tests and simulation 

models were conducted on different EBPBF lattice samples. Three groups of simple-cubic-cell-based 

lattice structures were produced by EBPBF with unit cell orientations (UCOs) of [001]//LD, [011]//LD 

and [111]//LD and subject to quasi-static testing and cyclic compressive testing, followed by detailed 

examinations. In addition, finite element models (FEMs) were conducted to analyse the compressive 

behaviour of the lattices. The combined effects of LD and UCO on quasi-static and cyclic compressive 

properties of the lattices have been studied and discussed, providing insight into the anisotropic quasi-

static and fatigue behaviour of the lattices. Then an exploratory study has been conducted, porous 

femoral stem has been designed based on the findings in SC lattices to meet the required fatigue life of 

5×106 cycles specified the international standard while maintaining the fully porous surface for bone 

ingrowth. FE simulations and fracture surface analysis has been conducted to identify the effects of 

stress concentrations and manufacturing defects on the fatigue strength of the produced porous femoral 

stems. In addition, the effects of surface defects on the fatigue performance of the EBPBF stems have 

been investigated using Kitagawa-Takahashi approach.  

It has been found that both the quasi-static and cyclic behaviours of the simple cubic lattices are strongly 

dependent on their UCOs with respect to the LDs. Among the three groups of lattices, [001]//LD 
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specimens exhibited the most favourable quasi-static compressive strength, with yield strength up to 

200% higher and a 4-6 times higher fracture strain than those of the [011]//LD and [111]//LD lattices, 

due to their less sensitivity to surface defects. Local stress concentrations were found in non-[001]//LD 

specimens, resulting in yielding and fracturing of these lattices under low loading levels.  

Considerably greater orientation-dependent effects have been identified in the compressive fatigue 

behaviour of the lattices, [001]//LD lattices demonstrated approximately 800% higher fatigue strength 

at 5×106 cycles than the non-[001]//LD structures. The low fatigue strength of the non-[001]//LD lattices 

resulted from crack initiation readily occurring in the high-tension locations, specifically in the top and 

bottom nodes within each unit cell. The subsequent sideway growth of these cracks leading to fracturing 

along (001) will be shown. This failure mechanism is absent in [001]//LD lattices resulting in their 

significantly higher fatigue strength. Examining the data in the literature has revealed that fatigue 

strength values of all non-SC lattice structures are low, likely due to the same failure mechanism 

identified for non-[001]//LD SC lattices in this study. 

The fatigue testing results of the porous femoral stems have suggested that the cracks always initiated 

at the tension-concentrated zone at lateral side of the stem. With topologically optimised reinforcement, 

the EBPBF porous stems have successfully met the required fatigue life as specified in the international 

standard while maintaining sufficient surface porosity for osseointegration. More importantly, the 

linear-fracture-mechanics-based analysis of surface defects on the EBPBF stems demonstrated that the 

lack-of-fusion defects on the stress-concentrated locations was the dominant factor contributing to the 

reduction of the fatigue life of the EBPBF stem components rather than surface roughness.  
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1. Introduction 

Additive manufacturing (AM), particularly Powder Bed Fusion (PBF), has revolutionised many 

industries such as automotive, aerospace and biomedical sectors, by offering a high degree of design 

flexibility and material efficiency. The advances in PBF enable the production of metamaterials with 

complex structures and controllable geometrical features, making it an ideal solution for various 

applications. Specifically, these PBF porous metamaterials demonstrate a promising potential in 

biomedical field and Ti6Al4V is one of the most favourable materials in biomedical sector. This chapter 

provides an overview of the PBF-built lattice structures and Ti6Al4V alloy, with a specific focus on 

their applications in load-bearing implants.  In addition, the objectives of this PhD research are outlined 

in this chapter. 

1.1. Powder Bed Fusion (PBF) Ti6Al4V Lattices 

PBF is an AM technique where a pre-defined computer-aided design (CAD) model directs a focused 

laser or electron beam to selectively scan and melt the powdered material layer by layer to build a 3D 

object. As illustrated in Fig. 1.1, depending on the heat source, PBF techniques are categorized as laser 

[1] (LPBF), also known as selective laser melting (SLM) and electron beam PBF(EBPBF) or electron 

beam melting (EBM). LPBF requires an argon or nitrogen environment, while EBPBF operates in 

vacuum. EBPBF generally achieves significantly higher scanning speed (15–20 m/s[2]) compared to 

LPBF (0.3–10 m/s[3]).  However, EBPBF usually offers rougher surface  due to a larger beam size (200–

400 µm[4]) and thicker powder layers (50–200 µm), in contrast to the smaller beam size (50–200 µm[5]) 

and thinner layer (20–60 µm) achieved by LPBF[1]. In LPBF process, a thin layer of powder with 

controlled thickness is spread and then fused pass-by-pass and layer-by-layer by the focused laser beam 

(400W[5]). In EBPBF process, each layer of powder is pre-scanned to reduce the temperature gradient[6], 

then fused according to the pre-defined geometry by the high-power electron beam (3500W). Resulting 

from the temperature gradient and local cooling rate, reduced residual stress can be offered by EBPBF 

and no post-process heat treatment is required[7]. 

 

Fig. 1.1 Schematic representation of the PBF process: (a) LPBF and (b) EBPBF[8] 
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PBF processes can work with various materials, such as stainless steel[9–11], Ni-based super alloys[12–14], 

aluminium[15–17], tantalum[18–20], and titanium[21–23]. Titanium and its alloys, specifically, Ti6Al4V have 

been one of the most widely accepted materials in the biomedical field, due to its great combination of 

mechanical properties, corrosion resistance and biocompatibility[24–26]. Ti6Al4V is an α+β titanium alloy, 

which consists of hexagonal closed-packed (HCP) α crystalline structure and body-centred-cubic (BCC) 

β crystalline structure. The mechanical properties of Ti6Al4V can be optimised by balancing the α and 

β phases, where the α phase provides superior strength and the β phase offers ductility[27].  As shown in 

Fig. 1.2(a), the phase transformation in Ti6Al4V strongly depends on the thermal history and the cooling 

rate experienced during the fabrication process. When the alloy cools down from a complete β-phase 

(above the β-transus temperature, which is typically approximately995℃ to 1050℃[28,29]), the 

transformation for β to α starts. An equilibrium α+β microstructure forms under  slow cooling conditions, 

In contrast,  rapid cooling from above β-transus temperature induces a diffusionless transformation, 

leading to a non-equilibrium martensite microstructure. Specifically, the cooling rates exceeding a 

critical threshold (410℃/s), combined with a low building temperature below the martensite start 

temperature TMS
(575℃ to 800℃) can result in the formation of α’ martensite[30]. 

During the EBPBF process, the transformation of Ti6Al4V occurs in three distinct stages as shown in 

Fig. 1.2(b). In the first stage, the rapid initial cooling rate induces a diffusionless transformation, 

converting the β phase into α’ martensite. During the second stage, at a steady chamber temperature 

(approximately 650–700℃), the microstructure changes to a mixture of α+β phases by diffusional 

transformation. In the last stage, the continued diffusion leads to coarsening of the microstructure, 

resulting in a stabilised α+β phase morphology[31].  The microstructure of EBPBF Ti6Al4V generally 

exhibits a columnar microstructure, containing columnar grains of prior β phase parallel to the building 

direction with fine Widmanstätten α platelets[32]. Conversely, in LPBF process, the absence of pre-

heating causes the temperature to drop rapidly to the ambient conditions immediately after scanning. 

This rapid cooling induces a purely diffusionless transformation, resulting in the formation of brittle α’ 

martensite phase rather than an equilibrium α+β morphology. This microstructure usually leads to high 

strength but low ductility. Therefore, post-process heat treatment is applied to LPBF-processed Ti6Al4V 

to transfer the α’ martensite phase into a near-equilibrium lamellar α+β phase[33].  
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Fig. 1.2 (a)Phase diagram and solidification structures of the Ti–6Al–4V alloy[28,29] (b)Cooling path and critical 

cooling rates for Ti-6Al-4V microstructure formation in EBM[31] 

Apart from the PBF fabricated bulk components, PBF porous cellular structures or lattice structures 

have attracted intensive attention for their ability to achieve controllable properties by tailoring 

geometrical features[34].  A lattice structure consists of a large number of unit cells and a unit cell is 

made by a certain number of struts joined in one or multiple nodes, an example is shown in Fig. 1.3. 

These lattice structures are difficult to be manufactured using the traditional techniques, while PBF 

offers the flexibility to produce these porous lattices with high geometrical complexity.  A considerable 

amount of published works has been published on the fabrication and characterisation of these PBF 

Ti6Al4V lattice structures. For specific applications, such as biomedical hip implants, the compressive 

loading is dominant, thus numerous studies[1,24,34] have investigated the effects of geometrical features 

of the lattices such as strut size, unit cell topology and relative density, the process induced defects and 

post-process heat treatment on the compressive mechanical properties of these lattice structures. 

However, the majority of these studies have focused on the axial quasi-static properties of lattice 

structures, while data on their compressive fatigue behaviour remain limited. Moreover, the 

compressive loads experienced by the implant in service are multi-directional, while the anisotropic 

mechanical behaviour of the lattice structures has not been clearly addressed.  

 

Fig. 1.3 Example of a lattice structure with body cubic centred BCC unit cells[35] 
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Furthermore, although EB-PBF offers the advantage of fabricating components with significantly lower 

residual stress than L-PBF due to its slower global cooling rate, the local cooling rate during the 

solidification of thin lattice struts remains heavily influenced by the specific lattice geometry[36]. 

Depending on the length and thickness of the struts, the local cooling rate varies significantly. These 

thermal variations then would dictate the resulting microstructure. Specifically, locally high cooling 

rates can promote the formation of fine and brittle fine α’ martensite, which can subsequently affect the 

mechanical behaviour of the fabricated components.  

1.2. Biomedical Applications of PBF Ti6Al4V Lattices 

The capability of PBF to fabricate parts with almost ultimate geometrical freedom makes PBF an 

attractive manufacturing technique, which allows the production of metallic products with complex 

structures. PBF-fabricated lattices have attracted extensive attention for the potential of femoral stems 

used in total hip arthroplasty (THA) to overcome the complications such as stress-shielding and implant 

loosening[24]. As illustrated in Fig. 1.4, the mismatch between Young’s modulus (110–230 GPa) of the 

current dense-metal based femoral stems on the market and that of human bone (0.3–30 GPa)[8,21] will 

result in most of the load being borne by the stiffer implant. The lack of stress simulation on the proximal 

femur can lead to bone resorption due to the lack of stress simulation on the proximal femur, which can 

lead to further implant loosening. In addition to stress shielding, the long-term fixation of the femoral 

stem is dependent on osseointegration. It has been reported that applying metallic porous structures in 

femoral implants to create a similarity to cancellous bone can effectively reduce stress shielding and 

ensure the bone in-growth rate [37–39]. As shown in Fig. 1.5, compared to the fixation provided by bone 

ingrowth on the roughened nonporous surface, porous structures can offer a larger surface area and 

enhanced mechanical interlocking for bone ingrowth[40,41].  

 

Fig. 1.4 Schematic of bodyweight transmitted through solid implant and health femur 
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Fig. 1.5 Schematic representation showing the difference between: (a) bone ingrowth into porous implant and 

(b) bone ingrowth onto roughened dense implant surface 

Once the femoral stem is implanted into the body, it needs to not only bear the bodyweight but also 

withstand the repeated loadings during daily activities. To ensure the long-term performance of the 

implant, fatigue is considered as a major focus in pre-clinical testing and analysis. As specified in ISO 

7206-4[42], the femoral stem implant should withstand at least 5×106 cycles under a maximum loading 

of 2300N. Although porous implants can reduce stress shielding and promote bone ingrowth, their 

fatigue strength is generally lower than that of the solid ones[21,24,43]. To date, limited studies on the 

fatigue strength of PBF porous femoral stem implants are available. Therefore, the fatigue performance 

of porous femoral stem implants should be carefully evaluated with the consideration of various design 

parameters to ensure both biocompatibility and mechanical integrity. 

1.3. Aim of the Research and the Structure of the Thesis 

Despite the promising potential of PBF lattice structures, the insufficient understanding of the 

anisotropic mechanical behaviour of these lattices and the uncertainties on fatigue strength is the two 

key factors that prevents the widespread clinical application of the highly porous structures for the 

orthopaedic applications. Therefore, this thesis aims to investigate the orientation-dependent 

mechanical behaviour of the EBPBF built Ti6Al4V lattice structures, thus to exhibit the combined 

effects of LD, UCOs and strut irregularity associated with EBPBF Ti6Al4V lattices on the compressive 

quasi-static and fatigue properties. In addition, to exhibit an exploratory design of porous femoral stem 

with sufficient fatigue life of 5×106 cycles as specified in the ISO 7206-4[42]. To achieve these objectives, 

the quasi-static and fatigue behaviour of the simple-cubic lattice structures with varied UCOs is 

investigated by experimental tests, numerical simulations and morphological analysis of fracture 

surfaces. Then the lattice-featured femoral stem implant is designed and topologically optimised to 

withstand the specified number of fatigue cycles.  

Chapter 1 provides a general introduction of PBF Ti6Al4V lattices and an overview of their applications 

in the biomedical field. The recent studies on the mechanical behaviour of the PBF built lattices are 

reviewed in Chapter 2, primarily focusing on their quasi-static and fatigue performance. In addition, a 

contextual insight the recent advancements in PBF porous femoral stems is addressed in Chapter 2. The 

design of this study and the research methodologies are discussed in Chapter 3. In Chapter 4 and Chapter 
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5, the orientation-dependent quasi-static and fatigue behaviours of the lattice structures are discussed in 

detail, respectively. Then, the fatigue performance of the femoral stem is investigated in Chapter 6. 

Finally, a conclusion of this research summarising the findings of the effects of UCO on the mechanical 

properties of lattice structures for load-bearing implants, along with recommendations for future works 

aiming at further improving the porous portion while maintaining fatigue strength, are provided in 

Chapter 7.  
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2. Literature Review 

This chapter extensively reviews the scope and findings of the published works on PBF lattices. It 

reviews various lattice designs for orthopaedic applications and the process-induced geometric 

variations associated with PBF. Following by a review on the quasi-static and fatigue responses of PBF 

lattices, discussing the experimentally and numerically investigated properties and the key factors 

affecting their mechanical behaviour. More importantly, the orientation dependant effects on both the 

quasi-static and cyclic mechanical behaviour of the lattices are reviewed highlighting that although 

UCO can significantly affect the stress distribution, deformation mode and failure mechanisms under 

both static and fatigue loadings, the available data on the orientation effects remain limited. Then a 

comparative review of solid and porous femoral stems is provided, discussing the complications of solid 

stems, while also addressing that the insufficient fatigue properties of the porous ones. Then the 

knowledge gap in literature is identified based on the reviewed published works, which forms as the 

basis for the research questions to be addressed.   

2.1. PBF-Fabricated Lattice Structures  

2.1.1. Geometric Design Parameters and Classification of PBF-Lattices 

Lattice structures or architected cellular materials have well-defined periodic geometry, the mechanical 

properties of the lattices can be tailored by controlling the geometrical parameters. Relative density ρ̅ 

is considered as the most important parameter of lattice structures, which is defined as the ratio of the 

density of the porous material ρL to the density of the bulk base material ρS by: 

 𝜌̅ =
𝜌𝐿

𝜌𝑆
 (2.1) 

and the porosity P is: 

 𝑃̅ = 1 − 𝜌̅ (2.2) 

Gibson et al.[44,45] provided a theoretical framework to estimate the mechanical properties of lattice 

structures as a function of relative density.  The correlated effective Young’s modulus EL  and the 

compressive strength σL of the lattice with its relative density ρ̅ by: 

 𝐸𝐿

𝐸𝑆
= 𝐶1 (

𝜌𝐿

𝜌0
)

𝑛1

= 𝐶1𝜌̅𝑛1 
(2.3) 

and 
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 𝜎𝐿

𝜎𝑆
= 𝐶2 (

𝜌𝐿

𝜌𝑆
)

𝑛2

= 𝐶2𝜌̅𝑛2 
(2.4) 

where subscripts L and S are used to distinguish between the properties of the lattice material and the 

solid material, respectively. The coefficients Ci and exponents ni (i = 1,2) are related to the type of unit 

cell, depending on whether the lattice is bending- or stretching dominated, as soon will be explained. 

Gibson et al. predicted that, for ideal stretching-dominated lattices, n1 = n2 = 1.0 , while for ideal 

bending-dominated structures, n1 = 2  and n2 = 1.5 . Experimental data of Young’s modulus and 

compressive strength of Ti6Al4V and CP-Ti lattices as a function of relative density, collected from 

published literature[23,46–53], is displayed in Fig. 2.1. The data gathered from the reviewed studies shows 

a rising trend in both elastic modulus and compressive strength as porosity decrease, aligning with the 

predictions from the Gibson-Ashby’s model. However, discrepancies between the experimental data 

results and the predictions of ideal structures have been observed, which have been attributed to multiple 

factors[54,55], including process induced geometrical imperfections and local stress concentrations at cell 

nodes, as will be discussed in the following sections. Due to the limitations of Gibson-Ashby’s accuracy 

and applicability for modern, engineered, and complex lattice structures, more advanced computational 

methods like FEA or experimental calibration are usually needed to complement or replace it. 

 

Fig. 2.1 Data collected from literature[23,46–53]: Relative density vs (a) Effective Young's modulus and (b) 

Compressive strength of PBF-processed Titanium lattice structures 

Based on structural design and geometrical characteristics, lattices can also be categorised as strut-based 

lattices and triply periodic minimal surfaces (TPMS) cellular structures. The most commonly used strut-

based lattices are shown in Fig. 2.2 (a) – (h), including face-centred cubic (FCC), body-centred cubic 

(BCC)[56], FCCZ, BCCZ[57], diamond[58], rhombic dodecahedron, G7[59] and simple cubic(SC)[52].  In 

addition, as shown in Fig. 2.2 (i), auxetic lattice exhibits negative Poisson’s ratio with re-entrant unit 

cell can also designed and fabricated[50]. Typical TPMS lattices, including TPMS diamond[60], Gyroid[60], 

Schwarz P[61] and IWP[62], are presented in Fig. 2.2 (j) – (m). In strut-based lattices, nodes positioned at 



9 

 

the vertices, edges or interior of the unit cell are connected by the struts. TPMS lattices, either sheet-

based or ligament-based, are periodic structures controlled by mathematical algorithms, where the 

minimal surface defines surfaces with zero mean curvature at every point. 

 

Fig. 2.2 Various types of lattices processed by powder bed fusion, I: strut-based lattices: (a) FCC[56], (b)BCC[56], 

(c) FCCZ[57], (d) BCCZ[57], (e) Diamond[58], (f) Rhombic Dodecahedron[59], (g) G7[59] , (h) Simple Cubic[52] and 

(i) Auxetic[50]; II: TPMS lattices: (a) TPMS diamond[60], (b) Gyroid[60], (l) Schwarz P[61] and (m) IWP[62] 

Maxwell’s criterion has been developed by Maxwell[63] to classify the strut-based lattice structures by 

nodal connectivity. As illustrated in Fig. 2.3, the Maxwell number 𝑀 for 3D lattices is defined by: 

 𝑀 = 𝑏 − 3𝑗 + 6 (2.5) 

where b is the number of struts, and j is the number of nodes. If M<0, the lattice is considered bending-

dominated, the struts tend to bend with external loads and moments transferred to the nodes. If M≥0, 

the lattice is considered to be stretching-dominated, no bending stress occurs at the nodes as the struts 

can balance the external loads[56].  As shown in Fig. 2.4, the compressive stress-strain curves of lattices 

consist a linear elastic regime until yielding of struts due to bending or stretching, a plateau regime 

when cells start to collapse and a densification phase corresponding to the collapse of the cells reach 
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contact to each other. Stretching-dominated structures generally exhibit higher initial stiffness and yield 

strength[64] and post-yield softening due to sudden failure resulted by buckling or brittle crush of a layer 

of cells[1]. In contrast, bending-dominated lattices display a relatively flat plateau over wide strain range, 

giving them exceptional energy-absorption properties[44]. The failure mechanism of bending- and 

stretching lattice structures has been investigated in multiple studies[47,48,65], revealing a layer-by-layer 

failure in stretching-dominated lattices and a shear band failure in bending-dominated structures. 

However, Maxwell-criterion may lead to oversimplified classification and incorrect categorisation. For 

example, some structures technically are technically defined as bending-dominated by Maxwell 

criterion, such as BCCZ and FCCZ, which are reinforced with Z-struts, exhibit stretching-dominated 

behaviour[10,66]. 

 

Fig. 2.3 Examples illustrate for the Maxwell number classification[1] 
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Fig. 2.4 Stress-strain curves of (a) bending-dominated lattice structures (b) stretching-dominated structures[1] 

To further review the reliability of Maxwell-criterion-based Gibson-Ashby model in predicting the 

mechanical properties of PBF-fabricated lattice structures, a power regression analysis was conducted 

using data collected from literature.  As summarised in Table. 2.1, there is a clear discrepancy between 

the experimental and theoretical scaling exponents. This deviation is attributed to the idealised 

assumptions of the theoretical model, which presumes perfectly uniform struts. However, PBF-

fabricated thin struts inherently contain geometrical imperfections, such as manufacturing defects, 

surface roughness and irregular profiles, which can alter their mechanical response. Specifically, 

Maxwell’s criterion predicts a stretching-dominated behaviour of SC lattices, corresponding to an ideal 

exponent of 𝑛2=1. While the experimental exponents reported in several studies[47–49] align reasonably 

well with this prediction, the data reported from the other two studies[67,68] demonstrated severe 

deviations from the ideal value. Notably, these deviations are highly orientation-dependent, highlighting 

the limitations of the Gibson-Ashby model in predicting the mechanical behaviour of PBF-processed 

lattices.  

Table. 2.1 Regression analysis of reported experimental quasi-static data of PBF fabricated lattices 

Cell Type Maxwell Criterion PBF 

Effective Modulus Strength 

Ref C1 n1 R2 (%) C2 n2 R2(%) 

BCC Bending L- 0.15 1.67 66.74 0.14 1.14 66.56 [54] 

BCCZ Bending L- 0.01 0.22 12.42 0.06 0.48 38.84 [54] 

FCC Bending L- 0.37 1.94 99.97 1.18 1.75 99.79 [54] 

FCCZ Bending L- 0.35 1.50 91.93 1.32 1.59 99.43 [54] 

Diamond Bending L- 0.04 0.86 21.99 0.08 0.55 0.08 [54] 

SC[001] Stretching L- 0.15 0.93 37.02 0.64 1.23 64.09 [54] 

SC[001] Stretching L- 0.10 0.88 99.75 0.29 1.01 92.86 [47] 

SC[001] Stretching L- 0.09 0.74 92.01 0.35 1.21 100.00 [48] 

SC[001] Stretching EB- 0.04 0.63 96.48 0.41 1.32 99.50 [49] 
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SC[001] Stretching EB- 0.14 2.42 99.19 1.48 1.88 98.92 [52] 

SC[001] Stretching L- 0.19 1.52 85.92 1.89 2.64 97.30 [67] 

SC[011] Stretching L- 0.19 1.92 99.97 0.56 2.06 97.85 [67] 

SC[001] Stretching EB- 0.11 0.99 98.85 0.73 1.72 99.95 [68] 

SC[011] Stretching EB- 0.27 2.40 98.65 0.99 2.30 99.90 [68] 

For hip implant applications, the desired biomedical and mechanical properties can be achieved by 

tailoring the design parameters of lattices. Long human bones, such as femur and tibia, are primarily 

made up of cortical bone, characterising by a typical porosity of 5–10%, forms the dense outer shell of 

bones and accounts for approximately 80% of the total skeletal mass[69]. Under compression, cortical 

possess a yield strength of 131–224 MPa and a Young’s modulus of 17–20 GPa along the longitudinal 

axis[70]. Trabecular bone or cancellous bone, features lattice-like structures that helps maintain bone 

strength, which is primarily found at the ends of long bones and within the body of short bones[71]. 

Trabecular bones exhibit skeletal-location-varied porosity (40%–95%) and anisotropic mechanical 

properties (Young’s modulus ranging from 1–5 GPa and a compressive strength of 0.1–30 MPa along 

the loading axis)[72]. In addition, the pore size of lattices within the range of 0.1 to 1.5mm[71] is 

recommended to optimise bone in-growth. A minimum pore size of 0.1–0.2 mm is suggested for initial 

cell ingrowth[73,74], while a larger pore size greater than 1mm is recommended for promote the cell 

proliferation and reduce cell occlusion[74]. 

2.1.2. Microstructure and Process-Induced Defects 

Multiple studies have compared the microstructures of LPBF and EBPBF Ti6Al4V components. Zhao 

et al.[75]  have analysed the X-ray diffractometer (XRD) patterns and transmission electron microscopy 

(TEM) of both LPBF and EBPBF alloys, where most of the peaks in both samples were indexed as α/α’ 

phase. However, β-phase peaks were only presented in EBPBF samples. It has been observed that the 

EBPBF samples consist of α-lamellas and a small amount of β phases, while the LPBF samples 

contained thinner and longer α’ martensitic laths. Compared to EBPBF samples, the microstructure of 

LPBF samples were less sensitive to the part size.  

The difference in microstructure of EBPBF bulk sample and open cellular foam specimens has been 

studied by Murr et al.[76]. As shown in Fig. 2.5(a)–(b), the microstructure of the dense sample consists 

of a coarse mixture of α+β phases, while a finer microstructure with α’ martensite is presented in the 

foam specimens. Similar fine microstructures of EBPBF open cellular lattice were also reported in other 

studies[77,78]. The typical microstructure of the EBPBF fabricated lattices structures[78] is presented in 

Fig. 2.5(c)–(f), showing the columnar β grains parallel to the BD (z-axis) on the vertical strut in Fig. 

2.5(d). The microstructure of the unmelted powder on the horizontal strut appears to be basket-wave-

like structure shown in Fig. 2.5(c). Fig. 2.5(d) shows the diffusionless α’-martensite observed in the 
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area close to the building platform. The distribution of phases reflects to the varying thermal conditions 

due to the heat flux from the electron beam towards the build platform.  

 

Fig. 2.5 Optical micrographs  EBPBF built (a) dense sample, (b) foam[2], (c–f) simple cubic lattice[78] 

In general, geometrical variations exists between PBF fabricated lattices and their as-designed 

counterparts.  The as-built lattices typically contain geometric imperfections such as internal porosity 

and external surface defects as shown in Fig. 2.6. As reviewed by Zhang et al.[79], internal pores are 

induced during the fusion of metal powders, which can be controlled by optimising the processing 

parameters. Due to the layer-by-layer nature and the heat transfer mechanism of PBF, dimensional 

inaccuracies, such as irregular cross-sections, deviations in strut diameters from the designed values, 

strut waviness and material accumulation, are usually can be observed in PBF-processed lattices[80–82]. 

Strut-orientation-dependant dimensional deviations have also been observed by Melancon et al.[83], 

reporting an increasing strut waviness with decreasing strut angle. External surface defects are usually 

formed due to instable melting pools, which can be observed by comparing the down-skin and up-skin 

surfaces and can be quantified by using the surface roughness parameter Ra. Multiple studies[80,84,85] 

observed that Ra value of down-skin surface was found to be much higher than that of up-skin surfaces, 

due to local over-melting at down-skin surfaces. Compared to LPBF, higher energy density and 

scanning speed in EBPBF usually result in rougher surface[86–88]. The staircase effect is also a well-
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known phenomenon in PBF processes. The angled surfaces are fabricated with layer-thickness-sized 

ridges, resulting in discrepancies between the designed and fabricated geometries and reduced surface 

quality[89,90].  

 

Fig. 2.6 Examples of geometric imperfections in PBF-processed lattices: (a) internal porosity[91], (b) material 

accumulation at nodes[80], (c) variation in strut thickness and (d) strut waviness[83] and (e)stair-case effect[89,90] 

2.2. Quasi-static Properties of PBF Lattices and Orientation Effects 

2.2.1. Experimentally investigated compressive properties  

In general, the compressive quasi-static properties of lattice structures are evaluated based on ISO 

13314-2011[92]. The prescribed geometry is illustrated in Fig. 2.7, where the width or diameter of the 

specimen must be at least ten times of its unit cell size. Additionally, it is suggested that solid plates can 

be built together with the porous part to ensure the planarity of the contact surfaces between the porous 

specimen and the mechanical testing machine[93]. The compressive stress 𝜎 and strain 𝜀 are defined by: 

 
𝜎 =

𝐹

𝐴0
 

(2.6) 

and 

 
𝜀 =

∆𝑙

𝑙0
 

(2.7) 

where F is the compressive force and A0 is the nominal cross-section area perpendicular to the loading 

direction, ∆l  is the compressive displacement and l0  is the initial gauge length. The ultimate 

compressive strength UCSL is the first maximum stress the lattice can withstand before collapsing, the 

(a) (b)

(c) (d)

(e)
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plateau stress σpl  is either the mean stress between 20% and 30% or 40% compressive strain. The 

effective elastic modulus of lattices EL is usually derived from the slope of the elastic region of the 

stress-strain curves[94]. The yield strength of the lattices σy−L is usually evaluated by using the 0.2% 

offset stress[95]. 

 

Fig. 2.7 Schematic illustration of the test specimen (a) prescribed geometry in ISO 13314[92] and (b) illustration 

of tested specimen with solid plates[93] 

As shown in Fig. 2.8, Zhang et al.[96] have collected the experimental data obtained from different 

studies prior to 2017, where the porosity of human bone is calculated using the theoretical density of 

1.99×103 kg∙m-3. The observations have confirmed that UCSL, σy−L and EL increase with increasing ρ̅. 

The EBPBF lattices exhibited higher UCSL  than that of cancellous bone while only few structures 

obtained comparable or higher UCSL than that of cortical tibia. The highest UCSL values of 196MPa and 

163MPa were obtained for simple-cubic-cell-based lattices with relative densities of 0.37[59] and  0.50[49], 

respectively. The highest compressive strength values of approximately 160MPa were achieved by 

cubic (ρ̅ =0.37[59]–0.50[49]) and diamond lattices (ρ̅ =0.43[97]). For Young’s modulus, the reported EL 

values were much lower than that of cortical bone with similar density. It can be observed from Fig. 2.8 

(a)–(b) that, at similar densities to cortical bones, only the simple cubic lattices exhibit comparable 

UCSL and σL values to those of cortical bones.  

 

(a) (b)
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Fig. 2.8 Experimental data of (a) compressive and tensile ultimate strength, (b) compressive and tensile yield 

strength and (c) modulus vs density of EBPBF Ti6Al4V lattice structures and human bone[96] 

As observed in Fig. 2.8(c) The variation in EL values determined by different testing methods has been 

highlighted by Zhang et al.[96]. The authors indicated that the static and dynamic EL  were similar, 

whereas flexure modulus was substantially higher. The dynamic EL is usually measured using resonant 

frequency and damping analyser (RFDA). During the dynamic tests, the measured specimen dissipates 

energy into vibration resulting in damping sine wave and the vibration modes for porous structures is 

given by: 

 𝐸𝐿 = 𝜁𝑚̃𝑓𝑟
2 (2.8) 

where ζ is a geometric function, m̃ is the mass of the specimen and fr is the resonant frequency. The 

flexure modulus is determined by three- or four-point flexure testing, describing the effective stiffness 

of the tested lattice specimen when it subjects to a bending load. Then the static modulus of a lattice is 

measured by quasi-static compression test as previously discussed. However, this statement only 

considered the effects of relative density, neglecting the effects of other critical factors, such as the unit 

cell type. To clarify the influence on EL of different testing methods, additional literature data of EL 

have been collected alongside the data reviewed in Ref. [96] are listed in Table. 2.2 and plotted in Fig. 

2.9. It can be observed that, for lattices with the same unit cell type and similar relative densities, the 
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EL values determined by dynamic tests using damping analyser and flexural tests are higher than those 

obtained via uniaxial compression tests. In consistent with the compared results between dynamic and 

static measured EL values reported by Li et al. 47], Xu et al.[98]  further explained that the dynamic EL 

values are more credible than those determined by compression tests. Since during compression tests, 

the specimens can be deformed either by slipping or local deformation at the loading points, which can 

typically result in underestimated EL values. However, as shown in Fig. 2.9, the variation in EL values 

may not only be resulted by the different testing methods, but also from the accuracy of the measured 

displacement. The plotted data of EL values of diamond lattices obtained via compression testing with 

contactless digital image correlation (DIC) also provide a reliable measurement of the modulus.  

Table. 2.2 Experimental data of quasi-static properties of Ti-alloy PBF lattice structures 

Cell Type 𝛒̅ 𝐄𝐋(GPa) PBF Testing Method Ref 

SC-Like 0.12 0.58 E Damping Analyser [99] 

G7 0.41 6.74 E Damping Analyser [99] 

SC 0.49 2.92 E Compression Test [100] 

SC 0.40 2.68 E Compression Test [100] 

SC 0.30 2.13 E Compression Test [100] 

SC 0.30 1.13 E Compression Test [101] 

SC 0.37 14.90 E Damping Analyser [59] 

G7 0.36 2.40 E Damping Analyser [59] 

RD 0.38 6.30 E Damping Analyser [59] 

RD 0.40 11.99 E Flexure Test [102] 

RD 0.40 11.29 E Flexure Test [102] 

RD 0.30 5.59 E Flexure Test [103] 

RD 0.30 6.60 E Flexure Test [103] 

RD 0.30 7.67 E Flexure Test [103] 

RD 0.40 10.72 E Flexure Test [103] 

RD 0.40 12.54 E Flexure Test [103] 

RD 0.40 14.05 E Flexure Test [103] 

DIA 0.29 3.00 E Compression Test with Extensometer [104] 

DIA 0.36 5.10 E Compression Test with Extensometer [104] 

DIA 0.40 6.50 E Compression Test with Extensometer [104] 

DIA 0.31 2.48 E Compression Test with Extensometer [97] 

DIA 0.43 5.38 E Compression Test with Extensometer [97] 

BCC 0.24 0.46 L Compression Test [105] 

BCC 0.15 0.21 L Compression Test [105] 

BCC 0.30 1.10 E Compression Test with Sensor [68] 

BCC 0.20 0.36 E Compression Test with Sensor [68] 

BCC 0.10 0.08 E Compression Test with Sensor [68] 

BCC 0.45 3.70 L Compression Test [106] 

BCC 0.45 3.20 L Compression Test [106] 

DIA 0.50 15.00 L Compression Test with DIC [107] 

DIA 0.40 9.30 L Compression Test with DIC [107] 

DIA 0.30 5.10 L Compression Test with DIC [107] 



18 

 

 

Fig. 2.9 EL values vs ρ̅ for different types of PBF lattices obtained using different testing methods 

2.2.2. FEA-based Assessment of Compressive Responses  

Advanced numerical modelling techniques are able to overcome the limitations of Gibson-Ashby’s 

models. Finite element analysis (FEA) is widely employed to predict the mechanical behaviour of lattice 

structures, but the methodologies applied in FEA can vary significantly across the literature. FE models 

with 3D solid elements are capable to capture the details of geometry and then provide high accuracy 

in predicting mechanical behaviour, but it requires highest computational cost. Some authors modelled 

the geometrical imperfections by different methods, such as reconstructing using micro-CT[81] and 

defining the non-uniformity by a script[110], to represent the AM processed structures to capture the local 

defects and deformations. In addition, beam elements have been used to improve the computational 

efficiency of simulation of lattice structures, researchers modelled the lattices with either uniform or 

varied cross-sections[111,112]. It was suggested by Alomar et al.[55] that using beam elements for a lattice 

DIA 0.20 3.10 L Compression Test with DIC [107] 

RD 0.39 4.38 L Compression Test [108] 

SC 0.60 12.80 L Compression Test [109] 

SC 0.50 8.30 L Compression Test [109] 

SC 0.40 4.30 L Compression Test [109] 

SC 0.11 0.65 E Damping Analyser [52] 

SC 0.14 1.89 E Damping Analyser [52] 

SC 0.16 2.24 E Damping Analyser [52] 

SC 0.20 2.98 E Damping Analyser [52] 

SC 0.36 15.42 E Damping Analyser [52] 

RD 0.14 0.50 E Damping Analyser [52] 

RD 0.16 0.93 E Damping Analyser [52] 

RD 0.21 1.41 E Damping Analyser [52] 

RD 0.27 3.00 E Damping Analyser [52] 

RD 0.38 6.41 E Damping Analyser [52] 
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with a small aspect ratio may result in underestimated EL. Furthermore, homogenisation techniques 

have also been employed in lattice simulations by replace the entire lattice structures with appropriate 

representative volume element (RVE)[113]. This approach simplifies the analysis by averaging the 

behaviour over a large scale, allowing efficient simulation but not be able to capture the local stress 

concentration. Dong et al.[114] have compared the experimental and numerical stiffness results for four 

different X-shape cell (BCC-like) lattices. The numerical results obtained using different FEA elements 

are shown in Fig. 2.10, indicating significant variation in stiffness values and the most accurate results 

were achieved by employing the fine solid elements.  

 

Fig. 2.10 Comparison of the experimental and numerical results of stiffness of four lattices[114] 

Various boundary conditions have been used for compression tests of lattice structures, such as directly 

applying a displacement to the top nodes while fixing the bottom nodes[47,110,115] or introducing two 

shells in the model to represent the platens during experimental tests. The contact behaviour between 

the lattice and the platens has been addressed in different ways, including introducing a penalty factor 

to account for friction [57,116,117] as well as models with frictionless contact[83,118,119] or bonded contact[120].  

Plasticity of base material of the lattice structures is usually considered in the FE models by introducing 

a bilinear-elastic-plastic model[121], directly using the stress-strain data[122] or using other material 

models such as Jonhson-Cook (J-C) failure model[47,117,123,124]. In this model, if an element exceeds the 

failure limit, it will be removed from the structure. The advantage of J-C failure model is that the 

maximum plastic strain at fracture with triaxiality can be considered. The failure initiation strain ε̅0
pl

 in 

J-C model is described as: 

 𝜀0̅
𝑝𝑙

= [𝐷1 + 𝐷2𝑒(𝐷3𝜎∗)][1 + 𝐷4 ln(𝜀̇∗)[1 + 𝐷5𝑇]  (2.9) 
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where D1 , D2 , D3 . D4  and D5  are material constants, 𝜀̇∗  is the strain ratio of given strain rate to the 

reference strain, T is the temperature parameter and σ∗ is the stress triaxiality defined by the hydrostatic 

stress σh and equivalent stress σq: 

 𝜎∗ =
𝜎ℎ

𝜎𝑞
 (2.10) 

The experimental simulation results of compressive properties of simple cubic and diamond lattices 

collected from literature are plotted in Fig. 2.11. The simulation results are categorised by whether the 

J-C failure model is considered for the properties of bulk Ti6Al4V. Despite considerable scatter across 

the collected data, it can be observed that the FEA-predicted properties effectively establish the quasi-

static compressive properties of the lattices.  

 

Fig. 2.11 FEA and experimental results of the compressive properties of (a) SC and (b)DIA lattices 
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2.2.3. Factors Affecting Quasi-Static Compressive Properties  

For orthopaedic applications, the main objective of the studies is to replicate the mechanical properties 

of human bone as closely as possible. As highlighted in previous sections, the mechanical behaviour of 

lattice structures can be customized by adjusting their geometric design. Furthermore, the mechanical 

performance of PBF-processed materials can be influenced by both the printing process parameters and 

post-processing treatments. Therefore, this section offers an in-depth review of the factors that impact 

the quasi-static compressive properties of PBF-processed lattice structures. 

2.2.3.1. Lattice Design 

A comprehensive review conducted by Benedetti et al.[1] have examined the cell-topology dependant 

compressive properties of lattice structures.  The data collected from published works are presented in 

Fig. 2.12. The trend is consistent with the Gibson-Ashby model, all these studies have validated the 

established relationship between ρ̅ and the quasi-static mechanical properties of the lattices. The sheet-

based lattices exhibit higher EL and σy−L than the strut-based structures. Among the strut-based lattice, 

at similar ρ̅, simple cubic lattice achieved highest EL and σy−L. 

 

Fig. 2.12 (a) relative Young’s modulus and (b) relative yield strength as a function of relative density of different 

PBF lattice structures investigated in literature[1] 
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Li et al.[52] investigated the compressive behaviour of cubic, G7 and rhombic dodecahedron lattices 

fabricated by EBPBF with a varied porosity level of 58–88%, revealing that the modulus and strength 

of the lattices decreased in order of cubic, rhombic dodecahedron and G7. These cell-shape-dependant 

mechanical behaviours were characterised by the coupled mechanisms of buckling and bending 

deformation of struts.  As shown in Fig. 2.13, a greater strut angle α led to a rise in bending component 

P1, resulting in a lower modulus and compressive strength but a smoother plateau regime as illustrated 

in Fig. 2.14. All the lattices fractured by the formation of crush bands shown in Fig. 2.15. In cubic 

structure, the crush band was perpendicular to the loading direction, whereas in rhombic dodecahedron 

and G7 lattices, they were about 45º to the loading direction.   

 

Fig. 2.13 Schematic illustration of bending P1 and buckling P2 components in (a) cubic, (b) G7 and (c) rhombic 

dodecahedron cells[52] 

 

Fig. 2.14 Compressive stress-strain curves of the lattices with (a) SC, (b) G7 and (c) RD cells[52] 
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Fig. 2.15 Images of the lattices with (a) cubic, (b) G7 and (c) rhombic dodecahedron cells at different 

compressive strain levels during the quasi-static tests[52] 

Further work done by Ahmadi et al.[48] have investigated the compressive properties of six different 

types of LPBF fabricated lattice structures with different relative densities, including simple cubic (SC), 

diamond (DIA), truncated cube (TC), truncated cuboctahedron (TCO), rhombic dodecahedron (RD), 

and rhombicuboctahedron (RCO). The experimental results of EL  are plotted in  Fig. 2.16 (b),  

respectively, where the structures can be divided into a high-stiffness group (TC, SC, TCO and RCO) 

and a low-stiffness group (RD and DIA).  When ρ̅ > 0.2, TC showed remarkably higher EL compared 

to the other members of its group. The results of UCSL are shown in Fig. 2.16 (c), where TC, SC and 

RCO structures demonstrated similar values of UCSL . In addition, different failure mechanism was 

observed in the structures with vertical struts (TC, SC, and RCO), where failure of one vertical strut 
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could result in the collapse of the entire lattice.  Despite the authors described the sequential collapse 

initiated by the failure of a vertical strut, the definitive mechanical explanation for why the vertical strut 

is the initial site of failure was not provided.   

 

Fig. 2.16 The cell types and data collected from[48]: (a)Six different cell types (b) EL/ES and (c) UCSL 

Liu et al.[125] have investigated the compressive properties of  the topologically optimised (TO) unit 

cells introduced by Challis et al.[126] and compared with SC and RD structures fabricated using LPBF 

with the same relative density of 20%. The stress-strain curves are presented in Fig. 2.17. In this study, 

SC and TO structures exhibited similar UCSL ,  giving 56MPa and 58MPa respectively, while SC 

structure showed slighter higher EL than TO lattice, giving 3.3GPa and 2.3GPa, respectively. However, 

different deformation strain values before failure of SC (~6%) and TO (~15%) structures was observed. 

In agreement with the previous studies[52,59], the authors concluded that the low ductility of SC structure 

was contributed by the buckling deformation of the vertical struts in SC cells. For TO structure, the 

presence of inclined struts at an angle of 45º to loading direction resulted in higher bending stress which 

contributed more to deformation.  However, the uncertainties inherent in this work by Liu et al.[125] must 

be addressed. Specifically, the authors have utilised a relatively coarse powder size 45–106µm for the 

LPBF process. This powder size range should be typically used in EBPBF and might introduce 

uncertainty in resolution and surface finish of the printed component, potentially resulting in LoF 

defects in their LPBF processed lattices. Thus, this unique processing condition should be considered 

when comparing the reported mechanical properties to those from studies using conventional LPBF 

powder specifications.  
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Fig. 2.17 Stress-strain curves for three different types of lattices[125]   

2.2.3.2. Processing Parameters and Build Orientation 

In LPBF processes, the most important processing parameters are laser power P, scanning speed v, layer 

thickness τ  and hatch spacing h . The commonly used metric to optimise the LPBF processing 

parameters is volumetric energy density (VED), which can be described by[127–129]: 

 
𝑉𝐸𝐷 =

𝑃

𝑣ℎ𝜏
 

(2.11) 

Based on VED, another equation linear energy density (LED) proposed by Dai et al.[130] , which can be 

written as: 

 
𝐿𝐸𝐷 =

𝑃

𝑣
 

(2.12) 

As reviewed by Buhairi et al.[128] as VED increased, the internal porosity reduced and the smaller α’ 

martensite size as well as larger columnar β grain are exhibited in the LPBF Ti6Al4V dense parts. For 

LPBF lattice structures, the effects of laser power and scanning speed on the geometrical features of 

BCC lattices have been investigated by Salem et al.[131]. The authors suggested that with optimised 

processing parameters, the geometrical accuracy could be improved and the internal porosity within the 

struts can be minimised. Additionally, the effects of using continuous laser beam (CLB) and pulsed-

laser beam (PLB) scanning strategies on the compressive properties of LPBF Ti6Al4V diamond lattices 

were investigated by Karami et al.[132]. It has been reported that higher EL , σy−L and smoother plateau 

in the stress-strain curve was observed in the PLB specimens due to the finer microstructure.  
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For EBPBF process, the most common processing parameters are the acceleration voltage , the scanning 

strategy, the beam current, focus offset (FO), layer thickness, the scanning speed and the spot size[133]. 

Similar to Equation (2.11), the VED for EBPBF process is defined as[134,135]: 

 
𝑉𝐸𝐷 =

𝑈𝐼

𝑣ℎ𝜏
 

(2.13) 

where U  is the acceleration voltage, I  is the beam current, v  is the scanning speed, h  is the hatching 

distance, and τ is the layer thickness. For Acram Q10 machine, the acceleration voltage is 60kV. The 

scanning speed by means of the speed function (SF) dynamically controls the beam current and scanning 

speed of electron beam during the process thus controls the melt pool size. The algorithm of SF is 

disclosed by the Acram company[136], therefore no information is available in the literature.  The FO is 

the additional current provided by the electromagnetic lenses for the translation of the focal plane to its 

zero position. The spot size is controlled by the combination of focus offset and beam current. The 

scanning strategy is determined by the scanning process and the scanning mode.  The scanning process 

includes a pre-heating step, a melting phase and a post-heating step. The scanning mode refers to the 

set of segments that the electron beam scans from point to point. The most commonly used mode is the 

hatching mode, where a number of parallel lines are connected by perpendicular lines.  

Multiple studies have investigated the effects of EBPBF processing parameters on the surface properties 

of dense Ti6Al4V samples. Several studies[28,137,138] reported that larger molten pools corresponded to 

higher FO values. Prisco et al.[138] analysed the change in microstructure with varied LED, line offset 

and FO. It was reported that a coarser microstructure resulted from increasing LED and decreasing line 

offset. In contrast, the effects of FO on microstructure were found to be negligible. Regarding to surface 

roughness, multiple works[28,138,139] indicated that the surface roughness was increased with increasing 

LED and FO and decreasing line offset. For mechanical properties, Hrabe et al.[88] investigated the 

effects of SF on the tensile properties of dense Ti6Al4V specimens, reported a small change in UTS 

(+2%) and σy (+3%) while changing SF from 30 to 40. Similarly, Wang et al.[140] reported increased E 

and hardness with increasing SF from 20 to 50 and suggested the optimal mechanical properties could 

be achieved using an SF between 36 to 50. 

For EBPBF lattice structures, the only available work published by Galati et al.[141] demonstrated the 

effects of variation in processing parameters on mechanical properties of EBPBF diamond lattice 

structures( ρ̅ =0.20 and ds =0.42mm). Two levels of beam current (2mA and 4mA), two levels of 

scanning speed (450mm/s and 750mm/s) and three levels of FO (0mA, 9mA and 15mA) were consisted 

in the design of experiment (DoE). As shown in Fig. 2.18, in all the cases, the measured values of ρ̅ and 

ds of all the specimens were over the nominal value of 0.20 and 0.42mm. The smallest deviation in 

strut size was exhibited at a I=2 mA, FO=0 mA and v=750 mm/s. As a consequence of the variation in 



27 

 

strut size, the relative density of the built structures follows the strut thickness. The mechanical 

properties including EL and UCSL were strictly dependant on the geometrical features of the lattices.  

 

Fig. 2.18 Mechanical and morphometric properties of diamond lattices fabricated using different EBPBF 

parameters with the same nominal CAD geometry[141] 

Build orientation (BD) refers to the positioning of a part relative to the build platform during fabrication, 

which affects the manufacturability, dimensional accuracy and the mechanical properties of the final 

products[142]. The angle between the building direction and the build platform is denoted as θBD . 

Numerous studies have examined the impact of BDs on mechanical properties, with most focusing on 

tensile behaviour of single thin strut or sub-structures of the lattices. The experimental results gathered 

from literature are summarised in Table. 2.3.  

Hossain et al.[143] investigated the tensile properties of single struts fabricated using LPBF at θBD= 90º, 

70º, 40º, and 20º. Their findings revealed a trend of increasing tensile strength with higher build angles, 

consistent with the results reported by Dong et al.[144] and Pehlivan et al.[145]. However, other studies 

have presented conflicting results. For instance, Barba et al.[146] reported that horizontally built 

specimens, with strut sizes ranging from 0.25 mm to 3 mm, exhibited slightly higher UTS and yield 

strength than vertically built ones. Additionally, Murchio et al.[147] observed the highest UTS in samples 

built at θBD=15º , further highlighting the variability in reported results.  

For EBPBF built structures, Sepe et al.[148] conducted tensile tests on the single-strut specimens at a 

θBD= 0º, 45º and 90º to the building platform. It was reported that 45º specimens provided up to 11% 

higher stiffness and 15% higher UTS that the 90º ones (data of 0º specimens was considered not reliable 
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due to defects). Additionally, there were unmelted powders found in the 0º specimens, which affected 

the surfaces and the cross-sections of the printed struts. 

The apparent conflicting results in literature are driven by differences in stress calculation methods, 

scanning strategy and post-processing treatments. Murchio et al.[147] calculated stress using the minimal 

cross-sectional area along the gauge length of their heat treated specimens, the denser inner core of the 

single strut built at θBD = 15º retained high load-bearing capacity. In contrast, Hossain et al.[143] 

calculated stress using average diameter of their as-built struts, which penalised rougher and lower-

angle struts by overestimating the true load-bearing area.  

Table. 2.3 Studies on the effects of build orientation on tensile response of PBF specimens 

Only two studies specifically addressed static compressive properties. A summary of the studies on 

compressive performance is presented in Table. 2.4. Wahthle et al.[149] examined the static compressive 

performance of lattices with diamond unit cells built at BDs at θBD= 0º, 45º and 90º. The 90º and 0º 

specimens exhibited comparable mechanical properties, since the printed struts of the lattices were 

orientated identically at these two BDs. In contrast, the 45º specimen exhibited 35% lower EL and UCSL 

than the 90º specimen, since at θBD=45º, some struts were printed parallel to the build platform with 

low quality. Dallago et al.[150] investigated the compressive performance of LPBF Ti6Al4V simple-cubic 

lattices fabricated in vertical and horizontal orientations. The study reported 40% lower EL, σy−L and 

UCSLin the horizontally built (0º) samples compared to the vertically built (90º) ones. This behaviour 

was attributed to significant irregularities in the struts and slight curvature of the specimens, which 

likely induced unintended bending forces during testing. 

Table. 2.4 Studies on the effects of BD on static compressive response of PBF Ti6Al4V lattices. 

Ref 
AM Process & 

Material 

Structure & Size, 

mm 
E UTS σy−L 

Hossain[143] LPBF Ti6Al4V 
Single strut 0.25–

0.35 
No clear trend 90º > 70º> 40º>20º − 

Barba[146] LPBF Ti6Al4V 
Single Strut 

0.25–3.00 
− 0º>90º 0º>90º 

Murchio[147] LPBF Ti6Al4V Single Strut 0.60 0º>90º>15º>45º 15º≈0º>90º>45º 15º>0º≈90º>45º 

Dong[144] LPBF AlSi10Mg Single Strut 1.00 90º>60º>45º>35.5º 90º>60º>45º>35.5º 90º>60º>45º>35.5º 

Pehlivan[145] LPBF CP-Ti 
Single Strut 

0.15–4.60 
− 90º> 0º 90º> 0º 

Sepe[148] E-PBF Ti6Al4V 
Single Strut 

1.00–2.00 
45º>90º 45º>90º 45º>90º 

Ref AM Cell ρ̅L ds,mm EL UCSL σy−L 
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2.2.3.3. Geometrical Inaccuracies and Defects 

As discussed in 2.1.2, PBF processed as-built surfaces of metallic components usually have relatively 

high surface roughness, considerable deviation between the as-designed geometry and other 

manufacturing defects. LPBF is prone to significant thermal distortion driven by the high residual stress, 

while the high temperature environment of EBPBF can minimise the residual stress and distortion[7]. 

Despite EBPBF process is typically associated with lower resolutions and higher surface roughness 

compared to LPBF processes due to the larger powder size and thicker powder layers used in EBPBF, 

EBPBF can offer superior dimensional stability and global geometrical accuracy for medium to thick 

parts[151].  

The effects of these geometrical defects or imperfections on the mechanical properties of the PBF 

lattices have been widely studied in literature[152–155]. It was reported that the strut waviness and variation 

in strut thickness can greatly affect the compressive properties of PBF lattices due to the increased 

bending moment and the change in moment of inertia in the struts, respectively. Several studies[153–155] 

suggested that strut size variation would have a greater impact on the mechanical properties than the 

effect caused by strut waviness. The enhancement or reduction in strength depends on whether the as-

built cross-sectional area is oversized or undersized corresponding to the nominal designed strut 

thickness. In addition, it was reported that by increasing the strut building angle, both the strut thickness 

variation[147,155] and waviness decreased[83,155].   

For PBF dense parts, published works[156,157]  suggested that the small pores were harmless to their 

mechanical performance. For small pores with a low total porosity (<0.1%), no significant effects were 

found on the tensile properties of the LPBF dense parts. However, several studies suggested that even 

small amounts of porosity can significantly affect the tensile performance of lattice structures due to 

the presence of thin struts or walls. Yan et al.[158] reported that by increasing the cell size of the gyroid 

lattice structures (ρ̅=0.15) from 2mm to 8mm, the internal porosity increased from 0.5% to 10.4%, 

resulting in a reduction of 27% in EL and of 36% σy−L in their LPBF lattices. A recent study conducted 

by Wares et al.[159] further confirmed the detrimental effects of the internal pores on the tensile properties 

of gyroid lattices.  

For compressive properties, it has been reported by Strauss et al. [160] that the combined influence of 

internal porosity and strut size variation would change the relative density, thereby affecting the quasi-

static compressive behaviour of PBF lattices. The maximum reduction in cross-sectional area of 44.29% 

was observed for the FCC lattice with a strut size of 0.5mm. However, Plessis et al.[157,161] reported that 

introducing a spherical 0.5mm pore inside a 0.8mm vertical strut of an LPBF SC cell lattice did not 

[149] LPBF DIA 0.30 0.40 90º > 0º> 45º 90º > 0º> 45º 90º > 0º> 45º 

[150] LPBF SC 0.07 0.67 90º > 0º 90º > 0º 90º > 0º 
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affect the compressive yield strength of the lattice. However, their FEA simulation showing in Fig. 2.19 

suggested that all the pores larger than 0.1mm could act as the stress concentrator. The authors suggested 

that the discrepancy between their experimental and FEA predicted results was attribute to be the 

difference between the ideal strut conditions in FEA model and the as-built surfaces of the LPBF 

specimens. The authors concluded that this as-built rough surface creates higher stress concentrations 

than those predicted for a large 0.5mm internal pore, indicating that surface roughness was the more 

dominant factor affecting the quasi-static compressive properties of the lattice.  

 

Fig. 2.19 FEA simulated maximum 𝜎𝑉𝑀 with varying internal pore size on the load-bearing strut[157] 

2.2.4. UCO-Dependant Quasi-static Properties 

As reviewed in the last three sub-sections, the properties of EBPBF lattices have been studied 

intensively using compression tests covering the effects of various factors, such as lattice design, 

processing parameters and the geometrical imperfections, on the mechanical properties of lattices.  

However, the effects of UCOs with respect to the LD have not been considered in these studies. For a 

load-bearing implant after implantation, the compressive loading acting on it can be multi-directional, 

thus, the anisotropic properties of the lattices and the behaviour of the cells under loading need to be 

considered.  Only limited studies have focused on investigating the influence of the unit cell orientation 
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(UCO) with respect to the loading direction on the mechanical performance of lattice structures. Choy 

et al.[67] compared the compressive properties of simple cubic and honeycomb lattices with two UCOs: 

[001] and [011]. Both of the [001] SC and honeycomb samples exhibited higher compressive strength 

and elastic modulus, attributed to the presence of vertical struts in the [001] orientation. Furthermore, 

the failure mechanisms differed between the orientations: [001] samples failed in a layer-by-layer 

manner, while [011] samples experienced abrupt shear failure along a shear plane approximately 45º to 

the loading direction.  

Wauthle et al.[149] investigated diamond-based lattices with three different unit cell orientations. Their 

findings indicated that the mechanical properties could not be distinguished due to the isotropic nature 

of the diamond unit cell. However, later studies[162,163] reached different conclusions, highlighting a 

significant dependence of the mechanical properties of diamond lattices on cell orientation. This 

discrepancy can be attributed to the poor quality of the printed struts in Wauthle et al.'s investigation[149], 

where the highest strut density was below 97.5%, and large pores were observed in all specimens. 

Soul et al.[163] confirmed the tensile behaviour of AlSi10Mg diamond lattices to be dependent on unit 

cell orientation (UCO), examining three orientations: [001], [011], and [111]. The [001] samples 

demonstrated a 20% higher ultimate tensile strength than the other orientations, while the [111] 

specimens showed the highest elastic modulus but lower ductility. Furthermore, Cutolo et al.[162] 

investigated the compressive response of diamond lattices with these three UCOs. Their experimental 

results for elastic modulus differed from those of Soul et al.[163], with the [011] samples exhibiting the 

highest elastic modulus. The variations in elastic modulus observed between the two studies can be 

attributed to differences in production and testing methods.  

Table. 2.5 Studies on the effects of cell orientation on mechanical properties of PBF specimens 

Material &AM 
Cell Topology & 

Porosity 

Unit Cell 

Orientation 
Young’s Modulus Compressive Strength Tensile Strength Ref 

Ti6Al4V 

LPBF 

Cubic 

41.7%−91.7% 
[001] & [011] [001]>[011] [001]>[011] − [3] 

Ti6Al4V 

LPBF 

Honeycomb 

23.6%−84.4% 
[001] & [011] [001]>[011] [001]>[011] − [67] 

Ti6Al4V 

LPBF 

Diamond 

~70% 

[001], [011], 

[00−1] 
[001]≈[011]≈[00−1] [001]≈[011]≈[00−1] − [149] 

AlSi10Mg 

LPBF 

Diamond 

66% 

[001],[011],[111] [111]>[011]>[001] − [001]>[011]≈[111] [163] 

Ti6Al4V 75% [001],[011],[111] [011]>[111]>[001] [011]>[111]>[001] − [162] 
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LPBF 

The above reviewed studies revealed that, there still remains a lack of research effort of the investigation 

of the orientation-dependant effects of the compressive properties of lattice structures, thus the 

anisotropic behaviour of lattices is not well understood. Therefore, the combined effects of LD, UCO 

and the EBPBF defects of struts on the compressive behaviour of the lattices should be studied. These 

combined effects should be investigated using SC cell-based lattices, since each unique strut-LD 

relationship can be defined clearly and then the effects of various LD-UCO combinations can be defined.  

2.3. Fatigue Properties of PBF Lattices and Orientation Effects 

2.3.1. Experimental Evaluated Fatigue Behaviour of PBF-Lattices  

Metal fatigue is the characteristic that describes the damage mechanism that structural components 

exposed to time-varying loads are prone to failure at stress levels below the ultimate strength of a given 

material. With an applied load above a certain threshold, the accumulated microscopic damage will 

result in initiation and propagation of cracks or other macroscopic damage, which leads to the final 

fatigue failure. Depending on the applied stress level, the fatigue life of a component can be classified 

in either high-cycle fatigue (HCF) and low-cycle fatigue (LCF), which is characterised by the presence 

or absence of plastic deformation[1]. 

For AMed bulk materials, the fatigue failures usually related to the localised factors within the material, 

such as defects associated with the PBF process, namely lack of fusion (LoF) defects and porosity.[164]. 

As a result, AMed materials generally exhibit lower fatigue strength, especially in high cycle fatigue 

(HCF) and shorter fatigue life compared to their counterparts manufactured using traditional 

methods[165]. For porous metallic structures, the typical qualitative plot of total strain versus the number 

of fatigue cycles is presented in Fig. 2.20(a), illustrating the three stages of the fatigue life.  As described 

by Sedat et al.[166], Stage I is marked by progressive strain accumulation, primarily dominated by cyclic 

ratcheting. Based on the ε − N  plot, the intensity of the ratcheting occurring during stage I can be 

quantified by the average ratcheting rate 
dε

dN
, in terms of the plastic strain accumulated during the fatigue 

process. It can be defined as the slope of the line fitting the mean strain up to Ni
[167]. Stage II features a 

long plateau, where the cracks initiate at critical locations, accompanied by a noticeable cumulative 

deformation rate. In the final stage, failure occurs abruptly, characterized by a sudden increase in strain 

due to the coalescence of multiple cracks. The number of cycles at damage initiation Ni is defined as 

the point where the strain amplitude shows a 1% increase over its initial constant value. The number of 

cycles to failure Nf is determined as the intersection between the ratcheting line and the line fitted to 

the final points of the mean strain before the test is terminated[167]. Under HCF conditions, the stress-

life relationship can be described by Basquin equation as[168]: 
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 𝜎 = 𝐾′ ∙ (𝑁𝑓)𝐵 (2.14) 

where σ is the applied stress, Nf is the number of cycles to failure, K′ is the fatigue strength coefficient 

and B is the fatigue strength exponent. The effect of mean stress σm can be described by the curves 

presented in Fig. 2.20(b), the region below each curve indicates infinite life. 

 

Fig. 2.20 (a)Typical strain-life curve of fatigue damage of  porous metallic materials[166](b) illustration of mean 

stress equations[169]  

The experimental data of fatigue properties of the PBF-processed lattice structures gathered from the 

literature is summarised in Table. 2.6, demonstrating the varied fatigue strength of PBF lattice. Most 

fatigue experiments on lattice structures have been conducted under uniaxial compression-compression, 

in accordance with the International Standard ISO 13314[92], outlined in Section 2.2.1, which specifies 

quasi-static mechanical testing for porous structures. The reviewed compression-compression tests 

were mostly conducted at a frequency of 10−30Hz and a load ratio (ratio of maximum to minimum load) 

of R=10. Fatigue tests are preceded by quasi-static tests to determine the yield stress, ultimate 

compressive strength and plateau stress. The maximum absolute global stress σmax  applied for the 

fatigue tests are typically within the range of 10–80% of the yield stress. The variation in σmax values 

among the collected data can be attributed to various factors, such as lattice type, PBF process, heat 

treatment and relative densities.  

For a better understanding of these collected data in Table. 2.6, σmax values are plotted against ρ ̅ in Fig. 

2.21, where the NRO values of the plotted data points range from 106 to 107 cycles. It can be understood 

that the fatigue strengths of non-SC lattices are relatively low, giving σmax=25MPa at ρ ̅=0.4, except 

for two notable exceptions. The first exception is the diamond-cell based lattice with [011]//LD UCO, 

which has exhibited a high σmax of 80MPa at NRO=106[170]. It has been suggested by the authors that 

the notably differences in σmax  between the [011]//LD diamond lattice and the other two orientated 

lattices were not only caused by the design of unit cells but also by the geometrical manufacturing 

deviations introduced by the PBF process. The second exception is the FCCm[95] and topologically 
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optimised[171] lattices.  It should be noted that these unit cells are the examination of the 3D models from 

the two studies suggests that both correspond to the same type of unit cell, namely the modified face-

centred-cubic (FCCm) configuration.  Thus, as shown in Fig. 2.21, for NRO=106, the σmax of FCCm 

lattices increases to 55MPa as ρ̅ rises to 0.3. However, in both studies[95,171], it is has not been explicitly 

clarified that, compared to other non-SC lattices, why FCCm lattices might offer superior fatigue 

performance by either delaying the crack initiation or slowing down the crack growth.  

Table. 2.6 Fatigue data collected from literature 

Ref Cell Porosity R 𝐟(Hz) AM & Material 𝐍𝐑𝐎 𝛔𝐟 𝛔𝐲⁄  𝛔𝐟 𝛔𝐩𝐥⁄  𝛔𝐟 𝐔𝐂𝐒⁄  

[95] FCCm 0.63−0.88 10 15 LPBF (HIP) Ti6Al4V 1.0×106 0.25−0.29 − 0.18-0.23 

[172] Diamond 0.68 10 15 

LPBF (AB, HT, HIP) 

Ti6Al4V 1.0×106 0.19−0.27 − − 

[173] Diamond 0.63−0.66 10 15 LPBF (AB) Ti6Al4V 4.0×106 0.25−0.28 0.31−0.39 0.19−0.23 

[174] Diamond 0.66−0.89 10 15 LPBF (AB) Ti6Al4V 1.5×105 0.25−0.4 0.28−0.35 0.15−0.22 

[170] Diamond 0.75 10 30 LPBF (AB) Ti6Al4V 5.0×106 − − 0.13−0.60 

[23] Diamond 0.60-0.83 10 15 EBPBF (AB) Ti6Al4V 1.0×106 0.15−0.25 − − 

[175] RD 0.62−0.84 10 10 EBPBF(CE) Ti6Al4V 1.0×107 − − 0.11−0.15 

[176] RD 0.68−0.91 10 10 

EBPBF (AN) Ti2448 & 

Ti6Al4V 1.0×107 0.10-0.21 − 0.11−0.20 

[177] RD 0.72 10 10 LPBF (AB) CP-Ti 1.0×106 − − 0.13 

[59] RD 0.62 10 10 EBPBF (AB) Ti6Al4V 1.0×107 − 0.23 0.16 

[178] RDm 0.82−0.87 10 10 EBPBF (AB) Ti6Al4V 1.0×106 0.18−0.19 − 0.17−0.18 

[59] Cubic 0.63 10 10 EBPBF (AB) Ti6Al4V 1.0×107 − 0.67 0.54 

[150] Cubic 0.93 −1 120 LPBF (HT) Ti6Al4V 1.0×107 0.04−0.13 − 0.04−0.13 

[179] Cubic 0.72 10 10 

EBPBF (AB &HT) 

Ti6Al4V 1.0×107 0.72−0.85 − − 

[180] Cubic 0.50−0.70 10 30 EBPBF (AB) Ti6Al4V 1.0×107 1.00−1.30 − − 

 

Fig. 2.21 Fatigue strength data vs relative density collected from literature 
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2.3.2. FEA-Based Assessment of Fatigue Performance of Lattices 

Different approaches have been applied to predict the fatigue performance of lattice structures. Once 

the stress or strain distribution on the lattices is evaluated by FEA, the local stress and strain values can 

be considered as the input for fatigue assessment. The procedure of determining S-N curve of a lattice 

structure is described by Peng et al.[181], showing in Fig. 2.22.  The maximum fatigue damage is 

modelled as a function of shear strain and the strain normal to the shear plane by Brown-Miller strain-

life equation: 

 ∆𝛾𝑚𝑎𝑥 

2
+

∆𝜀𝑛

2
= 1.65

𝜎𝑓̇

𝐸
(2𝑁𝑓)

𝑏
+ 1.75𝜀𝑓̇(2𝑁𝑓)

𝑐
 

(2.15) 

where ∆𝛾𝑚𝑎𝑥 and ∆𝜀𝑛 are the maximum range of the shear strain and normal strain, respectively.  𝜎𝑓̇ 

and 𝜀𝑓̇ are the coefficients of fatigue strength and fatigue ductility. The FEA calculated results were 

imported to the fatigue analysis software Fe-Safe for the prediction of fatigue life. The results confirmed 

that the fatigue life improved with increased 𝜌̅ for all the investigated lattices (SC, SC-BCC, FCC and 

BCC) and the highest fatigue strength was exhibited by SC lattices. However, no experimental 

validation was conducted in this study. The predicted S-N curves of the lattices are presented in Fig. 

2.23. A noticeable discrepancy is observed when comparing the fatigue limit (N=107) of SC lattice 

predicted by FEA ( σmax/σy−L ≈0.7) with the experimental data as listed in Table. 2.6 

(σmax/σy−L≈0.5[179] or ≈1.1[180]), at a similar relative density level (ρ̅≈0.3-35). 

 

Fig. 2.22 Procedures of determining SN curve using FEA[181] 
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Fig. 2.23 S-N curve and normalised S-N curve of SC, SC-BCC, FCC and BCC lattice with different 𝜌̅[181] 
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Hedayati et al.[182] analysed the fatigue performance of rhombic dodecahedron lattices with different 

porosity levels (66.4%–83.7%) by FE models using beam elements. Each of the FE simulation cycle 

represented a number of loading-unloading cycles Δni The stress concentrations were described by a 

single stress concentration factor Kf  for each type of lattices to account for the effects of the strut 

irregularities and surface roughness of the PBF struts. The stress concentration factor Kf was used as a 

multiplier applied to the equivalent reversible stress σrev  of each strut, representing the localised 

amplification of stress due to the geometrical imperfections. The damage accumulation Di in  each strut 

was described by the S-N curve of the parent material and  Miner’s rule[183], given by: 

 
𝐷𝑖 = ∑

Δ𝑛𝑖

𝑁𝑖
𝑖

 
(2.16) 

where the equivalent reversible stress was calculated for each strut and then the life of the strut 

considering the imposed stress level was calculated. The elements with larger damage than the defined 

threshold or if the stresses exceeded σy−S were removed from the model. The simulation continued 

until 90% drops of EL  achieved. As shown in Fig. 2.24, comparing with the experimental results 

obtained in Ref. [51], the predicted results exhibited acceptable accuracy in low-stress regimes when 

applied stress level was lower than 0.6σy−L. For high-stress regimes, the model predicted unrealistic 

short lives. It was suggested that alternative approaches should be used for the prediction in high-stress 

regimes.  

 

Fig. 2.24 FE predicted S-N data compared to the experimental S-N curve[182] 
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By neglecting the stiffness reduction due to damage, Zargarian et al.[184] predicted the fatigue behaviour 

of titanium lattices (diamond, rhombic dodecahedron and truncated cuboctahedron structures) using 

linear elastic FE simulations and implemented a failure-event based algorithm. Discontinuous damage 

process was considered, the strut with the lowest fatigue life was removed in each simulation cycle and 

the damage due to the failure of that strut was implemented in fatigue calculations using Miner’s rule 

given in Eq.(2.16).  The experimental validation suggested good agreement between the experimental 

and simulation results.  

2.3.3. Factors Affecting Fatigue Behaviour 

2.3.3.1. Lattice Design 

It has been reported that the fatigue strength of a cellular porous structure is linearly related to the 

properties of the base material, which can be estimated from Gibson-Ashby model as described in 

Section 2.1[175,184]. As shown in Fig. 2.25, the S-N curves of rhombic dodecahedron[51,75,175,178] and 

diamond[23,173,174] lattices extracted from multiple studies confirmed that, lowering ρ̅ can greatly shorten 

the fatigue life and reduce the fatigue strength of cellular lattice structures. The fatigue stresses are 

usually normalised by a quasi-static macroscopic property such as σy−L, σpl−L or  UCSL to account for 

different factors such as the varied relative density, microstructure, manufacturing defects in an implicit 

manner. As shown in Fig. 2.25, despite the curves are normalised with UCSL, the data still demonstrates 

a decreasing trend with decreasing ρ̅. As explained by Benedetti et al.[1], this is because that UCSL, as a 

global mechanical response of the entire lattice structure, cannot capture the entire detrimental effects 

of the local damage phenomenon during the high-cycle fatigue. It can also be noticed that from the 

normalised curves, diamond lattices demonstrate slightly higher normalised fatigue strength than 

rhombic dodecahedron lattices at similar ρ̅  levels, indicating that apart from relative densities, the 

fatigue strength of lattice structures is also significant affected by the cell topologies.  
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Fig. 2.25 S-N and normalised S-N curves of (a) rhombic dodecahedron[51,75,175,178] and (b) diamond Ti6Al4V 

lattices[23,173,174]  extracted from literature 

Benedetti et al.[1] reviewed the compression-compression fatigue properties of PBF lattices with 

different materials, cell topologies and relative densities at 5×106 cycles, the data collected from 

literature is plotted in Fig. 2.26. Simple-cubic-based lattices showed an exceptionally high compression 

stress when the load direction is parallel to their vertical struts. Yavari et al.[174] observed no fatigue 

damage in the LPBF SC lattice (ρ̅=0.1~0.35) at 106 cycles even subject to a high load of 0.8σy−L. A 

later study published by Zhao et al.[59] reported a fatigue strength of 75MPa(≈0.38UCSL) of the EBPBF 

SC lattice(ρ̅L≈0.37) at 107 cycles. It was reported by Li et al.[175] that cyclic ratcheting plays a dominated 

role in determination of the fatigue life of PBF lattices.  
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Fig. 2.26 Relative density vs fatigue strength of the PBF lattices (N=5×106 cycles) 

In a later study conducted by Zhao et al. [59], the results of cyclic ratcheting and fatigue damage strain 

of the studied SC, G7 and RD lattices are presented in Fig. 2.27 (a-b), confirming that the cyclic 

ratcheting has been the main factor causing the fatigue failure. The authors have indicated that the cyclic 

ratcheting behaviour depends to the interaction between the bending and buckling deformation of the 

struts. As suggested by Fig. 2.27(c), the cyclic ratcheting rate dε/dN is greatly dependent on the cell 

topology and local geometry. The experimental suggested that the increasing the buckling component 

(illustrated in Fig. 2.13) to decrease  dε/dN would be an effective way to enhance the fatigue strength 

of the PBF lattices.  

 

Fig. 2.27 The cyclic ratcheting and fatigue damage strains of the lattices with SC, G7 and RD cells in (a) L- (b) 

HFC region and (c) the effect of stress on the cyclic ratcheting rate of the meshes with different structures[59] 

2.3.3.2. Building Direction 

Since no published works were found specifically addressing the effects of BD on the compression-

compression fatigue behaviour, a broader contextual review was conducted involving relevant studies 
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on compression-tension and tension-tension fatigue performance. The majority of the available studies 

discussed the effects of BD on single strut sub-structures of the lattices, while only one study[150] was 

found discussing the effects of BD on fatigue properties of the entire lattice structures. The reported 

results of fatigue properties are summarised in Table. 2.7.  

Table. 2.7 Fatigue properties of PBF built Ti6Al4V structures with different BDs 

For strut-junction structures, under HCF compression-tension fatigue tests (R = −1), both Murchio et 

al.[185] and De Biasi et al.[186] found that the highest fatigue strength (NRO=107) was exhibited at θBD =

15° for LPBF strut-junction sub-structures. However, for single strut, Murchio et al.[147] reported that 

the highest static strength was obtained at θBD = 15°, but the highest fatigue strength was achieved at 

θBD = 45° . Under LCF tension-tension fatigue tests (R = 0.1 ), Persenot et al.[187] reported that the 

highest fatigue life (R = 0.1) were obtained at θBD=0º for EBPBF single strut, while Zhang et al.[188] 

found that the highest life at θBD = 75°. The BD-dependent effect on surface roughness Ra, number of 

defects, and strut size deviations has been discussed in these studies.  

On the other hands, for lattice structures, Dallago et al.[150] investigated the fatigue performance of SC 

lattices under fully reversed fatigue tests (R= −1 and f=120Hz). The 0° built samples demonstrated 

approximately 80% lower σf than the 90° specimens (NRO = 107). The authors have concluded that 

the reduction in fatigue strength of the 0° samples was attributed to the high surface irregularities and 

strut thickness deviations resulting from the smaller angle of θBD.  

In these studies, even though the greatest Ra values were often reported at lower θBD, some studies 

reported the opposite trend of increasing Ra with increasing θBD. Regardless of the Ra trend, fatigue 

crack initiation was almost always linked to these lower θBD induced high-roughness downward-facing 

High Cycle Fatigue (HCF) 

Ref AM Structure Test ds,mm R f(Hz) NRO σf 

[150] LPBF SC lattice T–C 0.67 -1 120 107 90º > 0º 

[147] LPBF Single strut T–C 0.60 -1 200 107 45º>90º>15º>0º 

[185] LPBF Strut–junction T–C 0.67 -1 200 107 15º>0º>45º>90º 

[186] LPBF Strut–junction T–C 0.67 -1 200 107 15º>0º>45º>90º 

Low Cycle Fatigue (LCF) 

Ref AM Structure Test ds,mm R f(Hz) Nf σmax,MPa 

[187] E-PBF Single strut T 2.00 0.1 10 0º>45º>90º 290 

[188] LPBF Single strut T 1.30 0.1 30 75º>90º>60º–0º 400−700 
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surfaces or strut thickness deviations. This suggested that, even without specific data on the effect of 

BD on compression-compression fatigue performance, the reviewed works demonstrated that the 

fatigue life of PBF struts and lattices are strongly dominated by the BD-dependant geometric features.  

2.3.3.3. Geometrical Imperfections and Defects 

In the last section, as shown in Fig. 2.28, the effects of four different BDs on the fatigue strength have 

been investigated by Murchio et al.[147], concluding that the lower fatigue strength of the struts built at 

0° and 15° was resulted by the poor surface texture and higher geometrical imperfections. In addition, 

the authors also evaluated the effect of porosity on the fatigue behaviour of the PBF single strut, the 

pore distribution is shown in Fig. 2.29. The authors highlighted the role of defects location, their 

statistical analysis revealed that there were fewer but larger (in terms of the square root of the projected 

area √Area , Murakami parameter[189]) surface defects in the 90° specimens, indicating that the 

distribution of surface defects played a key role in the fatigue performance. It was reported in this study 

that the small pores were found to have little influence on the fatigue strength of the PBF built thin 

struts for all the specimens except for the 90° ones. The pores with considerable size were only observed 

on the fracture surfaces of the 90° samples, while sub-surface small pores were considered not affecting 

the fatigue strength and gas-holes were considered less detrimental on the fatigue behaviour of 

specimens due to the low stress intensity factor. Even though the 90° specimens exhibited largest defect 

size measured from the SEM image of the fracture surface, no direct evidence demonstrated that the 

failure of the 90° specimens resulted by the presence of pores. The authors considered that the facture 

of the 90° specimens under cyclic loading might be caused by a combined effect of rough surface and 

porosity, further investigation on determining the critical-killer defects should be conducted. 



43 

 

 

Fig. 2.28 (a) Illustration of the BDs (b) surface roughness measurement results of the struts and (c) the surface 

roughness measured at the upper skin and under skin of struts built at different BDs [147] 

 

Fig. 2.29 Pore distance from surface vs √area scatter plots for the four specimens (the dashed line is the 

threshold used to classify the internal and surface pores) [147] 

A lateral study conducted by the same authors[185] has investigated the fracture surfaces of the cyclic 

tested PBF sub-unital elements (struts with a node). As shown in Fig. 2.30, it was observed that the 

fracture initiation site was near the surface, where the geometrical imperfections such as notches or 

unmelted powders acted as stress raisers causing the nucleation of cracks. Specifically, the authors 

concluded that in 90° specimens, sufficiently large gas pores or lack-of-fusion (LoF) defects act as crack 
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initiation sites and serve as dominant failure origins, thereby significantly reducing the fatigue strength. 

Although neither of these two studies[147,185] conducted a detailed analysis to elucidate the influence of 

defect location and size on the fatigue performance of thin struts or sub-unit elements, the observation 

of that cracks initiate from surface or near-surface defects is consistent with findings reported for PBF-

fabricated bulk parts[190].  

 

Fig. 2.30 SEM and microscopy images of the fatigue failed specimen built at four different BDs[185] 

Tammas-Williams et al.[191] have investigated the effects of the proximity to the surface of the defects 

on the stress concentrations of EBPBF Ti6Al4V components, suggesting that the surface or near surface 

defects would be more detrimental to fatigue life than the internal ones. As shown in Fig. 2.31, 
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regardless of the aspect ratio of the defect, a large increase in Kt  can be seen while the pore is 

approaching to touch the surface when d/D ≤ 1 while for internal pores when d/D > 2 the effect on 

Kt is negligible.  

 

Fig. 2.31 The stress concentration Kt vs pores proximity to a free surface[191] 

Based on  Murakami’s[189] √Area parameter, the stress intensity factor can be expressed by: 

 
Δ𝐾 = 𝑌Δ𝜎√𝜋√𝑎𝑟𝑒𝑎 

(2.17) 

where Y  is equal to 0.65 for surface defects and 0.5 for internal defects. Furthermore, by using the 

threshold of stress intensity factor ΔKth, the relationship between the fatigue stress range Δσth and the 

corresponding crack length a can be described by Kitagawa-Takahashi (K-T) diagram[192]. As shown in 

Fig. 2.32, EI-Haddad et al.[193] suggested a relationship between the fatigue stresses and crack length on 

the K-T diagram by: 

 
Δσth =

Δ𝐾𝑡ℎ,𝐿𝐶

𝑌√𝜋(𝑎 + 𝑎0)
 

(2.18) 

where ΔKth,LC is the ΔKth for long cracks, a0 is an intrinsic crack, which can be then calculated using 

the theoretical fatigue limit in ideal surface condition Δσf0 by: 

 
a0 =

1

𝜋
(

Δ𝐾𝑡ℎ

𝑌Δ𝜎𝑓0
) 

(2.19) 
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Fig. 2.32 K-T diagram obtained by the basic approach, by El-Haddad curve [194] 

In addition, according to Murakami’s approach, the effective length of the equivalent micro-notch is 

determined by the square root of the effective convex area of the defect Aeff as shown in Fig. 2.33. 

Pagliari et al.[195] analysed the fractured LPBF Ti6Al4V samples using this approach combined with K-

T diagram. The authors considered the combined effects of surface roughness, surface defects and inner 

defects, these defects were converted into equivalent micro-notches. The effective notch length of the 

surface roughness was treated as a shallow defect has a length-to-width ratio greater than 10 as 

√Areashallow = √10Rv . However, considering surface roughness in the high-cycle fatigue region 

(N<107 cycles) might over-estimate the effective defect size and thus their detrimental effects of those 

defects on fatigue limit of their samples. As discussed in earlier studies[196–198], for almost all of the as-

built PBF samples, the failure initiated from the critical locations on the surface and the most common 

failure mechanism from the surface are the LoF defects[199].  

 

Fig. 2.33 Definition of the (a) defect size using Murakami's method and (b–c) the nominal area (yellow) and 

effect convex area (red) of the as-built samples[195] 
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2.3.4. UCO-Dependant Fatigue Properties 

As reviewed in Section 2.2.3.3, Cutolo et al.[162] and Soul et al.[163] have investigated the effects of unit 

cell orientation (UCO) on the static mechanical properties of diamond-cell based lattice structures. For 

fatigue properties, a further study conducted by Cutolo et al.[170] investigated the compressive fatigue 

behaviour of the diamond lattices orientated in [001], [011] and [111] UCOs. The normalised SN curves 

obtained from [163,170] are presented Fig. 2.34. 

Cutolo et al. investigated the compressive fatigue properties of the diamond lattices with UCOs of [001], 

[011] and [111] with respect to LD. [011]-orientated coupons process higher fatigue resistance (0.6UCSL) 

at 5×106 cycles than the [001]- and [111]-orientated specimens. In contrast, Soul et al.[163] studied the 

tensile fatigue behaviour of the diamond lattices with the same UCOs. The [001]-orientated specimens 

exhibited slightly higher fatigue strength than the [001]- and [011]-orientated specimens at 107 cycles.

 

Fig. 2.34 Normalised SN curves of the (a) compress-compression[170] and (b) tension-tension fatigue tests[163] 

Based on the limited data published in the literature, it can be concluded that there is a significant 

research gap concerning the orientation-dependent fatigue strength of PBF lattice structures. 

Specifically, as reviewed in 2.3.1, although SC cell-based lattices have demonstrated higher 

compressive fatigue strength than that of the non-SC lattices, the effect of LD respect to UCO of SC 

lattices on the compressive fatigue strength has not be significantly understood yet. This orientation-

dependant effect must be considered for the practical applications such as load-bearing implant, where 

the actual compressive loading can be acted on the implant in different directions.  

2.4. Comparison Between Solid and Porous Femoral Stems 

2.4.1. Solid Femoral Stem Implants and Their Complications 

Given the reviewed advantages of PBF in fabricating complex porous lattice structures, the subsequent 

review focuses on the potential of integrating the specific lattice concepts and their mechanical 

behaviour directly into the design of femoral stems. In general, depending on the anchorage to the bone, 
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the femoral stem implants can be categorized into three types, including cemented, cementless or hybrid. 

The fixation of cemented implants is achieved by using bone cement, while the fixation of cementless 

ones relies on osseointegration[200]. The cementless femoral stem implant  is usually covered by a 

roughened surface[201] or a porous coating[202] to enhance the initial stability. The coating can include 

plasma-sprayed hydroxyapatite (HA), plasma-sprayed titanium, titanium sintered beads and other 

types[203]. The implants can also be characterized by their size into conventional or short stem (length 

less than 120mm). The short stem aims to provide a stress distribution close to the native femur but can 

potentially resulted in reduced initial stability[204]. The main stem prosthesis offered by the global 

leading manufacturer are summarised in Table. 2.8. Taper-designed stems are designed to limit the 

stress-shielding by offering proximal load transfer and enhance the proximal fixation, but the high 

stiffness of the dense stem still directly related to stress shielding[205]. These stems are coated with 

plasma spraying, titanium sintered beads[206–211] or EBPBF fabricated porous surfaces[211], to offer 

enhanced bone ingrowth. However, the stability of the implant remains a challenge, the most common 

complications are dislocation, periprosthetic fracture, osteolysis, and aseptic loosening[8]. Thus, ongoing 

research and development efforts have been contributed to reduce the complications.  

Table. 2.8 Commercially available femoral stem implants 

Schematic Key Features Ref Manufacturer 

 

▪ Ti6Al4V; ▪ Cementless; ▪ Size ranges from 

94–118mm; ▪ Tapered in three planes; ▪ 

collared or collarless; ▪ 135º neck angle & 6 

mm offset; ▪  proximal plasma spray coating & 

HA coating. 

Z1™ [206] Zimmer  

 

▪ Ti6Al4V; ▪ Cementless; ▪ Size ranges from 

115–151mm; ▪ Macro-structure for increased 

bone contact surface; ▪ Rectangular cross-

section with smoothed edges for rotational 

stability; ▪ Double layered coating: plasma 

sprayed Ti & TA coating. 

Avenir®[207] Zimmer 

 

▪ Ti-alloy; Cementless; ▪ Size ranges from 93–

126mm; ▪ Size-specified curvature; ▪ 132º or 

127º neck angle & varied offset lengths;  ▪ HA 

coating over titanium plasma spray substrate. 

Accolade® II[208] Stryker 

 

▪ Ti6Al4V; ▪ Cementless; ▪ Size ranges from 

93–117mm; ▪ Size-specified medial curvature; 

▪ 132º neck angle & varied offset length from 

30–38mm; ▪ HA coating.  

Insignia®[209] Stryker 
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▪ CoCrMo; ▪ Cementless; ▪ Fully HA coated 

with macro texture 150µm; ▪ 130º neck angle  
EMPHASYS™[210] Depuy 

 

▪ Ti-alloy; ▪ Cementless; ▪ POROCOAT™ 

porous & UOFIX™ HA coatings; ▪ 

Collarless; ; ▪ 130º neck angle & offset ranges 

in 36–54mm 

SUMMIT™[211] Depuy 

 

▪ Ti-alloy; ▪ Cementless; ▪ Ti-Por® porous 

surface; ▪ EBM fabricated; ▪ 135º neck angle  
Parva[212] Adler Ortho 

 

2.4.2. Porous Stems for Reduced Stress Shielding and Improved Stability 

As briefly introduced in Section 1.1 and 2.4.1, the current dense femoral stems on market are considered 

much stiffer than the host bones, known as stress-shielding. This mismatch of stiffness can lead to long-

term complications such as loosening. Thus, femoral stem designs incorporating porous structures have 

been proposed to minimise stiffness mismatch with the host bone. In addition, featuring porous 

structures in a femoral stem can promote the bone ingrowth inside the stem, which can enhance the 

long-term fixation of the implant.  

The recent studies implementing porous structures for femoral stem are summarised in Table. 2.9, 

usually focus on specific Gruen zones (GZ) showing in Fig. 2.17(c), which used to define the specific 

anatomical regions around the implanted femur[213]. GZ 7 is considered as the critical area for implant 

failure due to bone resorption[214,215]. According to Huiske’s strain-adaptive bone remodelling theory[216], 

the change of bone density can be described by: 

 
dρ

dt
= {

< 0, S < (1 − s)Sref

= 0, (1 − s)Sref < S < (1 + s)Sref

> 0, S > (1 + s)Sref

 

(2.16) 

where S is the strain energy density (SED) per unit bone mass ρ (S =
U

ρ
),  Sref is the SED in the intact 

bone and s is an empirical constant used to define the dead zone where no bone remodelling occurs, the 

value is usually set to be 0.75[39,216]. Then the mass fraction of the resorbed bone after the implantation 

mr at local point p in the case of  
dρ

dt
< 0 can be obtained from[39]: 
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m̃r(p) =

1

M̃
∫ f(x)ρdV

V

 
(2.17) 

where M̃, ρ and V are the mass, density and volume of the intact bone, respectively. Additionally, f(x) 

is defined as f(S(p) − (1 − s)Sref(p). Comparing to the solid stems, Abrabnejad[39] and  Naghavi et 

al.[217] reported that the porous stems exhibited 40% and 50% lower mr values in GZ7, repectively. 

 

Fig. 2.17 Schematic illustrations of loading configurations (a) in-vivo[39] (b) ISO 7206-4[37] and Gruen zones 

In addition, the initial stability of the cementless stems is achieved by the press-fit between the stem 

and the medullary cavity, which is affected by the relative micromotion between the implant and bone. 

It is suggested that the micro-motion should be controlled lower than 150µm to ensure the ingrowth of 

fibrous tissues[24,214,218,219]. In general, the micromotion at the stem-bone interface is negatively 

correlated with the stiffness of the stem, indicating a trade-off between stress shielding and micromotion. 

Alkhatib et al.[218] reported that micromotions increased from approximately 45µm to 147µm when ρ ̅ 

increased from 20% to 80%. Similar findings were reported by Wang et al.[220], suggesting that the 

porosity of the porous portion should be controlled lower than 50% to ensure the acceptable 

micromotions. Additionally, the interfacial micromotion can be controlled by tailoring the stiffness of 

different region of the stem[214,218,220].  

As summarised in Table. 2.9,  the performance of the porous stems has been analysed using 

experimental tests or FE simulations under different loading conditions, either setting up the in-vivo 

conditions or following the ISO 7206-4 settings. The majority of the published works have focused on 

the investigation of reducing the stiffness of the femoral stem implants, achieving 24%–90% reduction 

in stiffness. Based on the FEA results of the or experimental results, the level of stress shielding can by 

characterised by the ratio of stress change after the implantation using the equation[215,217,219,221,222]: 

 𝑆𝑆𝐼 =
𝜎𝑖𝑛𝑡 − 𝜎𝑠𝑡𝑒𝑚

𝜎𝑖𝑛𝑡
× 100% (2.20) 
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where σint  and σstem  is the stress value measured on the intact femur and on the implanted femur, 

respectively. Depending on the design of the stems, up to 80% lower SSI[219] has been reported with 

respect to the solid counterpart.  

Table. 2.9 Summary of published works of porous femoral stems 

2.4.3. Fatigue Properties of Solid Femoral Stems 

A femoral stem fracture after THA is a rare but serious complication, since the commercially available 

stems must fulfil the requirements for fatigue endurance specified in the international standard. Cook 

et al.[230] studied 13 failed THA cases involving different solid stems. Despite the fracture occurred at 

different locations as shown in Fig. 2.35, all the fractures were attributed due to fatigue failure. The risk 

factors for stem fracture can relate to implant positioning, surgical techniques, patient-related risk 

factors and also the implant characteristics[231].  

 

Porous type Mat Results Set-up  

RD & holes[102] Ti6Al4V −65% in k Compression  

Holes[102] Ti6Al4V –20% in k Compression  

Graded SC[223] CoCr –64% in k Cantilever  

Pillar octahedron[214] CoCr –90% in k 3Ps bending  

Stochastic (P=33%) [224] Ti6Al4V  –47% in k ISO 7206 

DIA(P=58%)[225] Ti6Al4V  –31% in k ISO 7206 

RD (P=40%)[226] CoCr –40% in k Similar to ISO 7206 

Graded Vintiles (P=0.4–0.7)[227] Ti6Al4V  –62% in k ISO 7206 

Hybrid TMPS (P=56%–67%)[217] Ti6Al4V  –24% in k, –74% in SSI, –40% in mr ISO 7206 / In-vivo  

Nonhomogeneous auxetic [222] Ti6Al4V  –38% in SSI In-vivo FEA 

Graded TMPS( P=20%–70%)[215] Ti6Al4V  –14% in SSI In-vivo FEA 

Tetrahedron(P=70%) [39] Ti –70% in mr In-vivo + ISO 7206  

BCC[228] Ti6Al4V  –25% in SSI  In-vivo FEA 

Stochastic [229] Ti –40% in k ISO 7206 

BCC(P=47%)[219] Ti –80% in SSI  In-vivo FEA 
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Fig. 2.35 Fracture at (a) neck[232] (b) mid-shaft and (c) proximal femoral sleeve-stem interface[230] 

FE simulations have been utilised to predict the fatigue performance of solid stems with different fatigue 

criterions, such as Soderberg theory[37,233,234], Goodman theory[235–237] and Gerber theory. If the FEA 

calculated maximum stress at the concentration area is less than the fatigue strength of the material, the 

risk of fatigue fracture can be eliminated. As discussed in Section 2.3.1, the safe region is defined under 

the lines. The fatigue safety factor FSF can be calculated using the equations listed in Table. 2.10, in 

terms alternating stress 𝜎𝑎, mean stress 𝜎𝑚 in one load cycle, as well as endurance limit 𝜎𝑒, ultimate 

strength 𝜎𝑢 and yield strength 𝜎𝑦 of the material. As expected, all solid Ti6Al4V stems in the reviewed 

literature[233,235–239] exhibited a fatigue life greater than 5×106 cycles under ISO 7206-4 loading 

conditions.  

Table. 2.10 Fatigue safety factor equations 

2.4.4. Fatigue Properties of PBF Porous Femoral Stems 

The fatigue properties of porous femoral stems have been evaluated experimentally and numerically in 

literature. To date, only four studies[217,240–242] have been found experimentally evaluated the fatigue 

performance of the designed PBF porous stems under ISO 7206-4 configurations. As summarised in 

Table. 2.11, the two stems[240,241] with considerable solid portion and the other one with large 

fenestrations[242] satisfied the survival criterion of 5×106 cycles. However, these designs might not meet 

the design requirements for effective bone-ingrowth.  

Wang et al.[240] have experimentally investigated the fatigue properties of EBM built custom short stems 

with four different lengths between the middle of lesser trochanter and the distal point of the stem (20, 

40, 60 and 80mm). As shown in Fig. 2.36, 2mm-thick porous coating (average pore size ~0.65mm) on 

the stem surface. The results indicated the two stems with length shorter than 40mm successfully 

survived after 5 million cycles during the fatigue tests. Multiple crack fatigue initiation sites were 

observed in the fractured samples. The cracks initiated from the interface between the coating and 

substrate at the locations with maximum tensile stress. However, the cross-sectional image of the stem 

in Fig. 2.36(d) shows that a significant portion of the stem remains solid. It may still lead to stress 

shielding and limit the bone-ingrowth depth.  

Theory Equation  Equation No. 

Goodman 
1

FSF
=

σa

σe
+

σm

σu
 (2.21) 

Soderberg 
1

FSF
=

σa

σe
+

σm

σy
 (2.22) 

Gerber 1 =
FSF ∙ σa

σe
+ (

FSF ∙ σm

σu
)

2

 (2.23) 
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Fig. 2.36 (a) illustration of the designed lengths, (b) porous coating with trabecular structures (c) the cross-

section of the porous coating on the stem and (d) fracture surface of the tested stem with a length of 60 mm [240] 

Delikanli et al.[241] fabricated porous implants consisting of a porous outer region with semi-spherical 

pores and cylindrical channels and an inner region with a Kubisch Raumzentrierten (KRZ) type lattice 

structure with a porosity level of 78.3%.  Two different pore sizes, 0.6mm (BG) and 0.3mm(KG) of the 

outer region at the surface were applied to the design. Then the fatigue performance of nine LPBF 

fabricated specimens, (three solid implants(T), three BG implants and three KG implants) and one 

machined specimen (O) were analysed under ISO 7206-4 loading conditions using. All specimens were 

found to survive after 5×106 cycles. Comparing to the solid counterparts, the porous stems achieved a 

mass reduction of approximately 16±1%, suggesting that the stems retained largely a largely solid 

portion.  FEA models were also created with nine different surface pore size was modelled, ranging 

from 0.3mm to 1mm with 0.1mm increments, all of which exhibited infinite fatigue life.   

 

Fig. 2.37 Schematic illustration of cross-section of (a)the designed implant and (b) pore structure, (c) sectioned 

LPBF BG sample and (d) fatigue testing results[241] 



54 

 

Croitoru et al.[242] analysed the fatigue performance of the personalised LPBF stem with fenestrations 

using the Locati method. As illustrated in Fig. 2.38, the fatigue test started at 2300N until reaching 5 

million cycles and then continued in consecutive steps with an increment of 500N every 1 million cycles 

until failure. The fenestrations were designed to mimic the structure of natural bone with a size of 2×2 

mm and 6×6 mm based on the directions of the trochanteric patterns. Even though all of the stems 

survived at 5 million cycles, the fenestrations used in this study were exceeded the ideal range for 

promoting osseointegration, which may limit the bone-ingrowth into the fenestrated structures.  

 

Fig. 2.38 (a)The manufactured fenestrated femoral stems (b) Locati method for fatigue testing[242] 

In contrast, the other design proposed by Naghavi et al.[217] featured ideal porous design for 

osseointegration but endured only about 10% of the fatigue life required in the ISO standard. As 

illustrated in Fig. 2.39, the stem featured TPMS lattices with ideal pore sizes (0.1–1mm) and sufficient 

porosity levels (56.4%–67.4%) for osseointegration. The FEA-predicted safety factor of fatigue greater 

was than 1 but the experimentally evaluated fatigue life was only 457,349 cycles.  
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Fig. 2.39 (a) Cross-section of the porous stem (b) fatigue test set-up and fractured stem (c) FEA results[217] 

Mehboob et al.[243] analysed the fatigue properties of the stems employing Soderberg equation as 

described in Eq.(2.22). The design envelope was developed by considering the effective stiffness of the 

stem, the 0.3𝜎𝑦−𝐿 of the BCC lattices with respect to the fatigue limit and the fatigue limit of the dense 

shell of 500 MPa. The overlapping area of the three design spaces was determined as the safety region 

for fatigue. However, no experimental validation was provided to confirm the fatigue design.  

Table. 2.11 Experimental fatigue results of PBF Ti6Al4V porous femoral stems 

Design CT (mm) Stem Length (mm) AM Nf(EXP) Nf(FEA) 

Customised short stems with 

2mm-thick porous coating (pore 

size ~ 0.65mm) [240] 

– 20 & 40 EBPBF >5×106 – 

– 60 EBPBF 
1.59×106(AB) 

2.11×106(HIP) 
– 

– 80 EBPBF 
3.94×105(AB)  

2.34×106(HIP)  
– 

Porous-shell (0.3 mm or 0.6mm 

pores) outer region combined 

with a KRZ-lattice inner region, 

overall solid portion ~84%[241] 

160 – LPBF >5×106 >5×106 
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Personalized implants with 

fenestrated design (2×2 mm & 

6×6 mm fenestrations) [242] 

– – LPBF >5×106 – 

1mm-thick solid shell & hybrid 

TPMS lattices with porosity 

level higher than 50% [217] 

113 79 LPBF 4.57×105 >5×106 

Dense shell with internal BCC 

lattice structures ( within 

identified design space)[243] 

– – – – >5×106 

2.5. Summary of Knowledge Gaps and Research Questions 

The above review has shown that PBF can readily fabricate the complex lattice structures with suitable 

geometrical properties for orthopaedic implants. However, to date, there is no practical clinical 

applications reported using the PBF porous stems with a sufficient porosity level. Since there is a trade-

off between increased porosity and fatigue endurance limit of the lattices.  

The existing challenge is to improve the fatigue strength of the PBF lattices while maintaining a 

sufficient porosity level. The above review has suggested that SC lattices exhibit both higher 

compressive static and fatigue strength than other non-SC strut-based structures. However, the effects 

of UCO with respect to LD on their mechanical properties has not been investigated in detail. Therefore, 

the anisotropic behaviour of the SC lattices has not been fully understood. Despite few studies has 

discussed the UCO-dependant mechanical behaviour of lattices, the reviewed literature has not provided 

consistent results.  

In addition, the majority of the studies on PBF porous stems have focused on reducing stress shielding, 

while only few researchers investigated the fatigue behaviour of the porous stems. Two studies have 

reported that their PBF built porous stem can meet the requirements of surviving 5×106 fatigue cycles 

as specified in ISO 7206-4[42]. However, large solid regions have been presented in those designs. 

Extensive solid regions, especially along the stem surface, can limit the bone-ingrowth, thus affect the 

implant’s long-term performance. 

Considering the summarised knowledge gaps above, the following research questions are addressed: 

RQ1. Under quasi-static compressive loading, how does the combination of UCO and LD (-BD) 

affect the effective compressive strength and modulus and how do the stress distribution 

within unit cells and strut quality contribute to crack propagation and the resulting 

strength of the lattices?  

RQ2. Under cyclic compressive loading, how does the combined effect of UCO and LD affect 

the fatigue performance of the lattices? Specifically, how does the stress distribution 

within each unit cell contribute to the crack initiation and what is the crack growth 
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mechanism that leads to final failure, thus defining the overall fatigue strength of the 

structures? 

RQ3. For the exploratory study on porous femoral stems, with optimal-UCO lattice 

incorporated in fully porous stems, what is the fatigue life and critical stress level that 

would contribute to the fatigue strength? Furthermore, is a topologically optimised solid-

reinforced porous stem suitable for meeting the relevant ISO standard, and what is the 

primary source and underlying mechanism of failure that may compromise this suitability?  
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3. Design of Study 

This chapter details the comprehensive methodology employed to achieve the research objectives, 

including the design, fabrication, testing, examination and analysis of the EBPBF Ti6Al4V lattice 

structures and the final porous femoral stems. The study first establishes the orientation-dependent 

mechanical properties of SC lattices with varied UCOs then applied orthopaedic design. The research 

utilised an approach across both the fundamental lattice structures and the final stems, encompassing 

quasi-static and cyclic compressive testing, FEA modelling, examination, and analysis.  

3.1. Design and EBPBF of the Lattice Specimens 

As illustrated in Fig. 3.1, simple cubic lattices with three different unit cell orientations (UCOs), 

including [001], [011] and [111] were designed to investigate the effects of UCOs with respect to 

loading directions (LDs) on the static and cyclic compressive properties. The build plane of the EBPBF 

machine (i.e., x-y plane) was fixed for all the three designs, maintaining the building direction (BD) 

during EBPBF to be parallel to the loading direction (i.e., z-axis) in both quasi-static and fatigue tests. 

The [001] orientation was obtained with unit cell coordinate system (x’, y’, z’) parallel to global 

coordinate system (x, y, z). The [011] orientation was obtained by rotating about global x-axis of 45º 

with respect to the x-y plane. In [111] orientation the angles with respect to x’-z’ and x’-y’ plane to the 

global x-y plane were both equal to 54.7º.  For all these specimens with different UCOs, the cell size 

was fixed at 1.1mm×1.1mm×1.1mm and the strut size was fixed at 0.5mm, resulting in the same unit 

cell relative density ρ̅C of 35.4%. 

 

Fig. 3.1 Illustration of SC lattices with different UCOs: (a) [001], (b) [011] and (c) [111] 

SC unit cells (Lc=1.1mm, ds=2rs=0.5mm) with three different UCOs, [001], [011] and [111] was used 

for the generation of the lattice structures. As specified in ISO 13314:2011[4], the diameter of the 

cylindrical D sample shall be at least 10 times of the pore size and no less than 10mm and the sample 

height H to diameter ratio 
H

D
 shall be between 1 to 2.  As shown in Fig. 3.2, each sandwich-like EBPBF 
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lattice specimen consists of two solid ends and a lattice portion in between. The geometry of the solid 

ends can be considered as a conical frustum and an attached circular disk. The conical frustum portion 

possesses two circular face diameters of DEnd=15mm and D=10mm, with a corresponding height of 

h1=4.5mm. The attached circular disk has a diameter of D=10mm and a height of h2=2mm. The lattices 

used in this study were cylinders with a heigh H of 20 mm and a diameter D of 10 mm. The process of 

trimming the lattices within the cylinder resulted in the final relative densities of the cylindrical samples 

ρ̅ were slightly above the theoretical value ρ̅c, giving approximately ρ̅=0.36 for all the cylinder samples 

with different UCOs. In addition, solid ends were built together with the lattices to ensure the 

parallelism and planarity of the contact surface between the specimens and the test machine.  

 

Fig. 3.2 (a) Schematic illustration of the lattice and (b) the as-built specimens of [001], [011] and [111] lattices 

The lattice samples were printed layer-by-layer using Arcam Q10plus EBM machine (Fig. 3.3) using 

the Ti6Al4V grade 5 powder with a layer thickness of 50µm. The specimens were built using the 

standard Acram EBM parameter control theme. The NET theme developed by Acram was applied for 

the fabrication of the lattice portion and the standard theme was used to print the solid portion of the 

specimens. The NET theme is designed for small and fine features. The unmelted power was removed 

from the specimens using the powder recovery station and no post-process heat treatments were applied 

on the printed specimens.  
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Fig. 3.3 Arcam Q10plus EBPBF machine[244] 

3.2. FEA Simulation of Lattice Structures 

The sandwich-like geometry was composed of the solid top plate, the lattice, and the solid bottom plate. 

The simulations have been conducted using the implicit solvers in ANSYS Mechanical. The lattice 

CAD models utilized for the FEA represented idealised, as-designed geometries. Therefore, as-built 

geometrical imperfections resulting from the EBPBF process were not incorporated into the simulations. 

According to literature[47,121], the mechanical response of a lattice structures can be well predicted using 

a finite number of unit cells. Hence, the sensitivity analysis of the number of cells is conducted by 

evaluating the resulting effective mechanical properties and the localised peak stress values 

As the solid ends were printed together with the lattice body, which means no physical interface where 

sliding can occur, the contact between the plates and the lattice structure was set as bonded[59].To 

evaluate the robustness of the selected bonded contact condition, additional FEA models were 

developed with frictional platen contact to compare the variation in resulted 𝐸𝐿 and 𝜎𝑦−𝐿. The mesh 

convergency study was conducted to determine the appropriate mesh size for the simulations by 

evaluating the key macroscopic properties, including 𝐸𝐿 and 𝜎𝑦−𝐿, as well as the localised peak stress 

values. The boundary conditions were applied to the solid plates, the bottom plated is fixed and the axial 

displacement is applied to the upper plate. The material properties of Ti6Al4V used in simulations are 

presented in Table. 3.1. 

Table. 3.1 Material properties for Ti6Al4V used in simulations 

E (GPa) 𝛒(kg/m3)  𝛎 𝛔𝐲 (MPa)  𝐄𝐓(MPa) 

120 4430 0.323 1001 1332 
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Additionally, as reviewed in Section 2.1, the process-induced geometry imperfections in PBF-fabricated 

lattices will lead to deviations from bulk material properties. To justify the utilisation of bulk data and 

bound the potential effects of these deviations on the mechanical response of the lattice structures, a 

parametric sensitivity analysis has been conducted. The 𝐸 and 𝜎𝑦 values listed in Table. 3.1 were used 

as the baseline parameters and independently varied by approximately 15%.  

The stress and strain are calculated by: 

 
𝜎 =

𝐹

𝐴0
 (3.1) 

and 

 
𝜀 =

∆𝑙

𝑙0
 

(3.2) 

where 𝐹  is the reaction force at the bottom plate and 𝐴0  is the apparent cross-section area of the 

specimen, ∆𝑙 is the displacement of the top plate and 𝑙0 is the length of the lattice specimen.  

3.3. Quasi-Static and Cyclic Testing of Lattice Samples 

Quasi-static compression tests were conducted at a crosshead speed of 1.2 mm/min using Tinius Olsen 

H50KS testing system with a load cell of 50 kN as shown in Fig. 3.4. The load and cross-head 

displacement data was recorded force each test and then the corresponding stress and strain values were 

calculated using Eq.(3.1) and Eq. (3.2), respectively. The majority of the tests were terminated manually 

when a sudden drop of recorded force occurred or when the fracture collapse of the specimen was 

observed. In addition, several tests were intentionally terminated within the plastic region before the 

final collapse occurred. The quasi-elastic gradient and the 0.2% compressive offset stress specified in 

ISO 13314: 2011[92] were considered as the effective Young’s modulus EL and yield strength σy−Lof the 

lattices. EL was determined by the slope of linear region of the stress-strain curve and σy−L was taken 

as the stress value at the intersection point between the 0.2%-strain offset linear line and the curve. In 

addition, the apparent plastic strain εp is determined at the ultimate compression strength UCSL by: 

 
𝜀𝑝 = 𝜀𝑡𝑜𝑡𝑎𝑙 − 𝜀𝑒𝑙𝑎𝑠𝑡𝑖𝑐 = 𝜀𝑡𝑜𝑡𝑎𝑙 −

𝑈𝐶𝑆𝐿

𝐸𝐿
 

(3.3) 
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Fig. 3.4 Quasi-static compression test of a lattice sample 

As shown in Fig. 3.5, compression-compression fatigue tests were performed on MTS Landmark Servo-

hydraulic Test System with a load cell of 25kN. All tests were conducted in an ambient laboratory 

environment at a room temperature of 25 ± 3 °C and a relative humidity of approximately 80%.The 

lattice specimens were subjected to axial force-controlled, constant sinusoidal amplitude loads as shown 

in Fig. 3.6(a), with a loading ratio R of 10 and a test frequency f of 20 Hz. The magnitude of the 

maximum applied load | − σmin|, i.e., the minimum applied load in compression, was calculated based 

on the quasi-static tested results. The tests were terminated when the 5×106 cycles (based on the fatigue 

requirement specified in ISO 7206-4 for femoral stems) reached or when a sudden change in peak-peak 

displacement Δdp(Nt) was detected. As illustrated in Fig. 3.6(b), the test will be terminated once the 

detected crosshead Lp(Nt) reaches a threshold that described by: 

 
𝐿𝑝(𝑁𝑡) = {

𝐿𝑃,𝑚𝑎𝑥(𝑁𝑖) + 𝑚𝛥𝐷𝑝(𝑁𝑖), 𝑈𝑝𝑝𝑒𝑟 𝑙𝑖𝑚𝑖𝑡

𝐿𝑃,𝑚𝑖𝑛(𝑁𝑖) − 𝑚𝛥𝐷𝑝(𝑁𝑖), 𝐿𝑜𝑤𝑒𝑟 𝑙𝑖𝑚𝑖𝑡
 (3.4) 

where Ni denotes the reference cycle at which the system is considered to have reached a stabilized 

state, with Ni =1000 in this thesis and m  is the tolerance percentage. The tolerance value m 

corresponded to the threshold amount of sudden increase in displacement detected during the test, where 

a higher value of m typically correlated with a more complete fracture of the specimen before the test 

was terminated. During the fatigue tests, the load and crosshead displacement data were continuously 

recorded. Then the effective Young’s modulus under the cyclic loading is calculated by the change in 

apparent stress Δσ  and the change in apparent strain Δε  within each cycle, where Δσ  and Δε  are 

obtained using the recorded load and displacement values with Eq. (3.1) and Eq. (3.2), respectively.  
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Fig. 3.5 Set-up of the fatigue tests: (a) Landmark Servo-hydraulic Test System and (b) [001]//LD lattice under 

compressive cyclic loading 

 

Fig. 3.6 (a) constant amplitude cyclic loading (b) illustration of the test termination criteria 

To address the fatigue performance of each UCO configuration, S-N curves were derived. The S-N 

curve is linear in the logarithmic scale and described in a power-law equation, known as Basquin 

relation[245]: 

 𝜎𝑎 = 𝜎𝑓
′(2𝑁𝑓)

𝐵
 (3.5) 

where 𝜎𝑎 is the applied stress amplitude, 𝑁𝑓 is the number of cycles to failure, 𝜎𝑓
′ is the fatigue strength 

coefficient and 𝐵 is the fatigue strength exponent. As the compression-compression fatigue tests were 

conducted using a constant stress ratio R=10, 𝜎𝑚𝑎𝑥 is directly proportional to 𝜎𝑎, then the equation can 

be reformulated using a modified fatigue strength coefficient 𝐶 and expressed as:  

 𝜎𝑚𝑎𝑥 = 𝐶(𝑁𝑓)
𝐵

 (3.6) 
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In addition, the fatigue tests usually contained several run-out points without failure. To evaluate the 

fatigue data, the Maximum Likelihood Estimation (MLE) method was utilised. This technique 

calculates the probability of definitive failures while giving proper statistical weight to the exact 

survival times of the run-out specimens.   

3.4. Design, EBPBF and Fatigue Testing of the Porous Femoral Stems 

The design approach undertaken to develop the porous femoral stem that meets desired fatigue strength 

and bone in-growth properties is illustrated in Fig. 3.7. Section 3.4.1 defines the baseline geometry of 

the femoral stem, followed by Section 3.4.2, discusses the conducted FEA models in accordance with 

ASTM F2996-13 to simulate the mechanical response under ISO 7206-4 loading. The approach utilised 

to define the optimal UCO that exhibits the load bearing abilities is described in 3.4.3, where a multi-

objective genetic algorithm (MOGA) was employed to perform response surface optimisation. These 

optimised points were subsequently validated through additional FEA simulations and fatigue testing. 

Based on the test outcomes, further topological optimisations were carried out to define the solid 

reinforcement portion in the stem, leading to the final design of the porous femoral stem. 

 

Fig. 3.7 Design process of the porous femoral stem 

3.4.1. Geometry of the Designed Femoral Stem 

As presented in Table. 3.2, the geometry of the stem is designed based on the commercially available 

product CORAIL® (Johnson & Johnson DePuySynthes). The designed femoral stem can be divided 

into three parts, including neck, proximal unpotting part and distal embedded part under ISO 7206-4 

configuration. As briefly discussed in Section 2.4.4, only four studies analysed the fatigue performance 
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of PBF porous femoral stems. Despite Wang et al.[240] and Delikanli et al.[241] reported the PBF stems 

survived after 5 million cycles. The designs proposed in these two studies remained highly dense.  

To obtain sufficient porosity level and pore size for bone-ingrowth, a stem features fully porous region 

is designed. The lattice region was constructed within the proximal unpotting part. Simple cubic cells 

were used to generate the lattice structures, to improve the efficiency of the powder removal procedure, 

the cell size and strut thickness set to be 2.2 mm and 1 mm to achieve a relative density of 36%.  

Table. 3.2 Dimension of the designed stem and the commercially available stem referring to Fig. 3.7 

3.4.2. FEA Modelling  

The FEA models of the femoral stem were constructed based on ASTM F2996-13[246], where the applied 

loading Fy = 2300N and the orientation of the stem were guided by ISO 7206-4, where the load in the 

FEA model was applied to the end of the rounded face of the hip stem trunnion to produce the worst-

case head offset. The femoral stem was firstly cut at a distance of 80 mm from the centre of head as 

described in the ISO standard, this cut presented the potting level and defined the RoI above this cut. A 

second cut was made 10 mm below the potting level, all the surfaces distal to the second cut were 

constrained in all directions. As stated in ASTM F2996, constraining the stem in this manner would not 

significantly affect the identification of worst-case stress conditions in the RoI. The femoral stem was 

meshed using SOLID 187 elements and a mesh sensitivity analysis was conducted, determining a final 

mesh size of 0.1 mm. The material properties of Ti6Al4V were applied as listed in Table. 3.1.  

 

Fig. 3.8 Load application and boundary condition for the femoral stem simulation based on ASTM F2996[246] 

 LA(mm) LB(mm) LC(mm)  ∠E(º) LF(mm) 

CORAIL® (Size 9)  130 36 38.5  135 8 

This Study 122 36 38.5  135 12 
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3.4.3. Unit Cell Orientation Optimisation 

Based on the experimental and simulation results of the quasi-static compressive properties of the 

lattices with varied UCOs. The [001]//LD lattice demonstrated the most favourable compressive 

performance.  Thus, the optimal UCO of the lattice used in the femoral stem design should align with 

the principal compressive stress distribution on the stem. To determine the UCO to maximum the 

compressive load bearing ability of the lattice structure, response surface optimisation was conducted 

stem with orientated SC lattice structures using ANSYS static implicit solver. To improve the 

computational efficiency, the boundary conditions for the optimisation were simplified as described in 

ASTM F2996-13[246], where the stems were loaded in the ISO 7206-44 manner. As shown in Fig. 3.9, 

the hip stem was constrained in all directions on all the surfaces distal to the position 10mm below the 

potting surface specified in ISO 7206-4. Then the embedding resin was not included in the optimisation 

FE models. In addition, the lattices were meshed using BEAM188 elements. The axial direct forces 

Faxial and the bending moments Mb on the struts, as well as the overall displacement of the porous stem 

in the loading direction were estimated. Only the rotation θ with respect to loading direction (global y-

axis in FEA as shown in Fig. 3.9) was considered in the UCO optimisation, the local x’ axis of the unit 

cell is set to be parallel to the stem surface.  

 

 

Fig. 3.9 FEA model for UCO optimisation 

To determine the design range of the θy, a preliminary FE model of the fully solid stem was conducted 

using the same boundary conditions as described in Fig. 3.8.  Then solid stem was meshed using 

SOLID187 elements, and the vector principal stresses were evaluated. Then vector maps were computed 
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using a python code to determine the direction vector of the principal axes of σ3 and imported to nTop 

to analyse the angle θσ3  between of σ3  and the loading direction. Then the design range of θ  was 

determined as between 0º and 13º using the minimum and maximum values of θ3 in the compressive 

stresses concentrated area where σ3 < −100 Mpa. 

Design of experiment was carried out in using the toolbox in ANSYS based on the optimal space filling 

method, central composite design (CCD) samples were generated. The statistical analysis was carried 

out to investigate the effects θ  on the objective functions. When all the design points were solved, 

response surface methodology (RSM) was applied to obtain a surrogate model approximating the real 

model, describing the relationship between the input variable θ and the output parameters. In this study, 

Kriging response surface model was constructed and multi-objective genetic algorithm (MOGA) was 

applied to determine the optimal value of θ . The three output parameters to be optimised were the 

directional displacement of the stem at the selected point A  along the loading direction δLy , the 

percentage of beam elements of the load-bearing struts under compression Pc  and under minimal 

bending moment Pb , i.e. Fy(θi) < 0N  and Mb < 20N ∙ mm , respectively. To maximise the 

compressive load bearing ability of the struts, he multi-objective optimisation can be written as: 

 𝑦 = 𝑀𝑎𝑥𝑖𝑚𝑖𝑠𝑒(𝑓𝐹𝑦
(𝜃𝑖), 𝑓𝑃𝑐

(𝜃𝑖), −𝑓𝑃𝑏
(𝜃𝑖) (3.7) 

Once the optimised UCO is found, the stem would be trimmed at the plane normal to the X-Z plane 

showing in Fig. 3.9 of the UCO coordinate system to ensure better connectivity between the lattice and 

the solid portions. 

3.4.4. Sample Preparation by EBPBF and Fatigue Testing 

The fatigue tests of the porous femoral stems were designed based on the ISO 7206-4 configuration 

with a compressive load of 2300N applied. Given the resource limitations, the test rig was simplified 

for this exploratory study. Similar to the test set up shown in Fig. 3.10 [102,247], where the dense solid end 

of the porous stems were fixed using mechanical vices for axial compression test, the proposed test 

configuration  introduced a solid gripper printed together with the unpotting portion of the stem. The 

drawing shown in Fig. 3.11,  illustrates this simplified configuration, aligning the unpotted portion of 

the stem by a ventral angle of 10° and a lateral-medial angle of 9°.  The gripper locates at the potting 

plane to define a unpotted length of 80 mm from the centre of the femoral head. This simplification was 

based on the assumption and the findings reported in literature[217] that failure would consistently initiate 

near the potting surface rather than in the embedded portion. In addition, this simplification should not 

significantly affect the identification of worst-case stress conditions in the region of interest (RoI), in 

this study, the designed porous region, which will be discussed in Section 6.1.2.  
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Fig. 3.10 Quasi-static test setup of porous femoral stems in (a) Ref[102] (b) Ref[247] 

 

Fig. 3.11 (a) Fatigue testing setup (b) the schematic illustration of the simplified configuration 

3.4.5. Estimation of the Relative Density of the EBPBF Fatigue Samples 

In literature, the relative density ρ̅ of the as-built EBPBF lattices was usually estimated using either 

Archimedes method[67] or Micro-CT[248]. However, because the fabricated lattices consisted of 

interconnected open-cell structures, the traditional Archimedes method exhibited inherent limitations 

for estimating relative density. The measuring liquid can readily infiltrate these open spaces, which 

prevents an accurate measurement of the solid volume and consequently leads to an inaccurate 

calculation of the 𝜌̅. In contrast, micro-CT can theoretically isolate the lattice volume computationally, 

but it has been considered resource-intensive for this work. Thus, to estimate the relative density ρ̅ of 

the as-built EBPBF lattices, the mass of eleven specimens with different UCOs has been measured. As 

shown in Fig. 3.2, a lattice specimen a central lattice portion placed in between a bottom and top solid 
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end. The nominal mass of a specimen m=10.59g is the given by the total mass of the lattice portion and 

the two solid ends, by: 

 𝑚 = 𝑚𝐿 + 2𝑚𝐸𝑛𝑑 (3.8) 

where the mass of the lattice portion mL=2.51g can be calculated using the volume of the cylinder 

portion. It can be written as: 

 
𝑚𝐿 = 𝜌̅𝑉𝐿 ∙ 𝜌𝑠 = 𝜌̅(

𝜋𝐷2

4
𝐻) ∙ 𝜌𝑠 

(3.9) 

where ρ̅=0.36 is the relative density of the lattice portion, VL is the apparent volume of the cylinder 

region and ρs =4430kg/m3 is the density of bulk Ti6Al4V. The nominal mass of the solid ends of 

approximately 2mEnd = 8.08g has been calculated using the density of Ti6Al4V (4430kg/m3). The 

volume of a solid end VEnd= 913mm3 is determined by the sum of the volume of a conical frustum 

VFrustum=560mm3 and the volume of a circular disk Vdisk=353mm3, by: 

 
𝑉𝐸𝑛𝑑 = 𝑉𝐹𝑟𝑢𝑠𝑡𝑢𝑚 + 𝑉𝐷𝑖𝑠𝑘 = {

1

3
𝜋ℎ1 [(

𝐷

2
)

2

+ 𝐷 ∙ 𝐷𝐸𝑛𝑑 + (
𝐷𝐸𝑛𝑑

2
)

2

]} +
𝜋𝐷2ℎ2

4
 (3.10) 

The averaged results for all the specimens with different UCOs are listed in The estimated values of 

relative density were found slightly lower than the nominal value of ρ̅=0.36 using the method described 

in 3.4.5, but the variation is considered acceptable for the investigation of  the fatigue strength of the 

designed . Assuming that mass of each solid ends is equal to the nominal value of 2mEnd =8.08g, the 

relative density of the lattice portion is then estimated by: 

 
𝜌̅𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 =

𝑚𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 − 2𝑚𝐸𝑛𝑑

𝑚𝐿
 

(3.11) 

3.4.6. Topology Optimisation of the Porous Femoral Stems 

As illustrated in Fig. 3.12, the proximal lattice region was selected as the design domain for topology 

optimisation (TO). TO has been performed using the software nTop 5.29, which is a cutting-edge 

engineering tool specifically designed for integrating design, simulation, topology optimisation within 

a single environment[249]. The workflow of the TO process is presented in Fig. 3.12, the region of interest 

(RoI) for performing TO in nTop was selected as the entire unpotting region. Then the design domain 

was meshed using SOLID elements with a mesh size of 1.1 mm. The Young’s modulus and Poisson’s 

ratio of Ti6Al4V were given in Table. 3.1. The stem is positioned in ISO 7206-4 configuration using 

ASTM F2996 boundary conditions the same as described in Section 3.4.2. Therefore, the embedded 

part of the stem was not included in the optimisation to save computational cost. 
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Fig. 3.12 Topology optimisation workflow 

The topology optimisation was performed based on the density of each element of the FE model, 

employing solid isotropic material with penalisation (SIMP) method, where the density was forced to 

approach zero (representing a void) or one (representing solid material). The SIMP method changes the 

stiffness of each element per interaction and the penalised Young’s modulus of an element based on its 

design variable 𝑥𝑖 can be written as: 

 𝐸𝑖(𝑥𝑖) = 𝐸𝑚𝑖𝑛 + 𝑥𝑖
𝑝

(𝐸0 − 𝐸𝑚𝑖𝑛) (3.12) 

where  Emin is the minimal Young’s modulus, E0 is the Young’s modulus of the material and p is the 

penalisation factor. The design variable of each element was adjusted incrementally based on the 

sensitivity to its compliance with respect to the design variable. The design objectives were to reduce 

the volume of the unpotting region (RoI) and ensure the maximum stress in the optimised geometry 

remained below the selected threshold, which can be written as: 

 Minimise: 𝑓(𝑥) = 𝜎𝑚𝑎𝑥 (3.13) 

while subject to the constraints of: 

 
{

𝑔1(𝑥) = 𝑉𝑅𝑂𝐼(𝑥) < 𝑉𝑇𝑎𝑟𝑔𝑒𝑡

𝑔2(𝑥) = 𝜎𝑚𝑎𝑥(𝑥) < 𝜎𝐴𝑙𝑙𝑜𝑤𝑎𝑏𝑙𝑒
 

(3.14) 

3.5. Examination and Analysis of the EBPBF Specimens 

3.5.1. Morphological Examination of the EBPBF Lattice Specimens 

Morphological features of the as-built and mechanical tested lattice specimens and fractured femoral 

stems were examined using Hitachi SU-70 scanning electron microscope (SEM) with an acceleration 

voltage of 15 kV. The strut sizes of the lattice specimens were estimated using the imaging analysis tool 
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ImageJ and customised Python code. The process of the strut size analysis is illustrated in Fig. 3.13, the 

SEM images were converted into binary image then the distances between the black pixels are measured 

in Python with the process as shown in Fig. 3.14.  

 

Fig. 3.13 Strut size estimation process 

 

Fig. 3.14 Flow chart for the illustration of the pixel measurement process in Python 
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3.5.2. Defect Analysis and X-ray CT Examination of the Stem Specimens 

For the EBPBF femoral stems, the fracture surfaces of the failed specimens were examined using both 

optical microscope OLYMPUS SZX9 and SEM (Hitachi SU-70) with an acceleration voltage of 15kV. 

The defect size on the fracture surface was measured from the SEM image using ImageJ. The boundary 

of the defect was manually traced in ImageJ, and the effective area of the defect is defined as the fitted 

convex area as illustrated in Fig. 2.33(a) and the effective defect length √Area was determined.  

To perform the analysis using K-T approach, the stress concentration factor threshold ΔKth  was 

determined by the fatigue crack growth (FCG) tests using EBPBF built Ti6Al4V standard compact 

tension (CT) specimens with crack growth direction normal to BD. This particular crack growth 

direction was chosen as it is similar to the crack direction observed in the tested stem samples.  The pre-

cracking was initiated using a Kmax,0 of 12.6MPa√m, and was reduced to a final Kmax of 9MPa√m at 

a constant loading ratio of R=0.1 and a frequency of f=20Hz, until the calculated crack length of more 

than 1mm was detected. Then the FCG tests were performed with decreasing ΔK(9.5–0.95 MPa√m) at 

room temperature with constant loading ratio (R=0.1 and f=20Hz). As the crack grew, the applied load 

was continuously reduced to achieve a normalised K-gradient of -0.12 mm-1. The results of the three 

FCG tests are plotted in Fig. 3.15, yielding stress intensity threshold values Δ Kth of 4.7, 4.9, and 5.3 

MPa√m. 

 

Fig. 3.15 the results of fatigue crack growth (FCG) for EBPBF fabricated Ti6Al4V CT specimen with stress 

ratio of R=0.1,yielding stress intensity threshold values Δ Kth of 4.7, 4.9, and 5.3 MPa√m  

The process of the defect analysis of the run-out femoral specimens is illustrated in Fig. 3.16. X-ray 

CT computed tomography was used for the defect characterisation of the cyclic tested femoral stem 
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specimens. The XCT scanner Skyscan1172 with a voxel size of 9.76µm was used with a source 

voltage of 100kV and a source current of 100µA. The reconstruction of the XCT images was 

performed using the software NRecon 2.2.0.6, then a series of grey-scale images obtained from the 

XCT scanning. For further analysis, the XCT data has been converted into binary images in Image J. 

To address the sensitivity of the segmentation, the threshold values were adjusted using a baseline of 

60% (±5%) to evaluate the robustness of the measured √𝐴𝑟𝑒𝑎 and the resulting defect count. 

Following proper segmentation, binary image stacks containing the information of the defects were 

obtained. The subsequent analysis has been performed in MATLAB to investigate the distribution of 

the defects on the scanned objects. Considering the typical LoF defect size in EBPBF built Ti6Al4V 

parts is generally between 0.005mm2 to 0.165mm2[250]. Considering the resolution of the XCT and the 

reasonable defect size, the defects were filtered based on their cross-section area size, those with an 

area less than 100µm2 (one voxel cross-section) and greater than 165000µm2 were eliminated from the 

subsequent analysis. Then the measured defects have been classified into surface- and internal defects 

using the categorising method described in 2.3.3.3. 

 

Fig. 3.16 Defect analysis process 

The surface roughness of the run-out specimens has also been estimated using the XCT results, 

following the methodology described in Fig. 3.17. The surface roughness at the tension concentration 

region of the specimen has been analysed using the each 2D slice within the area of interest (AOI) 

independently. The AOI was determined based on the stress distribution across the stem specimens, 

ensuring that only the tension concentrated region would be taken into consideration. The 2D edge 
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profile for each slice was detected by systematically scanning each column of pixels within the AOI to 

identify the last pixel of the object. Then a smooth mathematical curve was used to fit the detected edge 

profile, the roughness was estimated as the collection of distance from the actual edge points to the 

smoothed curve. The examples of the detected AOI and the fitted profile are presented in Fig. 3.18. 

Then the maximum valley depth Rv was determined, demonstrating the single largest deviation between 

the ideal surface and the actual edge profile.  

 

Fig. 3.17 Roughness measurement process 

 

Fig. 3.18 Examples of the (a) determined AOI and (b) the detected raw edge with fitted ideal shape  
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4. Orientation-dependent Quasi-static Behaviour 

To understand the mechanical anisotropy of the EBPBF lattice structures, this chapter studies the 

combined effects of loading direction (LD), unit cell orientation (UCO) and strut irregularity of the 

EBPBF lattices on the mechanical behaviour have been studied. In this chapter, the UCO dependant 

values of Young’s modulus, compressive strength, failure strain under quasi-static compression will 

first be evaluated. Subsequently, due to the difficulty in achieving an accurate experimental 

determination of the modulus of lattices, a theoretical consideration of the modulus of [001]//LD will 

be addressed. The FEA predicted stress distribution will then be presented to aid the understanding of 

the fracture paths and thus the strength values are obtained.  

4.1. Stress-strain Response and Mechanical Performance 

4.1.1. Stress-strain Curves and Quasi-Static Properties 

The stress-strain curves obtained from the experimental tests are presented in Fig. 4.1, an initial small 

plateau can be observed in each curve until the stress level reaching σ ≈ 10MPa . It is considered 

resulting by the small movement between the solid plates and the lattice structure. For [001] and [111] 

specimens, two separate runs were performed using specimens printed from two different batches. In 

each FEA simulation predicted curve, the stress initially increases steeply with increasing strain until 

yielding, then the stress continues to increase gradually until ε=3%. The failure of the lattice was not 

predicted by FEA. As shown in Fig. 4.1, the majority of the derived curves from EXPA and EXPB are 

aligned well, while only one curve for each group of specimens demonstrated slightly different trend. 

The quasi-elastic gradient and compressive offset stress specified in ISO 13314: 2011[92] were 

considered as the effective Young’s modulus EL  and yield strength σy−L of the lattices. EL  was 

determined by the slope of linear region of the stress-strain curve and σy−L was taken as the stress value 

at the intersection point between the 0.2%-strain offset linear line and the curve. In addition, the 

apparent plastic strain εp is determined at the ultimate compression strength UCSL by: 

 
𝜀𝑝 = 𝜀𝑡𝑜𝑡𝑎𝑙 − 𝜀𝑒𝑙𝑎𝑠𝑡𝑖𝑐 = 𝜀𝑡𝑜𝑡𝑎𝑙 −

𝑈𝐶𝑆𝐿

𝐸𝐿
 (4.1) 

A manually interrupt test was performed for each group of the specimens after passing the elastic region. 

For interrupt [001]//LD samples, all the other tests were also manually interrupt once UCS was reached 

and the loading level started to decrease. There was no fracture but only distortion can be observed in 

the tested [001]//LD samples. For [011]//LD and [111]//LD samples, apart from the interrupt tests, the 

sudden drops in the stress-strain curves indicate the collapsing of the specimens. There were fractured 

struts could be observed in the tested [011]//LD and [111]//LD samples. The increased in loading level 
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after first rapid drop in the stress-strain curves for [011]//LD and [111]//LD samples indicated that the 

upper portion of the fractured specimen collapsed on the lower portion, thus further compression 

resulted in the increasing compressive stress.  

 

Fig. 4.1 Stress-strain curves obtained by  FE simulation and experimental tests for: (a) [001]//LD, (b) [011]//LD 

and (c) [111]//LD samples (the dashed lines indicate the interrupt tests) 

The compressive properties of the lattices with three different UCOs determined by experimental tests 

and simulations are given in Table. 4.1.  Even though the tested lattices had the same strut size and 

relative density, their experimentally determined EL , σy−L  and UCSL  decreased in the order of 

[001]//LD, [111]//LD and [011]//LD orientation. In both experimental tests and FEA models, [011]//LD 

and [111]//LD samples obtained comparable values of EL and σy−L. However, the [001]//LD specimens 

exhibit much higher values of the compressive strength, indicating the anisotropic behaviour of the SC 

structures. Since only bi-linear material properties have been considered in FEA models, UCSL and εp 

was not estimated by simulations.  

Table. 4.1 Quasi-static compressive properties obtained from experimental testing (± standard error) and FEA 

simulations. Note: Data from interrupted tests were excluded from these calculations. 

UCO EXP (n) 𝐄𝐋(GPa) 𝛔𝐲−𝐋(MPa) 𝐔𝐂𝐒𝐋(MPa) 𝛆𝐩 

  EXP  FEA EXP FEA EXP EXP 
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As presented Table. 4.2, the cell-orientation-dependent quasi-static compressive properties of SC lattice 

structures have been reported and compared with each other. The experimental data of σy−L[001] and 

UCSL[001]  are approximately twice than the values of [011]//LD and [111]//LD samples. The 

experimentally determined EL[001] is 1.6 times higher than that of either EL[011] and EL[111]. From the 

FEA simulations, EL[001] is 2.6 and 3.3 times higher than that of EL[011] and EL[111], respectively. The 

experimentally determined EL  values across all the three groups of samples with varied UCOs are 

considerably lower than the values predicted by FEA simulations. Further validation and explanation 

will be provided in the following section. In contrast, the experimental and simulation results of σy−L 

values are reasonably comparable. [011]//LD and [111]//LD samples demonstrated comparable values 

of σy−L and UCSLin experimental results. The simulation predicted EL and σy−L values of [011]//LD 

and [111]//LD lattices exhibit 30% and 10% difference, respectively.  The plastic strain εP[001]  

represents the plastic strain before the distortion of [001] lattice while εP[011] and εP[111] describe the 

plastic strain before the collapsing of these samples.   

Table. 4.2 Comparison of the compressive properties of the lattices 

4.1.2. Validation and Verification of Experimental and FE Results 

To verify and validate the experimental and FEA results, data for PBF fabricated SC lattices with ρ̅ of 

in the range of between 0.28 and 0.40 has been collected from literature. The experimental results of 

effective Young’s modulus of PBF fabricated SC lattices are listed in Table. 4.3. The experimental 

determined EL  in this research is comparable to those reported in literature[47,49,100,109] obtained by 

conducting axial compression tests. All the experimental results of EL are considerably lower than the 

values determined using damping analyser[52,59] and LVDT[251]. The measured discrepancy, wherein the 

static EL is less than the dynamic EL, agree with the findings for bulk materials[252]. In addition, as the 

[001] 5 4.9±0.2  23 182±2 172 235±3 0.063±0.004 

[011] 3 3.0±0.1 9 92±1 103 109±2 0.019±0.002 

[111] 7 3.1±0.1 7 97±2 98 112±1 0.012±0.001 

[𝐮𝐯𝐰]/[𝐮𝐯𝐰] 
𝐄𝐋[𝐮𝐯𝐰]

𝐄𝐋[𝐮𝐯𝐰]
 

𝛔𝐲−𝐋[𝐮𝐯𝐰]

𝛔𝐲−𝐋[𝐮𝐯𝐰]
 

𝐔𝐂𝐒𝐋[𝐮𝐯𝐰]

𝐔𝐂𝐒𝐋[𝐮𝐯𝐰]
 

𝜺𝐏[𝐮𝐯𝐰]

𝜺𝐏[𝐮𝐯𝐰]
 

 EXP FEM EXP FEM EXP EXP 

[001]/[011] 1.6 2.6 2.2 1.7 2.2 3.3 

[001]/[111] 1.6 3.3 2.1 1.8 2.1 5.3 

[011]/[111] 1.0 1.3 1.0 1.1 1.0 1.6 



78 

 

primary focus of this study was to investigate the strength and failure mechanisms of the lattices with 

different UCO rather than to establish the absolute 𝐸𝐿 values. It can be observed in Fig. 4.1, even though 

the platen seatings could distort the initial linear-elastic slope, those seating adjustments would be fully 

resolved by the time that the structure reached macroscopic yielding. Thus, the measurements for 

strength values in this study should remain robust and were unaffected by the initial compliance. 

Therefore, despite the lower EL values determined by compression tests using crosshead displacement 

has been understood, it is a widely established approach in literature for characterising varied lattice 

structures [48,67,109].  

Table. 4.3 Experimental data of effective Young's modulus of simple cubic lattices collected from literature 

The mesh sensitivity analysis has been performed with five different mesh size values (0.25mm, 

0.20mm, 0.15mm, 0.10mm and 0.09mm). The apparent compressive stress values calculated by the 

reaction force at the fixed plate were taken to determine the mesh size. As shown in Fig. 4.2(a), 

convergence was found between the mesh size of 0.10mm and 0.09mm. Therefore, the mesh size of 

0.10mm was set for the FE models to save the computational cost. However, the resulted 𝜎1 values 

indicated that the mathematical convergence could not be achieved at the selected mesh size of 0.10mm. 

Because the intersections of the lattices in FEA were modelled as idealised sharp corners, these 

geometrical features would generate pure stress singularities where the theoretical stress approaches 

infinity. As the mesh was refined, the calculated stress values approached the theoretical singularity, 

causing the peak stress to increase unboundedly rather than stabilise at a finite plateau. This divergence 

demonstrates that mathematical convergence of the peak 𝜎1  value is impossible without physically 

modifying the idealised CAD geometry. Therefore, this study adopted the widely used approach found 

in the literature, utilising the macroscopic response of the lattices to verify mesh independence.  

In addition, as suggested by multiple authors[47,181,218,253], the mechanical properties of a lattice can be 

well predicted by simulating a finite number of unique cells, rather than the whole structure. Hence, the 

effect of the number of unit cells was estimated by modelling 1, 8, 27, 64, 125 and the full size (the 

𝐄𝐋 (GPa) 𝛒̅ 𝐝𝐬(mm) AM Testing Method Ref 

14.8 0.37* ~ 0.50 EBPBF Damping analyser [59] 

~14 0.36* ~ 0.50 EBPBF Damping analyser [52] 

2.9 0.39 0.80 EBPBF Axial compression tests [49] 

2.7 0.31 0.80 EBPBF Axial compression tests [100] 

13.4 0.24 0.50 LPBF LVDT [251] 

4.8 0.35 0.72 LPBF Axial compression tests [47] 

3.8 0.28 0.80 LPBF Axial compression tests [67] 

4.3 0.40 0.60 LPBF Axial compression tests [109] 

4.9 0.35 0.50 EBPBF Axial compression tests This Work 
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actual size of the PBF samples) lattices. As the results of estimated results of EL and σy−L shown in Fig. 

4.2(b), it was concluded that 3×3×3 lattice (27 cells) would be sufficient to predict the properties of an 

infinite structure.   

 

Fig. 4.2 The sensitivity analysis of the (a) Mesh size and (b) cell numbers 

To justify the use of the bi-linear material properties and bound the potential effects on the global 

effective mechanical properties and the localised stress hot-spots using 3×3×3 [001]//LD lattice. The 

results of the sensitivity analysis of material properties are presented in Table. 4.4. As the baseline input 

parameters varied by approximately ±15%, the macroscopic lattice response of EL  and σy−L  scaled 

highly predictably with the varied inputs. The variation of bulk E  primarily affect the maximum 

magnitude of σ1, while the maximum σVM values exhibited much lower sensitivity. In contrast, the bulk 

σy demonstrated more pronounced influence on σVM,max values. Additionally, despite the variation in 

exact location of the maximum stress were observed, the overall stress distribution pattern and critical 

regions remained unchanged.  

Table. 4.4 Sensitivity report of the material properties with 15% variation in the input bulk E and σy 

Inputs Output Results 

𝐸(GPa) σy(MPa) EL(GPa) ΔEL(%) σy−L(MPa) Δσy−L(%) σVM,max (MPa) Δ(%) σ1,max(MPa) Δ(%) 

120 1001 20.3 - 165 - 1074 - 546 - 

104 1001 17.2 –15 165 0 1040 –3.2 503 –7.8 

138 1001 23.3 +15 165 0 1071 –0.3 587 +7.5 

120 850 20.3 0 164 –15 907 –15.6 503 –7.7 

120 1151 20.3 0 189 +15 1211 +12.8 583 +6.8 

To justify the bonded contact condition, frictional contact at the interfaces between the end plates and 

with varying frictional coefficients (0.1–0.3) has been introduced. The stress-strain curves are plotted 

in Fig. 4.3, the results suggested that allowing lateral slip introducing artificial structural compliance, 

which lowered the initial 𝐸𝐿. However, the macroscopic 𝜎𝑦−𝐿 remained robust. It indicated that despite 
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the initial modulus is sensitive to the contact conditions, the ultimate load-bearing capacity and the 

yielding mechanism of the lattices are dictated by the cellular architecture rather than contact conditions.  

 

Fig. 4.3 FEA simulated Stress-strain curves based on [001]//LD 3×3×3 lattices with varied contact conditions 

FE models are validated by comparing with the reported simulation results of EL  in literature, as 

presented in Fig. 4.4. The values of 𝐸𝐿  of cubic lattices with different 𝜌̅  obtained from the present 

simulation models agree with other published works[38,121,254,255]. Thus, the simulation predicted EL[001] 

for ρ̅ = 0.35 could be reviewed as reasonable.  

 

Fig. 4.4 Comparisonof FEA predicted results of EL/ES of [001]//LD SC lattice structures with different relative 

densities against data collected from literature [38,121,254,255] 
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4.1.3. Further Discussion on the Properties of [001]//LD Lattices  

An analytical model is proposed for the further understanding of the compression behaviour of the 

[001]//LD samples. Square cross-section of the struts is considered in the analytical model instead of 

circular cross-section for simplification. In this case, the relative density of a [001]//LD SC cell can be 

calculated by: 

 
𝜌̅𝐶 =

𝑉𝑠

𝑉𝑐
=

4𝑑𝑠
2𝐿𝑐 + 8𝑑𝑠

2𝐿𝑝

𝐿𝑐
3  (4.2) 

where the ds is the strut size, Lc is the cell size and LP is the pore size. In the case of fully solid, the 

relationship between the geometrical parameters can be described by: 

 
{

𝐿𝑝 = 0

𝑑𝑠 = 𝐿𝑐
→ 𝜌̅𝑐 = 1 (4.3) 

Then the compressive response can be described by:  

 
𝐹 =

𝛿𝐿

𝐿𝑐
× 𝐸𝐿𝑐

2 (4.4) 

where δL is the compressive displacement and F is the applied load. Given the relative density in the 

present research is 0.36, substituting the value into Eq.(4.2), the ratio of Lc/ds can be solved, equalling 

to 2.9315, which is independent to cell size. Then,  

 𝐿𝐶 = 2𝑑𝑠 + 𝐿𝑝 = 4.931𝑑𝑠 (4.5) 

In the case of uniaxial compression F is applied on the [001] simple cubic unit cell, assuming that the 

vertical struts with a length of Lc deforms uniformly without the constraint of the horizontal struts. Then 

the force F in Eq.(4.4) can be proportionally reduced to keep the same δL/Lc ratio to derive the effective 

Young’s modulus of the unit cell EC can then be derived from, meaning that: 

 
𝐹 × (

4𝑑𝑠
2

𝐿𝑐
2 )

𝐿𝑐
2 =

𝛿𝐿
𝐿𝑐

× 𝐸 × 𝐿𝑐
2 ×

4𝑑𝑠
2

𝐿𝑐
2

𝐿𝑐
2 =

𝛿𝐿

𝐿𝑐
× 𝐸𝑐 

(4.6) 

Then, 

 
𝐸𝐶 =

4𝐸 × 𝑑𝑠
2

𝐿𝑐
2 =

4 × 120𝐺𝑃𝑎 × 𝑑𝑠
2

(4.931𝑑𝑠)2
= 19.7𝐺𝑃𝑎 (4.7) 
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To verify the analytical model, as illustrated in FEA simulations of a full unit cell with ρ̅ = 0.36 and a 

unit cell with vertical struts only with the same LC and ds have been conducted. For the vertical-struts-

only cell, the simulation has indicated the effective modulus of EL[001]=19.7 GPa, which equals to the 

results obtained from the analytical model discussed above using Eq.(4.5)–(4.7).  For the full unit cell, 

the horizontal struts are included in the FEA model, exhibiting an effective modulus of EL[001]=21.8GPa, 

which is slightly higher than that obtained from the vertical-struts-only model and slightly lower than 

the value predicted for the full-size lattice (EL[001] =23GPa) listed in Table. 4.1. Comparing to the 

vertical-strut-only cell, the presence of horizontal struts in the full-unit-cell model resists the 

compressive strain of the (Lc − Lp) portion, thus the slightly lower strain results in a higher EL value.  

 

Fig. 4.5 FEA models for two different load supporting conditions of a unit cell to determine 𝐸𝐿[001]: (a) a full 

unit cell and (b) a unit cell only contains four vertical struts 

4.2. FEA Estimated Cell-orientation Dependant Stress Distribution 

The FE simulations predicted stress distribution of von-mises stress σV and maximum principal stress 

σ1 of the [001]//LD, [011]//LD and [111]//LD samples under compressive loadings are presented in  Fig. 

4.6. The indicated loading for each sample represents the loading levels near the yielding point of each 

respective structure. The corresponding loads for these three lattices are Fy[001] = −13277.2N , 

Fy[011] = −7591.6N  and Fy[111] = −7950N , indicating the corresponding stress values of 

approximately 170MPa, 97MPa and 102MPa, respectively. These values were considered in agreement 

with the experimentally determined apparent stress values at yielding as presented in Fig. 4.1. The σy 

of bulk Ti6Al4V (1001 MPa) indicates the local yielding in the specimens. It can be observed from Fig. 

4.6, σV is distributed evenly in the vertical struts which are parallel to LD and the majority of the stress 
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is compressive in the [001]//LD sample. In [011]//LD and [111]//LD samples, the distribution of σV is 

not even, consisting of both compressive and tensile stress.  

 

 

  

 

(a) 

 

 

(b) 

 

(c) 

Fig. 4.6 Stress distribution of  Von-Mises stress 𝜎𝑉𝑀(top row) and maximum principal stress 𝜎1(bottom row) on 

(a) [001]- (b) [011]- and (c) [111]-orientated specimens 

To further verify that using a smaller number of unit cells can well predict the behaviour of an infinite 

structure, the stress distribution in the 3×3×3 lattice structures are presented in Fig. 4.7. The extreme 

values of σVM and σ1 are slightly varied from the ones predicted using the full-size cylinder structures. 

The smallest variation in maximum and minimum stress values is observed in [001]//LD lattices while 

up to approximately 20% differences are noticed in [011]//LD and [111]//LD lattices. The variations in 

the stress values were contributed by the edge effects. Rather than the global, homogenised, or averaged 

properties like EL and σy−L, these stress values are point-specific and sensitive to the geometries and 

boundary conditions. Comparing to 3×3×3 models, the full-size cylinder models contained more free 

struts at the boundaries, which were hardly bear external loads during the entire compression process 

and exhibited varied stress values. This finding agrees with the observation that reported by Sun et al. 

[256]. However, the 3×3×3 models predicted the same stress distribution patterns, the critical stress-

concentration locations and the relative comparisons of the three types of lattices with different UCOs. 

Thus, he 3×3×3 models were considered sufficient for the subsequent analysis, balancing the 

computational efficiency with the overall accuracy of the simulation models. 
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Fig. 4.7 Stress distribution in MPa of σVM(upper row) and σ1(lower row) for  (a) [001]//LD, (b)[011]//LD and 

(c) 111//LD with 3×3×3 cells under the loading conditions of σy−L of each structure 

It is important to note that, as established in Section 3.2, all FEA models utilised in this study were 

based strictly on nominal as-designed CAD geometries. Consequently, the simulations did not 

incorporate the as-built geometrical imperfections inherent to the EBPBF process. While this 

idealisation means the actual localised peak stresses in the fabricated lattices are expected to deviate 

from the FEA-predicted values, the computational approach remains fully robust for predicting 

macroscopic responses and evaluating the relative mechanical performance across different UCOs.  

4.3. Fracture and Deformation Behaviour 

4.3.1. Deformation and Failure Modes 

The photographs of the quasi-static tested samples with their corresponding stress-strain curves are 

presented in Fig. 4.8. The stress-strain curve of the [001]//LD specimen shows a long plateau region 

after the initial linear elastic deformation, followed by a slightly drop in stress upon reaching UCSL 

before the test termination. The tested specimen is distorted due to the fracture of the vertical struts 

parallel to the LD, exhibiting a crash band almost perpendicular to LD. Both the [011]//LD and 

[111]//LD specimens also experienced the initial linear region, stress drop after UCSL, followed by a 

densification region characterised by a rapid increase in stress. However, the [011]//LD specimen 

exhibits a slightly smoother hardening response, whereas the [111]//LD specimen demonstrates a rapid 



85 

 

stress drop following UCSL. These [011]//LD and [111]//LD samples also fractured due to the formation 

of the crush band in an angle of approximately 45° and 36° with respect to LD, respectively.   

 
 

(a) (b) 

Fig. 4.8 Quasi-static tested (a) [001]//LD(left), [011]//LD(mid) and [111]//LD(right) samples and (b) their 

corresponding stress-strain curves 

Further observations were revealed by the SEM images of the samples from the interrupted tests shown 

in Fig. 4.9–Fig. 4.11.  As shown in the stress-strain curves in Fig. 4.1, all the interrupted tests were 

terminated slightly after the apparent yielding point of the tested lattices. For all the specimens from the 

interrupt tests, no noticeable global distortion or fractured struts are evident. In [001]//LD specimen, as 

revealed in the higher-magnification images, even though unmelted powders and unconnected struts 

are presented, no micro-cracks are detected on the strut surfaces. However, in both [011]//LD and 

[111]//LD specimens, micro-cracks are observed at the locations near the nodes of each unit cell 

although the global plastic strain is only at approximately 0.003% 
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Fig. 4.9 SEM images of the [001]//LD sample from the interrupted test showing that no micro-cracks can be 

observed on the strut surfaces 

 

Fig. 4.10 SEM images of the [011]//LD sample from the interrupted test illustrating the presence of micro-

cracks 
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Fig. 4.11 SEM images of the [111]//LD sample from the interrupted test showing the presence of micro-cracks 

More SEM images of the as-built and tested [011]//LD and [111]-orientated samples are presented in 

Fig. 4.12 and Fig. 4.13. Fracture paths with angles of approximately 45º and 36º were observed in the 

fractured [011]//LD and [111]//LD samples, respectively. The shear fracture of struts can be clearly seen 

in the higher magnification images in  Fig. 4.12(b) and Fig. 4.13(b). As discussed, high values of σ1 

has reached locally in the struts where yielding of the lattices occurred.  In addition, the irregularities 

in the forms of sharp protrusions, deep recesses and undercuts can readily increase the local stress 

concentration. Thus, those highly irregular struts fractured with at low εp(<0.02). Comparing to [111]-

oriented samples (εp[111] = 0.012), the [011]-orientated samples demonstrated a significantly higher 

εp, giving εp[011] = 0.019, even though the FEA results suggested similar local stress concentration 

levels. In [111]-orientated samples, all the sturts supported the loads equally while in [011]-orientated 

samples, only two out of three sturts primarily bore the loads. Therefore, the reason of lower εp[111] 

might resulted by a higher probability of strut defects assisted crack growth and fracturing.   
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Fig. 4.12 SEM images of (a) as-built and (b) tested [011]-orientated sample showing the fracturing path of struts 

as indicated by the dotted lines in the left image, higher magnification images at the three fractured locations 

(mid images) and the cross-section of the sample clearly showing the fracture path (right image) 

 

Fig. 4.13 SEM images of (a)as-built and (b) tested [111]-orientated sample with the fracture path (dotted line) 

and higher magnification images (right) detail the fractured locations. 

4.3.2. The Effects of Strut Surface on the Quasi-static Behaviour 

The highly irregular struts of the PBF fabricated lattices can be statistically demonstrated by measuring 

the size of the struts. For each UCO, two samples have been measured and the measured results are 
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plotted in Fig. 4.14. The strut contributed by sharp protrusions, deep recesses and undercuts can be 

observed in the SEM images shown in the prior sections. The shown morphological features of the 

printed struts are consistent with the high values of standard deviation with the wide ranges in measured 

size.  The calculated standard error of the mean strut size is considered to be minimal (only ~1%), 

indicating that a sufficient large number of sampling point has been used for the calculation. All the 

calculated values of the mean strut size are higher than the nominal designed strut size of 0.5mm. This 

is in agreement with the findings reported in other studies[47,59,257], where larger strut size of EBPBF 

lattices than designed size is found.  The horizontal struts in [001]//LD specimens exhibited greater 

average thickness than the vertical struts and the inclined struts in [011]//LD and [111]//LD specimens, 

which is in consistent with the findings reported by Suard et al.[85] for the EBPBF Ti6Al4V thin struts 

printed with different BDs.  However, all the struts expect for the horizontal ones exhibited smaller size 

than he designed ones in Ref. [85], which is different from the measured data in this work.  

 

Fig. 4.14 Strut size measurement results of the lattices with different UCOs, including the mean, standard 

deviation, standard error, and range values of strut sizes 
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5. Orientation-dependent Fatigue Behaviour 

Following by the understanding of the orientation-dependent mechanical behaviour of SC lattices under 

quasi-static compressive loading presented in last chapter, this chapter focus on the orientation effect 

on strength and fracture behaviour of the lattices under cyclic loading. Firstly, the considerably 

weakened structures with UCO deviates from [001]//LD will be discussed in detail. Associated with 

this, the fracture paths that are indicative of the fatigue strength of the lattices will be presented. 

Subsequently, the local cell fracture plane and direction along with the global fracture path for each 

[uvw]//LD lattice structure will be characterised. These facture characteristics also indicate how readily 

the fracture may progress through the lattice structures. Furthermore, the examination and observation 

of crack initiation sites together with the FEA predicted stress concentration locations in each cell will 

be illustrated to advance the understanding of the reason the non-[001]//LD structures exhibit reduced 

fatigue strength. The illustration will detail how the crack growth mechanism and crack path within 

each cell, showing the deviation and progression of the fracture, ultimately lead to the fracture of the 

entire lattice structure.  Finally, the findings obtained from this work will be utilised to provide an 

explanation for why all the non-SC lattice structures reported in literature exhibited weak strength under 

cyclic loading. 

5.1. Fatigue Tested Results  

5.1.1. Displacement vs Cycle Curves and Evolution of Young’s Modulus 

The estimated values of relative density were found slightly lower than the nominal value of ρ̅=0.36 

using the method described in 3.4.5, but the variation is considered acceptable for the investigation of  

the fatigue strength of the designed lattices. The semi-log scale peak-peak displacement ΔDp vs cycle 

N curves of the three types of lattice structures with different UCOs are presented in Fig. 5.1. Except 

for all the run-out samples and the 230MPa-[001]//LD sample, the test curves indicate that, ΔDp remain 

constant with minimal strain accumulation over a wide cycle range. Then towards the end of each test, 

an initial gradual increase in ΔDp is followed by a rapid rise that led to the test termination. Varying the 

tolerance value m from 92% to 150% did not significantly affect the N values but influenced the final 

accumulated damage. The 230MPa-[001]//LD sample demonstrated a distinct test curve, with a gradual 

increase in ΔDp from the early stage and the test was terminated once the tolerance limit was reached. 

For [011]//LD and [111]//LD samples, the rapid increase in ΔDp prior to the test termination was more 

pronounced. Higher tolerance values (m=135%–150%) were used for these two groups of orientated 

samples to allow more complete fracture and to facilitate examination of the fracture features.  
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Table. 5.1 Summary of the measured mass and the estimated relative density of the lattice specimens 

 

Fig. 5.1 Peak-peak displacement vs cycle curves for (a) [001]//LD, (b) [011]//LD and (c) [111]//LD samples 

The reduction in effective Young’s modulus EL of the lattice structures during the cyclic loading is a 

progressive degradation process. As suggested by Alana et al.[95], degradation of the macroscale EL can 

be considered as the result of damage, failure or local plastic deformation in the struts. For the tested 

SC lattices, the evolution of EL during the fatigue tests is presented in Fig. 5.2. It can be observed that 

for all lattices, high stress levels result in more significant reduction in EL  from the initial stage. 

Specifically, for 230MPa-[001]//LD sample, rapid drop in EL starts at 2×103 cycles, indicating possible 

immediate damage at the beginning of the test. The dramatic reduction in EL under high stress level 

aligns with the short fatigue life of the 230MPa-[001]//LD sample shown in Fig. 5.1(a). In contrast, the 

ΔEL-N curves under lower stress levels exhibit stabilised EL values persist over a wide range of fatigue 

cycles prior to the final failure. For all the [001]//LD lattices apart from the 230MPa-[001]// sample, 

UCO [001]//LD [011]//LD [111]//LD 

mMeasured (g) 10.26±0.05 10.17±0.05 10.36±0.06 

ρ̅Estimated 0.313 0.300 0.327 
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gradually increasing trend in EL before the final rapid drop is observed, indicating the micro-gaps or 

imperfections may be progressively closed and compacted during the cyclic compressive loading. 

 

Fig. 5.2 Change of effective Young's modulus under different stress level and m values of (a) [001]//LD,  

(b)[011]//LD and (c) [111]//LD lattices during the fatigue tests(R=10, f=20Hz) 

5.1.2. S-N Curves 

The S-N data of the tested three different cell-oriented lattice structures is summarised in  

Table. 5.2 and plotted in Fig. 5.3 in the form of the maximum compression stress σmax = | − σmin| 

against the cycle number N. A total of 8, 13 and 4 specimens were tested for [001]//LD, [011]//LD and 

[111]//LD lattices, respectively. As presented in  

Table. 5.2, small sample size was utilised in the fatigue tests. It should be noted that the primary 

objective of this fatigue testing was exploratory research aimed at identifying the underlying effects of 

UCO on fatigue mechanisms. Since the goal was broad preliminary S-N mapping, rather than 

establishing industrial design allowable, the limited available specimens were tested across a wide range 

of stress levels. Considering the required fatigue life of femoral stem implants specified in the 

international standard[42], the run-out samples are defined the tested samples reach a maximum number 

of cycles of 5×106 without failure. To correctly account for the run-out data without failure, the 

experimental data was fitted to the modified Basquin equation (3.8) using MLE. The resulting S-N 
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curves and the corresponding 95% prediction intervals are presented in Fig. 5.3. The obtained 

coefficients and exponents are annotated with coefficients of determination (R2). For non-[001]//LD 

structures, the fitted curves exhibit steep negative slopes, which clearly indicates the strongly 

dependence of N on the applied stress levels. In comparison, for [001]//LD lattices, the dependence 

between the applied stress levels and the fatigue life is weak, characterising by a significantly flatter 

slope (B=-0.03).  

Table. 5.2 Summary of S-N data for the tested lattices 

UCO Tested stress levels, 𝛔𝐦𝐚𝐱 (MPa) [Sample size, n]  Total Specimens 

[001]//LD 230 [1], 220 [1], 210 [1], 200 [1], 200 [1], 195 [1], 190 [1], 170 [1] 8 

[011]//LD 70 [1], 50 [5], 35 [4], 25 [2], 20 [1] 13 

[111]//LD 70 [1], 50 [1], 35 [1], 25 [1] 4 

In addition, the quasi-static ultimate compression strength UCSL of the lattice structures are also plotted 

in Fig. 5.3 for the evaluation of the effects of cyclic loading on the fatigue strength. Compared to 

[011]//LD and [111]//LD samples, the [001]//LD samples exhibited higher strength values. For 

[001]//LD samples, compared to UCSL[001] , the stress σmax  only dropped by 2% and 17% as N 

increased to 104 and 106, respectively. For both [011]//LD and [111]//LD samples, σmax decreased from 

UCSL by approximately 56% and 374% for N=104 and N=106, respectively. It can also be observed that, 

the listed stress ratio in Table. 5.3 of σUCS[001]/σUCS[011]  (or σUSC0[001]/σUSC[111] ) is only 2.2 but 

σmax[001]/σmax[011] (or σmax[001]/σmax[111]) is 3.3 at N=104 and 8.7 at N=106. This finding indicates 

that, the cyclic loading demonstrated a significantly more adverse effects on the fatigue strength of the 

non-[001]//LD lattices than that of the [001]//LD samples. 
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Fig. 5.3 S-N data, maximum applied stress (σmax = | − σmin| with R=10) plotted against cycle number N with 

corresponding quasi-static USCL values for [001]//LD, [011]//LD and [111]//LD lattice structures 

Table. 5.3 Comparison of strength values for the lattices under quasi-static and fatigue tests 

[uvw]/[uvw] Stress Ratio N=104 N=106 

[001]/[001] USCL/σmax 235/230=1.02 235/201=1.17 

[011]/[011] USCL/σmax 109/70=1.56 109/23=4.74 

[001]/[011] σmax/σmax 230/70=3.3 201/23=8.7 

[011]/[111] σmax/σmax 70/70=1 23/22≈1 

As shown in Fig. 5.4, to interpret the fatigue scatter probabilistically, a two-parameter Weibull survival 

distribution was fitted to the replicate data using MLE. Due to the small sample size, only the data sets 

obtained at stress levels of 50 MPa (n=5) and 35 MPa (n=4) were analysed.  It can be observed that 

decreasing stress level from 50MPa to 35MPa significantly increased the characteristic life α from 

6.2×104 cycles to 4.0×105 cycles. In addition, the Weibull shape parameter β also reveals a distinct shift 

from 2.45 (at 50MPa) to 1.25 (at 35MPa). This quantifies the well-known phenomenon that as applied 

stress decreases toward the fatigue limit, the statistical scatter in fatigue life inherently increases.  
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Fig. 5.4 Probability of survival plot for [011]//LD lattices tested under 50MPa (α=6.2×104 cycles, β=2.45) and 

35MPa (α=4.0×105 cycles, β=1.25)  with 95% confidence bands 

5.2. Orientation-dependant Fracture Directions and Planes 

For the evaluation and discussion of the orientation effects on the fatigue strength of the lattices, the 

various directions are defined as illustrated in Fig. 5.5. For non-[001]//LD samples, the failure occurred 

due to shearing fracture with the fracture plane (FP) forming between the top and bottom portions of a 

fractured sample. The fracture direction (FD), loading direction (LD) and the specific front view 

direction (FVDS) are also illustrated in Fig. 5.5, where the FVDS is defined such ∠FVDS/LD=90° and 

also ∠FVDS/FD=90°. The photographs of the fractured samples have been taken from the defined FVDS, 

allowing the shear angle α relative to LD (𝛼=∠FD/LD) can be measured directly from the photograph 

and the corresponding Miller index (h, k and l) of FP can be determined.  
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Fig. 5.5 Schematic illustration of the fractured sample (FP: fracture plane, FL: fracture direction, FVDs: specific 

front view direction and α: the angle between LD and FD.  

The photographs taken from the (100) front view of the as-built and quasi-static tested [001]//LD 

samples are shown in Fig. 5.6, where the yellow square indicating the area corresponding to four cells 

in (100) view of the as-built sample. As shown in Fig. 5.6 (b), viewing from the 45° angle from the front 

view, the FP of (001) of the quasi-static tested [001]//LD sample is annotated by the red arrow. The 

upper portion above FD was slightly dislocated rightward after collapse, consistent with observations 

reported in the literature[52,117,251]. From the 45° view, slightly sideway displacement of the upper portion 

has been observed. Thus, FD in this fractured (001) is parallel to the 45° viewing direction and FD is 

[110].  

The fatigue tested [001]//LD samples are presented in Fig. 5.6(c), slightly distortion or bending but 

without fracture is observed under the highest stress level when σmax =230MPa=0.98 UCSL  this 

behaviour is similar to that observed in the quasi-static tested samples showing in Fig. 5.6(a-b). The 

slight bending of the sample tested at σmax= 230MPa is likely to be a gradual process, as suggested by 

the ΔDp-N curve shown in Fig. 5.1(a). The gradual deformation led to a continuous increase in  ΔDp 

until it reached the tolerance threshold resulting in test termination and sample failure. For the sample 

tested at σmax=220MPa=0.94 UCSL, difference failure behaviour can be observed in both Fig. 5.1(a) 

and Fig. 5.6(c). No gradual increase in ΔDp over a wide range of cycles in this sample but a rapid jump 

associated with the final failure of the sample, thus no corresponding high degree of distortion was 

observed in the failed sample. For all the other [001]//LD samples tested at a stress level below 220MPa, 

except for the run-out one, the final rapid increase in ΔDp was observed and the level of distortion 

remained negligible. However, fractured struts were captured in the 190MPa and 200MPa samples.  
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Fig. 5.6 Photographs of the SC [001]//LD lattices: (a) as-built sample showing a cross-section normal to LD, the 

outer nodes are highlighted in in red and the yellow square presents four unit cells, (b) quasi-static sample with 

fracture path (red arrow) and (c) fatigue tested (m=92%) samples with broken cells (pointing by yellow arrows) 

For the quasi-static [011]//LD sample as shown in Fig. 5.7(b) with FVDs=[100], FP is identified as (001) 

with FD=[010] and α=45°. Thus, fracturing and subsequent collapse caused a slight slip of the upper 

portion in (001) plane along [010] direction prior to the test termination. For the fatigue-tested [011]//LD 

samples with m=92% presenting in Fig. 5.7(c), no significant macroscopic deformation was observed, 

while fractured struts were captured in the tested samples, as indicated by the yellow arrows.  

 

Fig. 5.7 Photographs of the [011]//LD SC lattices: (a) as-built sample with four unit cells highlighted by the 

yellow rectangle, (b) quasi-static sample showing the angle between FD and LD and (c) fatigue tested samples 

with broken cells highlighted by the yellow arrows 
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For the quasi-static tested [111]//LD sample as shown in Fig. 5.8(b), images 1–4 are presented showing 

the sample viewed from different FVDS. Image 1 was taken at the FVDS with α≈36°, where the outlined 

four-cell area of (110) from the as-built sample was superimposed on to Image 1 of the tested sample 

and fit well. The long edge of the outlined rectangular is in [11̅0], parallel to FD. In other words, a line 

parallel to the long edge lies within the FP and the short edge of the rectangular is along [001], which 

is normal to the FP. Then, FP can be identified as (001). Images 2–4 were captured from viewing angles 

obtained by rotating the sample clockwise in 45° increments relative to Image 1. In Image 4, vertical 

dislocation of the sample is evident, indicating a shear fracture along [11̅0] in (001), a feature also 

visible in Image 1 and 2.  The photographs of the fatigue tested [111]//LD samples with m=92% are 

show in  Fig. 5.8(c). These images were captured from the view angle the same as that used for Image 

3 in Fig. 5.8(b). No significant deformation of fracture can be observed from those photographs and it 

is also difficult to identify if there are any cracks exhibited locally on the struts of these [111]//LD 

fatigue samples. Thus, further examinations will be conducted using SEM in the following sections.  

 

Fig. 5.8 Photographs of the [111]//LD SC lattice: (a) as-built sample with four unit cells highlighted by the 

yellow rectangle, (b) quasi-static sample showing the angle between FD and LD at different viewing directions 

and (c) fatigue tested(m=92%) samples 
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To obtain more completely fractured samples and enable better visual examination of the failed samples, 

additional fatigue tests were conducted using higher m values. As shown in Fig. 5.9, the use of higher 

m  values did not induce collapse of [001]//LD sample but resulted in more pronounced bending. 

However, the higher m values caused completely fracture in [011]//LD and [111]//LD samples, giving 

a clear view of FDs and FDs in these samples. Despite Fig. 5.1 has suggested that varying m values has 

limited effects on fatigue life and using m=92% has successfully led to sample failure with FP moving 

along FD, the resulted change in ΔDp was insufficient to produce the completely fractured samples.  

 

Fig. 5.9 Photographs of the fatigue tested samples with different m values: (a) [001]//LD (210MPa) samples 

with red arrow pointing the broken or fall out cells, (b) [011]//LD (50MPa) samples with red arrows pointing the 

cells with shared deformation and (c) [111]//LD (50MPa) samples with a fracture plane in 36° to LD 

From the fractured pieces of [011]//LD sample tested with m=150%, it can be clearly seen that the FP 

is (001) and FD is either [010] or [01̅0], forming an angle of 45° with respect to LD, consistent with 

the identified FP and FD observed in the quasi-static [011]//LD samples. For the [111]//LD sample 

tested with 𝑚=150% as shown in Fig. 5.9(c) from the FVDS view, FD is approximately 36° with respect 

to LD. The identified FD of fatigue tested [111]//LD matches that of the quasi-static [111]//LD samples. 

However, the location of the FPs differs between the quasi-static and fatigue samples, indicating the 

fracturing occurred in different (001) layers. Rotating the fractured [111]//LD sample by 90° from FVDs 

view, the obtained image in the middle column in Fig. 5.9(c) shows vertical dislocation, which is similar 

to Image 3 in Fig. 5.8(b). It also confirmed that in the fatigue tested [111]//LD samples, FP is (001) and 

FD is [11̅0] .  The identified results of the geometrical fracture features with varied UCOs are 

summarised in Table. 5.4. 

Table. 5.4 Identified FPs, FDs and α of the lattices with varied UCOs 

Sample FP-FD α (∠FD/LD) 

[001]//LD (001)-[110] 90° 

[011]//LD (001)-[01̅0] 45° 
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[111]//LD (001)-[11̅0] 35.3° 

5.3. Crack Initiation and Growth 

5.3.1. Crack Initiation Observed on the Surfaces of the Tested Samples 

The SEM images of the quasi-static and cyclic tested [001]//LD samples are presented in Fig. 5.10, 

including four rows of horizontal struts, while only partial struts from the top and bottom rows are 

shown in the images. In Fig. 5.10(a), the quasi-static sample only exhibits two rows of visible pores, 

since the vertical struts in the middle row were collapsed resulting in the closure of pores. It can also be 

observed that the top two rows of vertical struts are misaligned with those in the bottom two rows due 

to the dislocation sideways of the upper portion of the fractured sample. As previously discussed in 5.2,  

the collapsing and subsequent sliding in (001) and along [110] resulted in the upper portion of the 

fractured quasi-static [001]//LD sample to displace by  
1

2
√2acell  and 

1

2
acell  along the 45° viewing 

direction and FVDs, respectively. It is worth noting that, there were no microcracks observed in the 

cells shown in Fig. 5.10 either above or below the FP (001). The SEM image of the fatigue-tested 

[001]//LD sample at σmax=210MPa is shown in Fig. 5.10(b), revealing that neither significant distortion 

nor complete planar fracture can be observed. However, as annotated by the red arrows Fig. 5.10(b), 

the cracks were well initiated locally at the horizontal struts and one of the struts was fully fractured. 

As seen in Fig. 5.1(a), the rapid increase in ΔDp should be the result of a sudden change in displacement 

within a small number of cycles. It is possible that, when a horizontal strut is fractured, the adjacent 

vertical struts then effectively behave as longer columns, making them more prone to buckling. As a 

result, the compression or buckling of these vertical struts can occur more readily, causing the tolerance 

threshold to be reached and the termination of the test.  

 

Fig. 5.10 SEM images of [001]//LD samples: (a) quasi-static tested and (b) cyclically tested at 210MPa 

(m=92%)  
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The examination of [011]//LD samples revealed that the struts fractured in (001) along [100]. Since 

[011] is parallel to LD in [011]//LD samples, the angle between the [011] and the (001) FP is 45°, which 

is the same as the angle between [011] and LD. Similar to the quasi-static tested [001]//LD sample, no 

cracks can be observed in the quasi-static [011]//LD sample shown in Fig. 5.11(a).  However, clear 

differences can be seen in the fatigue-tested samples in Fig. 5.11(b), where a large number of small 

cracks are presented, particularly at the critical locations annotated by the arrows. It can be clearly 

observed that, the cracks initiation occurred at or near the top or bottom nodes of each cell, rather than 

at the right or left nodes. However, it can also be observed that the crack propagation tends to deviate 

from its initial path, and the cracks can grow straight downwards or upwards for a short distance. An 

example can be seen in Fig. 5.11(b), the crack outlined at the bottom corner of Cell 1 propagates toward 

the right corner of Cell 2.  

 

Fig. 5.11 SEM images of [011]//LD samples: (a) quasi-static tested and (b) cyclically tested at 50MPa (m=92%) 

The SEM image of the quasi-static tested [111]//LD sample shown in Fig. 5.12(a) was taken from the 

same viewing direction as that of Image 2 in Fig. 5.8(b). Consistent with the observations made for the 

other two orientated quasi-static samples, no microcracks are found adjacent to the main macrocrack. 

For the fatigue-tested [111]//LD sample presented in Fig. 5.12(b), the crack initiation sites are similar 

to those observed in [011]//LD fatigue samples, with small cracks initiated at the top and bottom corners 

of the cells. This unique feature, in which the crack initiation occurs preferentially at the top and bottom 

nodes of a cell in the non-[001]//LD sample, may explain the reduced fatigue strength of these lattices 

under cyclic loading. In [00]//LD samples, no such critical locations within a cell appear to promote the 

crack initiation when σmax  is not significantly high. As a result, the effect of cyclic loading on the 

compressive strength of [001]//LD samples is limited.  
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Fig. 5.12 SEM images of [111]//LD samples: (a) quasi-static tested and (b) cyclically tested at 50MPa (m=92%) 

5.3.2. Crack Initiation and Growth Observed inside the Struts 

Further examinations have been conducted by sectioning the fatigue-tested samples to observe the 

internal crack paths inside the struts. The cross-sectional images of the [001]//LD and [011]//LD 

samples are shown in Fig. 5.13 and Fig. 5.14, respectively. For [111]//LD samples, sampling could not 

be done to view the cross-sectioned struts in a metallographic plane normal to FP with LD included in. 

However, since both the quai-static and fatigue strengths of [011]//LD samples are comparable with 

those of [111]//LD samples, and the crack initiation sites are similar in these samples, then the 

examination of sectioned [011]//LD samples is considered sufficient for revealing the internal crack 

paths. No cracks are found away from the FPs in the quasi-static tested [001]//LD and [011]//LD 

samples at the cross-sectional surface of each sample. For fatigue-tested [001]//LD sample, microcracks 

are observed even though the tested sample was not fully fractured or collapsed.  

 

Fig. 5.13 Cross-sectional images of [001]//LD samples: (a) quasi-static tested and (b) fatigue tested at 210MPa 

with micro-cracks pointed by red arrows 

At the cross-section surfaces of the fatigue tested [011]//LD samples, the crack initiation sites at the top 

and bottom nodes and the crack paths can be clearly seen in Fig. 5.14(b)–(c) under varied stress level 
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with σmax=70MPa (N ≈104) and σmax=35MPa (N ≈106), respectively. The red arrows in the images 

indicate the crack tips, showing each crack exhibiting deviation in its growth direction. As seen in Fig. 

5.14(c), the initiated crack at location T of Cell 1 grows towards location L of Cell 2, rather than 

propagates upwards through the node to Cell 5. This behaviour is considered reasonable, since a node 

is relatively much thicker than a strut. As the cracks propagating in the deviated direction, each crack 

grows through a strut on the side surface to the next cell in an angle of 45°. The T cracks propagated 

sequentially following the order Cell 1 → Cell 2 → Cell 3 → Cell 4, while the B cracks in Cell 2 and 

Cell 4 grew toward Cell 1 and Cell 3, respectively. Notably, the B crack in Cell 3 propagated in two 

directions, growing towards both Cell 2 as well as Cell 6. The growth of the cracks from Cell 1 to Cell 

4 leads to a relative movement Δd  as indicated in  Fig. 5.14(c), once ∑Δd × cos 45°  reaches the 

tolerance limit, the test is terminated. Increasing m  value allows a higher Δd  and when m  value is 

sufficient high, the sample fractures completely into two separate pieces. Then the FP is through the 

node in each cell along a (001) plane.  

 



104 

 

Fig. 5.14 Cross-sectional images of [011]//LD samples: (a) quasi-static tested sample showing no micro-cracks 

distant to the main crack path, (b) fatigue-tested at 70MPa and (c) fatigue-tested at 35 MPa, the LD and possible 

shear displacement are indicated. Note: micro-cracks pointed by the red arrows in (b) and (c) 

The fracture surface of a completely fractured [011]//LD fatigue-tested sample has been examined and 

the SEM fractography images are presented in Fig. 5.15. At the viewing direction which is normal to 

the FP(100), where the unit cells appear to be square on the fractured surface. The planar fracture has 

been resulted by the fracture of all the nodes on or near that plane. As can be seen in the high-

magnification images, the appearance of Node 1 and Node 2 are similar, consisting of two sections, 

indicating two-stage failure. The higher-magnification images of Location a and Location b at Node 1 

are also presented. At Location a, the apparently flat planar crack suggests that the crack propagated 

smoothly in a single direction until reaching Location b, where the crack growth direction subsequently 

changed. This change in crack growth direction observed is consistent with the findings summarised 

from the cross-sectional images of the sample. Extra-higher-magnification images taken at Location a 

and b indicates that Location a is the crack initiation site. The red dotted line in the lower-left image 

represents the crack initiation front, suggesting a predominantly brittle fracture model with minimal 

shear dimple formation. Subsequently, the crack propagated to Location b, where the stage transmission 

occurred. The boundary between the two stages is indicates by the white dotted line in the lower-right 

image. Beyond this boundary and following the change in crack-growth direction, the fracture surface 

exhibits ductile characteristics with the presence of shear dimples. It is suggested that fatigue crack 

growth proceeded predominantly in Stage I and sudden fracture occurred in stage II. In stage II, once 

the remaining unfractured load-bearing area in the struts adjacent to the node after Stage I can no longer 

support the applied stress σmax, rapid fracture of the strut occurs.  
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Fig. 5.15 SEM fractography of the fatigue tested sample [011]//LD sample shown in Fig. 5.9 (b) with viewing 

direction normal to FP(100), the arrows point to the micro cracks and the crack initiation front and the crack 

growth transition front are illustrated by the dashed curves 

To understand the sensitivity of location to crack initiation, the stress distributions are estimated by FEA 

models using as-designed nominal geometries. As discussed in Section 4.2, although the FEA-predicted 

localised stress values may deviate from those in the as-fabricated geometries, the simulations remain 

highly robust for evaluating macroscopic mechanical behaviour and global stress distribution patterns. 

To reduce the computational cost and eliminate the effects of trimmed free struts at the boundaries as 

discussed in Section 4.2, 3×3×3-cell structures were modelled for the analysis. In the FEA models, the 

corresponding stress σmax  for N =106 has been applied to the lattice to identify the high-tension 

concentrated locations for the understanding of crack-initiation conditions. The corresponding applied 

stress values for [001]//LD, [011]//LD and [111]//LD lattices are 200MPa, 35 MPa and 35 MPa, 

respectively. The stress distributions of both σ1 and σ3 are presented in Fig. 5.16. For the three groups 

of specimens under the loading of σmax(N = 106), high tensile stress (>500MPa) concentrated at the 

upper and lower corner of each cell in the [011]//LD and [111]//LD specimens.  

At 106 cycles, the values of σmax are close to the fatigue limits for HCF. As understood in literature[258], 

stress concentration factor is considered as the primary determinant for crack initiation under cyclic 

loading and the fatigue limit defined the stress threshold below which crack initiation at the notch root 
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does not occur. The nodal locations of the lattices can be effectively considered as notches, thus the 

highly concentrated σ1 at the bottom and top corners of each cell in [011]//LD and [111]//LD lattices 

has resulted in well-initiated cracks at the corners after 106 cycles at a stress level of σmax=35MPa 

(approximately 50%–60% of σy−L). For [001]//LD specimen, even under σmax=200MPa (>σy−L[001]), 

the maximum magnitude of positive σ1  only has only reached about 500MPa, thus the effect of 

compressive cyclic loading on the fatigue strength of [001]//LD specimen is limited. 

 

 

(a) 

 

(b) 
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(c) 

Fig. 5.16 Stress distribution of maximum- 𝜎1 and minimum principal stress 𝜎3 for (a) [001]//LD, (b) [011]//LD 

and (c) [111]//LD lattice structures under the applied stress level corresponding to the fatigue stress level 𝜎𝑚𝑎𝑥  

at N=106 cycles obtained from the 3×3×3-cell FEA models 

5.4. Further Discussion on the Fatigue Strength of PBF Lattices 

Comparing to the data of all the non-SC lattices plotted in Fig. 2.21, SC lattices demonstrated generally 

higher fatigue strength values, even though the available data is limited and highly scattered.  The role 

of crack initiation locations in the fatigue strength of PBF lattices identified in previous sections can be 

used to explain the literature data presented in Fig. 2.21. Therefore, S-N data along with the quasi-static 

UCSL values of PBF lattices (0.3< ρ̅ <0.4) are plotted in Fig. 5.17. A single trend line has been fitted 

for [011]//LD and [111]//LD SC lattices in the present research since both the fatigue strengths and 

UCSL values of these two orientated lattices are comparable. Compared to all the other fatigue strength 

values reported in literature, the fatigue strengths values obtained in this research are significantly 

higher within the given range of ρ̅.  
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Fig. 5.17 Compression-compression fatigue (R=10) data. SN curves show the fatigue data obtained in this work 

versus values collected from the literature, alongside the UCSL data for various lattice structures. 

For [001]//LD SC samples, compared to the data obtained in this research, the lower strength values 

reported by Zhao et al.[59] and Radlof[180] are attributed to the deviation between the designed and 

measured relative densities. The stated ρ̅=36.8% was measured from the as-built samples in Zhao et al’s 

work[59]. From the reported design strut size (0.5mm) and cell size (1.43mm) measured from the 

provided images, the calculated designed relative density of their SC lattice is 28%, notably lower than 

that used in this research (ρ̅=35%). The properties of the [011]//LD SC lattice reported by Radlof et 

al.[180] were based on a stated ρ ̅of 30%. However, based on the given strut size of 0.6mm and a cell size 

of 1.2mm, the nominal designed ρ ̅ is calculated to be 26%, which is lower than the stated value of 30% 
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and slightly lower than the value used by Zhao et al.[59]. However, the reason for the notably lower 

quasi-static strength and fatigue strength values across the high-cycle range, for similar ρ̅, reported by 

Radlof et al.[180] compared with those reported by Zhao et al[59], remains unclear.  

All the non-SC structures expect for FCCm lattices in literature exhibited lower quai-static and fatigue 

strengths than those of the non-[001]//LD lattices in this research. For these non-SC structures, it is 

suggested that the presence of inclined struts introduces localised stress concentrations, even at low 

σmax . Thus, considering the effects of stress concentration on fatigue strength, the load-bearing 

mechanism in these non-SC lattices may be similar to that observed in non-[001]//LD SC structures. 

The influence of relative density on the fatigue strength can also be observed in Fig. 5.17, where the 

strength values for ρ̅=40% reported by Hrabe et al.[23] are comparable to those obtained in this research 

and significantly higher than the values for lattices with ρ̅=30%. 

Alaña et al.[95] has designed the FCCm lattices to avoid the manufacturing problems associated with 

fabricating horizontal struts. The FCCm lattices exhibited higher strength values than other non-SC 

structures. As illustrated in Alaña et al.’s work, all struts in each cell support the load in an angle of 45° 

with respect to LD with four struts joining at a single node. In this research, as illustrated in Fig. 3.1, 4 

out of 12 struts in a [001]//LD cell effectively support the load parallel to LD. In each [011]//LD and 

[111]//LD SC cell, 8 struts orientated at 45° to LD and 12 oriented at 54.7° to LD, respectively, 

effectively contributed to load supporting. In addition, the FEA predicted yield strength σy−FCCm is 

175MPa of FCCm lattice for ρ̅ = 30%, which is comparable to the values of σy[001]=172MPa predicted 

for [001]//LD lattices in 4.1.1. However, as shown in Fig. 5.17, the fatigue strength of FCCm lattice 

drops steeply with increasing fatigue cycle number. It can be attributed the stress concentration at the T 

and B locations within the FCCm cells, which is favourable for crack initiation and consequently 

resulted in the rapid decreased in σmax under cyclic loading.  

The observed location-dependent crack initiation cites also indicated the effect of surface quality of 

EBPBF parts on fatigue limits. The cross-section samples shown in Fig. 5.13 and Fig. 5.14 have been 

presented with building direction (BD) pointing upwards, thus the bottom surfaces or nodes shown in 

the figures are the upper skin surfaces during the EBPBF process. Then it can be seen that the upper 

skin surfaces are considerably smoother than the other side surfaces. Since the side surfaces contain 

partially melted powder whereas the upper skin surfaces are the solidified surfaces and are free of 

powder particles. While the high roughness of side surfaces in PBF parts is known to affect the fatigue 

strength, the evidence shown in Fig. 5.11(b), Fig. 5.12(b) and Fig. 5.14(b)–(c) has demonstrated that 

the crack initiation cites are primarily T and B locations within cells, with the B locations are observed 

to be as readily as the T locations for fatigue crack initiation. This suggests that stress concentration is 

the dominant factor affecting the fatigue strength of lattice structures, while the surface roughness only 

exhibit limited effects.   
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6. Fatigue Performance of the EBPBF Stems 

Following on the understanding of the orientation-dependant static and fatigue behaviours of the lattice 

structures discussed in the last two chapters, an attempt has been made to investigate the fatigue 

behaviour of the porous femoral stems in this chapter. A preliminary study on femoral stem design 

included the selection of optimal UCO used in the design of fully porous (FP) stem along with the FEA 

models and experimental testing. The experimental and FEA results have indicated the low fatigue life 

of the fully porous stems. Thus, the stem was then subsequently re-designed and modified through the 

incorporation of topological optimisation, providing a solid reinforcement while maintaining a highly 

porous structure. In the final stem design, surface lattice portion was increased ensuring a fully porous 

surface to promote bone ingrowth, and four stem specimens were fabricated using EBPBF. The four 

EBPBF built specimens were fatigue tested. Two specimens failed without reaching the target fatigue 

life of 5×106 cycles as specified in IOS 7206-4, while another two achieved fatigue life well beyond the 

required life. Fractography examination has been conducted on the failed specimens. For the run-out 

samples, a detailed assessment was performed using X-ray micro-CT analysis coupled with K-T 

diagram analysis, revealing the dependence of fatigue life on the presence of lack of fusion (LoF) 

defects. Finally, the synthesis of findings and analysis from this work will be utilised to discuss and 

explain the approach required for the design, manufacturing and quality check of highly porous EBPBF 

femoral stems to ensure the compliance with the relevant international standards.  

6.1. Results of the Preliminary Study on Porous Femoral Stem Design 

6.1.1. Optimised UCO 

As presented in Fig. 6.1, the FEA results suggested that stress concentration was observed near the 

potting level, with the highest stress values located in the medial region. It can also be observed that, 

the medial region was predominantly subjected to compression, indicating a higher concentration of 𝜎3, 

while the lateral region experienced tension, reflecting by the elevated 𝜎1  values. The observed 

distribution of tensile and compressive stresses was consistent with the findings reported in literature[217]. 

As discussed in Chapter 5, [001]//LD SC lattices exhibited highest compression-compression fatigue 

strength comparing with other non-[001]//LD samples. To maximise the load-bearing ability of 

[001]//LD lattices under compression, the optimal UCO was then determined using multi-objective 

genetic algorithm (MOGA) for response surface (RS) optimisation as described in 3.4.3. under the 

configurations illustrated in Fig. 3.8,  the vector principal stresses in the compression concentrated 

region with σ3 < −100MPa was extracted, the vectors of the principal axes of 𝜎3 were computed using 

a Python code. Then the computed vector map was imported into nTop for visualisation. As illustrated 

in Fig. 6.2, the angles θy  between the axes of σ3  and the loading direction were in the range 
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approximately between 0° and 13°, which was then defined as the designed range of θy for the UCO 

optimisation.  

 

Fig. 6.1 Principal stress distribution in the unpotted region of the solid stem: (a) minimum principal stress 𝜎3 (b) 

maximum principal stress 𝜎1  

 

Fig. 6.2 Point map illustrates the distribution of 𝜃𝑦 within the region where 𝜎3 < -100 MPa in the unpotted 

region of the solid stem 

The design of experiment (DOE) matrix and the 2D response plots are shown in Table. 6.1 and Fig. 6.3, 

respectively, based on the FEA model under the loading configurations as shown in Fig. 3.8. The higher 

Pc suggested that a greater number of struts are under compression with negative stress magnitude. The 

lower Pb indicated that fewer load-bearing struts were subjected to bending moments higher than 20N ∙

m . Moreover, as discussed in Chapter 4, [001]//LD lattice exhibited higher EL  than non-[001]//LD 

lattices. As suggested by the 2D response results, there is a trade-off between the output objective 

parameters. More clearly, it can be found from Fig. 6.4, the objective of maximisation of Pc and δLy is 
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compete with the aim of minimising Pb.  Thus, the MOGA was applied to obtain the suitable value of 

θ with optimal overall performance. Three candidate points with similar performance listed in Table. 

6.2 were selected MOGA and the validation was carried out by the FEA tool ANSYS Mechanical. By 

taking consideration of all the output objective parameters, θ = 7.7° has been selected as the optimal 

UCO. As both minimal |δLy| and lowest Pb were obtained at this UCO.   

Table. 6.1 Design points for UCO optimisation 

Design Points θ, º Pc,% Pb,% δLy, mm 

1 -6.5 0.492 0.219 -1.2439 

2 -1.3 0.541 0.248 -1.1659 

3 -3.9 0.523 0.249 -1.326 

4 -9.1 0.470 0.212 -1.246 

5 -11.7 0.457 0.227 -1.3549 

6 -7.8 0.482 0.223 -1.2948 

7 -5.2 0.515 0.232 -1.2815 



113 

 

 

Fig. 6.3 Response plots illustrating the effect of θ on the objective parameters including Pc, Pb and δLy 

 

Fig. 6.4 3D trade-off plots between the input variable θ and the output objective parameters (Pc, Pb and δLy) 



114 

 

Table. 6.2 Candidate design points selected by MOGA with FEA verified results 

6.1.2. Verification of the Simplified Test Configuration 

FEA models have been created under ASTM F2996-13 and simplified configurations as shown in Fig. 

3.8 and Fig. 3.11 with applied force of 2300N, respectively. The stress distributions in the designed RoI 

under the two configurations are shown in Fig. 6.5.  The comparison of the two configurations revealed 

minor differences in localised stress concentrations. The simplified configuration resulted in a slightly 

lowered maximum σ1  value of 4 MPa, dropping from 152MPa to 148Mpa at the lateral side and 

increased maximum value of σVM of 58 MPa from 211MPa to 269MPa at the medial side. However, 

these stress variations were only found to be in small local regions, and the overall stress distribution 

remained largely unchanged. Specifically, for the lateral hot-spot, a variation of only 3% in the peak 

stress values of 𝜎1  was obtained. Given the minimal impact on the global stress distribution, the 

simplified configuration was considered as a valid and acceptable representation for the purpose of this 

preliminary study.  

 

Fig. 6.5 Comparison of the stress distribution of (a) maximum principal stress and (b) Von-mises stress on the 

designed porous region of the stem under ASTM and simplified configurations 

6.1.3. Fatigue Behaviour of the Fully Porous Stem with Optimised UCO 

The femoral stem specimens with simplified configuration have been built using EBPBF as shown in 

Fig. 6.6. The design of the FP stem consists of a close-cell SC shell and an open-cell SC lattice with 

optimised UCO. The EBPBF fabricated samples were tested under the loading conditions specified in 

ISO 7206-4 configurations, the peak-peak displacement vs cycle curves are presented in Fig. 6.7(a). 

Candidate Points θ, º Pc,% Pb,% δLy, mm 

1 -5.9 0.504 0.215 -1.2171 

2 -6.7 0.492 0.211 -1.2033 

3 -7.7 0.487 0.200 -1.1764 
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The specimens exhibited a fatigue life of only approximately 1×105 cycles, which is less than 2% of the 

required 5×106 cycles as specified in the international standard.  

 

Fig. 6.6 (a) CAD designed and (b) EBPBF fabricated FP stem specimen 

As shown in Fig. 6.8, the fatigue fracture occurred at the tension concentrated area while no obvious 

damage was observed in the compression site.  Compared to the fatigue life of porous stems reported 

in published works[217,240], this SC-cell-based porous stem here demonstrates approximately 80% shorter 

fatigue life. The shorter Nf of the proposed porous stem could be attributed to several key differences 

in the design and geometry of the stem. The proposed porous stem exhibited significant longer stem 

length LA, up to 15% greater than those in the published works and lower the porosity level at the 

fracture surface (P̅fs ≤25% in the published works[217,240]).  

 

Fig. 6.7 Fatigue tests results of the fully porous design (a) Peak-Peak displacement and (b) stiffness vs cycles.
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Fig. 6.8  (a-b) the porous femoral stem specimen during the fatigue test (c) fractured sample, the white arrow 

indicates the crack initiation location at the lateral side of the stem. 

The FEA estimated stress distribution provides evidence that suggests at the short fatigue life of the F 

femoral stem. The stress distribution of σ1 is shown in Fig. 6.9. With a load of 2300N being applied to 

the FP stem under the simplified configuration, the positive stresses of σ1 are concentrated within the 

lateral side, with a maximum value of 866MPa exhibited at the corner of the close-cell shell. Across the 

medial region, negative values of σ1 were estimated. The highest value of σ1 reaches approximately 86% 

of the yield strength (σy=1001MPa) and 44% higher than the endurance limit (σN=600 MPa at 107 

cycles[156]) of the EBPBF Ti6Al4V without defects. The FEA results have suggested that the FP stems 

are likely far away from suitable and further modifications are then required.  

 

Fig. 6.9 Maximum principal stress 𝜎1 distribution on the fully porous stem under the simplified configuration 

with a load of F=2300N 
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6.2. Fatigue Performance of the Topologically Optimised Porous Stem 

The results obtained in Section 6.1 suggested that, the concentrated tension distributed on the close-cell 

shell led to the fracture of the stem. Therefore, the design of the stem needs to be modified with 

reinforcement at the tension site. In the literature reviewed in 2.4.4, dense shells have been used in the 

lateral sides of the lattice as reinforcement. But the fatigue results in literature listed in Table. 2.11 have 

suggested that even with solid shell at both the lateral and medial sides, the porous femoral stem could 

still exhibit much lower fatigue life than the required 5×106 cycles. Thus, as described below, 

topological optimisation was conducted to define the region of reinforcement while maintaining 

sufficient porous volume for sufficient osseointegration features.  

6.2.1. Topologically Optimised Solid Core 

As described in 3.4.5, the optimisation was carried out in nTop with an objective to minimise the 

response stress and reduce the volume in the unpotting region by 80%. The design objectives were to 

reduce the volume of the unpotting region and ensure the maximum stress in the optimised geometry 

remained below the given threshold. In this case, the stress threshold of 580MPa was selected based on 

the simulation results obtained in Fig. 5.16. This value indicates the highest σ1 in the non-[001] lattices 

under the loading corresponding to the fatigue limit at 1×106 cycles. Then the optimisation performed 

250 interactions based on the stress distribution following the process described in 3.4.6, created a 

lightweighted form of the stem with reduced volume of solid core. The resulted geometry of the solid 

core is shown in Fig. 6.10, the smoothed TOed geometry achieved 72% reduced volume comparing to 

the dense RoI. Then a Boolean subtraction was applied within the RoI to extract the lattice region while 

the neck and the distal regions remained solid. The lattice region is illustrated by the translucent green 

body in Fig. 6.10. After the Boolean subtraction, the solid core within the objective region exhibited 

53% reduction when compared against the fully dense version. Subsequently, the lattice with optimised 

UCO was filled into the extracted region, the final TOed stem achieved 21% lower volume comparing 

to that of its fully dense counterpart. Based on the optimised geometry, the TOed stem specimens shown 

in  Fig. 6.11 have been fabricated using EBPBF.  
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Fig. 6.10  Topology optimisation result showing the volume reduction process from the solid stem to the final 

TOed stem 

 

Fig. 6.11 EBPBF built TOed Porous stem 

6.2.2. Fatigue Performance the TOed Porous Stem 

The fatigue testing results for the TOed porous stem demonstrated an infinite fatigue life, all the tested 

samples ran out at 107 cycles under the simplified configurations with loading conditions as specified 

in ISO 7206-4.  As shown in Fig. 6.12, the displacement curves obtained during fatigue testing indicate 

that both the peak-peak displacement and effective stiffness of the stem remained unchanged throughout 

the duration of the test. The fatigue testing results agreed with the findings observed from simulation. 

The FE simulation estimated stress distribution of σ1 suggested that the highest σ1 exhibited in the RoI 
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was only ~238 MPa, indicating that this Toed stem should be able to satisfy the ISO requirements of 

fatigue limit.  

 

Fig. 6.12 Fatigue testing results of the topologically optimised samples: (a) peak-peak displacement vs cycle 

curves and (b) stiffness vs cycle curves 

 

Fig. 6.13 Maximum principal stress 𝜎1 distribution on the topologically optimised (TOed) stem under the 

simplified configuration with a load of F=2300N 

6.3. Fatigue Performance of the Solid Reinforcement with Lattice Stems  

6.3.1. Further Topological Optimisation Results 

The successful achievement of an infinite fatigue life in the TOed stem discussed in Section 6.2 

indicates a potential for further geometric optimisation with increased surface porosity by employing 

an additional lattice layer on the surface to enhance bone ingrowth. The further optimisation can be 

achieved by further increasing surface porosity to provide enhanced bone in-growth properties. 

Therefore, an additional topological optimisation was conducted to obtain the Solid Reinforcement with 
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Lattice (SR-L) stem. To enable the inclusion of an extra layer of struts, the design space was decreased 

in thickness by 0.7 then TO was applied using the same objectives and constrains. The EBPBF 

fabricated SR-L specimen and the further optimised geometry of the solid core is shown in Fig. 6.14.   

 

Fig. 6.14 EBPBF SR-L femoral stem with a porous lattice layer on the surface of the solid portion and the 

comparison between the TO and SR-L solid cores  

6.3.2. Fatigue Performance and FEA Predicted Stress Distribution 

From two separate batches, a total of four specimens were tested. The fatigue testing results are 

presented in Fig. 6.15, showing that two of the four tested specimens achieved runout at 107 cycles 

while the other two failed at approximately 1.41×106 and 1.78×106 cycles. The fatigue lives of the failed 

stems reached up to 36% of the required 5×106 cycles by the international standard. However, the FEA 

predicted distribution of σ1 is shown in Fig. 6.16, the maximum value of σ1 was increased to 434 MPa. 

The predicated maximum σ1  is only 72% of the fatigue strength of EBPBF Ti6Al4V parts 

(approximately 600 MPa at 1 ×107 cycles[156]). Thus, the predicted stress distribution suggested that the 

designed porous stem should be capable of withstanding the ISO-7206 loading conditions and achieve 

an infinite fatigue life.  To determine the cause of reduced fatigue life of the failed stem specimens, the 

fracture surfaces have been examined using SEM in the next section.  
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Fig. 6.15 Fatigue testing results of the SR-L stems: (a) peak-peak displacement vs cycle curves and (b) stiffness 

vs cycle curves 

 

Fig. 6.16 Maximum principal stress 𝜎1 distribution on SR-L samples under the simplified configuration with a 

load if F=2300N 

6.3.3. Fracture Mechanics Analysis and Kitagawa-Takahashi Diagrams 

As shown in Fig. 6.17, the cracks initiated in the failed specimens at the tension concentrated area 

illustrated in Fig. 6.18 with the high σ1 values. To identify the reason of the largely variation in fatigue 

results, the fracture surfaces shown in Fig. 6.17 of the failed samples have been examined under SEM. 

As presented in Fig. 6.20 , the examination of the fracture surface of the SR-L-1 specimen has revealed 

that, no large defects are observed at the crack initiation site but a LoF defect is identified at the surface 

of a strut near the high-tension region.  In contrast, a LoF defect were observed in the SR-L-4 at the 

tension-concentration region. Both of the examined fracture surfaces exhibited identical surface 

irregularities, a characteristic commonly observed in parts fabricated using the EBPBF process. Even 

though rough surface and internal defects are observed, the crack initiation sites have been found located 

from the surface LoF defects in both failed specimens rather than originating from rough surfaces 



122 

 

topography or internal defects.  This is in agreement with the reviewed findings suggested by Tammas-

Williams et al.[191] in 2.3.3.3, it has been widely found in the machined and polished PBF test pieces, 

the originally internal defects were exposed at the test piece surfaces,  the shorter lives were found to 

be associated with cracks initiated from the pores located near the surface of the test pieces. Thus, 

surface-exposed LoF defects have been considered as the critical detrimental factor limiting fatigue 

lives. 

 

Fig. 6.17 Failed specimens (a) SR-L-1 (b) SR-L-4 during the fatigue tests (the red arrows point to the cracks) 
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 Fig. 6.18 Stress distribution of 𝜎1 (MPa) on the fracture surface and the region with 𝜎1>250MPa 

 

Fig. 6.19 Fracture surface of the failed stem specimens: (a) SR-L-1 and (b)SR-L-4, the LoF defects are pointed 

by red arrows 
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Fig. 6.20 SEM image of the fracture surfaces of (a)SR-L-1 and (b)SR-L-4 stem specimens taken at the locations 

of LoF defects as shown in Fig. 6.17 

To further confirm the effects of the observed LoF defects on the shortened fatigue lives, Kitagawa-

Takahashi diagram approach has been applied for further analysis. The location the fracture plane is 

estimated using the measurement from the microscope images, as shown in Fig. 6.21. The measured 

fracture plane from each specimen showing in Fig. 6.21 is approximately 6.42 mm above the upper 

surface of the gripper. This observation is consistent with the FEA predicted results as presented in Fig. 

6.16, where the maximum σ1 is predicted at a location of 6.46 mm above the gripper. At the highest σ1 

concentrated region, the other principal stresses, σ2 and σ3, are found to be significantly smaller than 

σ1, confirming a state of near-uniaxial tension. Thus, the stress distribution at the cross-sectional plane 

exhibiting maximum σ1 has been obtained for the further analysis.  
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Fig. 6.21 Microscope images of the fractured (a) SR-L-1 and (b) SR-L-4 specimens 

The LoF defect size were measured using the Murakami’s approach as illustrated in Fig. 2.33, the 

measured LoF effective defect areas are 0.035 mm2 and 0.087 mm2, giving the effect defect size √Area 

of 188µm and 295µm for SR-L-1 and SR-L-4 specimens, respectively. It needs to be addressed that the 

measured defect size might be overestimated. Therefore, the uncertainty associated with the defect size 

measurement will be discussed soon. 

 

Fig. 6.22 Determination of nominal area (yellow area) and convex effective area (red line) for defects in the 

failed specimens (a) SR-L-1 and (b) SR-L-4 

As shown in Fig. 6.23, K-T diagram is plotted based on the FEA-predicted stress distribution on the 

fracture surfaces of the failed specimens and the measured defect sizes. The location of LoF defects 

varied between the two failed specimens. In SR-L-1, the defect is found on a surface sturt subjected to 

an FEA-predicted σ1 of 282MPa. In comparison, the LoF defect in SR-L-4 was located at a site on the 

solid portion which exhibiting significantly higher σ1  of 434MPa. The threshold values of stress 

intensity factor for EBPBF Ti6Al4V parts ΔKth,EB = 5.3 MPa ∙ √m  (unpublished data, 2025) as 

described in 3.5.1,  have been applied for the calculation of a0 . For LPBF specimens, ΔKth,L =

3.48 MPa ∙ √m was considered[195]. The ideal fatigue limit for defects-free EBPBF and LPBF Ti6Al4V 

component has been obtained from literature, giving σmax,EB =600 MPa[156] and thus Δσth,EB= 540 MPa 
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and Δσth,L =500 MPa (R=0.1) for as-built LPBF Ti6Al4V without defects[259], respectively. Although 

the femoral stem specimens were tested under global compression-compression conditions (R=10), the 

applied global compression to the steam head induced a macroscopic bending moment. This bending 

generated a highly localised tensile stress field on the lateral side of the stem.  As the global compressive 

load oscillated, the local tensile stress on the lateral side simultaneously oscillated in a tension-tension 

manner. Therefore, the actual local stress ratio at the critical tension-concentrated region is positive, 

closely approximating the R=0.1 condition in the FCG tests. For this reason, utilising the ΔKth threshold 

values derived from the standard CT specimens tested at R=0.1 was considered mechanical valid.  

In Fig. 6.23, the plotted data point of SR-L-4 lies far above the El-Haddad curve, while SR-L-1 lies 

within the safe region but near the threshold. The plotted K-T diagram suggests that the LoF defect in 

SR-L-4 is expected to be more detrimental to the fatigue life of the specimen than that in SR-L-1, 

resulting in a shorter fatigue life of SR-L-4. This agrees with the experimentally determined longer 

fatigue live exhibited by SR-L-1. Conversely, this finding is inconsistent with the data collected from 

literature for LPBF[195,260,261] and EBPBF[262] Ti6Al4V specimens shown in Fig. 6.23, which generally 

suggests that the plotted data further away from the El-Haddad curve correlates with a shorter fatigue 

life. However, for SR-L-1, the plotted data suggests an infinite fatigue life, this prediction does not 

agree with the experimental outcomes from the fatigue testing.  In addition, one of the LPBF data 

reported by Pagliari et al.[195] also fall into the safe region but exhibited a short fatigue life (Nf=24,652 

cycles).  

 

Fig. 6.23 (a) The K-T diagram for the measured LoF on the fracture surface of the EBPBF(ΔKth=5.3MPa√m) 

stem specimens comparing against LPBF (ΔKth=3.483MPa√m) literature data[195,260–262] and (b)the stress 

distribution of σ1 on the fracture surface 

To clarify that, the source of uncertainties in the plotted K-T diagram need to be considered. Firstly, the 

stress level of σmax= 600MPa derived from the S-N curve on the EBPBF specimens defined the fatigue 

limit control regime. The obtained data from the cited work[156] exhibited considerable scatter and the 

results could also subject to specimen-to-specimen variation.  Secondly, since the local stress level at 
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the defect site has been predicted by FEA, the difference between the nominal CAD model and the as-

built geometry would lead to uncertainty in the final stress value. Furthermore, the unpublished data of 

ΔKth  has been experimentally determined for EBPBF Ti6Al4V using the standard compact tension 

samples. However, there are limited data of ΔKth   of the as-fabricated EBPBF Ti6Al4V (R=0.1) 

reported in the literature is within the range of 4.0[263,264] – 6.5[265] MPa ∙ √m.  The variation in ΔKth  

for both EB- and LPBF parts would result in uncertainty in the final predicted safe region in the 

K-T diagram. To access the sensitivity of K-T analysis to varied ΔKth values, a further analysis was 

conducted using additional experimentally determined ΔKth  values of 4.7 and 4.9 MPa√m . As 

shown in Fig. 6.24, with the additional lower ΔKth values, the El-Haddad curves shift downward 

and to the left. The critical defect (√Area =295µm) detected in SR-L-4 still resides well within the 

expected failure regime. However, for the smaller defect (√Area = 188µm) in SR-L-1, when the 

lowest ΔKth is applied, the safety region is narrowed, bringing the defect size much closer to the 

critical a0. In addition, the effective defect size has been determined using the measured 2D area 

from the fracture surface rather than the actual 3D shape. Thus, the variation between measured 

projected 2D area and the true cross-sectional area should be expected. The manually traced 

boundary of the defects could also introduce random measurement error in the results of √Area.   

 

Fig. 6.24 K-T diagram for EBPBF data obtained from literature and this study using experimentally determined 

stress intensity threshold values Δ𝐾𝑡ℎ=4.7, 4.9 and 5.3 MPa√m 

For the two run-out specimens, as shown in Fig. 6.22, the tension-concentrated regions have been 

sectioned from the specimens approximately 2 mm above the gripper surface for the examination using 

micro-CT with a resolution of 9.758µm. Then the RoI for defects analysis has been defined by the stress 

distribution at the cross-sectional plane of maximum σ1 shown in Fig. 6.17(c) with σ1>250MPa, which 
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is located 6.42 mm above the gripper surface. This corresponds to a position of approximately 4.42 mm 

above the bottom surface of the sectioned portions. As expected, the as-built EBPBF parts exhibit high 

surface roughness and CT-scanned image stacks have been analysed in MATLAB to reveal the 

distribution of the defects.  

  

Fig. 6.25 Illustration of the sectioned region for micro-CT scanning and the reconstructed 3D models 

The distributions of the defects in the two run-out specimens are shown in Fig. 6.26, where the defects 

are classified as internal and surface defects based on the criteria described in Fig. 2.33 (c). In summary, 

15 and 5 defects have been identified within the RoI of SR-L-2 and SR-L-3, respectively. Further 

statistical analysis is presented in Fig. 6.29, the maximum effective defect size √Area measured for SR-

L-2 and SR-L-3 is 50µm and 42 µm, respectively. Thus, it can be concluded that there are no surface 

defects with significant size existed within the high-stress region in the two run-out specimens.  
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Fig. 6.26 Distribution of the defects detected by micro-CT scanning in the run-out stem samples: (a) SR-L-2 and 

(b) SR-L-3 

To evaluate the robustness of the defect characterisation, a segmentation sensitivity analysis has been 

conducted. The global grayscale threshold used to isolate pores within the AOI was varied by ±5% from 

the nominal value. The results of the analysis shown in Fig. 6.27 revealed no significant deviation in 

either the total defect count or the critical defect size. This stability is attributed to the high contrast 

gradient present at the boundaries of the physical defects. Since the transition between the solid material 
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and the internal voids is sharply defined in the tomographic reconstructions, minor fluctuations in the 

segmentation threshold do not artificially dilate or erode the measured geometries. Consequently, the 

derived √Area values are highly reliable, ensuring that the placement of these critical defects relative 

to the El Haddad transition length a0 on the K-T diagram is mathematically robust and independent of 

subjective segmentation choices. 

 

Fig. 6.27 Results of segmentation sensitivity of grey-scale threshold analysis on (a) critical defect size 

√Areamax and (b) total defect population in the AOI 

As shown in Fig. 6.28, the surface roughness Rv at the tension-concentrated region of the run-out SR-

L-2 and SR-L-3 specimens were measured using the X-CT scanning results by the method described in 

3.5.2, giving maximum Rv of approximately 80µm and 60µm, respectively. Following the approach 

suggested by Pagliari et al.[195], considering the surface roughness of Rv  as micro-notch using the 

relationship  √AreaShallow = √10Rv, the calculated results yields an effective micro-notch length of 

252µm and 189 µm for SR-L-2 and SR-L-3, respectively. As Pagliari et al.[195] suggested, the crack 

nucleation is contributed by the combined influence of roughness and surface defects, this suggestion 

implies that specimen SR-L-2 and SR-L-3 should have failed rather than run out at 107 cycles. The 

finding obtained from the examination of the run-out specimens suggests that the effects of surface 

roughness of EBPBF parts on the fatigue life are limited, while the most detrimental factor on fatigue 

life is surface LoF defects. Only the surface LoF defects should be considered as micro-cracks for the 

crack initiation. In contrast, surface roughness should not constitute a micro-crack. The fatigue cracks 

must first initiate within the rough surface before it can propagate and lead to fatigue failure.  
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Fig. 6.28 The surface roughness 𝑅𝑣 values measured from (a) SR-L-2 and (b) SR-L-3 specimens within the 

tension concentrated region 

 

Fig. 6.29 Effective defect size vs distance to surface obtained from the mirco-CT scanning results of the run-out 

femoral stem samples 

Based on the above analysis, it can be concluded that the LoF defects located in the high-stress-

concentration locations were identified as the critical defects in the two failed EBPBF stem specimens. 

The presence of LoF defects acted as the key detriment factor resulting in the shorter fatigue life (up to 

1.78×106 cycles). However, the obtained fatigue performance was not significantly distant from the 

required 5×106 cycles as specified in ISO 7206-4. In contrast, for the run-out specimens, even though 

rough surface was presented, the absence of LoF defects at the critical locations allowed them to 

exhibited fatigue lives far beyond the required 5×106 cycles. This further supported that the presence of 

LoF defects in the critical locations was the main detrimental factor leading to a shorter fatigue life. 
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Therefore, to ensure the quality of EBPBF porous femoral stems, X-ray micro-CT can be applied to the 

as-fabricated components to eliminate or screen out those containing LoF defects at critical locations. 

In addition, given that the current LoF-free run-out specimens exhibited a fatigue life (1×107 cycles) 

significantly longer than the required 5×106 cycles, coupled with micro-CT screening, the design of 

porous stem can be further optimised to significantly reduce the solid portion and increase the porous 

lattice portion.   
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7. Conclusions and Recommendations 

In Chapter 4 Orientation-dependent Quasi-static Behaviour, the orientation-dependant quasi-static 

compressive behaviour of the three different lattices, including [001]//LD, [011]//LD and [111]//LD, 

has been analysed. The FEA predicted and experimentally determined yield strength σy−L values for all 

the SC lattices are generally comparable. Therefore, the effects of EBPBF process induced strut 

irregularities and defects on σy−L  are negligible. Both the FEA predicted and experimentally 

determined results have indicated that the values of effective Young’s modulus of [001]//LD lattices is 

considerably higher than those of [011]//LD and [111]//LD lattices. However, the experimentally 

determined EL  values are considerably lower than those predicted by FEA models, despite the 

compression-tests-determined values are widely reported in published works.  

The yield strength σy−L, the ultimate compressive strength UCSL and failure strain εp are found to be 

strongly dependant on the combined effects of LD and UCO. The experimentally determined σy−L and 

εp of [001]//LD structure are found to be 1.8–2.0 times and 4–6 times higher those of [011]//LD and 

[111]//LD lattices.  This agrees with the FEA predicted results. In [011]//LD and [111]//LD lattices, 

stress concentration has resulted in local yielding and deformation when the applied load was only 57% 

and 60%, respectively, of the yielding point of [001]//LD lattice. The FEA simulations have illustrated 

high maximum principal stress σ1  concentrated locally in the form of tension in the [011]//LD and 

[111]//LD lattices. This observation is consistent with the finding that micro-notches readily serve as 

crack propagation locations, resulting in the fracture of struts in the entire plane under low plastic strain 

values in the [011]//LD and [111]//LD lattices.  

In Chapter 5 Orientation-dependent Fatigue Behaviour, the combined effects of LD and UCO on the 

compressive fatigue behaviour(R=10) of the EBPBF SC lattices have been studied. When the lattices 

were cyclically tested to 5×106 cycles, the fatigue strength of [001]//LD lattice decreased moderately 

from the quasi-static testing obtained UCSL=235MPa to the run-out value of σmax of approximately 

0.8 UCSL =190MPa. In contrast, the fatigue strength of [011]//LD or [111]//LD lattice decreased 

dramatically as the fatigue cycles increased. The fatigue strength of [011]//LD and [111]//LD lattices 

decreased from their UCSL≈110MPa to approximately 0.63UCSL=70MPa and 0.23UCSL=25MPa when 

the fatigue life cycle reached 1×104 and 5×106, respectively. The findings in Chapter 5 suggest that for 

the optimal macroscopic compressive fatigue strength, SC lattice structures should be orientated in the 

[001]//LD UCO.  

The low fatigue strength of non-[001]//LD lattices has been found to be related to the crack initiation 

and growth at the high-tension concentrated locations at the top and bottom nodes in each unit cell. In 

[001]//LD lattices, no such tension-concentrated locations were presented, thus, high fatigue strength 

was exhibited. In these non-[001]//LD lattices, once the crack was initiated and grown for a short 
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distance within the nodes, each crack propagated sideways to the left or right, towards the adjacent cells. 

This mechanism resulted in the lattice fracturing along (001).  For [001]//LD lattices, no complete 

fracture occurred, while the termination of the tests was contributed by the slightly local compressive 

movement during the high-cycle fatigue test at high stress level. It has also been found that all the 

available data reported in literature suggested low high-cycle fatigue strength of non-[001]//LD lattices, 

giving σmax ≤25MPa, indicating the same failure mechanism as that has been identified of the non-

[001]//LD lattices in this thesis has been exhibited. In complex components, where non-[001]//LD 

orientations are geometrically unavoidable, the design of the component should target a local peak stress 

ratio of 𝜎𝑚𝑎𝑥/𝜎𝑦−𝐿 ≲  0.2. Otherwise, alternative topological modifications should be introduced to 

artificially lower the localised stress concentrations at the nodes. 

In Chapter 6 Fatigue Performance of the EBPBF Stem, the three different types of femoral stems, 

including FP, TOed and SR-L, have been designed, fabricated and tested. The UCO-optimised SC-

lattice (ρ̅ = 0.36) based FP stem with close-cell shell exhibited short fatigue life of only approximately 

105 cycles, which is less than 1% of the required 5×106 cycles. The FEA predicted stress distribution 

verified the poor fatigue performance by showing the highest σ1  exhibited on the FP stem reaches 

approximately 86% of the yield strength of the alloy.  

The validity of the solid-reinforced lattice (SR-L) stem was suggested by the fatigue testing results 

along with the post-test analysis. The fatigue results of four SR-L stem samples under the simplified 

configuration demonstrated that two of them failed at 1.78×106 and 1.47×106 cycles and the other two 

reached ran-out (1×107 cycles). The post-test examination has confirmed that the failure of the two 

samples with fatigue life not meeting the required 5×106 cycles has been attributed to the common PBF 

defect in the form of LoF observed in the tension concentration region.  

The defect analysis following the Kitagawa-Takahashi (K-T) diagram approach has indicated that the 

effect of surface LoFs on the fatigue life can be predicted based on the linear fracture mechanics that 

K-T approach is based on.  Further analysis using X-CT on the two run-out samples has demonstrated 

that no LoF defects with size exceed the threshold a0 in the tension concentrated region, which also 

confirmed that the surface roughness of EBPBF components is tolerable to fatigue damages.  

However, several experimental and computational limitations must be acknowledged. Firstly, the 

fatigue testes were conducted under uniaxial high-frequency spectra in an ambient environment. In this 

case, the potential detrimental, synergistic effects of corrosion or fretting were not considered. For in-

vivo orthopaedic application, the performance of the porous EBPBF stem under more complicated 

loading conditions should be addressed. In addition, the current unit cell topological focus was restricted 

to simple cubic structures. Moving forward, a key area of future work should be extended to more 

complex structures, such as TPMS and FGLs.  
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Followed by the findings of this work, future research should address the following challenges to further 

advance the understanding and applications of EBPBF lattice structures: 

• Even though the orientation-dependent fatigue behaviour of SC lattices has been understood in 

this work, an in-depth quantitative analysis of the fatigue damage process within the lattices 

should be conducted. The relative portion of the fatigue crack initiation phase versus the crack 

propagation phase within the total fatigue life should be determined, the relationship between 

fatigue cyclic loading, crack size, crack path and lattice geometry should be further investigated. 

Furthermore, the effects of the initiated crack on the mechanical properties of the lattice, such 

as changes in EL and cyclic ratcheting rate should also be investigated.  

• The testing and analysis of the four SR-L stem samples have shown that the current design and 

EBPBF can readily produce the femoral stems with sufficient fatigue strength satisfying the 

required 5×106 cycles by the ISO standard. Since the defect size up to a0 can be detected using 

X-CT technology and thus the defected stems can be screened out.  The LoF defects at the 

lateral tension zones should be screened for the accurately predicting fatigue life and preventing 

fatigue failure. In addition, the two run-out samples with no large defects greater than a0 

strongly suggest that the fraction of the solid-reinforced portion can be further reduced while 

still maintaining a fatigue life slightly higher than 5×106 cycles.   
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Data Availability Statement 

The raw data and computational scripts supporting the findings of this thesis, including stress-strain 

data, S-N data, finite element meshes, boundary conditions, and XCT image stacks, are archived 

internally and are available from the author upon reasonable request. 
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