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Additive manufacturing facilitates the design of porous metal implants with detailed internal architecture. A rationally

designed porous structure can provide to biocompatible titanium alloys biomimetic mechanical and biological properties

for bone regeneration. However, increased porosity results in decreased material strength. The porosity and pore sizes

that are ideal for porous implants are still controversial in the literature, complicating the justification of a design decision.

Recently, metallic porous biomaterials have been proposed for load-bearing applications beyond surface coatings. This

recent science lacks standards, but the Quality by Design (QbD) system can assist the design process in a systematic

way.
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1. Current Issues with Traditional Bone Implants and Scaffolds

Many physical conditions necessitate bone tissue replacements and joint implants. Some of these conditions are caused

by degenerative diseases, birth defects, and orthopaedic traumas . However, despite the tremendous progress in

biomedical engineering, 20% of patients subjected to joint reconstructive surgery experience significant problems . This

situation is reflected in the fact that orthopaedic products, such as knee and hip prostheses, are the fifth most recalled

medical products; of these recalls, 48% are due to manufacturing issues and 34% to design flaws . Some of the main

flaws with orthopaedic implants are associated with their longevity, material properties, and mismatch with patient size

and shape requirements . Stress shielding is one of the main design flaws of load-bearing prostheses. This

phenomenon occurs because bone is a self-healing material that requires load application to remodel itself, but a material

with a higher modulus of elasticity (E) absorbs all the stress generated, leading to bone reabsorption and subsequent

loosening of the implant .

In the case of bone defects, they can be caused by tumour resection, infections, complex fractures, and non-unions .

The most common treatment for bone defects is surgical intervention, where an autograft (bone taken from the patient’s

body) is used to fill bone defect spaces . However, due to their restricted availability, allografts (bone tissue from a

deceased donor) are frequently used to treat critical-size defects . Bone grafting is a common surgical procedure; it has

been estimated that 2.2 million grafting procedures are performed worldwide each year . However, late graft rupture has

been reported to be as high as 60% 10 years after the grafting procedure . Allograft transplantation has a success rate

of approximately 70%. The low success rate of allografts is caused by the prevalence of infection, rejection by the host’s

immune system, fatigue fractures, delayed union, non-union, and incomplete graft resorption . In the case of

autografts, the disadvantages are increased post-operative morbidity, lack of available tissue, chronic pain, infection,

nerve injury, and weakened bone donor graft sites .

To solve these grafting problems, several scaffold traditional techniques have been used without much success: solvent-

casting particulate-leaching, gas foaming, fibre meshes (fibre bonding), phase separation, melt moulding, emulsion freeze

drying, solution casting, and freeze drying . Some of the disadvantages of traditional scaffold fabrication techniques are

their lack of control over porosity characteristics, such as pore size, pore distribution, and interconnectivity; the toxic by-

products of scaffold degradation; and their lack of consistent mechanical properties . Hence, traditional techniques for

bone reconstruction including grafting and prostheses are not sufficiently effective, which represent a medical challenge

that comes with several limitations and risks . Moreover, no material yet exists with the ideal properties for bone tissue

replacement . To overcome these issues, tissue engineering has focused on additive manufacturing technologies

to produce the next generation of bone implants and scaffolds.
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2. Additive Manufacturing

Additive manufacturing (AM) technologies, supported by computer-aided design (CAD) software, progressively build 3D

physical objects from a series of cross-sections, which are joined together to create a final shape . With AM, it is

possible to create complex interconnected and porous structures with controlled pore size, shape, and distribution and

properties resembling bone mechanical properties, such as a modulus of elasticity to induce bone ingrowth . This

capability permits the fabrication of hierarchical structures at the microscale and the manipulation of material properties to

create metamaterials. In terms of implant design, this advance means that products can be designed with a biomimetic

approach according to the patient’s anatomy and the bone tissue’s mechanical properties . The design freedom of AM

allows its use in difficult clinical scenarios in which bone diseases, deformities, and trauma usually necessitate the

reconstruction of bone defects with complex anatomical shapes, which is extremely difficult even for the most skilled

surgeon . The complex reconstruction of bone defects is possible through combining the advantages of AM with CAD

and medical imaging technologies, such as computed tomography and magnetic resonance, to fabricate implants

according to the patient’s specific anatomy, thus achieving an exact adaptation to the region of implantation . In the

search of suitable materials for AM, bone regeneration, and implant application tissue engineering has focused on

developing a variety of different types of synthetic and natural materials.

3. Materials for Bone Regeneration and Implant Applications

Materials appropriate for implantation within the human body require distinct biocompatible properties. Therefore, in the

selection of appropriate materials for implant applications, several factors must be considered. First, the intended implant

location must be considered to predict host response, which is governed by the biochemical and physical environments in

contact with the medical device . Second, the material should possess appropriate biological and mechanical

properties for its specific purpose to prevent physical damage to the body. Third, from the perspective of tissue

engineering, materials should mimic one or multiple characteristics of the natural region of repair. In the case of bone

repair, the desired characteristics are osteoconductivity, osteoinductivity, and osseointegration. As a result, for an optimum

scaffold and prosthesis design, material science may combine several technologies to create suitable materials that fulfil

these needs.

3.1. Polymers

Polymers for AM and tissue engineering applications are biocompatible materials that offer several advantages over other

materials, including biodegradability, cytocompatibility, easy processability, and flexibility in the tailoring of their properties

. Polymers can be classified as natural or synthetic and some of them already have regulatory approval .

Natural polymers are made from proteins such as alginate, gelatine, collagen, silk, chitosan, cellulose, and hyaluronic acid

. The advantages of natural polymers are their excellent biodegradability, low production costs, and superior chemical

versatility, as well as their improved biological performance that allow better interactions with cells than other biomaterials,

improving their attachment and differentiation . However, natural polymers can be expensive to produce, due to the

difficulty in controlling their mechanical properties, biodegradation rate, and quality consistency .

Due to the disadvantages of natural polymers, different synthetic polymers, such as polycaprolactone (PCL), polylactic

acid (PLA), and poly Lactic-co-Glycolic Acid (PLGA), have been developed. Their advantages include low immunogenic

potential, large scale low production cost, and good quality consistency . Moreover, their mechanical properties,

microstructure, and degradation rate can be tuned according to needs . Despite the advantages of natural and

synthetic polymers, they are unsuitable for load-bearing applications due to their lower modulus of elasticity compared to

bone, unstable mechanical strength, and tendency to creep . Hence, in recent years, a variety of polymers have

been combined with different materials to such as bioceramics (e.g., bioglasses, tri-calcium phosphates, and carbon

nanotubes) and metals to create composite materials with tunable mechanical properties as well as with the capacity to

deliver drugs, exosomes, and growth factors, to name a few .

3.2. Bioceramics

Bioceramics are a large group of materials used for bone substitution and regeneration. Calcium phosphate (CaP)

ceramics is one of the main groups of bioceramics. Calcium phosphate ceramics are abundant in bone, constituting

between 80% and 90% of bone’s anorganic matter. This group of bioceramics is widely used as implant coating, bone

grafting, and more recently have been fabricated for bone scaffolding applications with AM . Hydroxyapatite HAP

and β-tricalcium phosphate (β-TCP), are the most-studied CaP bioceramics. The main advantages of calcium phosphate

materials are their osteoinductive and osteoconductive properties, as well as their dissolution in body fluids . For load-

[18]

[19][20]

[21]

[22]

[23]

[24][25]

[26] [27]

[28]

[29]

[30]

[31]

[27]

[32][33]

[34][35][36][37]

[38][39]

[40]



bearing applications, the major disadvantage of CaPs is their poor mechanical properties. Despite their good compressive

strength, CaPs lack plastic deformation, making them brittle and prone to cracking. Consequently, these materials are not

yet suitable for load-bearing applications . Nevertheless, the lower wear rate of CaPs makes these materials the

preferred choice for surface coating to reduce wear in joint prostheses . They are also commonly used for spinal fusion,

maxillofacial and cranio-maxillofacial reconstruction, as well as bone filler and bone cement due to their excellent

biocompatibility and osteoconductivity .

Discovered in 1969 by Larry Hench, bioglasses are ceramic materials composed of calcium, phosphorus, and silicon

dioxide [16]. Bioglasses are bioactive ceramic materials with strong osteointegrative and osteoconductive properties, as

well as higher mechanical strength than calcium phosphate ceramics . Hence, bioglasses have been intensely

investigated with AM for bone tissue engineering applications . The advantage of these materials is that by changing

the proportions of their basic components, different forms with different properties can be obtained; for example, non-

resorbable bioglasses can be transformed into resorbable bioglasses . Moreover, they can be designed with controlled

biodegradability and drug and cell delivery capabilities . Their applications also include bioglass scaffolds produced

using AM with controlled porosity architecture and improved mechanical properties for bone regeneration . However,

bioglasses are limited for use in practical load-bearing applications due to their low resistance to cyclic loading and their

brittleness .

3.3. Metals and Titanium as a Bio-Metamaterial

Metals have been the common choice to replace hard tissue in load-bearing applications due to their mechanical

properties, corrosion resistance, and biocompatibility. Most of these materials are alloys, such as 316L stainless steel

(316LSS), cobalt chromium (Co–Cr), and titanium (Ti) alloys . Among all metallic materials, the titanium alloy Ti–6Al–4V is

the gold standard for orthopaedic applications  because of its high biocompatibility , high corrosion resistance,

low modulus of elasticity, and high strength-to-weight ratio. Furthermore, Ti is a reactive metal that naturally forms a thin

layer of oxide, which blocks metal ions from reaching its surface, increasing its biocompatibility . The biomedical

applications of Ti–6Al–4V are quite broad and encompass dental implants; hip, shoulder, knee, spine, elbow, and wrist

replacements; bone fixation components; and cardiovascular applications.

Nevertheless, the most common problems of metallic materials are wear and the stress-shielding effect caused by their

high modulus of elasticity compared with bone . Moreover, despite the excellent biocompatibility and mechanical

properties of Ti and Ti alloys, they usually require long healing periods to create a stable interface with the surrounding

bone , with insufficient implant osseointegration as a potential outcome . Hence, to further augment the biological,

mass transport, and mechanical performance of Ti and Ti alloys different metamaterials have been developed. For

example, metallic bone implants with a modulus of elasticity similar to that of bone can drastically reduce wear, shear

stress, and bone resorption and consequently prevent implant loosening and revision surgery . This may translate into

enhanced quality of life for the patient, reductions in hospital expenses and recovery time, and improvement in joint

dynamic performance . With porous Ti and Ti alloy bio-metamaterials, osseointegration is also improved, and superior

results have been accomplished in relation to mechanical properties. Nonetheless, pores act as stress concentrators,

reducing the material load capacity. As a result, for the design of load-bearing prostheses, it is crucial to balance

mechanical properties with biological stimulation. Consequently, there have been several efforts to find the optimal

balance between pore size and porosity percentage in different materials. For example, Zaharin et al.  investigated the

effect of pore variation on the porosity and mechanical properties of several Ti–6A–l4V porous scaffolds. According to their

results, scaffolds based on cube and gyroid unit cells with a pore size of 300 µm provided similar properties to bone.

Moreover, they concluded that increments in porosity decreased the scaffolds’ elastic modulus and yield strength. In an

earlier study Bobyn at al.  investigated the effects of pore size variation of cobalt-base alloy implants on the rate of

bone growth. For this purpose, casted cobalt-base alloy implants were coated with powder particles and implanted into

canine femurs for several weeks. The results indicated that pore sizes between 50 and 400 µm provided the maximum

bone ingrowth and fixation strength.

Despite the excellent biocompatibility and mechanical properties of Ti and Ti alloys, they usually require long healing

periods to create a stable interface with the surrounding bone, frequently resulting in insufficient osseointegration .

Hence, to further augment Ti’s bioactivity, corrosion resistance, and mechanical properties different mechanical, chemical,

and physical surface modification methods have been developed . Depending on the surface treatment used to

modify Ti substrate, different topographic features can be achieved at the macroscale, microscale, and nanoscale. There

is a large amount of evidence that rough Ti surfaces with topographic microfeatures better protein adsorption and provide

higher osteoblasts attachment growth proliferation and activity than surface smooth surfaces . Nonetheless, it has been

demonstrated that nanoscale topography outperforms macro and micro-scale surface features towards augmenting
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cellular functions . More recently, at has been proposed that a combination of different topographic features at the

macro, micro, and nanoscale with local drug delivery functions can further enhance the biological, chemical, tribological,

and mechanical performance of Ti bone implants .

4.  Purpose and Objectives

The purpose of this research is to provide researchers and industry with an in-depth adaptation of the Quality by Design

(QbD) system for the fabrication of additively manufactured porous Ti implants considering the QbD guidelines for 3D

printed bone implants and scaffolds . The QbD system is composed by eight main steps that need to be systematically

followed to acquire a complete comprehension of the product and its manufacturing process, including the identification

and control of all variables to achieve the desired quality. Specifically, the scope of this present study was limited to the

first step of the QbD framework (Figure 1). Thus, the objectives of this study are:

1. Define the ideal mechanical, geometrical and dimensional characteristics of the internal architecture of Ti bone

scaffolds from a biomimetic perspective.

2. Compare the results of different studies on fully porous Ti structures in relation to the ideal quality attributes of bone

scaffolds.

3. Identify the studies on fully porous Ti structures that satisfies the critical quality attributes of Ti porous bone implants

and scaffolds.

Figure 1. Schematic showing the focus of this study within the QbD system.
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