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ABSTRACT

The recent innovation in additive manufacturing technologies has made improvements to
address personalised medicine. From this perspective, this dissertation discusses the
relevance of metal 3D printing (3DP) for customised implant manufacturing, potentially
meeting the unmet clinical needs for personalised treatments in developing Asian countries.
Additionally, the dissertation includes a relevant review of literature on morphometric
analysis based on gender and different ethnicities concerning the biomechanical aspects of
the hip bone, and gait pattern essential for implant design. At the peak of the literature review,
the environmental impact of metal manufacturing methods for orthopaedic implants is
discussed. An effort has been made to identify existing challenges concerning scientific,

technological and economic aspects that need to be addressed.

Finite element analysis (FEA) is one of the most versatile methods to scrutinise complex
geometries and non-homogeneous material properties for biomechanical modelling. One of
the prime advantages of FEA in my thesis is that FEA accommodates structural optimisation
of femoral implant design by removing excess material through the incorporation of central
hollowness and exercising weight distribution throughout the porous implant design. The
impact of two femoral stem designs, solid implant and centrally hollow (internal
hollowness), on the stiffness of the bone, is studied by conducting an FEA analysis. This
FEA model also studied the critical role of subject weights and bone conditions in the two
implant designs. The principal motivation to introduce central hollowness is to check for a
reduction in implant stiffness and observe a stress/strain profile closer to natural bone. The
results from this study are likely to achieve femoral stem designs for better physiological
outcomes and improve the quality of patients undergoing THR. Despite the advanced growth
of laser-powder bed fusion in recent years, major challenges include inconsistent part
properties and porosity development. For a range of printing parameters that give maximum
volumetric energy density, findings for microhardness, texture and anisotropy of 3D printed
Ti6Al4V using one of the smallest LPBF printers (by build volume) on the market are

revealed.
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1. INTRODUCTION

Human diseases and human healthcare systems have stimulated significant research
activities in biomaterials science and engineering in the past few decades. Although
biomaterials science is a relatively young field, it has significantly impacted human society.
The biomedical sector was worth $130 billion last year and is estimated to grow at a high
compound annual growth rate (CAGR) of 9.8% (2020-2027) worldwide, emphasising
growth in the Asia-Pacific region such as India and China. The Indian orthopaedic and
prosthetic device market is currently valued at $8.2 billion, equivalent to INR 58,042 crore
and is growing at over 30% per year. The management of osteoarthritis lies in total hip
replacement. In recent years, additive manufacturing techniques have risen as a solution to
patient-specific implants and address the disadvantages of conventionally manufactured

implants for patients across the globe (2).

(a) CRANIAL

Fig. 1. Schematic illustration of examples of different anatomical parts of the human
skeleton where 3D printed implants can be potentially used. In particular, 3D printed
implants can be potentially used for a) cranial, b) surgical guide, ¢) scapula, d) total knee

joint replacement, e) dental, ) fusion cage, g) acetabular, h) total hip joint replacement (3).

13



In the biomedical sector, additive manufacturing is estimated to reach $5.7 billion by 2027
at a CAGR of 29% in India, as per a report by IndustryARC Research (3D Printed Medical
Devices Market By Type (Surgical Guides, Surgical Instruments, Prosthetics & Implants,
Tissue Engineering Products), By Technology (Photopolymerization, Droplet Deposition
(DD) Or Extrusion-Based Technologies, Laser Beam Melting, Electron Beam Melting
(EBM), Three Dimensional Printing (3DP) Or Adhesion Bonding), By Geography - Global
Opportunity Analysis & Industry Forecast, 2022-2027). A schematic illustration of the wide
applications of additive manufacturing in biomedical applications is shown in Fig. 1. In the
Indian market, almost 80-85% of orthopaedic demands are met through imports (4). The
majority of these orthopaedic designs developed for the Western population are different
from the anatomy and healthcare priorities of the Indian population. India offers cost-
effective care in accredited hospitals with highly skilled doctors, and quality clinical
outcomes and annually, over 0.2 million foreigners visit India for medical treatment from
other Asian and African countries (as believed by the Federation of Indian Chambers of
Commerce and Industry, IMS Health India). Significant demand for patient-specific medical
implants therefore exists. Patient specificity enhances osseointegration, thereby increasing

the survival rate of the implant.

This dissertation aims to address the unmet clinical needs of total hip arthroplasty (THA) in
the Indian context, including the design of hip joints with a patient-specific biomechanical
response (finite element analysis, FEA) to improve prosthesis success rates in India.
Additive manufacturing (AM) provides the freedom of design concerning patient-specific
anatomy attributes with an environmentally conscious processing route and has a shorter
design-to-market cycle compared to conventional methods of manufacturing patient-specific
metallic implants. Additionally, AM provides superior cytocompatibility due to high surface
topography and reduced elastic modulus compared to conventionally manufactured

Ti6Al4V, thereby preventing revision surgeries and promoting osseointegration (5-7).
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1.1 Research aim and objectives:

a.

b.

To study the strain distribution pattern and biomechanical behaviour of two patient-
specific femoral implant designs from CT scan data of Indian demography (Finite
Element Analysis). To study the effect of stiffness on the bone with the two implant
designs. We can define stiffness as the maximum bone strain within the bone strain
to failure (25,000 pstrain) values.
To check that there is no plastic yield in the femoral stem for two implant designs,
i.e., solid implant and centrally hollow designed implant, by applying forces from
the second phase of the walking gait cycle and generating von Mises stress

contour under static conditions.

To study the influence of bone density (bone condition) on both designs
implanted within the femur by analysing the maximum principal strain I (¢1) and
minimum principal strain III (e3) of the peri-prosthetic bone under static

conditions.

To study the variation of subject weights on both designs implanted within the
femur by analysing the maximum principal strain I (g1) and minimum principal

strain III (&3) of the peri-prosthetic bone under static conditions.

To characterise SLM printed Ti6Al4V using an environmentally friendly 3d printer
(Aconity Mini) in the market, compare its feasibility with other industrial 3d printers
(in literature), and understand the anisotropy for 3d printing patient-specific load-
bearing implants for orthopaedics. Aconity Mini has the smallest build volume in the
3d printing market and it is cost-effective and environment-friendly.
Microstructure - To observe the microstructure of 3D Printed (SLM) Ti6Al4V
coupons using Scanning Electron Microscopy (SEM).
Rationale: Processing methods, processing parameters, and cooling rates
determine the material’'s microstructure.
Microhardness - To investigate the effect of cooling rates on microhardness at
different anatomical regions of SLM-printed Ti6Al4V coupons.
Rationale: Different cooling rates affect the grain size, which therefore induces
differences in the hardness of the material.
Compression Properties - To determine the effect of anisotropy (i.e., different
build directions) on compression testing.
Rationale: Microstructural anisotropy originates from the layer-by-layer based
fabrication in the AM process, which introduces a unique thermal history at each

15



location within the part as each subsequent laser scan reheats the material. A
relation between the anisotropic microstructure and compressive properties
needs to be understood.

iv.  Texture Analysis —to understand the effect of process parameters on the texture
of 3d printed Ti6AI4V.
Rationale: Process parameters affect the solidification of the g grains, the f —
a transformation and the texture evolution that occurs at each layer deposition.
The crystallographic texture of 3d printed parts significantly influences the

mechanical properties.

This dissertation discusses the relevance of metal 3D printing (3DP) for customised implant
manufacturing, potentially meeting the unmet clinical needs for personalised treatments in
developing Asian countries. Additionally, the dissertation includes a relevant review of
literature on morphometric analysis based on gender and different ethnicities concerning the
biomechanical aspects of the hip bone, and gait pattern essential for implant design. At the
peak of the literature review, the environmental impact of metal manufacturing methods for
orthopaedic implants is discussed. An effort has been made to identify existing challenges

concerning scientific, technological and economic aspects that need to be addressed.

The impact of two femoral stem designs, solid implant and centrally hollow (internal
hollowness), on the stiffness of the bone, is studied by conducting a Finite Element Analysis
(FEA). The results from this study are likely to achieve femoral stem designs for better
physiological outcomes and improve the quality of patients undergoing Total Hip
Arthroplasty. For a range of printing parameters that give maximum volumetric energy
density, the effect of anisotropy on microstructure, microhardness, and texture of 3D printed
Ti6AIl4V using one of the smallest LPBF printers (by build volume) in the market is studied.

2. LITERATURE REVIEW
2.1 Physiology of human bone

The musculoskeletal system collectively works towards co-coordinating body movement
and providing structural stability (8). It is broadly categorised into the muscular system and
skeletal systems. The musculoskeletal system comprises bones, ligaments, muscles, tendons,

cartilage, joints and connective tissues (9).

The bones of the musculoskeletal system articulate to form joints. Based on their
functionality, joints are classified into synarthrosis, amphiarthrosis and diarthrosis.
Diarthrosis (synovial) or freely moveable joints are the main operational joints of the body.
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Depending on the type of movement allowed, synovial joints are sub-classified into hinge
joints, saddle joints, planar joints, pivot joints, condyloid joints, and ball and socket joints
(10).

The hip joint is a true example of a ball and socket joint, an intricate anatomical structure
that transmits forces from the ground up and from the head, neck, and trunk (11,12). At the
hip joint, the ultimate contact forces are nearly thrice the body weight while walking and
greater than seven times the body weight while stair-climbing (12-14). The hip joint
withstands many exertion forces of the body daily, possibly the reason for being the second

most commonly affected joint by osteoarthritis (12).

The bony configuration of the hip, well-built capsular-ligamentous structure, and strong
muscles surrounding the hip joint provide support and stability to the hip. The hip joint
withstands and transfers body weight during routine activities, sometimes more than body
weight, such as running and stumbling. Such strenuous activities involve the tibiofemoral
joint. These joints often develop musculoskeletal disorders. Hence, it is essential to
understand the morbidity of the associated diseases and the principles of managing hip
disorders (12,15).

2.1.1 Structure of the bone

Before mentioning more about the musculoskeletal system, it is essential to mention the
bone's material-based constitution. It is relevant as the focus of this thesis lies in developing
patient-specific implants based on synthetic biomaterials. Organic components and
inorganic mineral crystals together form the natural bone (the main component of the skeletal
system). Bone is a biomaterial whose organic substrate comprises type-I collagen (40% by
volume), type-lll and type-1V (collagen, fibrillin). In comparison, non-stoichiometric
calcium hydroxyapatite (45% by volume) makes up for the inorganic component of the bone.
The residual (15%) aqueous volume is either held up in the lacunocanalicular space region
or is captured by collagen (16-18). Type-I collagen is the principal organic constituent of
the bone. It has dimensions of 1.5 nm in diameter, and 300 nm in length, forming a triple
helix. Other non-collagenous components are glycoproteins and proteoglycans (16,17,19).
Hydroxyapatite, HA, is shaped as a plate measuring 50 x 25 nm in size ranging from 1.5nm
to 4nm in thickness (20). Together, collagen molecules and HA crystals provide the strength,

flexibility and toughness required for the functioning of the bone.

Fig. 2 shows the hierarchical structure of the bone, wherein each level of the hierarchy

performs mechanical, chemical and biological functions. The hierarchical levels include
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macroscale, microscale, sub-microscale, nanoscale and sub-nanoscale. The bone can further
be classified as cortical bone and cancellous bone. The building block of cortical bone is
osteons, and that of cancellous bone is a porous network of trabeculae. Cortical bone
(compact bone) is a solid part allowing ~4% of its space for osteocytes, blood vessels,
canaliculi, and erosion cavities. The cancellous bone (trabecular bone) is largely porous
(50% - 90%) and filled with bone marrow (16,21). Aggregated type-I collagen and HA form
the collagen fibril at the micron- and nano-scales. This reinforced collagen fibre is a

universal building block for compact and trabecular bone.
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Fig. 2. Schematic illustration of the hierarchical structure of the natural bone, emphasising
the distribution, shape, and size of the inorganic component (calcium hydroxyapatite in the

collagenous matrix) (20,22).
2.1.2 Hip Anatomy

The cross-sectional view of the human hip joint is shown in Fig. 3. The femoral head, located
in an anterior orientation, has articular cartilage lining along its surface except for a minor
region in the centre called fovea capitus (23). The cup-shaped acetabulum is formed by the
ilium, ischium and pubis in the lateral-anterior orientation. The lunate-shaped articular
surface is filled with inferior acetabular fossa in the central region when viewed looking into
the acetabulum. This fat-filled space contains a synovial-covered fat cushion (fibrofatty
tissue), as well as the acetabular attachment of ligamentum teres. Fibro cartilaginous labrum

is found overlying the perimeter of the acetabulum (24).
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Fig. 3. Cross-sectional view of the human hip bone mentioning different anatomical terms

of human hip physiology (11).

The triangular-shaped labrum arises from the bony rim of the acetabulum. The labrum is
thickest posteriorly and decreases in size anteriorly (23-25). The multi-functional labrum is
responsible for the containment of the femoral head by deepening the acetabulum during
acetabulum formation and hip stabilisation (26,27). The ligamentum teres is covered with
synovium and arises from the posteroinferior region of the true fossa of the acetabulum and
finally inserts into the fovea capitis of the femoral head. It contains blood supply but does
not contribute to hip joint stability. The fibres at the origin of the posteroinferior acetabulum

blend in and are attached to the transverse ligament (11,28).
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Fig. 4. Anatomical constraints of the hip. A. The anterior and posterior ligamentous
constraints. B. Ligamentum teres arising from the transverse acetabular ligament. Anterior
— positioned in the front. Posterior — positioned at the back. Labrum — fibrocartilage that
keeps the hip joint in a fixed place. Ligamentum teres — a triangular band that helps hip
stabilisation by enabling adduction, flexion and external rotation. Transverse acetabular
ligament — strong load-bearing structure associated with the labrum (29).
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The hip joint capsule is lined with synovium, inserted near the labrum base and shows a pink
appearance at arthroscopy. The adjacent attachment of the capsule is along the osseous rim
of the acetabulum (23,24). The capsule attaches distally at the base of trochanters (23). Three
ligaments, namely, iliofemoral, ischiofemoral and pubofemoral, aid in reinforcing the
capsule, as shown in Fig. 4. Another set of circular fibres called zona orbicularis appear at

the femoral neck base, aligning with the joint capsule surface (30).

The greater trochanter acts as the primary site of attachment for powerful abductor tendons.
The four facets of the greater trochanter with tendinous attachment and adjacent bursa are
the anterior facet, lateral facet, superior posterior facet, and posterior facet. The anterior facet
is situated on the anterolateral surface of the trochanter and has an oval appearance. The
lateral facet has an inverted triangular shape and represents the palpable part under physical
observation. The superior posterior facet accounts for most of the cranial part of the
trochanter when viewed in an oblique transverse direction. The posterior facet is the

posterior-most portion of the trochanter.

The trochanteric bursa is located posterior to the posterior facet, distal lateral to the gluteus
medius tendon (lateral facet) and proximal to vastus lateralis insertion. The sub gluteus
medius bursa is located deep down to the lateral of the gluteus medius tendon, covering the
superior region of the lateral facet. The sub gluteus minimus bursa is located below the
gluteus minimus tendon, medial and superior to its orientation in the anterior facet. The
gluteus medius attachment is divided into three regions. The tendon attaches onto the lateral
facet from posterior to anterior, the superior posterior facet and the anterior part of the tendon
to gluteus minimus. The primary tendon of the gluteus minimus enters the anterior facet
from its lateral and inferior aspects. The secondary tendon enters the ventral and superior
portions of the capsule (31).

2.2 Musculoskeletal Disorders

The musculoskeletal system (locomotor system) in the human body works towards the
body's movement and comprises bones, joints, muscles, tendons, cartilage, ligaments and
connective tissues (8). Two major musculoskeletal disorders involving the hip joint are

discussed below.
2.2.1 Osteoporosis

Osteoporosis is characterised by low bone mass and the deterioration of bone tissues causing
increased risks of fracture. In India, approximately 230 million people are aged over 50 years

in a population of 1.3 billion. According to clinical statistics, 20% of Indian women aged
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over 50 years suffer from osteoporosis (32,33). With a female: male ratio of 3:1, over 1
million hip fractures incidence is estimated in 2050 (34). There are two types of osteoporosis,
namely primary osteoporosis (with unknown cause) and secondary osteoporosis (with
traceable cause) (31). Primary osteoporosis is furthermore classified as Type-1 (post-
menopausal, occurring between 50-70 years) and Type-Il (age-related, <70 years old
affecting both compact and cancellous bone), while secondary causes of osteoporosis are
hypercortisolism, hyperthyroidism, hyperparathyroidism, alcohol abuse and immobilisation
(35).

A Dual-energy X-ray absorptiometry instrument (DXA) is a commonly used technique to
diagnose osteoporosis that measures bone mineral density (BMD). Diagnosis of osteoporosis
is based on the T-score, which contains the BMD of femoral necks and lumbar vertebrae
(36). BMD is clinically defined as a bone condition with a minimum of 2.5 standard
deviations below the mean of the younger adult population. Currently, osteoporosis is
prevalent in greater than 15% of the Asian population (>50 years old) (37). An ageing
population and changing lifestyles contribute to the increasing prevalence of osteoporosis,
and it has been recognised as a significant public health concern. The current treatment of
osteoporosis inhibits bone resorption through several anti-osteoporosis drugs such as

bisphosphonates (38).

Predominant first-line drugs (like bisphosphonates), anti-resorption drugs (like denosumab
and calcitonin), bone breakdown process-reducing hormone therapies, oestrogen and
raloxifene have been used as pharmacological treatments (39-41). In addition, non-
pharmacological treatments such as calcium and vitamin D intake have also been used
(42). However, these drug-based treatments cannot reverse the existing bone loss, and they

also lead to serious side effects, including cancer and strokes (41).
2.2.2 Osteoarthritis

Osteoarthritis is a highly prevalent musculoskeletal disorder that affects nearly 300 million
people around the world (43). Musculoskeletal disorders contribute to one of the most
significant causes of pain and disability around the globe, prompting the WHO (World
Health Organization), UN (United Nations) and nearly 19% of the countries in the world to
create awareness about the disease burden and advanced treatment through research (44).
Sometimes, joint stiffness or swelling after rigorous activities indicates the onset of
osteoarthritis (45). A significant increase in the pain caused by this illness limits an
individual's activity, interrupts sleep, causes fatigue, and consecutively reduces the quality

of life (Osteoarthritis Research Society International, OARSI). Osteoarthritis significantly
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affects the knee and hip joints more than any other joint. Radiographically confirmed
symptomatic osteoarthritis is less commonly prevalent in the hip than the knee (46,47). Most
clinical treatment guidelines on hip osteoarthritis have been extrapolated from the research
results of knee and heterogenous populations of knee and hip osteoarthritis. This has limited
the knowledge of specific characteristics of hip osteoarthritis, thereby restricting the

implementation of effective hip osteoarthritis treatment (48-50).

Osteoarthritis is characterised by cartilage breakdown in joints (51). The deterioration of
cartilage, leads to the rubbing of the bones of the joint against each other, causing pain and
stiffness and leading to the impaired movement (51). Osteoarthritis is the third-largest
musculoskeletal disorder after back and neck pain, accounting for 7.1% of the
musculoskeletal burden. Primary and secondary osteoarthritis are the two types of such

disease states.

Primary osteoarthritis is a chronic degenerative disorder resulting from genetic factors.
Secondary osteoarthritis is caused by ageing, physical floor-level activities such as kneeling,
and extensive squatting, and medical conditions like diabetes and obesity (45,52). These
conditions are mainly prevalent in India, and thus osteoarthritis is a significant cause of

concern for the elderly population.

Some of the causes of hip osteoarthritis include primary inflammatory arthritides, several
metabolic diseases, and anatomical deformities (53). However, various risk factors are
associated with this complex inter-network between cellular, mechanical, and biomechanical
aspects causing osteoarthritis. They are broadly classified into demographics (age, gender,
genetics), anatomic factors (joint shape, loads and alignment), lifestyle factors (obesity,
metabolism, diet, occupation), some other possible associations such as muscle weakness,
smoking, injury/surgery, bone mass and density, rigorous physical activity and finally pre-
radiographic lesions such as synovitis, bone marrow, cartilage, meniscal abnormalities (39).
The current care-of treatment for osteoarthritis heavily relies on temporary pharmacological
medications such as paracetamol, Non-steroidal anti-inflammatory drugs (NSAIDs),
corticosteroid injections, tramadol (54), and viscosupplementation (45). They aid in pain
control and enhance functionality, but it is essential to highlight that they are not a cure for

osteoarthritis.

A critical review of the clinical data showed a wide range of osteoarthritis prevalence in
India among the elderly (17-60.6%) (55). The elderly population of India (above 60 years)
is set to increase by 19% in 2050, making the economically dependent older women (greater

than 80% of the aged population) vulnerable (56). The economic burden of osteoarthritis
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involves direct costs (travel and surgery cost, cost of assistive devices, physical and
pharmacotherapy costs, cost of management of side effects, consultation charges,
investigation charges), indirect costs (loss of productivity, premature mortality, absenteeism,
cost of coping) and lastly intangible costs (pain, depression, reduced quality of life) makes
it challenging to implement clinical recommendations (44,57). Surgical treatments are a

practical option for the clinical and economic burden and the risk involved (45,58).

There is increasing evidence that different phenotypes of osteoarthritis reflect different
mechanisms of the disease (59). A phenotype is defined as a collection of distinct disease
attributes representing dissimilarities in the patients related to definite outcomes of interest.
The World Health Organization (WHO) defines a risk factor as any attribute, characteristic
or exposure of the individual that accelerates the development of a disease (39). Some of the
individual-level risk factors related to osteoarthritis progression are sociodemographic
characteristics (age, gender, race) (60), genetics, obesity (high body mass index) (61),
metabolic syndrome, vitamins and diet (62-65). Recent advances in illuminating the genetic
framework of osteoarthritis report association with developmental pathways (43) Skeletal
developmental genes are linked to joint (tissue) attributes before the onset of osteoarthritis
such as cartilage thickness or joint shape, following different joint loading (66). Fibrosis and
fibro-cartilage formation in the joint is a primary contributor to deteriorative changes in
osteoarthritis (67). Based on patient-specific genetic makeup, individual reaction to joint
trauma/damage is different, thus establishing the risk of osteoarthritis onset based on
mechanical overload or trauma specific to each patient, thereby explaining the osteoarthritis
diversity from patient to patient. Current pharmacological medications for osteoarthritis
include acetaminophen, non-steroidal anti-inflammatory drugs, corticosteroids, etc (52). The
current pharmacological treatments cannot prevent, halt or reverse the progression of
osteoarthritis. This leads us to the discussion of managing and treating musculoskeletal

disorders.
2.3 Clinical perspective and surgical management

Pharmacological and non-pharmacological therapies relieve the symptoms and aid in the
management of osteoarthritis (68). However, when no alternative treatments/therapies are
possible, total hip arthroplasty (surgical option) is the last resort. Total hip arthroplasty
(THA) is an orthopaedic procedure recommended for patients having degenerative hip joint
diseases such as osteoarthritis, avascular necrosis, rheumatoid arthritis, and trauma (69,70).

In India, osteoarthritis is a general indication of THA (71).
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The demand for THA is significantly increasing due to the ageing population, sedentary
lifestyle, booming economy, and medical tourism. To add to the ease of accessibility for
patients across the cross-section of society, the Indian government introduced the price
capping of medical devices in September 2018 (72). As per the Indian Society of Hip and
Knee Surgeries Registry (ISHKS) reports, a total of 10,407 hip replacements and 129,371
knee replacements have been performed by 150 surgeons till March 2017 (71). From 2017
to 2021, the number of procedures (primary + revision) increased to 20,288 and 232,919 for

total hip and total knee replacements (TKA) respectively, as believed by the ISHKS registry.

Even though most patients return to normal level activity (lower level compared to before
surgery), revision surgery may still be needed. One out of ten operations requires revision
surgery (73). The main reasons for the failure of conventionally manufactured implants are
implant instability, prosthetic joint infection, fracture/dislocation, wound complication,
misalignment, stiffness, wear and tear, osteolysis, the concentration of metallic ions at the
implant site, implant loosening, carcinogenesis, and revision surgery (70,74). Revision
surgery is a serious procedure involving complications, especially for the elderly including
death (75)Kuiper et al (73) reported that prosthetic stem loosening was the major reason for
revision surgery, accounting for 64% of the cases in Norway. The most commonly reported
cause of prosthetic loosening is stress shielding (76). Due to a mismatch in the stiffness of
the cortical bone and prosthesis under loading conditions, the prosthesis shields the bone and
absorbs a substantial amount of stress (77). Subsequently, the cortical bone is subjected to
less stress, leading to stress shielding (78). As per previous studies, surrounding bone has
lesser mass after prosthesis removal during revision surgery (79). As a consequence,
prosthesis loosening can still occur after revision surgery. This procedure of replacing the

prosthesis due to stress shielding highlights the need of removing/minimise stress shielding.

An increase in the ageing population, highly skilled surgeons, medical tourism, and
expanding healthcare access and quality are major growth drivers of THA in India, as
illustrated in Fig. 5. ISHKS registry has collected data of 34,478 TKAs and 3604 THAs,
contributed by 42 surgeons across India (see table 1). From Table 1, some critical
observations include that osteoarthritis contributes to 10% of THA cases in India. Whereas,
osteoarthritis accounts for 97% of TKA cases. Patients over 52 years, majorly men, with a

body mass index of around 25.8, underwent THA.
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Table 1. Clinical data on Total Knee and Total Hip Arthroplasty of the Indian Population
(72).

Total Knee Arthroplasty Total Hip Arthroplasty
Number of clinical cases 34478 3604
The average age of patients 64.4 52
(in years)
Male: Female ratio 25:75 60:40
Body Mass Index (kg/m2) 29.1 25.8
Most Common Indication OA (97%), RA (2.2%) AVN (49%), OA (10%)

OA: Osteoarthritis, RA: rheumatoid arthritis, AVN: Osteonecrosis

The clinical data summarized in Table 1 emphasises that age, body mass index and gender
play a significant role in total hip joint replacement. The national joint registry estimates a
projected hip replacement survival rate of 89.4%, 70.2% and 57.9% at 15, 20 and 25 years
(80).

N

( Unaffordable Healthcare Costs

Musculoskeletal Disorders  (Osteoarthritis,
_ Osteoporosis)

Aging Population
Growth

. Restraints T
Drivers

Expanding Healthcare Access & Quality

Limited Infrastructure in Developing Indian
Cities

Z

Medical Tourism

Fig. 5. Growth drivers and restraints of the orthopaedic market for musculoskeletal

treatment.

Increasing demand for one of the most cost-effective orthopaedic procedures also brings
along some complications (81). Modern implant design and improved surgical treatments
ideally result in the improved long-term survival of hip joint replacements. However,
unaffordable healthcare costs in developing cities largely restrict the growth of the Indian
orthopaedic market. Especially, the spread of this procedure towards developing cities/towns
of India with limited infrastructure and surgical expertise adds to the burden (82).
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2.4 Biomechanics and morphometric analysis of the hip bone

The need for patient-specific implants can be better rationalised if we briefly discuss the
anatomical features of the osseous system. This is explained below in the context of
orthopaedic applications, particularly, total hip joint replacement. The subject of
biomechanics is typically defined as applying the fundamentals of mechanics to the
biological system. Following the preceding discussion in section 2.1.2, one would realise
that the proximal femur experiences a remarkable functional impact on posture and gait. The
interrelation between the shaft of the femur and the proximal femur is a fascinating research
study (83-85). Radiography and CT scan data are the most common methods to analyse hip
joint morphology. Morphometric evaluation of the proximal femur is essential in the
management of hip disorders such as osteoarthritis. The hip joint is subjected to high
interindividual anatomical variability, and there exists a disparity in the morphometric

dimensions of the Indians as compared to the Western population (83).
2.4.1 Hip kinematics and kinetics

Hip joint kinetics and kinematics are dissimilar between healthy individuals and those with
hip OA (86,87). The hip motion has its freedom in frontal, sagittal and transverse plans due
to the ball and socket joint structure. This shape configuration generates stress magnitude
and distribution. Maintaining stability while allowing mobility is a challenge to develop a
prosthetic implant. The sagittal plane allows a wide range of motion, an average of 100° in
flexion. In the frontal plane, the abduction range is 10° to 45° and an adduction range of 10°
to 30°. The internal rotation can range from 30°-60° whereas the hip joint can externally
rotate between 60°to 90°. However, these values are interindividual depending on the
patient's geometry. Such values of hip motion involved in daily life are important to an
orthopaedic surgeon (88). Gait is a pattern of limb movements during motion. Clinical
measurements show that the hip joint has a maximum flexion of around 35° to 45° during
the late swing phase of the gait. During this phase, the limb moves ahead for a heel strike.
These motions are a vital investigation as they directly impact load-bearing implants, e.g.,
the hip implant under dynamic conditions (89,90).

Hip joint reaction forces are the forces that are generated due to the reaction of the forces
acting on them. These forces need to be balanced with the moment arms of the body weight
and abductor tension to maintain a levelled pelvis. The hip joint muscles contribute to the
locomotion in different planes according to the hip position. Gluteus medius and gluteus
minimus are the primary hip abductors during flexion and rotation and account for maximum

compressive forces generated between the acetabulum and femoral head during the single
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limb stance phase (91,92). The hip contact forces combine internal muscle contraction and
ground reaction forces to body weight (88). Patients with hip osteoarthritis have decreased
hip adduction, external rotation angles and pelvic obliquity (93-96). Correspondingly, the
patients adopt an alternative gait pattern to increase mediolateral stability, thereby
minimising stress on hip abductors (97-99). Furthermore, hip loading orientation is found
to be medial in the transverse plane and vertical in the frontal and sagittal plane due to
adopted hip kinetics and kinematics. As a result, the contact configuration between the
acetabulum and femoral head is disturbed, thereby unloading a region of high osteoarthritis

prevalence, i.e., the anterosuperior region of the femoral head (100).

According to Wolff's transformation law, the proximal femoral bone has compression and
tensile trajectories by bending stresses acting upon the femur, influencing the bone structure
(101). In vivo measurements in patients with hip prostheses show that force yielded during
walking has a magnitude of 1.6 to 4.3 times the body weight and 1.5 to 5.5 times the body
weight during climbing stairs (14,102-104).

Anatomical variation has many parameters associated with it, and gender is one of them, as
shown in Fig. 6A. The sex-specific anatomical variation demands stress on hip contact forces
on the major muscle group, i.e., hip abductors (105,106). According to the literature, healthy
women walk with larger hip flexion and adduction moments, anterior pelvic tilt, internal
rotation angles and minimised sagittal plane excursion as compared to healthy men
(86,87,107-109).

The pelvis in females is broader than in males, and the acetabulum is situated deeper.
Sphericity of the femoral head is essential in preventing osteoarthritis development. On the
femoral side, a smaller femoral head diameter, greater femoral anteversion, thinner femoral
shaft, smaller femoral offset, and lesser femoral neck-shaft angle compared to men. This
means that women have higher hip forces than men. Moreover, after menopause, the bone
mineral density decreases in women, elevating the risk of periprosthetic bone fracture (110—
114).
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Fig. 6. Biomechanics and morphometry analysis of the hip bone showcasing interindividual
differences in the hip anatomy. A. Gender-based differences in hip anatomy. B. Pictorial
representation of the significant difference in the proximal femoral parameters of the Indian
and Caucasian populations (88,115,116). C. Distribution of femur length in Indian and
Caucasian populations (117). D. Extent of hip flexion and extension in a single stride. E. Hip
joint reaction forces expressed in the global coordinate system (118). F. Probability of hip

fractures in different ethnicities (119).

As mentioned earlier, age, gender and demography play an essential role in the clinical
outcomes of the implants for musculoskeletal reconstruction. To illustrate the variations in
the proximal femoral hip joint, a summary of the different femoral stem-related parameters
is represented in Fig. 6B.
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A comparison is made between the Caucasian and Indian populations concerning different
femoral stem parameters. Based on the reported differences, as summarised in Table 2, there
are differences in some parameters; the most striking difference is femoral head diameter,
which varies around 46mm for Caucasian subjects as against 41.8mm for an Indian
population. Further, canal width at the lesser trochanter is comparatively less for Caucasians
(29mm) than the Indian population (35mm). Essential morphometric parameters to be
considered during implant design are the neck-shaft angle (angle between the long axis of
the femoral stem and long-axis femoral head). The neck shaft angle varied significantly
between the two subject populations, i.e., 131° for Indians and 124° for Caucasians. The
climate adaption theory can explain such ethnical variation, which states that a narrower

pelvis is observed in lower latitudes to save heat and energy(88).

Table 2. Summary of the comparative morphometric analysis of the proximal femoral hip
joint, as reported in different studies, Rubin et al. (120), Noble et al. (121), Siwach et al.
(83), Sendhoorani et al. (122)

Morphometric Parameter | Rubinetal. | Nobleetal. | Siwachet | Sendhoorani et
. . l. l.
(Swiss) (Caucasian) a a
(Indian) (South Indian)
Femoral head 47£7.2 43+6.8 38+5.52 40.75%0.32
offset (mm)
Femoral head diameter 43.4+2.6 46.1+4.8 43.53+3.4 41.77+0.36
(mm)
Neck diameter (mm) - - 29.5£3.19 28.66+0.4
Canal width at the level of | 27.9+3.6 29.4+4.6 23.8+3.2 34.87£0.3
lesser trochanter (mm)
Neck shaft angle (°) 122.9+7.6 124.7+7.4 | 123.5+4.34 131.4+9.47

Table 2 represents a summary of the differences in characteristic geometrical features of the
femur in different studies. According to studies by Siwach et al. and Sendhoorani et al.,
morphometric differences of the femoral hip joint exists between south Indians and the

overall Indian population, indicating intra-regional diversification (83,122).
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The probability of hip fractures among different ethnicities such as Black, Asians,
Caucasians and Hispanics is shown in Fig. 6F. The Black, Asians and Hispanics were
equally prone to hip fractures, whereas the Caucasians were highly prone based on the
incidence of conditions concerning socioeconomic factors like lifestyle, activities, and
genetics. Differences in hip morphology between individuals affect hip joint contact stress

distribution as well as the gait cycle (123).

The distribution of femur lengths in the Caucasians and Asians is shown as a visualisation
in Fig. 6C. Many Caucasian subjects had a femur length of 430 mm, whereas a femur length
of 400mm was persistent among the Indian subjects. In the sagittal plane, the hip takes a
forward stance in flexion of about 17° and into an extension of 17°, shown in Fig. 6D. The
hip joint forces are the forces generated on the hip bone due to the application of loads. The
hip reaction forces in a healthy person aged 36 years with a body mass of 74.3 kg and a
walking speed of 1.15 m/s generated a vertical force of 3500N (Fig. 6E). Such information
on hip kinematics and kinetics is essential in designing a femoral stem implant and
advancement of enhanced rehabilitation strategies. Therefore, a combination of anatomical

and geometrical parameters defines a hip's functional capacity.
2.5 Clinical treatment option: patient-specific implant

Recapitulating, osteoarthritis and osteoporosis are often marked by reduced bone mass and
structural degradation of the bone tissue, promoting morbidity and risk of fracture in the hip,
predominantly trabecular bone. With recent advances in medical imaging and computer
programming, 2D axial images can be processed into reformatted views (coronal and
sagittal) and 3D virtual models that depict a patient's anatomy (124). An orthopaedic surgeon
may define ‘patient-specific’ as the distinctive bone geometry and density obtained using the
patient's medical images. Patient-specificity is crucial as it can optimise the treatment of each

individual by anticipating the outcomes of surgical interventions.
2.5.1 Femoral implant survivorship and clinical outcomes

Cementless femoral stems are expanding for use in THR fixation as they provide long-term
survivorship with most stem designs (125). The majority of uncemented femoral stem
designs are classified most commonly based on shape, amount of bone contact, fixation

strategy from proximal to the distal femur and location of proximal loading (126)

Flat-wedge and dual-wedge femoral stems are popular for primary, cementless THA (127)
Higher proportion of complex periprosthetic femur fractures occurred in patients with flat-

wedge stems (128). Moreover, 30-month follow-up reported higher reoperations, stem
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loosening and dislocation in flat-wedge compared to dual-wedge stems. The design of a flat
wedge is related to these findings. Flat-wedge stem is thin and flat anteroposteriorly but wide
and tapered mediolaterally, suggesting less cortical contact in both anteroposterior and

mediolateral planes.

Cylindrical and tapered stems are extensively used stem designs for revision THA (129).
Cylindrical femoral stem design provides close compression between the distal femoral
cavity and implant, which helps in creating the environment for secondary bone growth.
However, some studies have reported acute postoperative thigh pain, stress-shielding
associated with cylindrical stems (130). Whereas, tapered stem design has been stated to
minimise bone resorption incidence and attain bone regeneration in the proximal femur.
Cumulative survivorship (8 years) for tapered and cylindrical design was 96.69% and
94.43% respectively. Postoperative complications recorded were higher by 8.4% for
cylindrical stem design than tapered stem design and included intraoperative fractures, mild

thigh pain, periprosthetic fractures, hip dislocation, and osteolysis (129,131).

The shape of the implant is a critical factor to regulate the degree of stress shielding (129).
A tapered stem can be wedged to reduce implant stiffness compared to a cylindrical stem.
Material is an equally important factor for reducing stress shielding. Ti6Al4V has bulk
properties closely aligned to the human bone than most other metallic options i.e., low elastic
modulus and biocompatibility, which makes it a popular choice for load-bearing orthopaedic
implants (132).

Short stems have significantly risen as a choice for implant design to address implant failure
issues, minimise stress shielding and aim to preserve the bone of the proximal femur (133—
137). Due to its bone-preserving characteristic, short stems are usually recommended for
young and active THA patients having sufficient bone quality (138). According to recent
studies, short stems are also appropriate for elderly patients as they provide rigid fixation
(139). The incidence of intraoperative periprosthetic fracture is reduced using a short stem
due to less broaching; lowering blood loss, blood transfusion rates and operative time as a
result (140-142).

The theory of calcar-guided short stem in THA, as classified by Khanuja et al., aims to
sustain proximal bone stock for a prolonged time (136). This modern generation short stem
design reconstructs the patient’s anatomy by the guidance of the calcar of the femoral neck
(143). The latest research findings have demonstrated that a patient’s anatomy can be
reconstructed for a large range of morphological parameters and offset, restoring the stem

length (144-146). A study by Yan et al. reported the bone remodelling rate for calcar-guided
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short stems is lower than conventional stems such as Zimmer Biomet, USA and Aesculap,
Germany (147). Whereas, bone density measurements by Hochreiter et al. showed increased
bone mineral density in lateral and distal-medial regions, demonstrating lateral loading
(148). Therefore, stress shielding and periprosthetic bone loss are limited using this stem

design.

Several national joint registries indicate that calcar-guided short stems show encouraging
results for early-stage implant survivorship (149-151). The survival rate for five years is
found to be 97.02% for elderly patients and 98.81% for young patients (152). Short and mid-
term clinical results currently reported excellent implant survival, although, long-term

clinical outcomes remain scarce (153-155).
2.6 Biomechanical analysis of the hip bone

The biomechanical conditions at peri-prosthetic bone remarkably affect extended
osseointegration during the normal functioning of the implant. The patient’s bone condition
plays a critical role in the biomechanical analysis of peri-prosthetic bone. Differences in

bone conditions result in varying biomechanical responses at the peri-prosthetic bone (156).

Finite element analysis (FEA) is one of the most versatile methods to scrutinise complex
geometries and non-homogeneous material properties for biomechanical modelling. One of
the prime advantages of FEA is that it accommodates structural optimisation of femoral
implant design and exercises weight distribution throughout the implant design. FEA is an
important tool for biomechanical analysis of stresses and strains in peri-prosthetic bone, and
their communication within the biological system to predict appropriate prosthetic solutions,

which are otherwise challenging to solve analytically (157-161).

Biomechanical studies reported in the literature have ignored the interindividual differences
in muscle forces and hip joint morphology (162,163). Anderson et al. studied morphological
differences in individuals and reported that they have a significant impact on contact stress
distribution in the hip joint (164). Several biomechanical studies using different stem designs
have been performed to minimize the stress-shielding effect by reducing femoral stem
stiffness, i.e., lowering the elastic modulus of the implant (165-167). Other solutions to
eliminate femoral stem stiffness include a selection of fundamental materials, and modifying

internal structure, shape and geometry (168-176).

Incorporation of internal hollowness to introduce isoelasticity within femoral stems whilst
preserving external morphology has been modelled for three decades (177,178). Internal

hollowness was optimized by Gross and Abel, however, their studies used oversimplified
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stem geometry and loading (179) Chatterjee et al. studied the impact of different bone

conditions and subject weight on the biomechanical environment for the femoral stem (161).
2.7 Laser-assisted manufacturing of metallic implants

The rapid development of AM for orthopaedic implants is related to unique aspects such as
the design of freedom, design to manufacturing capability with mass customization, and
decreased lead time from design to supply chain (180). Additive manufacturing (AM) or 3D
Printing (3DP) provides high geometrical flexibility for implant fabrication, ideal for patient-
specific orthopaedic implants. Contrary to conventional implant manufacturing, AM
increases implant performance, offers higher accuracy at a lower cost, manufactures
implants in less time with better specifications, and produces parts with improved
dimensional stability and near-net shapes (181,182). According to the ASTM International
Standard, “ASTM F42 — Additive Manufacturing”, 3DP is classified into seven processes:
Vat Polymerisation, Binder Jetting, Material Jetting, Material Extrusion, Powder Bed

Fusion, Sheet Lamination Directed Energy Deposition (183).
2.7.1 Selective Laser Melting

Selective laser melting (SLM), also known as laser-powder bed fusion (L-PBF), isa 3D
printing technique with extensive customisation for orthopaedic applications. SLM
comprises a powder delivery system in which the metal powder feedstock/reservoir is loaded
and a build plate where the 3D printed part is built layer-by-layer. A high power-density
laser guided by a computer-aided design (CAD) model selectively melts and fuses metal
powder completely, forming a near-net shape printed part. The laser is generally a single-
mode continuous wave solid-state fibre, functioning at 1075 nm wavelength. The process
takes place inside a build chamber under an inert gas (argon) environment with the

uninterrupted gas flow (184).

A recoater/wiper blade spreads the metal powder feedstock from the powder dispenser
platform to the build platform, as shown in Fig. 7A. The powder dispenser and build
platforms are mounted on a piston where the latter goes down a distance equivalent to the
thickness of the slice/layer to be melted. This process is recurrent layer-by-layer until the

final part is 3D printed.

Despite SLM’s advantages, various challenges are associated with this technology. Firstly,
SLM-manufactured components suffer from microstructural defects such as porosity and
balling, significantly impacting the part's fatigue performance (185). Secondly, high cooling

rates and temperature gradients present during the process give rise to residual stresses,
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which contribute to crack growth behaviour (185). Several 3D printing parameters, including
laser beam power, laser scan speed/velocity, layer thickness and hatch spacing, affect the

microstructure of the printed part, as shown in Fig. 7B.
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Fig. 7. Selective Laser Melting (SLM) process. A. Schematic of working principle of SLM,
B. lllustration of printing parameter for SLM process, C. Physical effects and related physics
taking place during SLM process (186-188).

These parameters control the cooling rates and, in turn, affect the part's mechanical
properties. Additionally, optimising these parameters can manage the defects and challenges
of this technique (189).

With a focus on understanding the origin of microstructural defects in printed parts, it is
essential to leverage the knowledge of physical and chemical phenomena involved across
different lengths and time scales, as shown in Fig. 7C (187). For instance, all four states of
matter, i.e., solid, liquid, gas and plasma, interact at the laser-metal interface (190).
Moreover, recurrent rapid thermal cycles generate thermal gradients, producing physical,
chemical and mechanical metastable states that influence process stability and quality of the

as-built part (191).
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The high photon/electron energy by the laser beam is transformed into thermal energy by
absorption that irradiates the powder bed during heating (192). The powder bed provides
deep penetration as a result of numerous reflections at the powder particle surface as opposed
to opaque continuous material (192,193). The absorbed thermal energy is dispensed based
on the relative density and reflectivity of the top powder layers of the powder bed. Heat
convection occurs among metal powder and shielding gas during the SLM process, and heat
conduction further distributes the absorbed thermal energy to the material, resulting in

reduced temperature peaks at the surface.

After preheating the base plate, the build temperature is elevated for melting, while sinter
necks connect the single powder particles, thereby reducing the thermal gradient during
manufacturing. Consequently, the sintered powder particles serve as support structures for
subsequent manufacturing, resulting in elevated thermal conductivity. While processing, the
metal powder melts, forming a melt pool. Thermal fluid (melt pool) convection is determined
by external forces such as surface tension, gravity, buoyancy, Marangoni effects or
evaporation pressure (194). Marangoni forces raise the heat transport by inducing fluid
motion further from the temperature apex in the melt pool centre (195,196). The material
evaporates due to raised melt pool temperature, leading to recoil pressures inducing fluid
motion. The recoil pressures cause the keyhole defect, forming a vapour capillary (197).
Solidification of material takes place after melting and consolidation. The material shrinks
during solidification, leading to process-induced stress that minimises during subsequent
layer processing, also called residual stress (198). The residual stresses inside the part give
rise to distortions and cracks (198,199). A particular microstructure evolves depending on
the thermal gradient and cooling rates (200). In the final step, a new powder layer is applied
whose characteristics depend on the previous layer’s surface and powder properties. A

highly dense part is ultimately desired, a function of powder flowability.

Clearly, the laser-metal interaction is complicated in SLM, and the level of metal powder
sensitivity to the laser action is ambiguous. Consequently, reused and sieved powder is often
a risk affecting the repeatability of the mechanical properties, assembling expensive waste.
Moreover, the price of metal powder is very high (i.e., ~£600/kg of Ti6Al4V), and only up
to 50% of total powder feedstock is contained in the dispenser to build a part. As a matter of

fact, metal powder costs could be doubled without a smart recycling strategy (201-203).
2.7.2 Dimensionless numbers

Dimensionless numbers can capture the process parameter relationship on microstructure,

properties and defects. Dimensionless numbers reduce the overall process variables and
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provide insight into an influential group of variables. Table 3 summarises the prime
dimensionless numbers for laser-based AM and can be applied to other heat sources as well
(204).

Table 3. Dimensionless numbers for the laser-based AM.

Dimensionless Formula* Definition References
Number
Marangoni M. = dodT L_2 The ratio of (205,206)
number ® dTdxna surface tension
where o is the surface tension, force to viscous
dT/dx is the temperature gradient, o force

is the thermal diffusivity, L is the
characteristic length, and 1) is the
viscosity of the melt pool.

Peclet number p = UL The relative (207)
= —
(04

where U is the characteristic

strength of

convective heat

velocity, a is the thermal diffusivity transfer to

of the alloy, and L is the conductive heat

characteristic length. transfer in the

system
Fourier = The relative (208)
o — LZ
number value of heat

where a is the thermal diffusivity, t o
dissipation and
is the characteristic time scale,
rate of heat
and L is the characteristic length

storage
Non- Q= P/V The energy (204)
dimensional B 7V required per

heat input where P is the laser power, V is the unit length of

scanning speed, Pr is the reference the material to

laser power, and Vr is the reference deposit

scanning speed successive

layers

*Characteristic length denotes either layer thickness, melt pool width/depth, laser spot size;
characteristic velocity denotes the maximum velocity of melted metal; characteristic time

denotes melt pool length divided by scan speed.
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Dimensionless numbers can be used to gain broad understanding of the structures and
properties of AM parts. High Marangoni number results in large melt pools due to strong
circulation of molten metal in the liquid pool (209). At the same time, lower Marangoni
number leads to poor interlayer bonding and therefore high porosity (210). Peclet number
(Pe) indicates the significance of convective heat transfer above conductive heat transfer. If
Pe>1, convective heat transfer is better facilitated. A high Fourier number suggests faster
heat dissipation which results in a higher G/R ratio (G, temperature gradient and R,
solidification rate) and fine microstructure upon solidification (210). A high non-
dimensional heat input produces large grain size and low hardness, as a result of slow cooling
(210). Dimensionless numbers is also used to mitigate defects such as porosity, dimensional
inaccuracy and lack of fusion. A high non-dimensional heat output has lesser voids whereas

high Fourier number results in distortion (210).
2.7.3 Inherent defects

Defects can arise during the printing process of the material. Known causes of defects help
in taking adequate measures to minimise/remove them. Some of the common defects

encountered in laser-based AM systems are discussed in the following sub-sections.
2.7.3.1 Porosity

Porosity is a common defect in AM (211-213). Porosity adversely affects the mechanical
properties of the L-PBF manufactured materials (214). Three main methods in which
porosity occurs are described. One is the formation of spherical voids inside the deposit due
to the operation of AM process in keyhole mode (215). Two, gas entrapped inside powder
particles during the powder atomisation process (216). Shielding gas can also be entrapped
inside the melt pool. Third, inadequate penetration of melt pool on the substrate/build
platform or previously deposited layer (217,218). Based on the above descriptions, porosity
can be of two major types: Interlayer and intralayer porosity. Interlayer porosity occurs due
to insufficient input energy to fuse metal particles, leading to the formation of un-melted
regions. These pores are large and non-uniform in shape, possibly due to rapid solidification
cooling rates. Intralayer porosities are caused by gas entrapment. They appear in random

areas having low solidification cooling rates, as shown in Fig. 8B (219-221).

Therefore, it is necessary to control metal powder particles’ shape and size and maintain
adequate processing parameters during laser deposition (216). Increasing laser power leads

to a larger melt pool size, thus increasing penetration depth and reducing porosity (222).
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Commonly used techniques to measure porosity are Archimedes' principle, optical

microscopy, and X-ray computed tomography.
2.7.3.2 Chemical composition changes and loss of alloying elements

The solute particles are redistributed during the addition of several layers. A difference in
chemical composition at the substrate-deposit interface occurs. Redistribution gives rise to
solute segregation and heterogeneous microstructure. The quantity of solute segregation is

proportional to solidification cooling rates (223,224).

An alloy system sometimes can have a difference in the volatility of its elements. Preferential
vaporisation of the alloying elements during DED can occur at high melt pool temperature,
causing overall chemical composition changes in the alloy (217). Chemical composition
change can be predicted by accurate estimation of temperature distributions and melt pool
geometry. Process variables that affect chemical composition change are laser scan speed,
laser power, powder feed rate, and laser spot size. Thus, controlling these process variables

can minimise the loss of alloying elements.
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Fig. 8. Different process-induced defects in metallic components primarily determine the
quality of 3D printing parts. These defects result mainly from using the appropriate laser
power and scan speed, as shown in A. B. The experimental observation of porosity, C. Lack
of fusion, D. Balling, E. Long cracks, F. Short cracks, G. Delamination of large components
(225).

The typical morphology of different processing-induced defects are shown in the context of

laser-based powder fusion processes. In Fig. 8A, the appearance of fusion errors, balling,

38



keyholing, and porosity is a function of laser power and scan speed. It is important to
emphasize that one must use the range of laser power and scan speed to obtain defect-free
metallic parts; such combinations vary from metal to metal. The typical pore sizes range
from 50 to 200 microns shown in Fig. 8B. There are also unmelted powders retained in laser
3DP parts with signatures of lack of fusion, shown in Fig. 8C. Another critical defect is often
reported in 3DP metallic parts is balling, Fig. 8D. Depending on how closely various defects
exist in microstructure, it is possible that these defects coalesce together, or can be joined
together to form a long or short crack in printed structure. Under extreme conditions, these
cracks can lead to delamination of the entire printed parts Fig. 8G. Based on these
observations, it is essential to emphasise that one has to optimise parameters in laser-based

PBF processes to obtain defect-free components in different metallic systems.
2.7.3.3 Surface roughness

Surface roughness on AM-manufactured parts results from co-dependent input parameters
such as part and design parameters (part orientation, feature geometry), process selection,
process parameters (laser power, scan speed, layer height, profile paths), material (powder
morphology, particle size distribution), post-processing, finishing. Resulting output
parameters such as unmelted particles, lack of fusion between layers, shown in Fig. 8C, and
partial fusion of powder particles affect part performance (226). Optimising these input
parameters can control the part performance. To conclude, decreasing layer thickness and
scan speed, increasing laser power, and selecting small-sized solid particles help in reducing

surface roughness.
2.7.3.4 Cracking

The temperature of the previously deposited layer is lower than the depositing layer. Thus,
the solidifying deposit contracts more because of thermal contraction and solidification
shrinkage. Due to this phenomenon, internal stress is generated at the solidifying deposit
layer. Solidification cracking is observed at grain boundaries when the generated tensile
stress is greater than the strength of the metal (227). Liquation cracking is observed in
partially fused regions of the build(228). Cracking can spread along the deposit layers, equal
to the layer thickness, shown in Fig. 8E, and Fig. 8F(229). Delamination is caused by
residual stresses at two consecutive layer-interface, exceeding the yield strength of the alloy,
shown in Fig. 8G (230).
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2.8  Life cycle assessment and carbon footprint of metal manufacturing methods

Several review papers have focused on process science and microstructure development,
particularly microstructure-property correlation (226). However, very few reviews have
emphasised the application of 3D printing for translational research on biomaterial implants
and related advantages in global sustainability over conventional manufacturing of metals.
Aspects concerning the global sustainability of 3D printing include the environmental impact
of 3D printing for medical applications. The industrial sector adds 29% to the total energy
consumption and 42% (12.3 Gt CO) to the global warming potential (CO2 emission), as
reported by International Energy Agency (IEA) in 2018 (231). 3D Printing has sustainable
advantages over conventional metal manufacturing methods, including material waste
reduction, material recycling, design optimisation and producing lightweight components
(232). Primary concerns of environmental impact include energy efficiency, material
utilisation, life cycle assessment (LCA), global warming potential and pollution (233). Eco-
friendly manufacturing, such as 3D printing and the FAST processes, has been considered

an effective strategy to reduce carbon emissions toward global sustainability (234).

Life Cycle Assessment (LCA) is a primary method to evaluate the environmental impacts of
the metal manufacturing process. It allows the quantification of raw material and energy
resources along the product's life cycle phases (235). LCA assesses all the steps involved in
product life, including process energy, material consumption, carbon emissions, and wastes
(234).

2.8.1 The energy efficiency of metal manufacturing methods

The total energy consumption of metal manufacturing involves the primary energy from the
energy source and secondary energy for the manufacturing/powder metallurgy process
(236). Metal 3D printing consumes only 30-50% of the energy of conventional
manufacturing (CM) of metals (234).

The energy consumption of a given AM process depends on the material's heat capacity,
build volume, layer thickness, process speed, and powder density (233,234). Among the
various 3D printing methods, Laser Powder Bed Fusion (L-PBF) is the least eco-friendly
process. It is worth considering that the energy consumed in mining and primary production
for wire-based raw material is more extensive than powder-based raw material. However,
the printing energy consumed for wire-based AM is lower than that consumed in powder
bed fusion processes (234). Energy efficiency (MJ/Kg) is the energy consumed per mass of

material deposited and depends on the capacity utilisation of the process (237). Total primary
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energy supply (TPES) that indicates the sustainable implications of energy are diminishable
by 2.54-9.30 EJ over a complete life cycle (241). The energy savings are primarily
contributed by reduced resource production and energy use, given that AM uses lesser

material than its conventional counterparts (242,243).

Fig. 9A shows the percentage of raw material utilised in powder metallurgy (which includes
the FAST process) versus conventional metal manufacturing methods. Powder metallurgy
tops with a 95% raw material utilisation rate correlating to lower energy demand per part
(239). Average energy emission/expenditure in the manufacturing sector is not well reported
in the literature, and most articles report the energy expenditure made by the calculations
based on parts manufactured. An integrated overview of the energy consumed per unit mass
for several net-shape manufacturing processes is shown in Fig. 9B. From the figure, powder
metallurgy includes 2 kWh/kg of energy consumed for powder production and uses twice as
less energy compared to machining and slightly above one-tenth compared to casting (240).
A Sankey diagram, including the energy and material flow for the steel production chain, is
shown in Fig. 9C. This diagram maps the contribution of energy consumed by several metal
manufacturing methods. Support material/structure used in additive manufacturing includes
material losses much wider than total production. Metal melting consumes the same amount

of energy as powder press and sintering (conventional powder metallurgical process).

In contrast, the FAST process consumes about one-fifth of the energy consumed by
conventional powder metallurgical processes such as hot isostatic pressing, hot press
sintering, and pressureless sintering (238,244). Currently, the FAST process consumes lesser
energy and material losses as it requires powder with large particles. The amount of gas
needed to produce large particles is lesser than smaller particles. Metal AM is yet to be
optimised as it is still in the early stages with only 1.3% energy efficiency, as explained in
Fig. 9D. The laser energy source for powder bed fusion processes has only 9% of the energy
actually reaching the workpiece. The ratio of the volume of material melted to the volume
of the final part produced using metal AM is shown in Fig. 9E. The ratio depends on the
printing parameters, but nearly twice the volume of the final part produced is melted. Such
ratios as a function of printing parameters can be the catalyst for improving material and

energy efficiency (238).
2.8.2 Economic assessment of metal manufacturing methods

Additive manufacturing has significant advantages in producing patient-specific implants
with cost reduction. In contrast, conventional manufacturing remains inexpensive for the

large-volume production of medical implants (245). The production time taken for
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prostheses and implants by AM is lesser than that of conventional methods (milling and
forging); therefore, increased productivity ultimately diminishes the product cost (246,247).
The primary AM production costs are material costs, build rate, machine costs, and
utilisation rates, whereas the secondary costs are pre-processing and post-processing
products (248,249). The build chamber size and build speed of the 3D printer greatly
influence the production costs and are expected to rise by 2030 (250). Overall, the improved

quality and decreased cost will give rise to part candidates.
2.8.3 Global warming potential of metal manufacturing methods

Manufacturing attributes to 98% of direct CO2 emissions from the industrial sector (251).
Material production occupies 21% of global energy demand and contributes to 20% of global
CO2 emissions (252).

The International Energy Agency has reported that direct greenhouse gas (GHG) emissions
have increased by 70% from 1990 to 2014 in the industrial sector (253). Simultaneously, the
economic output escalated quicker than its GHG emissions, which led to a 5% dip in the
direct GHG/unit of economic output, as shown in Fig. 10A. To achieve the set target in 2050,
the next step is decarbonising the industrial sector. The primary energy consumption and
CO:zemissions at every stage of the life cycle for manufacturing metals make the Life Cycle
Inventory (LCI). From the viewpoint of the environment, material savings are feasible using
AM over conventional manufacturing (242). Ti6Al4V is the most popular alloy for load-
bearing implants. The COzemission of the several AM processes for 1 Kg of titanium part
for aerospace is plotted against conventional (CNC machining) counterparts in Fig. 10B. It
can be deduced that AM allows approximately 400% - 800% lesser CO2 emission than
traditional methods such as CNC machining due to minimal material usage for fabrication.
Among several AM techniques, wire-based AM emits an enormous amount of CO2 during

manufacturing (254).
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Fig. 10. Environmental impact of industrial and manufacturing sectors that include direct
and indirect gas emissions. A. Global Green House Gas (GHG) emission outline of the
industrial sector from 1990 to 2014, implying that direct and indirect emissions will need a
steep drop to achieve set targets at the end of 2050. CAGR: Compound Annual Growth Rate,
B. Carbon dioxide emission (CO2) per kg of titanium using conventional and additive
manufacturing (254,255).

Several studies have compared the environmental impacts of AM and CM methods
(243,256-263). Published literature shows no data on the LCI, primary energy consumption
and CO2 emissions at each stage of the Ti6Al4V hip implant life cycle. Ronan et al. have
compared the EBM process (AM) with milling (CM) for an operative Ti6Al4V knee implant,
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as shown in Fig. 11. The life cycle is divided into four discrete stages, i.e., raw material
extraction and preparation, metal workpiece production, part manufacturing and post-
processing, and part recycling (264). All values are expressed in kilogram (kg) and per part
basis, where AM values indicate the energy required to add 1 kg of material and CM values
indicate the energy needed to subtract 1 kg of material. The background process and input
energy implicate the electricity produced and materials required in knee implant

manufacturing, as shown in Fig. 11A.

Raw material extraction and preparation, the first two steps of Ti alloy powder/workpiece
production, and Ti recycling are the same for AM and CM methods. As the production and
recycling of Ti alloys are cost and energy-extensive, raw material waste is a remarkable
shortcoming in conventional manufacturing methods. The rutile mining process to produce
1 kg of Ti has specific energy consumption (SEC) of 29.8 MJ/kg, shown in Fig. 11B. Kroll's
process is most exclusively used for obtaining Ti from TiCls. The specific energy
consumption (SEC) for the Kroll process is 445.74 MJ/kg. Approximately 28.19 kg CO2/ kg
Ti is associated with CO2 emissions for Ti production in the Kroll process (265). The CO2
emitted per kg of Ti produced is 28.19, as shown in Fig. 11C. Whereas the associated CO2
emissions for the vacuum arc melting alloying process (to form Ti6Al4V by joining Ti, Al
and V) is 1.11 kg COz, for Ti6Al4V powder is 5.13 kg COz, and 1.15 kg COz is produced
for Ti6AI4V workpiece. The EBM (AM) process, including the post-processing operations,
is shown in Fig. 11D.

For a Ti6Al4V component with the weight and geometry of a knee implant, 9.7 kg CO2/kg
of Ti6AI4V is emitted for a PEC of 176.35 MJ/kg (264). Commonly used post-processing
techniques for EBM include milling and grinding, and a value of 4.43 kg CO2 and 3.82 kg
COz2 per kg of Ti6Al4V is calculated as CO2 output for a PEC of 149.85 MJ/kg. Comparing
the PEC and CO2 output for CM, considering the same mass and geometry of a knee implant,
only 0.72 kg COz2/kg of Ti6AI4V is emitted as opposed to 9.7 kg CO2/kg in AM as illustrated
in Fig. 11E. Finally, the LCI for end-life recycling of knee implant remains the same whether
for AM or CM, and the approximate COz output is 5.2 kg CO2/kg Ti recycled, shown in Fig.
11F.
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Fig. 11. Life cycle inventory, primary energy consumption and CO2 outputs at each stage of
Ti6Al4V knee implant using additive and conventional manufacturing. A. Background
process, inputs, process flow and life cycle stages for manufacturing Ti6Al4V knee implant,
B. Primary energy consumption (PEC) and CO:2 output for rutile mining process, C. PEC
and CO2 output for Ti powder alloy/workpiece production, D. PEC and CO: output for AM
process, E. PEC and CO:2 output for CM process, F. PEC and CO: output per kg of Ti6Al4V
knee implant recycling (264).

Solely considering the manufacturing process, AM consumes double the PEC of CM,;
however, only 22.6% of the material required for CM is needed for AM. For the knee implant
discussed in Fig. 11, 84.6% of Ti6Al4V material is wasted using CM that needs to be
translated into a reusable form, whereas only 35% of material is wasted in AM. Ti6Al4V

has the highest embodied energy, with a value of 475.54 MJ/kg. Therefore, CO2 emissions
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per part for manufacturing using AM and CM are 11.47 kg and 45.24 kg COg, respectively.
However, considering only the manufacturing stage, including post-processing, AM is 2.07
times higher than CM (264). Therefore, better material utilisation enables less GHG
emissions in AM, making it an environmentally-friendly choice.
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Fig. 12. Variations of energy demands and CO2 emissions in additive manufacturing (EBM)
and conventional manufacturing. A. Shares of the primary energy demand for three
differently shaped components using AM and CM, B. CO:zemissions for different
components using AM and CM, C. Variations in the energy demand as a function of process
losses for AM and CM, D. Variations in CO2 emissions related to the amount of process
losses (%) using AM and CM. Note: The impact of transportation is negligible. CO2 = carbon
dioxide; EBM = electron beam melting; kg = kilograms; MJ = megajoules (243).

The life cycle analysis for PEC and COz, along with variations in energy demand for three
different case studies (referred to as ID 1, ID 2 and ID 3), are plotted in Fig. 12. Overall, it
is fair to say that material-related impact significantly influences the environment and
energy. The choice of the manufacturing method depends on the component's complexity,
as distinctly seen in Fig. 12A and Fig. 12B for ID 1 and ID 3 (thin-walled component). The
PEC and CO2 emissions as a function of process loss are plotted in Fig. 12C and Fig. 12D.
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As the value of process loss varies from 0% to 40%, the energy demand and CO2 emissions
increase accordingly. Higher values of process losses over 100% are required for a given

component to make CM preferable over AM, as shown in Fig. 12C and Fig. 12D.
2.9 Microstructure development in Ti6Al4V

Ti6Al4V is an a + B alloy containing 6 wt% Aluminium and 4 wt% Vanadium. The
microstructural evolution of Ti6Al4V depends on its thermomechanical behaviour as a
function of the manufacturing process. The microstructure or phases, i.e., alpha (o), beta ()
or alpha + beta (a+f}), determine the physical and mechanical properties of Ti6AI4V. At
room temperature, Ti6AI4V microstructure at equilibrium exists as alpha phase (hexagonal

close-packed, hcp) and retained beta phase (body-centred cubic, bcc) (266).
2.9.1 TIi6Al4V phase diagram

Titanium and its alloys acquire their properties from pure titanium’s allotropic modifications
at 881°C from the low-temperature hcp (alpha) phase to the high-temperature bcc (beta)
phase, as shown in Fig. 13A (267). The capability to influence these properties depends on
the beta transus temperature of the alloy, the physical and mechanical behaviours of the
phases (267). Therefore, various microstructural combinations can occur based on the
alloying of these two phases, which have different physical and mechanical behaviours. The
two-phase a + B alloys, such as Ti6Al4V, provide a variety of combinations of strength,
toughness and high-temperature properties. While single-phase a alloys offer corrosion
resistance of titanium, B alloys provide low modulus and biocompatibility with fatigue

strength and adequate toughness for biomedical applications (267).

Allotropic phase transformations in titanium and titanium alloys give rise to a
crystallographic relationship between the parent  phase and daughter a phase. According

to Burger's orientation relationship (BOR):
{0001}a || {011}p and <1120> o | |<111> P (268).

Each orientation of a gives six 3 variants during heating. B — o transformation results in 12
distinct o variants from a single parent § grain. Therefore, one a orientation provides 72
different orientations during solution treatment. However, all 72 orientations do not have
equal probability, and B — o transformation occurs with variant selection (269-275).
Diffusion and shear mechanisms are two commonly accepted phase transformation

mechanisms in titanium alloys.
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Fig. 13. Ti6Al4V is an a + B alloy with 6% Al and 4% V. A. The hcp (alpha) structure of
titanium, B. bcc (beta) structure of titanium, C. Equilibrium Phase diagram of Ti6AlI4V
(267,276).

The o+ B microstructure is classified into several types depending on the prior heat treatment
and cooling rates (277). For slower cooling, above the B transus temperature in Ti6AI4V
(995+ 20°C), the B phase usually transforms into primary globular a by diffusion mechanism
and into martensite o’ phase for higher cooling rates using the shear mechanism. The

nucleation rate of a is enhanced upon increasing the cooling rates, leading to the formation
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of a platelets/laths in prior f grains. The cooling rates and prior beta grain size determine the
width and length of a laths. Slow cooling through the beta transus temperature leads to

Widsmanstaten plates of a by nucleation and growth.

The Widsmanstaten a can have different morphologies based on cooling rates. Slow cooling
rates favour the formation of similar a platelets aligned in colonies stacked upon one another.
In comparison, faster cooling rates result in basketweave microstructure, represented by the
random arrangement of coarse grains with a substantial amount of o phase at the centre and
relatively smaller amounts of B phase at the grain boundary (278). Basketweave structures
have a more uniform distribution of the 12 variants that appear at low transformation
temperatures due to fast cooling. Upon rapid cooling/quenching, the B phase completely
transforms into martensite o. Martensite exists as hcp (a’) or orthorhombic crystal structure

(a’”), depending upon the amount of beta stabilisers.

At moderately fast cooling rates, grain boundaries o is prominent, increasing in thickness
and amount with decreasing cooling rates (279). Since grain boundary o, can form a Burgers
relationship with any of the neighbouring B grain, a choice of 24 variants is available, of
which one or two dominate in a given grain boundary. If adjacent  grain boundaries share
a common {110} plane, the preferred variant always has its basal plane parallel to this
common 3 {110}. Otherwise, the preferred variant will be that which has its close common
close-packed direction, <111>B / / <1120>a, lying closest to the boundary plane. Fig. 13B

is a schematic illustration of the equilibrium phase diagram of Ti6AI4V.
2.9.2 Initial microstructure of additively manufactured Ti6Al4V

According to several studies (277,280-282), the microstructure evolution of Ti6AI4V
mainly depends on the cooling rate when beta transforms to alpha along with the transus
temperature. The typical microstructure in different AM processes such as L-PBF, DED
WAAM and EBM are discussed in this section. Typically, during the DED process, the
deposited layer has two distinct morphologies in Ti6Al4V due to heterogeneous nucleation,
i.e., fine equiaxed beta grains and large columnar grains, as shown in Fig. 14H and Fig. 141
(283). The equiaxed beta grains are more prominent near the surface region and columnar
grains near the melt pool bottom region. A deep melt pool having a low mass deposition rate

leads to epitaxial growth of large, columnar prior B grains.
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Fig. 14. Microstructure of Ti6Al4V produced by different AM methods as a function of
different cooling rates. A. Fine lamellar Widmanstatten structure by Directed Energy
Deposition (DED) process, B. Both colony and Widmanstatten morphology observed using
Electron Beam Melting (EBM), C. Lamellar o +  structure shown using Laser Powder Bed
Fusion (L-PBF), D. Wire Arc Additive Manufacturing shows the contrast between o — phase
lamellae (dark grey) and  matrix (white), E. Morphology of prior-f grain in Ti6Al4V
formed using DED, F. Selective Laser Melting (SLM), G. EBM, H. Transverse section of
solidified grain morphologies in DED sample of Ti alloy, I. Longitudinal section of solidified
grain morphologies in a DED sample of Ti alloy (283-289). Note: depth of the equiaxed
grain layer, dec, penetration melting depth, dem, and the heat affected zone, HAZ.

In contrast, a high mass deposition rate brings about insufficient melting of the powder and
favours the growth of fine, equiaxed prior-f grains. However, there is no grain growth along
the region of the fusion line or in the whole heat-affected zone (HAZ) due to the exceptional
thermodynamic stability of the coarse prior-p grains. The as-deposited microstructure of
DED shows epitaxial growth of columnar B grains via re-melting and re-solidification
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process. The thermal gradient in the printed part is generated by convective heat transfer
upward into the process gas and conductive heat transfer directed downward through the
cooled substrate (290,291). The prior-f grains in the printed part are aligned along the build
direction whose boundaries are surrounded by grain boundary o phase, as shown in Fig.
14A. The size of a colony is determined by the size of prior B grains developing locally
(279).

An optical micrograph of typical EBM Ti6Al4V microstructure is seen in figure 14B, whose
build direction is directed outside the page. The as-printed microstructure of the EBM
sample consists of columnar prior-f grains defined by grain boundary a inside the prior-3
grains. A transformed o + 3 microstructure with the colony and Widmanstatten structure is
also observed. It is apparent that prior  grains grow epitaxially through the build layers of
the part printed. The lamellar a + p and o-Widmanstatten colonies give poor tensile
properties. The microstructure of as-printed Ti6Al4V using SLM (L-PBF) is shown in Fig.
14C. In situ decomposition of o’ martensite transforms into ultra-fine lamellar a + f
microstructure (286). The microstructure of the as-built SLM shows a needle-shaped - phase
bounded by B-phase interlayers in an elongated B grain (292). Uni-directional, fine a-phase
is due to high cooling rates and crystallisation, similar to several studies (200,293,294). The
transformation materialises due to progressive thermal cycles along depositions of build
layers due to fast cooling rates depicting limited ductility yet high yield strength. Therefore,
layer thickness, energy density and laser beam diameter must be controlled accordingly. The

a lamellae (dark grey) and B matrix (white) contrast is shown in Fig. 14D.

Bands of the layers deposited by the DED process in Ti6Al4V are shown in Fig. 14E (295).
The layer bands are seen in the AM process due to coarsening of the microstructure in the
re-melted regions of preceding layers. Vertical, columnar prior-f grains grow along the build
direction, leading to epitaxial growth and directional solidification in SLM, as shown in Fig.
14F (296). The microstructure of EBM-printed Ti6 Al4V is lamellar, with fine a platelets
aligned in various directions, as shown in Fig. 14G (288). Some a colonies, i.e., parallel o
platelets of the same variant of Burgers relationship are observed. Yet, most a platelets are

individual, indicating a relatively faster cooling rate during § — o transformation.

The microstructural distributions along the build direction of WAAM-processed Ti6Al4V
having different magnifications are shown in Fig. 15A, Fig. 15B, Fig. 15C, Fig. 15D, Fig.
15E and Fig 15F. Under the effect of varying solidification rates, the top region of Ti6AI4V
has a basketweave microstructure with acicular a and martensite in the  matrix, as shown
in Fig. 15A. The lamellar a with basketweave microstructure was produced in the middle
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region, as shown in Fig. 15B. Widmanstatten microstructure is generated in the bottom
region, as shown in Fig. 15C. The o phase lamellac have different sizes distributed in the
three regions, as shown in Fig. 15D, Fig. 15E and Fig. 15F. The width of a plates is broadest
in the middle region. The reason for coarse lamellae in the middle region is due to repeated
reheating during the WAAM process. Incomplete thermal histories in the top region
compared to the previous layers and completed thermal histories due to faster cooling rates

in the bottom region results in finer lamellae (297,298).
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Fig. 15. Microstructural distributions along the build direction in AM process. A. The top
region of Wire Arc Additive Manufacturing (WAAM) having low magnification, B. High
magnification, C. Middle region of WAAM processed TiAl4V having low magnification,
D. High magnification, E. Bottom region (near the substrate) of WAAM processed Ti6AlI4V
having low magnification, F. High magnification, G. Grain orientation aligned along the
build direction in Ti6Al4V processed using SLM (299,300).

The direction of beta grain growth closely aligns <001> build direction in SLM processes
with fast scan speed, as shown in Fig. 15G. The SLM process creates a smaller melt pool
due to a lower laser diameter than WAAM, increasing the cooling rate. Therefore, the SLM
process, which has a higher cooling rate than WAAM, thus gives refined beta grains and
martensite alpha. Additionally, columnar grains do not align uniformly and grow through
the build layers. The microstructure of SLM samples has shorter beta grains with acicular

martensite compared to coarse columnar beta grains in WAAM samples.
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Columnar B-grain is found to dominate in the microstructures of all AM-manufactured
Ti6Al4V (266). The preferential growth direction of B grain is <001>, which has a bcc lattice
structure. The <001>gis parallel to the build direction, and the direction of overall heat flow
is said to be perpendicular to the substrate. However, in reality, there is a slight tilt in <001>p

axis, which indicates the complexity in the thermal behaviour of AM process.
2.9.3 Initial microstructure of conventionally manufactured Ti6Al4V

The microstructures of as-cast Ti6Al4V are shown in Fig. 16A, Fig. 16B and Fig. 16C,
having different magnifications (301). Optical images show the bright a-phase forming
Widmanstatten microstructure in the regions between thin and dark B-phase. As seen in Fig.
16A, the a-phase is formed along the prior-p grain boundaries. Lamellar structures of o and

colonies of lath- are situated within prior-p grains.

The backscattered SEM image of as-cast Ti6AI4V in Fig. 16B shows the contrast in the dark
a-phase and bright B-phase at a higher magnification. The grains of as-cast Ti6Al4V are

equiaxed, and coarse o/f lamellar colonies are orientated in different directions with

transformed [, as shown in Fig. 16C (302).

Ti6al4V microstructure manufactured by the wrought process has small, equiaxed grains
with blocky plates of o/p phase, as shown in Fig. 16D. The initial microstructure of wrought-
produced Ti6AI4V is a basketweave pattern that marks the absence of  grain boundaries
and a colonies. At the same time, a fine o/f lamellar structure is a characteristic of this
microstructure. Ti6Al4V processed by powder metallurgy has a lamellar microstructure.
Short, massive a-phase lamellae inside the 3-phase matrix is the characteristic microstructure

of this process.
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Fig. 16. Microstructure of Ti6Al4V from conventionally manufacturing and FAST process.
A. As-cast microstructure of Ti6Al4V (lower magnification), B. Microstructure of as-cast
Ti6AIl4V (higher magnification), C. Optical images of as-cast Ti6Al4V, D. Optical images
of wrought Ti6Al4V, E. Microstructure of Ti6Al4V obtained by powder metallurgical
process, F. Microstructure of Ti6Al4V as FAST processed (301-304).

The whole B-phase matrix is surrounded by a-phase precipitations at the primary 3 grain
boundaries, as shown in Fig. 16E (304). A typical FAST-processed microstructure for a 100
mm Ti6AIl4V disc diameter is shown in Fig. 16F (303). Slow cooling rates above p-transus
show prior B-grains having o laths in Widmanstatten/colony microstructure with some a-

phase also present on grain boundaries.

55



2.9.4 Microstructure-property correlation

One of the central themes in material science is the microstructure-property correlation. This
particular aspect in the case of powder bed fusion processes is of significant importance to
material scientists. In order to support the statement, Fig. 17 illustrates the microstructure
development in the SLM process. For reference, Fig. 17A shows the working process of the
SLM process where different process parameters of importance are also marked. The
microstructure developed during the SLM process is uniquely characterised by large
columnar grains that grow from the base plate. The columnar grains provide anisotropic

properties in SLM printed parts.
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Fig. 17. Laser material interaction involves in situ melting and solidification of metal
powders in the melt pool. A. Schematic of working principle in SLM process, and
development of different microstructures as a function of temperature gradient and growth
rate experienced during solidification process involved in SLM based processing of metallic
parts (C), B. Schematic illustration of the distinct microstructures of solidified metals in
SLM process where microstructures are characterised by large anisotropic columnar grains,
growing from base plate towards the surface of metallic parts and equiaxed grains on the
solidified surface (225,305).

Fig. 17B also shows that equiaxed grains are generally formed on the top surface of the
materials with different grain morphology like contour-passed centre line axial grains are

also observed in SLM printed parts. As far as the fundamentals of the solidification processes
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are involved, two key parameters are of significant importance, i.e., temperature gradient G,
growth rate, R. Different combinations of G and R are achievable by tailoring the SLM

process parameters, which include laser power, laser heat input, and laser scan speed.

Fig. 17C shows that planar solidification front breaks down to cellular, columnar dendritic
structure or equiaxed dendritic structure due to the variation of G/R ratio during laser melting
and solidification in the SLM route. It is essential to emphasize that both morphology and
microstructural length scale are dependants on G/R and GxR parameters. Lower cooling rate
or, in other words, low scan speed generates coarser microstructure due to the predominant
GxR. In contrast, finer columnar structure develops during high scan speed, i.e., higher value
of GxR. Such an understanding of microstructure development is key to establishing a
microstructure-property correlation in a laser-based powder-based fusion. Thus, increasing
scan speed, powder feed rate, and decreasing laser power reduce G. The G/R ratio is
essential, indicating the nucleation rate. If the G/R ratio is greater than one, the nucleation
rate is low and vice versa. Therefore, the transition from columnar to equiaxed can be

engineered accordingly to meet the requirements(306).

2.9.5 Mechanical properties
2.9.5.1 Tensile strength

The tensile strength of AM parts is dependent on the process parameters and microstructure.
Ti6Al4V processed by the laser based AM process had higher tensile strength than wrought
alloy with lower ductility, probably due to inherent internal defects and fine
microstructure(307). Another study demonstrated increased yield strength and ultimate
tensile strength (UTS) with a 0.0124% increase in oxygen and decreased o lath width of the
DED part (284). Post-processing treatments like hot isostatic pressing and heat treatments

improve ductility with minimal tensile strength (307).
2.9.5.2 Hardness

Microhardness changes along the build direction due to microstructure alteration. It is higher
in the first few layers and relatively lowers in the subsequent layers away from the build.
This is observed due to higher heat accumulated in the central layers of the deposit (308).
Increasing substrate thickness, substrate temperature, and interlayer dwell time was reported
to increase the hardness(219). Post-processing treatments like heat treatment or ageing

increase hardness rather than varying process parameters (309).
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2.9.5.3 Fatigue

Fatigue determines the structural integrity of the AM parts and is governed by microstructure
and defects(310). Few groups (311-313) have reviewed the fatigue properties of 3DP parts.
Fatigue initiators are fatigue crack growth, fatigue inception sites (pores), and unmelted

powder particles (314)(315). These factors are responsible for reducing fatigue life.

Fatigue crack growth generally occurs on a plane, with the crack moving towards the tensile
force direction. The crack growth rate was dependant on the location and varied along with
distinct directions (316). However, there is still a lack of constancy in the fatigue behaviour.
Nevertheless, the behavioural fatigue data is crucial in understanding the fracture tolerance

of materials. A need for accurate predictions of fatigue characteristics exists.
2.9.5.4 Residual stress

Residual stresses are generated due to the excessive thermal gradients between the laser
source and the neighbouring material of laser based AM. These stresses can potentially
distort the AM parts due to cracking. According to previous literature, residual stresses are
tensile on the surface and compressive in the centre. Similarly, these stresses are higher
between dissimilar materials (317) and at the build-deposit interface. Calculation of residual
stress using non-destructive equipment such as X-ray diffraction and neutron
diffraction(223) are popular on the macroscale. Consecutively, preheating the material

feedstock or post-processing treatments can relieve the residual stresses (318).
2.10 Challenges

As mentioned in the preceding section, additive manufacturing (AM) technology provides
the freedom to design patient-specific complex structures. AM technology holds a promising
future in fabricating biocompatible implants with desired properties. This section

summarizes the key challenges in the AM field concerning different aspects.
2.10.1 Design-complexity and printability challenges

AM based processes give the freedom to control the external and internal architecture of any
implant, using CT scan data of the patient. Despite the fact that a range of implant
architectures is FDA approved, many of these architectural designs are not yet widely used
for patient treatment. Moreover, defining the internal morphology of implants is not yet
individually optimised for personalised musculoskeletal treatment. For example, the pore

size and shape are not yet standardised for metallic implants to ensure enhanced bone
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growth. Such design aspects need to consider the spatial distribution of pores to mimic the

complex porous environment of the cancellous bone.

In this context, topological design approaches are to be adapted in future. Topological
optimisation and computational lattice designs can be translated to manufacturing a product
using 3DP (319-321). Many such design-based structures are required for spinal
replacement(115). Patient-specific spinal implants provide mechanical support, void space
for bone graft, minimise the surgical time, thereby reducing future complex reconstruction,
long-term stability, and enhanced recovery (322),(323). Hip joint implants manufactured
using AM techniques can be customised, concerning the shape of bone defects, thereby
reducing stress shielding (324). Additionally, porous designs using 3DP promotes bone
ingrowth, which contributes to biological fixation (325). Highly porous knee implants
imitate the mechanical strength of cancellous bone, thus reducing stress shielding (326). 3D
printed and customised implants can provide better knee joint stability, tissue balance and
retention function of the knee joint. From such perspectives, AM allows to manufacture
better-designed implants for musculoskeletal reconstruction and promoting implant stability
(327).

Another challenge is that the implants with patient-specific sizes, like femoral stems, may
not be manufactured in SLM/DED route. Scaling coupon samples to large complex
components such as porous femoral stem implants in AM are challenging due to limited
machine build volume and geometrical limitations. Additionally, size-dependent process
parameters, laser scanning strategies, and build substrate vary according to AM process and
implant design. Furthermore, batch size and manufacturing throughput concerning process
speed and productivity are other scale-up limitations. Distortion, cracking, and residual
stresses that are not always apparent in coupon samples can pose thermomechanical
complexities in scale-up. In such context, the short stem with reduced dimensions having
clinically acceptable dimensional tolerances can be manufactured using Directed Energy
Deposition, DED (an AM process) techniques and further tested clinically. However, DED
has limitations on resolution and surface finish, requiring further post-processing and surface

modification methods.
2.10.2 Process- microstructure-property-related challenges

In the AM of implants, process-microstructure-property and performance of 3D printed parts
are not yet extensively investigated due to variations in the printing process, processing
parameters and diversity in the alloys. Sustained research and development are necessary to

build a knowledge base protocol for biomedically relevant metallic alloys.
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Rapid cooling rates in high-temperature AM processes contribute to complex microstructure
development in 3DP parts compared to metals from conventional manufacturing methods.
An in-depth understanding of the microstructure evolution can help achieve a combination
of properties, such as high strength and ductility. A fundamental understanding of
microstructural evolution in terms of local temperature gradient, G, and solidification growth
rate, R, parameters in AM processes, is essential to understand the mechanical performance
of the printed parts. The local temperature gradient, G, and solidification growth rate, R, play
an essential role in the resulting mechanical properties and microstructure development. The
G/R ratio depends on the metal alloy, AM technique and process conditions such as linear
heat input. The wide range of G/R ratios remains a challenge in understanding the
solidification structure evolution for printed metals. The influence of anisotropy on product
performance under complex loading for textured microstructures produced by the SLM
process is not yet understood (328). Surface roughness is directly dependent on cell
adherence, and therefore, the guidelines on the correlation between printing parameters to

achieve biologically relevant surface roughness are necessary.

In the conext of microstructural development, the typical morphology of different processing
induced defects are discussed in this dissertation, in the context of laser-based AM processes.
All these defects also limit the strength properties. Based on these observations, it is essential
to emphasize that one must use the range of laser power and scan speed to obtain defect-free

metallic parts and such combinations vary from metal to metal.

Inherent defects ranging from atomic to macro scales in AM parts affect the printability of
the components. In order to avoid such defects, a deep understanding of the mechanisms of
nucleation and defect growth profile is necessary. The role of defects affecting fracture and
fatigue also remains to be explored for many metallic 3D printed parts. The performance
limiting tests for Ti and its alloys are not fully developed, and thus, clinical application of
these metal alloys is not fully realised. In reality, the role of porous architecture on
mechanical performance using Micro-CT analysis to analyse the morphological changes of
a 3D printed implant is not reported in many published reports and needs more attention.
Overall, the influence of different design and process parameters on elastic modulus and
strength of implantable 3D printed metals need to be investigated for musculoskeletal

applications.
2.10.3 Economic challenges

Machine time and post-processing are dominant contributors to the cost of a 3D printed part.

Technologically advanced upgrades, high capital, operational costs, safety practice, and
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process training often limit the adaption of metal 3D printing for affordable healthcare. The
artificial intelligence-based approaches, like machine learning or deep learning, related
approaches can be adopted to establish process-microstructure metallic alloys. The
adaptation of such approaches may require a significant amount of data, either available in
published literature or to be generated in a carefully, planned set of future experiments. Once
such models are established, the prediction of primary parameters for large-scale
manufacturing can be realised. This can potentially reduce manufacturing costs, as many

trial experiments can be avoided.

The market value and growth of 3DP are in their initial stages in the global manufacturing
economy. The Food and Drugs Administration (FDA) standards for approving the testing
methods (ASTM F 2971, ASTM F 3122, ISO 17296-3), implant designs (ISO 17296-4,
ISO/ASTM 52915, ISO/ASTM DIS, 20195 DRAFT), and processing protocols (1SO 17296-
2) are slow due to the lack of ability of different AM techniques to manufacture
biocompatible, defect-free components that are structurally reliable. Potentially printable
alloys have not been clinically tested or are not yet available as a feed material for 3D
printing (329).

2.10.4 Biocompatibility related challenges

The biocompatibility of a porous implant material depends on the size and shape of the pores.
Since AM is suitable for fabricating patient-specific implants, their clinical application can
be better probed by the biocompatibility assessment with living system components (cell,
blood, etc.) for musculoskeletal applications. The current literature on in vivo studies is
available only for limited animal models. To study the biomechanical compatibility of the
implant in the human body, cell culture studies under dynamic conditions, as well as
dynamic loading response of 3D printed metallic alloys in the physiologically relevant

environment, needs to be extensively investigated in future.
2.11 Research Gap

Additive manufacturing provides the freedom to design patient-specific complex structures.
This technology holds a promising future in fabricating biocompatible orthopaedic implants

with desired properties.

e The lack of a comprehensive database based on the properties of the human bone for
different age groups, genders, and demography limits the effective treatment of
osteoarthritis. Patent, licensing, trademark and copyright permissions should be well

integrated and made more accessible for digitalising products, ideas and frameworks.
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Transferring CAD file into 3DP parts often result in certain defects and inaccuracies that

were not expected in the CAD design.

The process-microstructure-property-performance relationship is not yet fully explored
due to discrepancies in the printing processes, and multiple process variables. Process
optimisation using multiple process variables is a tedious job in experimental studies,

causing uncertainty in results.

Anisotropic behaviour causes differences in microstructure in each 3D printed layer,
resulting in different mechanical behaviour in vertical and horizontal directions.
Moreover, the void formation between consecutive layers introduces additional porosity

and delamination, reducing the material’'s mechanical performance.

The environmental impact of the metal feedstock production stage is not well reported
for quantitatively comparing different metal manufacturing methods. Life cycle
inventory models are rarely discussed for different AM or are currently nonexistent. It is
essential as this could provide detail on single-source metrics for appropriate
applications. The environmental effects of the post-processing of AM parts to achieve
the required geometry and surface topography are often neglected. Powder recycling
strategies and recycling end-life manufactured products should be well implemented to

reduce the environmental effects of metal manufacturing methods.

Most articles focus on energy consumed at the manufacturing stage. However, the
overall environmental impact assessment should include resource consumption, direct

and indirect process emissions, supply chain consequences and waste disposal emissions.

Manufacturing efficiency in terms of printing time and power consumption should be
implemented through part orientation and intelligent product design. Vertical build
orientation in AM results in lesser material utilised low cumulative energy demand and
low cost per part compared to horizontal and 45° build (235). For example, having a
minimal surface area of the support structure in AM and geometric nesting of the

product.

A paradigm shift in design, education and training in digital manufacturing is required
to improve the supply chain. If integrated with data science and artificial intelligence,
life cycle analysis can target patient specificity and enhance the overall efficiency from

feedstock to the supply chain.
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3 MATERIALS AND METHODS

This section is divided into two sub-sections involving finite element analysis of two femoral
implant designs to understand biomechanical behaviour in peri-prosthetic implant and
characterization of AM-manufactured Ti6Al4V using an environmental-friendly 3D printer

to understand anisotropy.
3.1 Finite element analysis

The patient's computed tomography (CT) scan data [Siemens (Emotion) (Munich,
Germany)] is obtained (ethical approval rights from Sri Sathya Sai Institute for Higher
Medical Sciences) in digital imaging and communications in medicine (DICOM) format
(120 KV, acquisition matrix: 512 x 512, number of slices: 809, pixel size: 0.894531 mm,
slice thickness: 1.25 mm, Gantry tilt: 0 deg). The patient's femoral stem is modelled based
on the CT scan data and is 3D reconstructed using MIMICS (Materialise NV, Leuven,
Belgium) software. MIMICS allows reconstructing the medical image data by fragmenting
the femoral anatomy. Material properties of the femoral bone were extracted from the
voxelwise X-ray attenuation in Hounsfield Units (HU). The range of bone densities was
selected based on the 100 cases of scanned data from Chatterjee et al. (161). The patient’s
femoral model was developed from the CT scan of the patient using the patient’s bone
density, as discussed in section 3.1.3. Implant dimensions were deduced by eliminating the
intra-femoral low-density region using a lower threshold value of 450 Hu (0.623 g/cm?3).
Finite Element Modelling was carried out by ANSYS 21 (ANSYS, Inc., Canonsburg, PA).

Bonded contact was assumed at the bone-implant interface.
3.1.1 Modelling of the femoral stem

The implant model of Chatterjee et al. (161), designed using CATIA (Dassault Systems,
France), similar to “VerSysVR Hip System Fiber Metal Taper” (Zimmer, Warsaw, IN), was
used in the analysis. The incorporation of central/internal hollowness within femoral stems
to introduce isoelasticity, while maintaining normal external morphology, has shown
satisfactory simulation and clinical results for three decades (79,330). Optimization of central
hollowness in the femoral stem was studied by Gross and Abel (331). Central hollowness is
defined by walls on all four sides and a roof on the top; this design mimics the trabecular and
cortical bone and promotes osseointegration. As shown in Fig. 18A, the roof thickness of the
centrally hollow implant design, ‘a’ is 4mm, and the material thickness around the cavity ‘b’
is considered the percentage of anterior-posterior measurement of the proximal-lateral aspect

of the femoral implant ‘d’, (b is taken as 15% of ‘d”). Two implant designs, i.e., solid/fully
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dense and centrally hollow, were scaled to the patient's anatomy and virtually implanted in
the femoral bone cavity (Fig. 18B). The centrally hollow design has its dimensions as

explained by the thickness of the roof and surrounding four walls, illustrated in Fig. 18A.
3.1.2 Construction of FEA models

The FE model was constructed similar to the design of Chatterjee et al. (332). The natural
femur (not-implanted) and implanted femur were modelled. The virtual implantation of the
implant at the patient’s femoral bone is carried out at the Workbench Interface of ANSYS
21. The femoral implant model is superimposed on the natural femur model by scaling as
per the patient's anatomy. Virtual osteotomy of the femoral head was carried out, and virtual
implantation was performed using Boolean operation (Fig. 18B). A mesh independence
study was conducted using finer elements ranging from 1.2 mm to 4mm at the proximal
region and coarser elements from 2mm to 5mm away from the proximal region. The von
Mises stress and maximum principal bone strain I in periprosthetic bone were conducted for
different mesh sizes. The final mesh size was chosen when the deviation was less than 1%.
Both the models were meshed with a fine mesh size of 1.8mm at the implant-bone interface
and 2.7mm away from the bone-implant contact region (Fig. 18B). Fine values of element
size are essential to obtain more reliable results at the bone-implant interface (owing to its
importance in osseointegration). Ten-noded tetrahedron shape was used for meshing as they
give accurate results for complex 3D geometry, such as the femoral bone. The final mesh
size produced 0.17 x 108 elements in the implant models and 0.1 x 107 elements in the natural

femur. Bonded contact was assumed at the bone-implant interface.
In this study, three main assumptions of the model are as follows:

a) According to FE studies conducted earlier, the bone and implant material are isotropic,

homogenous and linearly elastic (332-334).
b) Fixed support is considered at the distal end of the femoral bone (Fig. 18C).
¢) No muscle forces are included in our computational study.

The material properties of the bone, such as Young's modulus (E, MPa), and bone density (p
, g/cm?3), are assigned element-wise based on Hu (Hounsfield Unit) values as per Equation

1. The cortical bone and bone cavity are the two reference points in our study (332,333,335).
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Fig. 18. Schematic illustration of the process involved in FEA analysis of the implanted
femur model. A. Diagrammatic representation of the novel design concept showcasing the
incorporation of central hollowness in the femoral stem similar to Chatterjee et al. (336). A-
anterior, P- posterior, L- lateral, and M- medial. The implant design of a solid and centrally
hollow are also shown (161). B. Representational image of virtual implantation of the
implant at the patient’s femoral bone at ANSYS Workbench is shown. C. The FE model with
hip joint loading and fixed boundary conditions are mimicked from the physiological status
in a much-simplified form (337). The site of hip joint load application is also shown. The
magnitudes of the hip joint load for different body weights in X,y,z directions are tabulated
(Table 4). D. The contour plots of the distribution of the von Mises stress on the femoral
implant, the maximum principal bone strain (g1) and maximum principal bone strain (&3) of

the peri-prosthetic bone.
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p = 0.2389 + (0.0008531) x Hu
E = 6850 x pl4° (1)

The implant material is considered Ti6Al4V with p = 4.43 g/cm® and E = 115 GPa, and
Poisson’s ratio 0.3 is entered for all cases. The hip joint loading (shown in Fig. 18C) is
considered evenly distributed over the abutment of the implant stem that attaches to the
femoral head. Normal body weight, 70 kg (686.47 N), is considered according to the loading
conditions reported in (337). The natural femur is also analysed using the same loading
conditions for comparison. In our study, the hip joint force is assigned to all the nodes at the

geometric centre of the femoral head.
3.1.3 Varying bone conditions to check the bone quality

The average bone densities were shown to deviate around 20% from the mean value, as
obtained from the 100 cases of Chatterjee et al. (332). The resultant E deviated around 30%
from the mean value, similar to Anderson et al. (338). The average bone density value,
closest to the mean value of the 100 cases, was considered normal. The subject in our study
was a female patient of 52 years from India. Similar to the study of Chatterjee et al.(332),
two other bone conditions were modelled individually, considering 20% lower and 20%
higher than normal, designated as low and high, respectively. Variation in bone density was
implemented by using 0.8pp and 1.2pb instead of the normal bone density (pb), on the right-
hand side of empirical equation 4, correlating p and Hu values. The natural femur, solid
implant design, centrally hollow design (4mm roof cavity and 15% of the anterior-posterior
dimension of the proximal-lateral side of the implant), (Fig. 18A) were modelled separately

with different bone conditions, keeping constant the subject weight.
3.1.4 Consideration of different body weights

Along with normal body weight, a lower subject weight (50 kg) and higher subject weight
(90 kg) have been considered in my FEA analysis. The change in body weight was
implemented by proportionally scaling the joint load vectors, as shown in Table 4 below.

Table 4. Joint loading forces are considered in the finite element analysis for different subject
weights. The subject weight of 70 kg has been taken as normal (337).

Subject Weight = 50Kg | Subject Weight = 70Kg | Subject Weight = 90Kg
FX Fy FZ FX Fy FZ FX Fy FZ

Hip -199.6 945 -1525.1 -279.6 132.3 -2135.72 | -359.4 170 -2745.9
Joint
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3.1.5 Stress/strain at the proximal-medial region

von Mises stress on the implant and maximum principal strain | (1) and maximum principal
strain 111 (¢3) within the natural bone and peri-prosthetic bone have been studied in our model.
von Mises is a scalar variable which represents the state of stress distribution within an
implant (339).

A Regions of maximum von Mises stress and maximum/minimum principal B Natural Bone
strains in peri-prosthetic bone

Implant Peri-prosthetic bone

Fig. 19. Areas of von Mises stress and maximum principal strain concentrations (encircled)
within the centrally hollow implant and natural/periprosthetic bone, respectively,
corresponding to the region of proximal-medial cancellous bone, from where the values are
obtained in our study. A. Distribution of von Mises stress on a centrally hollow implant for
a 52 year (normal subject weight) female. The lateral side of the implant has the maximum
stress concentration. The maximum principal strains (1 and €3) on the peri-prosthetic bone
for a centrally hollow implant shows that they are primarily located on the anterior side and
around the greater trochanter. B. The natural femur is subjected to €1 and develops the
maximum strain around the greater trochanter and medial side, comparable with the contour
of a centrally hollow implant. The values of von Mises stress, €1 and €3, were obtained by
taking the highest value of 25 elements near the encircled region, showing the highest

stress/strain concentration (161).

The maximum principal strains and von Mises stress mainly occur in the proximal-medial

region in an implant and behind the medial aspect of a natural femur. The variation of the
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von Mises stress, €1 and e3 was studied for different implant designs, concerning different

body weights and bone conditions.

The values of stress, e1and e3, were obtained by selecting the highest value of the 25 elements
from the maximum stress/strain concentration for the peri-prosthetic bone (Fig. 19A). For
the case of the natural bone, the values of von Mises stress was located behind the medial
aspect. The implanted femur was divided into two Gruen zones, anterior and posterior, for
FEA evaluation. The nodal solution was generated in each zone. The regions containing the
maximum principal strain regions were comparable with the corresponding regions in the

natural femur.
3.2 Metallographic sample preparation

The Ti6AI4V powders for SLM (spherical, 15-45 pm) were supplied by Tekna Plasma
Systems Inc. (Canada). The SLM-built Ti6AlI4V coupons for microstructural and property
characterisation were manufactured using an Aconity mini L-PBF machine from Aconity
GmbH (Herzogenrath, Germany), which is equipped with a redPower QUBE single-mode
fibre laser from SPI Lasers Ltd. (Southampton, United Kingdom) with a maximum beam
power of 1 kW and a processing wavelength of 1070 nm. The minimum laser beam diameter
on the build platform is 70 um. Since titanium has a strong oxygen affinity and interstitial
oxygen acts as a-stabilizer in titanium, the oxygen content in the processing gas (Argon) was
kept below 100 ppm for the whole duration of the build job. The printing parameters for the
samples included a laser power of 190W, a laser scan speed of 316.67 mm/s, hatch spacing

of 0.12 mm, a layer thickness of 0.03 mm and a laser beam diameter of 0.13 mm.

The as-built Ti6Al4V coupons manufactured by SLM were cut into 7mmx5mm specimens
using a cutting machine (Struers, Discotom-6, Ballerup, Denmark). The cut samples for
metallographic examination were mounted in bakelite (30 mm diameter) using 20 kN force
for 7 minutes at 180°C using a mounting press (Struers Labopress-3, Ballerup, Denmark).
Grinding and polishing of the mounted specimens using standard procedures employing
silicon carbide abrasive papers from 180, 320, 600, 800, 1200, 2500, and 4000 grit sizes
using Struers TegraPol-31 polisher-grinder machine. The final polish having a mirror-like
finish, was given with 0.25 um colloidal silica suspension (OPS) and 5% w/v hydrogen
peroxide (H202) solution. The polished sample was then carefully cut off from the bakelite

mould using a workshop vice.

Scanning electron microscope (SEM) imaging was conducted on an FEI Quanta 250 FEG-

SEM + Gatan 3view using an accelerating voltage of 10 kV and a working distance of 10
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mm. Back-scattered (BSE) SEM images were captured for microstructure evolution as a
function of build directions in three different regions of the specimen, i.e., bottom region

(near the substrate), middle region and top region.

Build Direction
Build Direction

SLM printed SLM printed
Ti6Al4V sample Ti6Al4V sample
from build plate 1 from build plate 2

o - -]

Fig. 20. Vickers microhardness test of SLM-built Ti6Al4V samples. A. Auto hardness tester
(Struers Durascan 80) showing the indent on the sample, B. 40x objective lens to analyse the
indent, C. Images displaying the indentation for the samples along the build direction for two

different build plates, D. Image captured by objective lens showing the indentation.

Vickers microhardness test was performed for grinded and polished SLM-built Ti6AI4V
along the build direction using Auto Hardness Tester (Struers Durascan 80) using a load of
1 kgf and dwell time of 15 seconds, as shown in Fig. 20A. Vickers hardness test involves
pressing a diamond having a square base pyramid making an angle of 136° between the
opposite faces at the apex. Indentations were in both radial and axial directions with 1mm
spacing between indentations. The first indentation at the bottom region (closest to the

substrate) was 3mm from the substrate to avoid indentations hitting outside the sample. The
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material’s hardness was tested at 10 points along the build direction, having three rows, as
shown in Fig. 20C. The indents were analysed using a 40x objective lens (as shown in Fig.

20B) to produce a micro-hardness map.
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Fig. 21. Compression testing of SLM built Ti6AI4V. A. Universal testing machine (UTM)
Instron, USA with Ti6Al4V cylindrical sample, B. Dimensions, maximum force and strain
rate for compression testing of 0° and 90° specimens, C. Sketch of EDM cut for Ti6Al4V
build plate 1, D. Build plate 2, E. Build plate 3.

The anisotropic mechanical properties of SLM-built Ti6Al4V were determined using
Universal Testing Machine (UTM) Instron (USA), as shown in Fig. 21A. The samples for
compression testing were cut from the build plates by EDM Precision Technologies,
Towecester according to the dimensions stated in Fig. 21B. Cylindrical disks measuring 6mm
in length and 4 mm in diameter from three different SLM-built Ti6Al4V coupons (having
same printing parameters, i.e., n=3) in parallel and perpendicular to the build direction were
used for the test, as shown in Fig. 21C, Fig. 21D and Fig. 21E. Uniaxial compression tests
were conducted with a maximum cell load of 30kN and a constant strain rate of 0.001 mm/s
at room temperature. The tests were stopped when the maximum force available was reached.
Machine compliance was dealt with using machine software called Bluehill before the start

of the compression tests as per standard machine protocol.
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Electron backscattered diffraction (EBSD) analysis was performed for grinded and polished
SLM-built Ti6Al4V along the build direction on a scanning electron microscope (SEM)
Thermofisher Apreo with Ol symmetry EBSD detector. The EBSD parameters included a
working distance of 20mm for scanning a 6 x 7 mm? area of Ti6Al4V. The operating
conditions were as follows: accelerating voltage of 20kV and current of 26nA. A step size of

5 um was used for data collection and the texture was processed using MTEX.

4 RESULTS AND DISCUSSION

4.1 Biomechanical response of solid and centrally hollow femoral stem design

In this sub-section, the biomechanical response of the two implant designs will be described.
The virtual implantation caused noticeable changes in the strain distribution profile in the
peri-prosthetic bone. Considerable strain depletion of the bone in the anterior region was
observed near the proximal anterior-lateral, proximal anterior-medial side and greater
trochanter in the case of a natural femur. However, the maximum strain was observed in an
implanted bone's anterior side of the lateral and medial regions (Fig. 22A). Since the implant
is stiffer than the bone, it presses the bone at a distal point, post which it does not participate
in the load-bearing of the bone. This phenomenon produces various stress/strain distributions

over the peri-prosthetic bone at the implant interface.

Fig. 22A and Fig. 22B show von Mises stress's effect on a solid and centrally hollow
implant by varying subject weight and bone density. It is seen that a hollow implant design
has more von Mises stress compared to a solid design, and the implant material does not
undergo plastic yield. It is also seen that the von Mises stress on both the implant designs
increases with an increase in the subject weight (as the applied joint forces increase, Fig.
22A) and remains constant with an increase in qualitative bone density (as the applied joint

forces are the same for all bone densities), as seen in Fig. 22B.

Fig. 22C, Fig. 22D, Fig. 22E, and Fig. 22F compare the effect of €1 and €3 on peri-prosthetic
bone by varying subject weight and bone density in the anterior and posterior regions for a
solid implant, centrally hollow implant and natural femoral bone. The maximum principal
strain values increase in the peri-prosthetic bone for a centrally hollow implant (reduced
stiffness) as compared to a solid implant. Moreover, the bone strain values in a centrally
hollow implant design are closer to the natural femoral bone. It is also seen that the bone
strain values are higher for a low bone density (Fig. 22D and Fig. 22F). However, the
implant’s von Mises stress is higher for a higher bone density, as anticipated, and the same

is comparable with the stress environment of the natural bone (Fig. 22A and Fig. 22B).
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Fig. 22. Variation of von Mises stress on the implant, maximum principal strains on the peri-
prosthetic bone concerning solid and hollow implant, considering different subject weights
(50, 70, and 90 Kg), bone conditions and Gruen zones. A. Effect of von Mises stress on
implant design by varying subject weight and keeping bone density (p;,) constant. B. Effect
of von Mises stress on implant design by varying bone density and keeping subject weight
constant. Comparison of the effect of €1 and &3 on peri-prosthetic bone, by varying subject
weight and qualitative bone density in the anterior and posterior regions for a solid implant,

centrally hollow implant and the natural femoral bone (C, D, E, F).
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Higher values of maximum principal strains (&1 and €3) for peri-prosthetic bone are observed
with a centrally hollow implant design than a solid implant design, thus, mimicking the strain
environment within a natural femoral bone. A low bone density shows a more significant
decrease in maximum principal strains (g1 and &3) on the peri-prosthetic bone for a centrally
hollow implant than a solid implant. By now, we know that a hollow design shows a higher
bone strain. Thus, our choice of implant design is a centrally hollow design. For a normal
subject weight (70 kg), a centrally hollow stem design is a better choice of implant for all
bone conditions. For higher bone density, the difference between the peri-prosthetic bone
strains of centrally hollow design and natural femur are nearly similar, resulting in lower
deviation of bone strain due to implantation. The implant’s stress is more applicable for high

bone density, and peri-prosthetic bone strain is more appropriate for low bone density.

The biomechanical significance of the optimizing parameters to customise implant design
and femoral stem stiffness has been studied. Introducing central hollowness in the femoral
stem reduces the implant stiffness, thereby simulating the mechanical environment in the
peri-prosthetic bone compared to natural bone. This phenomenon reduces bone loss due to
stress shielding. Central hollowness was incorporated through an internal hollow cavity in
the stem, according to Chatterjee et al. (336). A solid implant was considered for comparison
of the biomechanical response. The optimizing parameters included three subject weights,
i.e., 50 Kg, 70 Kg, and 90 Kg and three bone conditions, i.e., low (0.8pb, pb,1.2 pb). The
natural situation has also been modelled for understanding the differences in the

biomechanical environment.

Low bone densities have more bone strain than higher bone densities due to their
compressive nature. The values of peri-prosthetic bone strain are higher in the centrally
hollow implant than in natural bone due to implant stiffness. The bone strain reduces as the
bone density increases; thus, centrally hollow implants and higher bone densities show

minimal deviation from natural bone conditions.

The proximal part of the stem is held within the cancellous bone, and the distal part is
extended within the bone cavity. The peri-prosthetic cancellous bone is compressible, and
the cortical outer is stiffer, especially for higher bone densities. The cortical bone bears more
load from the implant through the cortical contact areas, leaving the distal implant with
minimal load. Thus, the incorporation of central hollowness in implant design showed a
reduction in the stiffness of implant material in the proximal region, allowing the implant to
flex more, and have a higher final fracture strength. In consequence, the proximal portion of
the implant is subjected to higher stress.
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Some of the limitations of the study are:

a) Instead of considering different patients (subjects) with such attributes, different body

weights and bone conditions for the same patient are taken.

b) The model has not reproduced the exact complex physiological loading from the muscles

and the boundary conditions.
c) Stress/strain developed because of implantation has been ignored.
d) Frictional contact is not considered.

e) The femoral implant should be divided into more Gruen zones to give better nodal

solutions and prosthetic prediction.

The presurgical bone condition has been considered in this model while using an implant
design customised to the patient’s anatomy. The effectiveness of incorporating internal
hollowness in the implant design on biomechanical stability is demonstrated in the ability to
vary implant stiffness (Young’s modulus) while keeping the external shape intact. This

shows flexibility and convenience during surgical procedures.

4.2 Laser Additively Manufactured Ti6Al4V Characterisation
4.2.1 As-built microstructure of Ti6Al4V by SLM

The directional solidification and rapid cooling after melting result in the non-equilibrium
hierarchical microstructure of SLM-built Ti6Al4V. Samples show visible defects such as
porosity and lack of fusion defects. The as-built microstructure consists of columnar  grains
with a few fine acicular o’ martensite variants. SEM BSE detector struggled to detect atomic
contrast in the microstructure, which suggests the material transformed from the beta with
little/no diffusion i.e., as a martensitic transformation. The width of prior B grains in the
middle region is smaller than at the bottom and top regions. Epitaxial growth of prior -

grains is along the build direction and opposite to the cooling direction.
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Fig. 23. BSE SEM images of SLM built Ti6Al4V as a function of build direction. A. The

top region, B. Middle region, and C. Bottom region of the sample.

The SLM process has high cooling rates which result in the transformation of  to martensite
a’. Porosity development in L-PBF-built Ti6Al4V samples was dependent on the sample’s
location in the build direction. The porosity of samples in the middle was twice as high as
those on the edge of the 3d printed part. Moreover, non-spherical pores were dominant along

the laser scan direction compared to the build direction.

4.2.2 Microhardness

The Vickers microhardness map of SLM-built Ti6AI4V as a function of the build direction

is shown in Fig. 24.
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Fig. 24. Vickers microhardness map for SLM built Ti6AI4V sample as a function of its build
direction. A. Vickers microhardness map for Ti6Al4V build plate 1, B. Vickers
microhardness map for Ti6Al4V build plate 2, C. Average Vickers microhardness map for
Ti6AI4V build plate 1 and 2.

The microhardness for build plate 1 and build plate 2 is fairly consistent, with a standard
deviation of £(5-10) HV. The Vickers microhardness for both the build plates is in the
range of 320-380 HV, similar to the expected results reported in the literature. However,
there is a dip in microhardness values in SLM-built Ti6Al4V at 6-7 mm from the substrate
in the middle region, and this could be due to the smaller width of prior $-grains in the middle

region. Therefore, finer a’ can lead to superior microhardness.
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4.2.3 Mechanical Properties

The uniaxial compression of SLM-printed Ti6Al4V for samples 0° and 90° to the build
direction from three different build plates (refer to Fig. 21) having the same processing

parameters are plotted in Fig. 25.
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Fig. 25. Uniaxial compressive stress-strain curve for SLM-built Ti6Al4V at 0° and 90° to
the build direction from three different build plates (n=3) with the same printing parameters
(as depicted in figure 21), i.e., build plate 1 (A), build plate 2 (B), build plate 3 (C), and all
build plates in a single plot (D). All values of stress are in MPa and strain in %.

The uniaxial compressive stress-strain curves for build plates 1, 2 and 3 have large
differences (>1000 MPa) in their yield strength values for 0° and 90° orientation
correspondingly, as plotted in Fig. 25A, Fig. 25B and Fig. 25C, suggesting a low level of
accuracy in repeatability of 3d printed Ti6AI4V parts. The 0° samples from all the build
plates had higher yield strength compared to their corresponding 90° samples (Fig. 25D), in
accordance with other studies in the literature, indicating the anisotropic behaviour of SLM-
built Ti6AI4V (340-342). However, elastic modulus does not vary with the build orientation.

In other words, the orientation of prior 3-grains does not significantly affect elastic modulus.
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4.2.4 Texture analysis

The EBSD colour maps are depicted along different directions, i.e., laser scan direction and
build direction as shown in Fig. 26A and Fig. 26B respectively.
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Fig. 26. EBSD maps and pole figures for alpha and beta phase coloured in different
directions for Ti6Al4V. A. EBSD map coloured in the laser scan direction and B. build
direction, C. Pole figures depicting reconstructed o textures and, (D) p for Ti6Al4V by L-

PBF.
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They indicate which crystal direction is parallel to the reference direction for each point in
the map. The pole figures (Fig. 26C and Fig. 26D) show the overall distribution of crystal
directions for the whole map. The centre of the pole figure is the build direction (BD), and

the top being the laser scan direction (LD) and transverse direction (Z).

The crystallographic orientations of various martensite (a') structures in L-PBF
manufactured Ti6Al4V indicate the weak texture of o due to the large volume of variants
within columnar f grains, in accordance with a published study (343) The deviation in the
texture strength can be attributed to a lower temperature gradient, affecting the cooling rate
in L-PBF. The B texture reconstructed from the alpha using the burgers relationship shows
the epitaxial growth of B grains along several deposited layers. Course columnar grain
structure is observed along the build direction, depicted in Fig. 26B. Corresponding contour
pole figure (Fig. 26D) indicates dominant {1 0 0} texture along the direction of grain growth
that develops due to preferential growth direction {1 0 0} during solidification. However,

measuring such fine beta in a microstructure with EBSD isn't particularly reliable.
5 DISCUSSION

The as-built microstructure of SLM-printed Ti6AIl4V is columnar B grains with a few fine
acicular o’ martensite variants. A large number of o’ plates formed in the inner part of the
coarse prior B grains. Due to rapid cooling, the typical grain morphology in SLM-printed
parts is directional columnar dendrite, leading to anisotropy in the mechanical properties.
Anisotropy can be reduced with an equiaxed grain structure or a mix of equiaxed and
columnar grains. Fine equiaxed grains can enhance ductility and fracture toughness. The 3d
printing parameters have a significant effect on the microstructure of Ti6Al4V. As the laser
power increases, the grain size proportionately grows due to the high energy-induced
coarsening effect. The grain size was reduced with increased scan speed due to short
exposure time and rapid solidification (344). The mechanical properties of Ti6AI4V are
sensitive to cooling rates (226). The martensite gives poor ductility and tensile properties
and depends on parameters such as energy density, layer thickness and defocus of the laser
beam (345). Post-processing treatments usually transform o’ to a phase, providing better

mechanical properties

The formation of pores in SLM is inevitable and is attributed to liquid-solid phase
transformation. AM defects, mainly porosity has a direct impact on mechanical properties.
Galarraga et al (346) reported that internal porosity was dependent on the sample’s location
in the build plate. The porosity in the middle of the build plate was twice as much as those

in the edges. This is in synchronisation with results reported under section 4.2.1. Rapid laser
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scan speed minimises the melt pool size, thereby increasing the susceptibility of lack of
fusion porosity (347). Contrarily, raising laser power increases melt pool size, thereby
reducing porosity (348). For load-bearing orthopaedic applications, the implant requires
smaller pores for proliferation and differentiation to form tissue around the prosthesis.
Therefore, tissue vascularization requires large pores for mass transport. These paradoxes
suggest that irregular porous structures having changeable porosities and pore size may

always meet bone healing requirements (349).

The microhardness of two build plates with the same printing parameters was tested. The
microhardness of the SLM printed samples exhibited excellent values ranging from 320-380
Hv, mainly attributed to fine acicular martensites that strengthen Ti6Al4V. The uniaxial
compression of SLM-printed Ti6Al4V for samples 0° and 90° to the build direction from
three different build plates processed under the same printing parameters was studied. The
anisotropy can be seen from the stress-strain curves. Titanium is harder along the (0002)
direction, so when loading the samples along the direction where the (0002) poles are
aligned, the texture is stronger. It is further inferred that the difference in compressive

strength can be due to the dimensional change of acicular martensite (350).

Several studies have published that anisotropy is attributed to internal defects and
crystallographic texture due to different thermal histories (351-354). Anisotropy in
compression is attributed to large, closed pores in samples loaded parallel and perpendicular
to the build direction. This is consistent with results published in the literature. Ti6AI4V
crystallographic texture has a dominant <0 0 1 > p along the build direction, and this strong
texture affects anisotropic properties (355). The martensite phase formed during cooling
exhibits random texture, indicating a weak texture in SLM-fabricated Ti6Al4V (356,357).
Texture can be controlled through scanning speed and layer thickness, as these parameters
decide the extent of remelting of previously deposited tracks. High laser power, smaller spot

size and layer thickness would give strong texture and morphology (358-360).

Experimental studies for Ti6Al4V using Aconity Mini were carried out to compare its
feasibility with other printers (in literature) for 3d printing patient-specific implants for
orthopaedics. The Aconity Mini (3D printer used in my experimental characterization) is
very new in the market and is particularly designed for the production of relatively small
components. A lot of the work with the Aconity systems is focused on aerospace
applications. Biomaterials in metal powder additive manufacturing is a relatively new

emerging form of manufacturing for musculoskeletal applications in Aconity Mini.
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The build chamber is designed so that there is as little wastage of powder as possible, as
most of it can be reclaimed by sweeping it into the overflow canister. It is also much smaller
(in terms of build volume) and designed to be dismantled very quickly and easily with only
hex keys and socket tools. This is also different to a system that is designed for industrial
settings, such as EOS or Renishaw 3d printing machines. Industrial machines are much
larger and are designed to be run for weeks if not months between cleaning sessions as
material changes are rare in order to ensure maximum efficiency of batch/mass production
of components. Parts printed with EOS and Renishaw showed stable performance and
microstructure over Aconity Mini, owing to their large build volume (361). Critical
observation in parts printed with EOS and Aconity Mini indicated that there is a clear
variation in part density despite similar microstructure (361). Reduced porosity and

improved elongation were reported in the former.

The small build chamber size and the arrangement of the inert gas supply and circulation
have a significant impact on the cooling rate. The small height of the build chamber and the
gas flow velocity affect the cooling rate and solidification time in Aconity mini. Thus, the
thermal residual stresses and mechanical properties are affected, giving rise to defects such
as porosity, a site for crack initiation. Owing to the small build chamber size, the removal of
rising fumes and metal vapour from the melt pool area is quite challenging and therefore

leads to fluctuation in measured values and microstructure.

Furthermore, the Aconity Mini is capable of doing builds with extremely small amounts of
powder, with an option to reduce the size of the build chamber by up to 80%, making it one
of the smallest L-PBF printers (by build volume) on the market. This flexibility makes it
ideal for the rapid prototyping of novel materials, as samples can be produced with far less

feedstock than would be required for other machines.
6 CONCLUSION

Hip osteoporosis and osteoarthritis are major public healthcare problems among elderly
patients across different demography. With the advent of MRI/CT scan data, the patient’s
osseous structure can be reconstructed to perform patient-specific orthopaedic surgeries. The
recent innovation in additive manufacturing technologies has made improvements to address
the growing demands of patient-specificity. Altered gait kinetics and kinematics in patients
with hip OA are of clinical relevance, as it gives insights into the effect of hip OA on

pathomechanics and joint loading. Information on hip kinematics and kinetics are essential
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in designing a femoral stem implant and the advancement of enhanced rehabilitation

strategies.

Designing implants while mimicking the topology and modulus of the natural osseous
system is necessary for bridging the gap between scientific and translational research. It has
become evident that different implant designs are adequate for appropriate hip OA patient
groups. Although, short stem designs are appealing; stem subsidence, malalignment,
intraoperative fractures and lack of long-term data are concerning. Therefore, clinical
outcomes of novel implant design are not always suitable for existing implants. Sometimes,
innovation leads to unforeseen clinical challenges such as early implant failure (such as the
DePuy ASR hip implant).

Metal AM processes are energy-intensive compared to CM unless material utilisation,
topological optimisation, powder feedstock recycling, build orientation, and reduced
manufacturing scraps are implemented. In general, AM is a sustainable option that involves
complex geometries and low-part quantities (e.g., patient-specific applications), such as hip

implants.

Contrary to conventional implant manufacturing, AM increases implant performance, offers
higher accuracy at a lower cost, manufactures implants in less time with better specifications,
and produces parts with improved dimensional stability and near-net shapes. Inherent defects
such as gas porosity, lack of fusion voids, distortion, and residual stresses affect AM part
and quality. It is recommended that controlling mechanical properties by varying process
parameters and understanding microstructure evolution will help tailor the properties and
performance of 3D-printed parts. Sustained research and development of 3D printing
processes and understanding the process-structure-property (PSP) linkages are essential for

wider clinical adaptation of metal AM techniques.

Carrying out clinical studies with material, design and manufacturing along with surgical-
patient parameters makes the cost and time for developing implants unrealistic. To address
those challenges and research gaps, long-term clinical outcomes can be predicted by more
efficient and less expensive numerical approaches, such as biomechanical modelling and

finite element analysis.

One of the critical outcomes of the simulation study in my thesis is that the central
hollowness in the femoral stem design can be changed according to the bone condition and

subject weight to prevent implant loosening. Introducing central hollowness within the
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femoral stem design compared to solid design achieves reduced implant stiffness and a closer

maximum principal strain profile to natural bone.

Experimental characterization of Ti6Al4V was carried out using a cost-effective and
environmentally-friendly 3d printer to compare its feasibility with industrial 3d printers and
understand anisotropic mechanical properties. The effect of anisotropy on microstructure,
microhardness, compressive strength and texture has been understood. The results are
compared to previous literature and the ways to control anisotropy through various printing
parameters have been explained. Aconity Mini ensures maximum efficiency yet reduced part
density and porosity developments are concerning. Process parameter optimisation
according to the printing machine as well as inert gas circulation makes Aconity Mini an
ideal, environmentally conscious machine for the rapid prototyping of novel materials, as
samples can be produced with far less feedstock than would be required for other machines.
The growing knowledge base is essential for designing a process protocol to produce defect-
free, metallic alloys for musculoskeletal applications. Research gaps and challenges imposed
by AM in load-bearing implants can be bridged only with well-coordinated research
programs among different disciplines, including manufacturing, materials, and biological

and medical science.
7 FUTURE WORK

The most commonly used material for orthopaedic implants is Ti6Al4V, manufactured using
SLM. However, stress shielding and stress concentration concerns remain, leading to bone
degradation and implant loosening. Moreover, the release of Al and V ions during
dissolution of the alloy is toxic, limiting the long term applications of Ti6Al4V. For short
term applications, Ti6AI4V can be printed with different printing parameters to control
porosity and to randamise the texture even further. The addition of non-toxic Ta to Ti
enhances the strength and lowers the modulus of the Ti-Taalloy. In contrast, the high density
of Ta (4 times > Ti) and high melting point (3016K) make it difficult to fabricate this alloy
(362). To overcome manufacturing challenges, functional grading of Ti-Ta alloy through in-
situ alloying by varying the Ta content in the alloy to obtain favourable mechanical
properties and cytocompatibility (maximum Ta content in the alloy at the outer surface and
minimum Ta content in the alloy at the core) can be adopted. Functionally graded
compositions can result in the lowest achievable elastic modulus, thereby showing potential

as a promising metal alloy for musculoskeletal applications.
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