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Abs rac  

The rapid evolution in biomaterial per ormance over the last decade calls  or an 

ever-increasing need in the classi ication o  their  unctionalities. In many cases, 

emerging biomaterials are expected to be multi unctional, customisable, and 

biologically active. It is also likely that the  uture o  biomaterials will assume even 

greater roles in terms o  their bioactive capabilities making it all the more di  icult 

to be regulated. As such a  unctional classi ication o  biomaterials allows to consider 

both the sa ety, per ormance, and application while  acilitating the selection o  the 

best candidate material. Although every biomaterial undergoes rigorous 

experimental evaluation, they are o ten classi ied similarly to conventional materials 

based on their composition. This contributes to the challenges in biomaterials 

selection, evaluation, and use, which can subsequently lead to convoluted 

regulations, and inherent biases. The paper, there ore, provides a general 

introduction into the classi ication o  biomaterials based on their  unctionalities. In 

this regard, the biomaterial quali iers are introduced and summarised into an overall 

 ramework in a way that allows  or meaning ul classi ication. Furthermore, the 

 ramework that is presented can accommodate both traditional and emerging 

biomaterials based on their existing biomechanical per ormance and evolving 

 unctionalities. 

Keywords: Biomaterial  unctionalities; quali iers; biocompatibility, mechanical 

per ormance; porosity; tissue attachment. 
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1. In roduc ion 

Over the years, the term ‘biomaterial’ has been interpreted in many ways based on the context 

in which they are clinically applied [1–4]. Traditionally biomaterials were distinguished as a base-

material other than drugs used to treat, augment, replace or support organs, tissues, or bodily 

 unctions [5,6]. However, the newer de inition o  biomaterials calls  or the requirement to have 

‘adequate  unctionality’  or a material to be quali ied as a biomaterial [7]. In generic terms, any 

material that augments or supports living tissues while per orming a certain  unction can be 

classi ied as a biomaterial. These biomaterial  unctionalities may include: 

i. Partial substitution or  ull replacement o  tissues and organs. 

ii. Enhancement o  tissue  unctions, aesthetics, or biomechanics. 

iii. Facilitate tissue integration, provide in ection resistance, accelerate healing or diagnosis 

o  tissue damage or disease. 

In this regard, biomaterials are a category o  biocompatible materials that meets a certain 

 unctional characteristic that is appropriate  or the nature o  the application. Traditionally, 

biomaterials were classi ied similar to normal materials according to their chemical composition 

such as metals, ceramics, polymers, etc.; while simplistic, this classi ication neither aids in 

determining the role o  biomaterial or  acilitates material selection based on their  unctionality 

[8–10]. A composition-based classi ication also limits the scope and leads to the misrepresentation 

o   unctional characteristics o  these diverse and growing ranges o  biomaterials [11,12]. For 

example, the new class o  porous-biomaterials [13,14] and meta-biomaterials [15] where 

per ormances are driven by structures cannot  it into this classi ication. Since the biomaterials 

are in continuous contact with living tissues, a  unctional characterisation irrespective o  their 

chemical makeup such as metallic, ceramic, polymeric, or composite is also required. 

(a) (b) (c) 

Fig. 1. Examples o  emerging biomaterials showing (a) additively manu actured microporous titanium tissue 
engineering sca  olds [16], (b) hybrid meta-biomaterial  or  unctional hip implants [15] and (c) cylindrical-shaped 

meniscus-derived injectable hydrogel [17]. 

Classi ication o  biomaterial  unctionality is also important considering the latest advances in 

 abrication such as additive manu acturing, material characterisation, and tissue engineering. In 

this emerging role, biomaterials are expected to act as substrates  or host tissue integration 

rather than standalone devices [18,19]. These roles o  biomaterial are not only important to 
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 acilitate the host tissue  unctions but also to repair them predetermined interactions. 

Biomaterial sca  olds  or tissue engineering (Fig. 1a), hybrid meta-biomaterials (Fig. 1b), and 

injectable hydrogels (Fig. 1c) are all examples o  new biomaterials that challenges the boundaries 

o  the traditional biomaterials requiring  unctional classi ication. 

Evaluating biomaterials by their  unctionalities also allows providing pro ound insights about 

the interactions o  biomaterials with surrounding tissues. Most important o  all, the classi ication 

o  biomaterial  unctionality is critical to establish e  icient regulations required  or the evaluation 

o  emerging biomaterials. Accordingly, the subsequent sections o  this paper brie ly introduce 

the elements that are required  or the classi ication o  biomaterial  unctionalities  ollowed by the 

summary o  the  ramework that can accommodate both traditional and emerging biomaterials. 

This will allow choosing the most appropriate candidate material  or the biomedical application 

to  acilitate the required  unctional requirement. For example, a well engineering biomaterial  or 

bone has to have a suitable structural per ormance  or load-bearing while  eaturing an open-pore 

architecture [20], bi unctionality [21], and permeability [22,23] while being biocompatible. The 

biomaterial should also promote distinctive interaction with the surrounding tissue  or 

osseointegration [24] while reducing stress-shielding [25] and maladapted stress concentration 

[26]. 

2. Es ablished bioma erial  ypes and applica ion 

The traditional classi ication o  biomaterials allows  or  our primary types: (i) metallic, (ii) 

ceramic (iii) polymeric, and (iv) composites as summarised in Table 1 [27]. Amongst these, 

metallic biomaterials are mostly consulted  or load-bearing applications. This includes most 

hard-tissue internal  ixation devices such as orthopaedic wires, screws, plates, sca  olds, total 

joint replacements such as knees and hips [28–31]. Biomaterials based on metallic materials are 

o ten the candidates  or maxillo acial [32], cardiovascular [33], and dental restorations [34]. The 

most common metallic biomaterials in this regard are based on titanium (Ti), cobalt-chromium 

(Co-Cr), and stainless steel [35–37]. Co-Cr alloys, in particular, have been the most used 

biomaterial to manu acture the  emoral component  or total joint replacements such as knee hip 

[38,39]. Consequently, the sur ace hardness and wear per ormance o  Co-Cr alloys are o  

signi icant interest  or  urther development [40]. 

Low adverse tissue reaction, high hardness, and compressive strength were the primary interest 

in ceramics as a biomaterial. As listed in Table 1, some carbons are also used as implants  or 

applications such as heart valves that are blood inter acing. Ceramics are also  avoured as 

rein orcing phases as a result o  their unique mechanical behaviour in the development o  

composite biomaterials [41]. Looking at the mechanical properties, the nature o  the bonding in 

ceramics means that they are di  icult to shear plastically unlike metals and polymers [42]. 

However, the brittle nature o  ceramics means that they are susceptible to microcracks and are 

prone to catastrophic  ailure post-yield [43]. Ceramics also tend to have comparatively low tensile 
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per ormance in comparison to compressive. Nevertheless, the hardness and bio-inertness o  

ceramic make them a highly suitable biomaterial  or sur ace coatings [44,45]. 

Table 1. Traditional classi ication and application o  biomaterials [46]. 

Classifica ion Applica ion 

Me als and alloys 

Stainless steel, silver, gold, titanium (and its 
alloys such as Ti-Al-V, Ti-Al-Nb, Ti-Mo-Zr-
Fe), cobalt-chromium (and its alloys Co-Cr-
Mo, Cr-Ni-Cr-Mo) and nickel-titanium. 

Fracture  ixation devices, wires, sca  olds, stents, 
plates, surgical instruments, components  or total joint 
replacements, implants  or dental application, 
pacemaker encapsulation, heart valves, antibacterial 
devices. 

Ceramics 

Implant components  or total joint arthroplasty 
Calcium phosphates, bioactive glasses, devices, dental application, orthopaedic implants, 
Alumina, porcelain, zirconia, and carbons sur ace coatings to increase hardness and reduce wear, 

heart valves. 
Polymers 

Total hip and knee arthroplasty, suture devices, 

Poly -ethylene, -propylene, -ester, -urethanes, 
PET, polyamides, PTFE, silicones, hydrogels 

prosthesis to support vasculature, devices that 
 acilitate so t-tissue replacement, components  or drug-
delivery systems, blood inter acing devices, dental 
restorations, lenses, ophthalmologic devices. 

Composi es 

bisphenol A-glycidyl-quartz/silica  iller, 
polyvinyl chloride-glass  illers 

Dental restoration and cements. 

While metallic materials are pre erred  or load-bearing applications, polymers  orm the most 

widely used category o  synthetic biomaterials to date [47]. This is primarily because o  the 

compatibility that polymers o  er in comparison to tissues, proteins, and polysaccharides. It is 

widely considered that polymers with their long-chain architecture allow  or a better integration 

when it comes to tissue response [48]. Furthermore, injectable polymers that are developed 

through the synthesis and polymerisation o  monomers can exhibit biodegradable per ormance 

while  acilitating permanent installation [49]. Innovation in polymeric chemistry also  acilitated 

the development o  unctional  ilms  or the dental industry in addition to bespoke dental sealants, 

drug carriers, and biodegradable sca  olds [48,50]. 

Composite materials are a mixture o  multiple materials where each act to compliment the 

per ormance o  the other. Each o  these material components can take various  orms such as 

particles,  ibres, etc. that are surrounded by the other material which can be re erred to as the 

matrix material [51]. Composite biomaterials are these o  mixture materials that show the 

required biocompatibility  or various biomedical applications. Composite biomaterials allow 

combining the bene its o  materials  rom di  erent classes, i.e. advantages o  both the embedded 

(rein orced) and the surrounding material (matrix)  rom any class such as metal, ceramic, or 

polymer. Although exceptions apply, the materials that are embedded in the matrix are generally 
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strong with low densities surrounded by the matrix which can be ductile or tough. However,  or 

composites, the multiple materials work together in a complimentary  ashion to accommodate 

load trans er in the most e  icient manner [51–53]. 

When it comes to the mechanical per ormance o  hard tissues such as bone, they  eature a wide 

range o  properties, which are o ten hard to meet with monolithic biomaterials [54,55]. In this 

regard, composite biomaterials allow achieving targeted properties to that o  biological hard 

tissues through the combination o  compatible materials while each o  ers unique advantages. 

Furthermore, biomechanical and tissue attachment properties o  composite biomaterials such as 

hydroxyapatite-collagen [56] are  ar superior to the per ormance o  their constituents [57]. 

There ore, composite biomaterials are a suitable choice  or several biomedical applications 

including coatings that allows achieving tailored properties with increased  unctionalities [58– 

60]. 

3. Func ional qualifiers of a bioma erial 

3.1. Biocompa ibili y 

When a material possesses acceptable biocompatibility to meet the requirement o  a biomedical 

application, it can be de ined as a biomaterial [61]. There ore, the quali ication o  a material as 

a ‘biomaterial’ depends on it meeting the biological and chemical comparability requires  or the 

targeted application. However, the question then arises; “How can one quanti y the 

biocompatibility o  biomaterials  or designing medical devices?”. In its simplest  orm, a 

biomaterial must satis y biocompatibility, which may be interpreted as an acceptable material 

 unctionality without any unwarranted reaction at the tissue level or to the immune systems. I  

a material satis ies all these requirements, then it can be classi ied biocompatible [62–64]. 

Table 2. The categorisation o  biomaterials  or biocompatibility assessment. 

Bioma erial 

ca egory 

Device 

classifica ion 
Defini ion 

Biocompa ibili y 

requiremen  

These are materials that are in sur ace contact 
Class I Sur ace devices with the tissue. Examples include bandages, Low 

burn dressing, catheter, etc. 
These are materials that are occasionally in 

Externally direct contact with the tissue such as dialysis 
Class II communicating units, ventilators, etc. (most o  the medical Medium 

devices devices that are not implanted  alls under this 
category) 

Class III 
Implanted 
devices 

These are materials that are in permanent 
contact with tissue such as bone sca  olds and 
hip implants. 

High 

It is important to note that the biocompatibility requirement o  biomaterials di  ers  rom one 

material to another, depending on their types and uses [65]. In general, the properties o  metal 
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or ceramic-based biomaterials di  er  rom polymers and composites. Overall the required 

biocompatibility o  a biomaterial is dictated by its clinical use [66]. There ore, the 

biocompatibility o  biomaterials is generally characterised based on their associated classes as 

listed in Table 2. 

Table 3. Categories  or biocompatibility assessment. 

Biocompa ibili y 
Shor  defini ion 

assessmen s 

Cytotoxicity Capacity to induce cell or tissue death 
Carcinogenicity Capacity to induce cancer  ormation 
Mutagenicity Capacity to damage genes 
Pyrogenicity Capacity to induce adverse immune response such as  ever 
Allergenicity Capacity to cause sensitisation and allergic reactions 
Thrombogenicity Capacity to induce blood clotting 

According to Ramakrishna et  l. [66], class III biomaterials requires the highest biocompatibility 

as they are in direct contact with biological tissues and are and expected to initiate biointegration 

processes. Nevertheless,  or any material to be deemed biocompatible, they should satis y the 

acceptable per ormance requirements under all categories as shown in Table 3. Based on these 

assessments, acceptable biocompatibility can be de ined as the e  ect to which the biomaterial 

does not induce any measurable harm. Put simply, no harm to the host body as a result o  the 

biomaterial de ines biocompatibility [5,67]. 

3.2. Porosi y and pore archi ec ure 

3.2.1. Ch r cteristics of porous biom teri ls 

Up until recently, biomaterials  eaturing a targeted structural behaviour required material 

manipulation at the chemistry level to create new alloys, ceramics, or polymers. However, 

advances in  abrication techniques such as additive manu acturing (3D printing) are enabling 

the development o  new biomaterials where the properties are not dictated by material chemistry 

instead through structural mechanics [68,69]. In this approach, the micro-mechanics o  care ully 

conceived pore architecture is used to design biomaterials with novel properties [70,71]. 

(a) (b) (c) 

Fig. 2. Examples o  porous biomaterials showing (a) titanium spinal implants in sheep [72,73], (b) porous 
architecture o  a polymer biomaterial [74] and (c) solid vs. porous dental implant [75]. 
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While there is no doubt that this approach requires micro- and nano-scale interconnected pores; 

the method allows the behaviour o  the material to be tuned [76] in a way that is  avourable  or 

tissue engineering as shown in Fig. 2a-c. The targeted  unctionality o  the material could be the 

sti  ness, strength, permeability (Fig. 2b), or cell attachment (Fig. 2c). Zadpoor [77] suggests 

that porous biomaterials can be approached almost like composites where the care ully conceived 

pore architecture becomes the second material phase that a  ects the overall per ormance o  the 

material. The most important  eature o  porous biomaterials is, there ore, their advantage in 

o  ering a way to realise multiple biomechanical properties that are hard to meet through solid 

materials. This makes pore architecture to be an important aspect to be considered  or  unctional 

characterisation. For classi ication purposes, porosity can be classi ied as the percentage o  void 

in a material that a  ects its overall per ormance at the macro scale [78]. In this regard, the 

vacancy  acilitated in a porous material can be sub-classi ied into three types: closed, open, and 

blind pores as shown in Fig. 3 [24,79]. 

Fig. 3. Pore structure evaluation in biomaterials. 

Closed pore 

Open pore 

Blind pore 

Solid 

Generally, closed pores are inaccessible to  luids which makes them un avourable when it comes 

to the biomaterial property called ‘permeability’. The blind pores terminate inside the material 

allowing  or  luid build-up raising the chances o  in ection in certain cases [26]. Accordingly, the 

open pores are the most  avourable as they  acilitate the complete passageway o   luids. A porous 

biomaterial o ten re ers to a class where the porosity is largely constituted because o  open and 

blind pores. 

Porous materials that  acilitate closed pores have a signi icant in luence on the overall material 

behaviour; while open pores alone are  avourable  or both permeability and cell migration when 

exposed to compatible tissues. As a result, porous metals with interconnected porosity is o  

interest  rom an orthopaedic implant point o  view due to their high potential in  acilitating 

tissue ingrowth [28,80–82]. Furthermore, a sur ace that  eatures porous architecture can be 

 avourable  or tissue-biomaterial interlocking resulting in higher inter ace stability, better 

vasculature, and load trans er. 
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Underlying structures at the tissue level are o ten hierarchical, porous approach in biomaterial 

design enables the recreation o  these architectures to  acilitate targeted  unctionalities such as 

strength, sti  ness permeability, and di  usion properties [83,84]. These structures are highly 

complex three dimensional (3D) anatomical shapes, which are also hard to emulate through 

material chemistry. Aspects such as permeability, di  usion, and vasculature are critical to supply 

cells with nutrition and prevent  luid build-up. Furthermore, there is evidence to show that pore 

architecture better supports migration and attachment o  cells required  or tissue reintegration 

in comparison to dense biomaterials. Table 4 summarises some o  the common porous 

biomaterials, their manu acturing process, and associated pore characteristics. 

Table 4. Pore size (�), porosity (�), manu acturing (Manu .) and application o  some emerging biomaterials. 

Ma erial Manuf. � (µm) � (%) Applica ion Ref. 

Hydroxyapatite Sintering 90-350 38-80 
Mandible de ects, ectopic 
bone  ormation, bone marrow 

[85–89] 

Tricalcium 
phosphate 

Salt leeching 0.2-8.7 31-62 Repair o  bone de ects [90] 

Bioglass Foaming/sol-gel 100-200 5-40 Primary human osteoblast [91,92] 
Glass-ceramic Sintering 100-200 40 Femoral de ects in rabbits [93] 
Collagen Freeze-drying 11-134 80-90 Tibia de ects in rats [94] 
Silk  ibroin Salt-leaching 202 84-98 Bone marrow [95,96] 
Poly (lactide) Salt-leaching 600 58-80 Dental implants [97,98] 
Polymeric 
 oams 

Emulsion 
polymerization 

40-100 93-97 Rat osteoblast invitro [99] 

Hydroxyapatite 
-chitosan-
gelatine 

Freeze-drying 300-500 87 Tissue engineering [100] 

Titanium-
boron 

Sel -propagating 
high-temperature 
synthesis 

170 15-55 Bone [101] 

Titanium-
calcium 
phosphate 

Sintering 50-200 35 
Tribological coating  or tissue 
engineering 

[102] 

Silica-ceramic Sintering 10-300 43-51 Femoral de ects [93] 

Titanium alloy Laser melting 200-300 68-91 Bone sca  old 
[55,70, 
103] 

3.2.2. Evolution of porosity  s   critic l p r meter 

According to Netti [14], porous biomaterials are the only choice when it comes to applications 

that require vasculature, cell migration, and controlled regeneration. Applications o  this include 

the development o  biomedical devices in the  ollowing primary areas: 

i. Prosthetic devices that  eature a porous sur ace layer. 

ii. Tissue-engineered sca  olds  or regenerative medicine. 
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iii. Biomaterials  or drug delivery sensing and diagnostic. 

iv. Multi-dimensional cell culture systems  or drug discovery and cell-based biosensors. 

The  ield o  application along with the characteristics o  these biomaterials are based on the 

porous nature o  the materials, which are o ten controlled through the selection o  appropriate 

based materials and suitable manu acturing processes. For example, in designing porous sca  olds 

 or tissue engineering, the pore architecture must be developed considering the surrounding tissue 

and their interconnection [104]. This is critical  or controlling the cell behaviour guiding the 

development o  new tissue. Numerous processing techniques (Table 4) have been developed, 

which are widely used  or the  abricating porous biomaterials that allow  or speci ic control over 

the pore morphology and the associated micro/nano  eatures [105–107]. 

The rapid expansion o  digital  abrication technologies [108–110] and micro luidic strategies [111– 

113] has made it possible to increase the resolution (lower pore size) o  porous biomaterials 

achievable. This has  acilitated the extension o  biomaterial possibilities to allow  or mechanisms 

underlying cell/material interaction which ultimately leads to the development o  

multi unctional micro-, -meso, macro-porous biomaterials and sca  olds with targeted 

 unctionalities [114]. This is currently an active research area where great e  orts are being 

devoted to the design and  abrication o  miniaturised biomaterial  oams [115,116]. These  oams 

have pore architecture at the nanometric scale that can combine technological potential with 

biochemical and biophysical clues. These multi unctional devices can serve di  erent purposes, 

starting  rom being the building block  or in vitro cell culture, tissue regeneration, biosensors, 

and actuators suitable  or in situ clinical application. 

3.3. Mechanical performance 

3.3.1. P r meters of import nce 

The opportunities that emerging biomaterials o  er  or structural optimisation asks the question: 

“what are the best mechanical properties that a biomaterial can o  er? Generally, an ideal 

biomaterial mimics the mechanical behaviour o  the biological tissue that is being replaced [117]. 

Researchers commonly use a wide variety o  terms when it comes to describing the mechanical 

per ormance o  tissues, biomolecules, and biomaterials. These terms  all within the domain o  

mechanics o  materials and materials engineering in general [118]. However, the methodology 

cannot be broadly applied to select the biomaterial that o  ers the highest strength and 

biocompatibility. It is important to  irst determine the required parameters that constitute all 

the relevant parameters  or each o  the requirement, and how to control them. This is because 

what may seem like a suitable material under quasi-static loading may  ail in other areas post-

implantation. In this regard, it may turn out that  or the loading scenario, a slightly weaker 

material with superior hardness may be the most suitable [119]. Since these terms may not be 
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easily understood to researchers or practitioners in other  ields, Table 5 summarises a simpler 

set o  meanings  or the mechanical parameters  or importance. 

Table 5. Parameters suitable to characterise the mechanical per ormance o  a biomaterial. 

Ma erial proper ies Equivalen  meaning Uni s 

Young’s modulus (E) 
Sti  ness 
Elastic modulus 

�/�� � � 

Yield strength (�) Elastic limit � 
Strength 

Ultimate strength (����) Failure stress � 
Stress at  racture 

Strain at rupture (����) 
Extensibility 
Failure strain 

-

Poisson's ratio (�) 
The ratio o  transverse contraction strain to 
longitudinal extension strain 

-

Rockwell hardness (HR) 

Hardness Resistance to wear 
Brinell hardness (BR) 
Vickers hardness (HV) 
Knoop hardness (HK) 

Toughness (�� ) 
Energy to break per unit volume 
Energy to break per unit area 

�/�� 

�/�� 

Modulus o  resilience (��) Energy to yield per unit volume �/�� 
√ 

Fracture toughness (��� ) Capacity to resist crack growth � � 
Fatigue li e (��) Durability Number o  cycles to  ailure 

3.3.2. Qu si-st tic mech nic l properties 

The mechanical environment o  a biomaterial is o ten complex where the static mechanical 

properties such as Young’s modulus (E), yield stress (�) and ultimate strength (����) are among 

the most important. When it comes to metallic biomaterials, the elastic per ormance o ten  alls 

within 0.5% o  strain under a quasit-static loading regime. Furthermore, the transition  rom 

elastic to plastic de ormation is gradual  or most metals making it di  icult to determine the 

exact yield point. As a result, the yield stress is o ten determined using a 0.2% strain o  set 

method as shown in Fig. 4. 

= � 
� 

� 

� 

���� 

�"#$ 

�0.2% 
�� 

Fig. 4. Typical stress-strain curve o  a metallic biomaterial under quasi-static loading. 
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In comparison to metallic materials,  racture in ceramic biomaterials o ten happens be ore any 

extensive plastic de ormation at room temperature [120]. Some metallic biomaterials and many 

thermoplastics exhibit stress-strain curves with the so-called yield point phenomenon as well 

[121]. Plastic de ormation is initiated at the yield limit, which is  ollowed by a drop in stress. 

Elastomeric polymers, on the other hand, de orm elastically to large strains, typically >100%, 

and rupture a ter limited plastic de ormation occurs. The mechanical properties o  some grade 

III biomaterials are summarised in Table 6. 

Table 6. Mechanical properties associated with some common biomaterials [5,66,122]. 

√ 
Bioma erial E (GPa) )* (MPa) )+,- (MPa) ./0 (MPa �) 1234 (%) 

Ti alloys 105-125 350-1050 600-1000 80 5-50 
Co-Cr-Mo alloys 240 450-1500 600-1600 100 10-30 
Steel (316L) 200 200-700 500-900 100 10-50 
Al2O3 380-420 - 4000-4500 3-6 0.1-0.3 
Hydroxyapatite (HA) 100 - 50-54 1 0.1-0.3 
Polyethylene (PE) 0.8-1.6 20-30 40-50 90 350-550 
Poly (methyl 

3-3.5 60-64 35-80 1 2-55 
methacrylate) PMMA 
Poly (lactic acid) PLA 3-15 30-60 30-80 3-5 2-60 

When it comes to tissue engineering applications, the elastic modulus (E) o  the biomaterial 

should be as close as possible to the biological tissue that it replaces. This is primarily because, 

mechanical stress is critical  or tissue reintegration through remodelling; in this regard using a 

high sti  ness biomaterial results in an unloading o  the bone, which subsequently leads to poor 

load trans er at the tissue-bone inter ace. This increases the likelihood o  bone resorption that 

adversely a  ects tissue regeneration leading to aseptic loosening, a well-documented phenomenon 

[123–126]. This e  ect is generally re erred to as stress shielding [127–129] when it comes to hard 

tissue remodelling such as bone. However, there is no reason to assume that the same is true  or 

strength (�) o  the material. On the contrary  or biomaterials, it is o ten bene icial to have a 

high � while keeping the E as close to the surrounding tissue as possible. I  such a biomaterial 

behaviour can be achieved, this will ensure the best balance between tissue compatibility and 

sa ety as the material can resist  ailure in the event o  an increased biomechanical load [55,130]. 

From a bulk material property perspective, biomaterials o ten show a strong correlation between 

E and �; meaning the strength o  a material is o ten assumed to be a measure o  the elastic 

per ormance (E),  urthermore accurate measurement o  E in porous materials are challenging in 

comparison to �. However,  or certain classes o  emerging biomaterials such as lattice-based 

microporous or meta-biomaterials the traditional correlations between E and � or ���� can be 

di  erent allowing the creation o   unctional biomaterials with targeted mechanical properties 

[131–133]. Accordingly to studies reported by Bobbert et  l. [134], simply using � or ���� as a 
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surrogate measure o  E may there ore be unjusti ied as the mechanical properties o  the 

biomaterial can o ten be altered by varying the micro-structural architecture. 

3.3.3. H rdness 

Hardness characterises the resistance o  a material to a localised plastic indentation or abrasion 

and hence an important mechanical property when selecting the suitable biomaterial  or clinical 

use [135–137]. A biomaterial that  eatures high hardness exhibits less wear and can extend both 

the longevity and sa ety o  the biomedical device. For load-bearing biomaterials, a low resistance 

to wear can result in aseptic loosening [138] in addition to the generation o  loose particles 

commonly re erred to as debris [139–141]. Although biomaterials o  er a wide range o  hardness, 

any two biomaterial sur aces that are engaged in load trans er will subsequently wear as a result 

o  adhesive, abrasive, or  atigue mechanisms [138,142,143]. Sometimes, a combination o  all o  

these three wear mechanisms acts simultaneously to drastically reduce the wear li e o  a 

biomaterial. 

I  wear itsel  is unavoidable, it is important to quanti y the amount o  acceptable wear  or a 

biomaterial. Furthermore, i  wear results in loose particles, then what are the associated 

characteristics that negatively impact a living tissue or its immune response. There is no doubt 

that the wear behaviour o  a biomaterial is o  signi icant concern and its detrimental e  ects 

depend largely on the characteristics o  the debris, and the ability o  the biological system to 

either isolate or tolerate them [144–146]. The result is o ten the adverse physiologic response to 

wear particles leading to unwanted e  ects such as osteolysis [147]. There ore, the hardness o  

biomaterials is a critical area that needs to be  unctionally characterised and considered at the 

time o  biomaterial selection depending upon the application. 

Table 7. Knoop hardness o  a range o  biomaterials [148]. 

Bioma erial Densi y (g/cm3) Knoop Hardness (HK) 

Tri-calcium phosphate 3.1 400-4500 
Bioglass 2.9 4000-5000 
Silica glass 2.2 7000-7500 
Polyethylene 1.0 140-170 
Titanium 4.52 1800-2600 
Ti6Al4V 4.4 3200-3600 

Nevertheless, it is important to note that hardness is not a well-de ined material property [149]: 

meaning, it has been quantitatively measured using various techniques, with Rockwell and 

Britnell hardness tests being the two most common methods as summarised in Table 5. 

According to Callister and Rethwisch [150], when it comes to metallic biomaterials, strength, 

and hardness are indicators o  its resistance to plastic de ormation, where the hardness may be 

conceived as roughly proportional to its tensile strength. Hardness can also in certain cases 

become proportional to � and E. In this regard, biomaterials that  eature high sti  ness generally 

Page 12 o  31 



    

             

              

            

            

             

 

   

                 

               

                  

             

                

              

             

                

             

              

              

                

                

                  

                

             

             

        

 

               

 

 

 

 

 

 

 
 

    

                               

 

     

 

 

     

     

     

. . .
.

demonstrate good resistances to wear. Table 7 summarises the Knoop hardness values associated 

with some common biomaterials. Although there can be exceptions, in general ceramics are the 

hardest material,  ollowed by metals and polymers. However, techniques such as ion 

implantation, nitriding, carburisation, and spray coatings can be used to signi icantly modi ying 

the physical and chemical sur ace properties o  a biomaterial  or improved wear per ormance 

[151–154]. 

3.3.4. F tigue beh viour 

Fatigue  ailure in biomaterials occurs as a result o  crack generation and growth as a result o  

cyclic loading. In most cases,  atigue  ailures happen at stresses well below the quasi-static yield 

(�) o  the material [155–157]. The reason  or this is the cyclic nature o  the load that initiates 

a microscopic crack that subsequently penetrates the material layers to  orm a macroscopic 

phenomenon (initiation phase). The crack can then continue to grow to a critical size that results 

in  ailure o  the biomaterial component. Fatigue  ailure is a major concern associated with 

biomaterials as they lead to implant loosening, stress-shielding, and reduces implant li e [158]. 

From the review carried out by Teoh [156] looking at the  atigue  ailure o  biomedical devices, 

catastrophic  atigue  ailure is primarily o  the brittle type where the observable plastic 

de ormation is comparatively low. This shows the signi icance o   atigue  ailure where  ailure can 

be catastrophic with a little warning be ore rupture. This is critical as load-bearing biomaterials 

are expected to survive millions o  cyclic loads over their li etime making  atigue as the major 

cause o  concern in the reduction o  biomaterial li e. For example, looking at various ISO tests 

(ISO7206-4 [159] and ISO7206-6 [160]), a sinusoidal load o  2300 N and 5340 N at 106 cycles are 

o ten applied. In a practical scenario, even 107 cycles can be expected. Fatigue o  biomaterials is 

o ten evaluated using the most  requently acting loads, which can cumulatively cause  ailure 

over time. Metallic biomaterials are o ten capable o  withstanding quasi-static stresses two to 

three times higher than the  atigue limits [161,162]. 

. . 

S
tr

es
s,

 S
 

���� 
Fatigue strength at 102 cycles 

Endurance 

limit 

Fatigue strength at 10 
3 

cycles 

Fatigue strength at 10 
4 

cycles 

Fatigue strength at 10 
6 

cycles 

1010 0 101 102 103 104 105 106 107 108 109 

Number of cycles, N 

Fig. 5. A representative example o  an S-N curve showing  atigue per ormance o  a biomaterial. 
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Fatigue per ormance o  a material is characterized using an S-N curve, also re erred to as the 

Wöhler curve [163], which is a graph o  cyclic stress (S) against the logarithmic number o  cycles 

to  ailure (N). As shown in Fig. 5, the higher the external stress (S) so is the resulting dislocations 

leading to a lower number (N) o  cyclic loads to reach  ailure. The  atigue limit or endurance 

limit re ers to the highest cyclic stress (S) that can be applied to a biomaterial without causing 

 atigue  ailure, irrespective o  the loading cycles [5]. Most non errous biomaterial alloys do not 

exhibit a clear  atigue limit, which means that the S-N curve continues its downward trend 

where  atigue will ultimately occur despite the stress magnitude [164]. For these materials, the 

number o  +107 cycles has been widely re erred to as the  atigue strength or an in initely large 

number o  cycles. While experimental evaluation is required to accurately predict the  atigue 

strength o  a biomaterial; there is o ten an approximate relationship that exists between the 

 atigue strength (����56�7) and ultimate tensile strength (����) o  materials as shown in Eqn. (1) 

which has to be used with extreme caution: 

����56�7 ≈ 0.5���� (1) 

Despite the exceptions, Eqn. (1) is a use ul guide in the selection o  general-purpose materials 

 or reasonable purposes where enough data is available. There ore, in principle, traditional 

materials with high E, � and ���� can be expected to have good  atigue per ormance. However, 

in the case o  biomaterials, it is important to have an appreciation o  the substructure o  the 

sur ace and the surrounding physiological environment be ore the relationship can be deemed 

appropriate. The interaction o  the material layers can be characterised as: (i) the molecular 

absorbed layer, (ii) the passive oxide  ilm, and (iii) the de ormed layer with the host tissue is o  

paramount importance to evaluate the long-term  atigue per ormance o  a biomaterial 

[156,165,166]. Accordingly, the sur ace and subsur ace  ailure modes that are exhibited during 

 atigue also need to be a consideration to select the most appropriate biomaterial. 

For example, materials that are brittle that  eature a high � but low  racture toughness 

(bioceramics are an example o  such material) can exhibit cone cracking phenomenon during 

 atigue signi icantly a  ecting the part per ormance [167,168]. This is because bioceramics √ 
 eaturing a  racture toughness less than 1 MPa � are highly prone to brittle  racture requiring 

substantial quality control to avoid  atigue  racture. As a result, the direction o  research point 

towards biocomposites that  eature two or more di  erent phases such as in interpenetrating 

network composites  or superior  atigue per ormance [169,170]. The primary bene it o  these 

composite biomaterials is their potential to  acilitate chemicals that are suitable  or controlled 

drug release [171], which subsequently results in superior host tissue interaction. In any case, 

developments o  methods to accurately predict the sur ace per ormance during  atigue including 

in vitro characterisation and computational modelling is still largely unavailable  or biomaterials 

[156]. 
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3.4. Func ional requiremen s for hos   issue in erac ion 

3.4.1. Biom teri ls  nd tissue  tt chment 

Attachment o  host tissue to a biomaterial is directly related to the  unctional inter ace that 

exists between the biomaterial and the tissue. In reality, no biomaterial can be considered 

completely inert when in contact with a biological tissue [52]. This means that irrespective o  

their classi ication, all biomaterials introduce a certain response  rom the host tissue in direct 

contact. Based on this principle, the types o  biomaterial and tissue interaction can be classi ied 

into  our types as listed in Table 8. In this regard, the response o  a host-tissue to an unreactive 

biomaterial can be classi ied as the  ormation o  a non-adherent  ibrous capsule [172]. The 

thickness o  this  ibrous layer largely depends on the health o  the host tissue, stability o  the 

material-tissue inter ace, and the biomechanical load. 

Table 8. Biomaterial classi ication based on the  unctional response  rom host tissue. 

Bioma erial 

classifica ion 
Tissue a  achmen   ype Bioma erials used 

Morphological attachment to Most biomaterials that are not bio unctionalised 
Nearly inert host tissue (mechanical including Ti and Co-Cr in additions to materials 

interlock) such as Polyethylene, Zirconia, and Alumina. 

Open-pore 
Biological attachment to host 
tissue (tissue ingrowth into 
pores) 

Porous implants, metallic implants coated with 
bio unctionalised hydroxyapatite. 

Bioactive 
Inter acial bonding with host 
tissue (bioactive  ixation) 

Hydroxyapatite, bioactive -ceramics and -
glasses. 

Resorbable 
Biomaterial replaced by host 
tissue (resorbable interaction) 

Dicalcium and tricalcium phosphate, 
hyaluronan,  ibrin, collagen, chitosan, polylactic 
acid (PLA) 

For a porous biomaterial, the bioactivity is through the ingrowth o  tissue into the pores resulting 

in a biological  ixation o  the biomaterial. This  ixation is superior to nearly inert biomaterials 

at the inter ace and it is capable o  withstanding highly complex biomechanical stresses in 

comparison to dense and inert biomaterials. Nevertheless,  or porous biomaterials to be e  ective, 

a pore size requirement within the range o  50-400 :� is needed to allow  or vascularisation. 

3.4.2. Bio ctivity 

Bioactive biomaterials can cause a certain predetermined tissue response that can result in 

improved integration between the biomaterial and the surrounding biological system. Bioactive 

materials can be primary characterised into two: (i) osteoconductive and (ii) osteoproductive 

[172,173]. Biomaterials that show osteoconductive properties generally bond to hard tissues and 

 acilitate tissue interaction along the sur ace o  the bioactive biomaterial. Materials such as 

synthetic hydroxyapatite [104] and tri-calcium phosphate [93] ceramics are examples o  these 

biomaterials as listed in Table 8. Osteoproductive biomaterials, on the other hand, can stimulate 
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the growth o  new tissue on the material away  rom the biomaterial inter ace. Bioactive glasses 

that bond to so t tissue such as cartilage is an example o  osteoproductive biomaterial. The 

mechanism o  tissue bonding to bioactive biomaterials is primarily thought to be the result o  

hydroxyapatite generation on the biomaterial sur ace due to interaction with bodily  luids 

[174,175]. The hydroxyapatite layer  ormation happens the  astest on osteoproductive materials 

in comparison to osteoconductive biomaterials. 

3.4.3. Bioresorb bility 

Bioresorbable biomaterials can exhibit time-dependent controlled degradation and subsequently 

allow it to be replaced with host tissue [176,177]. However, in practice, due to the large quantity 

o  the biomaterial expected to be handled by the tissues means that a resorbable biomaterial 

must be metabolically acceptable. Another requirement  or a resorbable biomaterial is that the 

resorption rate must be matched to the repair rates o  the biological tissue o  the host. When 

using bioresorbable biomaterial in a clinical setting, it is important to consider that the 

mechanical properties o  the biomaterial must allow  or tissue repair. Overall,  or an acceptable 

biodegradable biomaterial, the rate o  degradation o  the material must be controllable [172]. 

3.4.4. Infection resist nce 

In ection resistant biomaterials are one o  the latest strategies that are being experimented to 

reduce microbial in ections [178]  ollowing the  ocus over the last decades on antibiotic 

techniques, control o  clinical sterility [179]. Despite the utmost care clinical hygiene procedures, 

in ections associated with biomaterials and associated surgical procedures have been challenging 

to avoid entirely. Consequently, the strategy is to prevent in ections by either inhibiting or 

terminating the unwanted microbes that come into contact with a biomaterial. To do this, the 

antimicrobial property should become an inherent property o  the biomaterial or the device itsel . 

One o  the promising ways in this regard is to reduce biomaterial in ections through the use o  

materials that can counteract microbial adhesion. As a result, the microbes cannot either attach 

to the biomaterial sur aces nor get killed in the process o  doing so [180]. Research literature 

shows that experiments on in ection resistant biomaterials are capable o : 

i. Reduction o  bacterial adhesion and protein adsorption [181]. 

ii. Reduction o  the colonisation and assembly o  bacteria and bio ilms [182]. 

iii. Initiate antibacterial activity at the host tissue inter ace [183]. 

iv. Controlled release o  active antimicrobial agents [184,185] 

v. Inter erence and alternation o  the pathogen physiology [186] 

vi. Disruption o  the cellular level structural integrity o  microbes resulting in their 

termination [187]. 

In general, biomaterial sur aces that can prevent microbial adhesion are either classiTed 

antimicrobial or anti ouling [180]. While the  ormer (antimicrobial) can terminate microbes as 
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they interact or approach the biomaterial sur ace, the latter (anti ouling)  eatures the capacity 

 or the prevention o  microbial accumulation by inter ering with the bioTlm structure. Even 

though the development o  in ection-resistant biomaterials is an active area o  research, some 

notable biomaterials that possess antimicrobial properties are listed in Table 9. One o  the 

promising material in this regard is pure silver in as nanoparticles and coating sur aces [188]. 

Table 9. Example o  antimicrobial biomaterials and their associated characteristics. 

Bioma erial Charac eris ics Ref. 

Ag/ Hydroxyapatite 
/Lignin 

Antimicrobial per ormance against S. aureus, sa e  or healthy 
immunocompetent peripheral blood mononuclear cells 
(PBMC), and unsusceptible to corrosion. 

[188– 
191] 

Hydroxypropyl trimethyl 
ammonium 

Antimicrobial per ormance against MRSA and sa e  or pre-
osteoblasts. 

[192,193] 
Chloride chitosan 
Carboxymethyl cellulose 
(CMC)-based hydrogels 
with Ag nanoparticles 

High antibacterial activity inhibiting E. Coli, P. aeruginosa, 
S. aureus, and Bacillus subtillis. 

[194,195] 

Quaternary ammonium 
poly(oxanorborneneimides) 
polymeric nanoparticles 

In ection resistance to P. aeruginosa, S. aureus, and En. 
Cloacae complex bio ilms and low cytotoxicity. 

[196,197] 

Cu releasing degradable 
phosphate glass  ibres 

Antibacterial activity showing inhibition Staphylococcus 
epidermidis. 

[198] 

Zn/Cu dicalcium silicate 
cement 

Long-term antibacterial potential against P. aeruginosa, E. 
 aecalis, E. coli and S. aureus. 

[199] 

4. Fu ure perspec ive 

The development o  new biomaterials  or decades has been  ocused on the synthesis and 

modi ication o  material chemistry leading to biopolymers and metallic alloy with unique 

properties [200,201]. However, in recent years, an alternative pathway has been gaining 

momentum where development o  new materials with desired mechanical, physical, and 

biological properties are through modulating the materials at the geometrical and molecular level 

[77]. This allows developing new materials with targeted properties giving rise to  unctional or 

designer biomaterials. A new generation o  biomaterials is evolving in this regard driven by the 

need to achieve the required in situ quali ications  or tissue regeneration and repair. There is 

also another category o  biomaterials that are being developed to allow  or tissue repair through 

minimally invasive surgery called deployable biomaterials. There are substantial bene its to each 

o  these approaches; they drastically reduce patient recovery contributing to human capital and 

reducing the socioeconomic burden. It may be also  easible to develop a generation o  gene-

activating biomaterials tailored  or speci ic patients and disease states. Generally, it is promising 

that signi icant developments are happening in the analytical and numerical methods to predict 

the per ormance o  such innovative materials, which can also accelerate the development o  

highly innovative biomaterials with unique and targeted  unctionalities. It must be also 
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acknowledged that the rise in digital  abrication techniques such as additive manu acturing has 

enabled the exploitation o  geometrically porous biomaterials which is one o  the most promising 

classes o  biomaterials. Though not immediate, what is more, interesting is the possibility o  

biomaterials that respond to bioactive stimuli that can be used to activate genes in a preventative 

treatment to maintain the health o  tissues as people age. While some o  these areas are in their 

in ancy concerning the clinical realisation, it is important to remember that only a  ew years 

ago, these concepts would have seemed  iction. It is worth looking back that only 40 years ago 

the concept o  a material that would not be rejected by living tissues seemed impossible. [202]. 

5. Conclusion 

As discussed so  ar, the selection and development o  a biomaterial depend on the speci ic medical 

application and the  unctional requirements o  that application. This means that a biomaterial 

classi ication  rom the  unctional point o  view is essential to not only capture the key  eatures 

associated but also to provide an insight into the types o  interactions it can  acilitate with the 

surrounding tissues. It is also anticipated that a  unctional classi ication can also aid in the 

establishment o  e  icient regulations  or both biomaterial selection and evaluation. 

Biomaterial 
functional 

requirements 

Chemical 
composition 

Metallic 

Polymeric 

Ceramic 

Composite 

Origin 

Natural 

Synthetic 

Hybrid 

Mechanical 
performance 

Quasti-static 
performance (E, ��, 
���� , � � , ) 

Fatigue 

Hardness 

Wear 

Corrosion 

Porosity 

Pore architecture 
(open/close/dense) 

Pore size 
(Macro/micro/nano) 

Hybrid/Meta 

Tissue interaction 

Biocompatability 

Permeability 

Bioinert 

Bioresorbable 

Osteoproductive/ 
Osteoconductive 

antimicrobial/ 
antifouling 

Fig. 6. A  ramework  or the classi ication o  biomaterial  unctionalities. 
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Based on quali ications presented in this paper, Fig. 6 summarises a  ramework that can be used 

 or the classi ication o  biomaterial  unctionalities that can accommodate both traditional and 

emerging biomaterial  unctionalities. This will allow the selection and development o  a candidate 

biomaterial to be guided by their  unctional requirement. For example, a well engineering 

biomaterial  or bone sca  olds must be biocompatible in addition to having suitable mechanical 

per ormance while  eaturing a compatible pore architecture that  acilitates osteproduction and 

permeability. The biomaterial should also accommodate distinctive interaction with the 

surrounding tissue  or osseointegration while reducing stress-shielding and maladapted stress 

concentration. Despite the increase in the variety o  biomaterials that are available, their clinical 

use has been limited. Improvements in this regard require conceptual classi ication re inements 

and practical re orms that are  ocused on biomaterial  unctionalities which this paper aims to 

contribute. Nevertheless, the implementation o  such a  unctional  ramework  or biomaterials 

requires collaborative e  ort between researchers, manu acturers, regulators clinicians and end-

users. 
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	Abstract 
	The rapid evolution in biomaterial performance over the last decade calls for an ever-increasing need in the classification of their functionalities. In many cases, emerging biomaterials are expected to be multifunctional, customisable, and biologically active. It is also likely that the future of biomaterials will assume even greater roles in terms of their bioactive capabilities making it all the more difficult to be regulated. As such a functional classification of biomaterials allows to consider both th
	Keywords: Biomaterial functionalities; qualifiers; biocompatibility, mechanical performance; porosity; tissue attachment. 
	1.Introduction 
	1.Introduction 
	Over the years, the term ‘biomaterial’ has been interpreted in many ways based on the context in which they are clinically applied [1–4]. Traditionally biomaterials were distinguished as a base-material other than drugs used to treat, augment, replace or support organs, tissues, or bodily functions [5,6]. However, the newer definition of biomaterials calls for the requirement to have ‘adequate functionality’ for a material to be qualified as a biomaterial [7]. In generic terms, any material that augments or
	i. Partial substitution or full replacement of tissues and organs. 
	ii. Enhancement of tissue functions, aesthetics, or biomechanics. 
	iii. Facilitate tissue integration, provide infection resistance, accelerate healing or diagnosis of tissue damage or disease. 
	In this regard, biomaterials are a category of biocompatible materials that meets a certain functional characteristic that is appropriate for the nature of the application. Traditionally, biomaterials were classified similar to normal materials according to their chemical composition such as metals, ceramics, polymers, etc.; while simplistic, this classification neither aids in determining the role of biomaterial or facilitates material selection based on their functionality [8–10]. A composition-based clas
	Figure
	(a) (b) 
	(c) 
	Fig. 1.Examples of emerging biomaterials showing (a) additively manufactured microporous titanium tissue engineering scaffolds [16], (b) hybrid meta-biomaterial for functional hip implants [15] and (c) cylindrical-shaped meniscus-derived injectable hydrogel [17]. 
	Classification of biomaterial functionality is also important considering the latest advances in fabrication such as additive manufacturing, material characterisation, and tissue engineering. In this emerging role, biomaterials are expected to act as substrates for host tissue integration rather than standalone devices [18,19]. These roles of biomaterial are not only important to 
	Classification of biomaterial functionality is also important considering the latest advances in fabrication such as additive manufacturing, material characterisation, and tissue engineering. In this emerging role, biomaterials are expected to act as substrates for host tissue integration rather than standalone devices [18,19]. These roles of biomaterial are not only important to 
	facilitate the host tissue functions but also to repair them predetermined interactions. Biomaterial scaffolds for tissue engineering (Fig. 1a), hybrid meta-biomaterials (Fig. 1b), and injectable hydrogels (Fig. 1c) are all examples of new biomaterials that challenges the boundaries of the traditional biomaterials requiring functional classification. 

	Evaluating biomaterials by their functionalities also allows providing profound insights about the interactions of biomaterials with surrounding tissues. Most important of all, the classification of biomaterial functionality is critical to establish efficient regulations required for the evaluation of emerging biomaterials. Accordingly, the subsequent sections of this paper briefly introduce the elements that are required for the classification of biomaterial functionalities followed by the summary of the f

	2.Established biomaterial types and application 
	2.Established biomaterial types and application 
	The traditional classification of biomaterials allows for four primary types: (i) metallic, (ii) ceramic (iii) polymeric, and (iv) composites as summarised in Table 1 [27]. Amongst these, metallic biomaterials are mostly consulted for load-bearing applications. This includes most hard-tissue internal fixation devices such as orthopaedic wires, screws, plates, scaffolds, total joint replacements such as knees and hips [28–31]. Biomaterials based on metallic materials are often the candidates for maxillofacia
	Low adverse tissue reaction, high hardness, and compressive strength were the primary interest in ceramics as a biomaterial. As listed in Table 1, some carbons are also used as implants for applications such as heart valves that are blood interfacing. Ceramics are also favoured as reinforcing phases as a result of their unique mechanical behaviour in the development of composite biomaterials [41]. Looking at the mechanical properties, the nature of the bonding in ceramics means that they are difficult to sh
	Low adverse tissue reaction, high hardness, and compressive strength were the primary interest in ceramics as a biomaterial. As listed in Table 1, some carbons are also used as implants for applications such as heart valves that are blood interfacing. Ceramics are also favoured as reinforcing phases as a result of their unique mechanical behaviour in the development of composite biomaterials [41]. Looking at the mechanical properties, the nature of the bonding in ceramics means that they are difficult to sh
	performance in comparison to compressive. Nevertheless, the hardness and bio-inertness of ceramic make them a highly suitable biomaterial for surface coatings [44,45]. 

	Table 1.Traditional classification and application of biomaterials [46]. 
	Classification 
	Classification 
	Classification 
	Application 

	Metals and alloys 
	Metals and alloys 

	Stainless steel, silver, gold, titanium (and its alloys such as Ti-Al-V, Ti-Al-Nb, Ti-Mo-Zr-Fe), cobalt-chromium (and its alloys Co-Cr-Mo, Cr-Ni-Cr-Mo) and nickel-titanium. 
	Stainless steel, silver, gold, titanium (and its alloys such as Ti-Al-V, Ti-Al-Nb, Ti-Mo-Zr-Fe), cobalt-chromium (and its alloys Co-Cr-Mo, Cr-Ni-Cr-Mo) and nickel-titanium. 
	Fracture fixation devices, wires, scaffolds, stents, plates, surgical instruments, components for total joint replacements, implants for dental application, pacemaker encapsulation, heart valves, antibacterial devices. 

	Ceramics 
	Ceramics 

	TR
	Implant components for total joint arthroplasty 

	Calcium phosphates, bioactive glasses, 
	Calcium phosphates, bioactive glasses, 
	devices, dental application, orthopaedic implants, 

	Alumina, porcelain, zirconia, and carbons 
	Alumina, porcelain, zirconia, and carbons 
	surface coatings to increase hardness and reduce wear, 

	TR
	heart valves. 

	Polymers 
	Polymers 

	TR
	Total hip and knee arthroplasty, suture devices, 

	Poly -ethylene, -propylene, -ester, -urethanes, PET, polyamides, PTFE, silicones, hydrogels 
	Poly -ethylene, -propylene, -ester, -urethanes, PET, polyamides, PTFE, silicones, hydrogels 
	prosthesis to support vasculature, devices that facilitate soft-tissue replacement, components for drug-delivery systems, blood interfacing devices, dental 

	TR
	restorations, lenses, ophthalmologic devices. 

	Composites 
	Composites 

	bisphenol A-glycidyl-quartz/silica filler, polyvinyl chloride-glass fillers 
	bisphenol A-glycidyl-quartz/silica filler, polyvinyl chloride-glass fillers 
	Dental restoration and cements. 


	While metallic materials are preferred for load-bearing applications, polymers form the most widely used category of synthetic biomaterials to date [47]. This is primarily because of the compatibility that polymers offer in comparison to tissues, proteins, and polysaccharides. It is widely considered that polymers with their long-chain architecture allow for a better integration when it comes to tissue response [48]. Furthermore, injectable polymers that are developed through the synthesis and polymerisatio
	Composite materials are a mixture of multiple materials where each act to compliment the performance of the other. Each of these material components can take various forms such as particles, fibres, etc. that are surrounded by the other material which can be referred to as the matrix material [51]. Composite biomaterials are these of mixture materials that show the required biocompatibility for various biomedical applications. Composite biomaterials allow combining the benefits of materials from different c
	Composite materials are a mixture of multiple materials where each act to compliment the performance of the other. Each of these material components can take various forms such as particles, fibres, etc. that are surrounded by the other material which can be referred to as the matrix material [51]. Composite biomaterials are these of mixture materials that show the required biocompatibility for various biomedical applications. Composite biomaterials allow combining the benefits of materials from different c
	strong with low densities surrounded by the matrix which can be ductile or tough. However, for composites, the multiple materials work together in a complimentary fashion to accommodate load transfer in the most efficient manner [51–53]. 

	When it comes to the mechanical performance of hard tissues such as bone, they feature a wide range of properties, which are often hard to meet with monolithic biomaterials [54,55]. In this regard, composite biomaterials allow achieving targeted properties to that of biological hard tissues through the combination of compatible materials while each offers unique advantages. Furthermore, biomechanical and tissue attachment properties of composite biomaterials such as hydroxyapatite-collagen [56] are far supe

	3.Functional qualifiers of abiomaterial 3.1.Biocompatibility 
	3.Functional qualifiers of abiomaterial 3.1.Biocompatibility 
	When a material possesses acceptable biocompatibility to meet the requirement of a biomedical application, it can be defined as a biomaterial [61]. Therefore, the qualification of a material as a ‘biomaterial’ depends on it meeting the biological and chemical comparability requires for the targeted application. However, the question then arises; “How can one quantify the biocompatibility of biomaterials for designing medical devices?”. In its simplest form, a biomaterial must satisfy biocompatibility, which
	Table 2.The categorisation of biomaterials for biocompatibility assessment. 
	Biomaterial category 
	Biomaterial category 
	Biomaterial category 
	Device classification 
	Definition 
	Biocompatibility requirement 

	TR
	These are materials that are in surface contact 

	Class I 
	Class I 
	Surface devices 
	with the tissue. Examples include bandages, 
	Low 

	TR
	burn dressing, catheter, etc. 

	TR
	These are materials that are occasionally in 

	TR
	Externally 
	direct contact with the tissue such as dialysis 

	Class II 
	Class II 
	communicating 
	units, ventilators, etc. (most of the medical 
	Medium 

	TR
	devices 
	devices that are not implanted falls under this 

	TR
	category) 

	Class III 
	Class III 
	Implanted devices 
	These are materials that are in permanent contact with tissue such as bone scaffolds and hip implants. 
	High 


	It is important to note that the biocompatibility requirement of biomaterials differs from one material to another, depending on their types and uses [65]. In general, the properties of metal 
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	or ceramic-based biomaterials differ from polymers and composites. Overall the required biocompatibility of a biomaterial is dictated by its clinical use [66]. Therefore, the biocompatibility of biomaterials is generally characterised based on their associated classes as listed in Table 2. 
	Table 3.Categories for biocompatibility assessment. 
	Biocompatibility 
	Biocompatibility 
	Biocompatibility 
	Short definition 

	assessments 
	assessments 

	Cytotoxicity 
	Cytotoxicity 
	Capacity to induce cell or tissue death 

	Carcinogenicity 
	Carcinogenicity 
	Capacity to induce cancer formation 

	Mutagenicity 
	Mutagenicity 
	Capacity to damage genes 

	Pyrogenicity 
	Pyrogenicity 
	Capacity to induce adverse immune response such as fever 

	Allergenicity 
	Allergenicity 
	Capacity to cause sensitisation and allergic reactions 

	Thrombogenicity 
	Thrombogenicity 
	Capacity to induce blood clotting 


	According to Ramakrishna et  l. [66], class III biomaterials requires the highest biocompatibility as they are in directcontact with biological tissues and are and expectedto initiate biointegration processes. Nevertheless, for any material to be deemed biocompatible, they should satisfy the acceptable performance requirements under all categories as shown in Table 3. Based on these assessments, acceptable biocompatibility can be defined as the effect to which the biomaterial does not induce any measurable 
	3.2.Porosity and pore architecture 
	3.2.Porosity and pore architecture 
	3.2.1.Ch r cteristics of porous biom teri ls 
	Up until recently, biomaterials featuring a targeted structural behaviour required material manipulation at the chemistry level to create new alloys, ceramics, or polymers. However, advances in fabrication techniques such as additive manufacturing (3D printing) are enabling the development of new biomaterials where the properties are not dictated by material chemistry instead through structural mechanics [68,69]. In this approach, the micro-mechanics of carefully conceived pore architecture is used to desig
	(a) (b) (c) 
	Fig. 2.Examples of porous biomaterials showing (a) titanium spinal implants in sheep [72,73], (b) porous architecture of a polymer biomaterial [74] and (c) solid vs. porous dental implant [75]. 
	While there is no doubt that this approach requires micro-and nano-scale interconnected pores; the method allows the behaviour of the material to be tuned [76] in a way that is favourable for tissue engineering as shown in Fig. 2a-c. The targeted functionality of the material could be the stiffness, strength, permeability (Fig. 2b), or cell attachment (Fig. 2c). Zadpoor [77] suggests that porous biomaterials can be approached almost like composites where the carefully conceived pore architecture becomes the
	Fig. 3.Pore structure evaluation in biomaterials. Closed pore Open pore Blind pore Solid 
	Generally, closed pores are inaccessible to fluids which makes them unfavourable when it comes to the biomaterial property called ‘permeability’. The blind pores terminate inside the material allowing for fluid build-up raising the chances of infection in certain cases [26]. Accordingly, the open pores are the most favourable as they facilitate the complete passageway of fluids. A porous biomaterial often refers to a class where the porosity is largely constituted because of open and blind pores. 
	Porous materials that facilitate closed pores have a significant influence on the overall material behaviour; while open pores alone are favourable for both permeability and cell migration when exposed to compatible tissues. As a result, porous metals with interconnected porosity is of interest from an orthopaedic implant point of view due to their high potential in facilitating tissue ingrowth [28,80–82]. Furthermore, a surface that features porous architecture can be favourable for tissue-biomaterial inte
	Underlying structures at the tissue level are often hierarchical, porous approach in biomaterial design enables the recreation of these architectures to facilitate targeted functionalities such as strength, stiffness permeability, and diffusion properties [83,84]. These structures are highly complex three dimensional (3D) anatomical shapes, which are also hard to emulate through material chemistry. Aspects such as permeability, diffusion, andvasculature are critical to supply cells with nutrition and preven
	Table 4.Pore size (), porosity (), manufacturing (Manuf.) and application of some emerging biomaterials. 
	Material 
	Material 
	Material 
	Manuf. 
	 (µm) 
	 (%) 
	Application 
	Ref. 

	Hydroxyapatite 
	Hydroxyapatite 
	Sintering 
	90-350 
	38-80 
	Mandible defects, ectopic bone formation, bone marrow 
	[85–89] 

	Tricalcium phosphate 
	Tricalcium phosphate 
	Salt leeching 
	0.2-8.7 
	31-62 
	Repair of bone defects 
	[90] 

	Bioglass 
	Bioglass 
	Foaming/sol-gel 
	100-200 
	5-40 
	Primary human osteoblast 
	[91,92] 

	Glass-ceramic 
	Glass-ceramic 
	Sintering 
	100-200 
	40 
	Femoral defects in rabbits 
	[93] 

	Collagen 
	Collagen 
	Freeze-drying 
	11-134 
	80-90 
	Tibia defects in rats 
	[94] 

	Silk fibroin 
	Silk fibroin 
	Salt-leaching 
	202 
	84-98 
	Bone marrow 
	[95,96] 

	Poly (lactide) 
	Poly (lactide) 
	Salt-leaching 
	600 
	58-80 
	Dental implants 
	[97,98] 

	Polymeric foams 
	Polymeric foams 
	Emulsion polymerization 
	40-100 
	93-97 
	Rat osteoblast invitro 
	[99] 

	Hydroxyapatite 
	Hydroxyapatite 

	-chitosangelatine 
	-chitosangelatine 
	-

	Freeze-drying 
	300-500 
	87 
	Tissue engineering 
	[100] 

	Titanium-boron 
	Titanium-boron 
	Self-propagating high-temperature synthesis 
	170 
	15-55 
	Bone 
	[101] 

	Titanium-calcium phosphate 
	Titanium-calcium phosphate 
	Sintering 
	50-200 
	35 
	Tribological coating for tissue engineering 
	[102] 

	Silica-ceramic 
	Silica-ceramic 
	Sintering 
	10-300 
	43-51 
	Femoral defects 
	[93] 

	Titanium alloy 
	Titanium alloy 
	Laser melting 
	200-300 
	68-91 
	Bone scaffold 
	[55,70, 103] 



	3.2.2. Evolution of porosity  s   critic l p r meter 
	3.2.2. Evolution of porosity  s   critic l p r meter 
	According to Netti [14], porous biomaterials are the only choice when it comes to applications that require vasculature, cell migration, and controlled regeneration. Applications of this include the development of biomedical devices in the following primary areas: 
	i. Prosthetic devices that feature a porous surface layer. 
	ii. Tissue-engineered scaffolds for regenerative medicine. 
	iii. Biomaterials for drug delivery sensing and diagnostic. 
	iv. Multi-dimensional cell culture systems for drug discovery and cell-based biosensors. 
	The field of application along with the characteristics of these biomaterials are based on the porous nature of the materials, which are often controlled through the selection of appropriate based materials and suitable manufacturing processes. For example, in designing porous scaffolds for tissue engineering, thepore architecture mustbedeveloped considering thesurrounding tissue and their interconnection [104]. This is critical for controlling the cell behaviour guiding the development of new tissue. Numer
	The rapid expansion of digital fabrication technologies [108–110] and microfluidic strategies [111– 
	113] has made it possible to increase the resolution (lower pore size) of porous biomaterials achievable. This has facilitated the extension of biomaterial possibilities to allow for mechanisms underlying cell/material interaction which ultimately leads to the development of multifunctional micro-, -meso, macro-porous biomaterials and scaffolds with targeted functionalities [114]. This is currently an active research area where great efforts are being devoted to the design and fabrication of miniaturised bi
	3.3.Mechanical performance 
	3.3.1. P r meters of import nce 
	3.3.1. P r meters of import nce 
	The opportunities that emerging biomaterials offer for structural optimisation asks the question: “what are the best mechanical properties that a biomaterial can offer? Generally, an ideal biomaterial mimics the mechanical behaviour of the biological tissue that is being replaced [117]. Researchers commonly use a wide variety of terms when it comes to describing the mechanical performance of tissues, biomolecules, and biomaterials. These terms fall within the domain of mechanics of materials and materials e
	The opportunities that emerging biomaterials offer for structural optimisation asks the question: “what are the best mechanical properties that a biomaterial can offer? Generally, an ideal biomaterial mimics the mechanical behaviour of the biological tissue that is being replaced [117]. Researchers commonly use a wide variety of terms when it comes to describing the mechanical performance of tissues, biomolecules, and biomaterials. These terms fall within the domain of mechanics of materials and materials e
	easily understood to researchers or practitioners in other fields, Table 5 summarises a simpler set of meanings for the mechanical parameters for importance. 

	Table 5. Parameters suitable to characterise the mechanical performance of a biomaterial. 
	Material properties 
	Material properties 
	Material properties 
	Equivalent meaning 
	Units 

	Young’s modulus (E) 
	Young’s modulus (E) 
	Stiffness Elastic modulus 
	/ 
	 
	 

	Yield strength () 
	Yield strength () 
	Elastic limit 
	 

	TR
	Strength 

	Ultimate strength () 
	Ultimate strength () 
	Failure stress 
	 

	TR
	Stress at fracture 

	Strain at rupture () 
	Strain at rupture () 
	Extensibility Failure strain 
	-

	Poisson's ratio () 
	Poisson's ratio () 
	The ratio of transverse contraction strain to longitudinal extension strain 
	-

	TR
	Rockwell hardness (HR) 

	Hardness 
	Hardness 
	Resistance to wear 
	Brinell hardness (BR) Vickers hardness (HV) 

	TR
	Knoop hardness (HK) 

	Toughness () 
	Toughness () 
	Energy to break per unit volume Energy to break per unit area 
	/ / 

	Modulus of resilience () 
	Modulus of resilience () 
	Energy to yield per unit volume 
	/ √ 

	Fracture toughness () 
	Fracture toughness () 
	Capacity to resist crack growth 
	  

	Fatigue life () 
	Fatigue life () 
	Durability 
	Number of cycles to failure 


	3.3.2.Qu si-st tic mech nic l properties 
	The mechanical environment of a biomaterial is often complex where the static mechanical properties such as Young’s modulus (E), yield stress () and ultimate strength () are among the most important. When it comes to metallic biomaterials, the elastic performance often falls within 0.5% of strain under a quasit-static loading regime. Furthermore, the transition from elastic to plastic deformation is gradual for most metals making it difficult to determine the exact yield point. As a result, the yield stress
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	=       0.2%  
	Fig. 4.Typical stress-strain curve of a metallic biomaterial under quasi-static loading. 
	In comparison to metallic materials, fracture in ceramic biomaterials often happens before any extensive plastic deformation at room temperature [120]. Some metallic biomaterials and many thermoplastics exhibit stress-strain curves with the so-called yield point phenomenon as well [121]. Plastic deformation is initiated at the yield limit, which is followed by a drop in stress. Elastomeric polymers, on the other hand, deform elastically to large strains, typically >100%, and rupture after limited plastic de
	Table 6.Mechanical properties associated with some common biomaterials [5,66,122]. 
	√ Biomaterial E (GPa)  (MPa) (MPa) (MPa ) (%) Ti alloys 105-125 350-1050 600-1000 80 5-50 Co-Cr-Mo alloys 240 450-1500 600-1600 100 10-30 Steel (316L) 200 200-700 500-900 100 10-50 2O3 380-420 -4000-4500 3-6 0.1-0.3 Hydroxyapatite (HA) 100 -50-54 1 0.1-0.3 Polyethylene (PE) 0.8-1.6 20-30 40-50 90 350-550 Poly (methyl 
	StyleSpan
	 
	StyleSpan
	 
	Al

	3-3.5 60-64 35-80 1 2-55 
	methacrylate) PMMA Poly (lactic acid) PLA 3-15 30-60 30-80 3-5 2-60 
	When it comes to tissue engineering applications, the elastic modulus (E) of the biomaterial should be as close as possible to the biological tissue that it replaces. This is primarily because, mechanical stress is critical for tissue reintegration through remodelling; in this regard using a high stiffness biomaterial results in an unloading of the bone, which subsequently leads to poor load transfer at the tissue-bone interface. This increases the likelihood of bone resorption that adversely affects tissue
	StyleSpan
	 

	From a bulk material property perspective, biomaterials often show a strong correlation between E and ; meaning the strength of a material is often assumed to be a measure of the elastic performance (E), furthermore accurate measurement of E in porous materials are challenging in comparison to . However, for certain classes of emerging biomaterials such as lattice-based microporous or meta-biomaterials the traditional correlations between E and or can be different allowing the creation of functional biomate
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	surrogate measure of E may therefore be unjustified as the mechanical properties of the biomaterial can often be altered by varying the micro-structural architecture. 
	3.3.3. H rdness 
	3.3.3. H rdness 
	Hardness characterises the resistance of a material to a localised plastic indentation or abrasion and hence an important mechanical property when selecting the suitable biomaterial for clinical use [135–137]. A biomaterial that features high hardness exhibits less wear and can extend both the longevity and safety of the biomedical device. For load-bearing biomaterials, a low resistance to wear can result in aseptic loosening [138] in addition to the generation of loose particles commonly referred to as deb
	If wear itself is unavoidable, it is important to quantify the amount of acceptable wear for a biomaterial. Furthermore, if wear results in loose particles, then what are the associated characteristics that negatively impact a living tissue or its immune response. There is no doubt that the wear behaviour of a biomaterial is of significant concern and its detrimental effects depend largely on the characteristics of the debris, and the ability of the biological system to either isolate or tolerate them [144–
	Table 7.Knoop hardness of a range of biomaterials [148]. 
	Biomaterial Density (g/cm) Knoop Hardness (HK) 
	Biomaterial Density (g/cm) Knoop Hardness (HK) 
	3

	Tri-calcium phosphate 3.1 400-4500 Bioglass 2.9 4000-5000 Silica glass 2.2 7000-7500 Polyethylene 1.0 140-170 Titanium 4.52 1800-2600 Ti6Al4V 4.4 3200-3600 
	Nevertheless, it is important to note that hardness is not a well-defined material property [149]: meaning, it has been quantitatively measured using various techniques, with Rockwell and Britnell hardness tests being the two most common methods as summarised in Table 5. According to Callister and Rethwisch [150], when it comes to metallic biomaterials, strength, and hardness are indicators of its resistance to plastic deformation, where the hardness may be conceived as roughly proportional to its tensile s
	Nevertheless, it is important to note that hardness is not a well-defined material property [149]: meaning, it has been quantitatively measured using various techniques, with Rockwell and Britnell hardness tests being the two most common methods as summarised in Table 5. According to Callister and Rethwisch [150], when it comes to metallic biomaterials, strength, and hardness are indicators of its resistance to plastic deformation, where the hardness may be conceived as roughly proportional to its tensile s
	 

	demonstrate good resistances to wear. Table 7 summarises the Knoop hardness values associated with some common biomaterials. Although there can be exceptions, in general ceramics are the hardest material, followed by metals and polymers. However, techniques such as ion implantation, nitriding, carburisation, and spray coatings can be used to significantly modifying the physical and chemical surface properties of a biomaterial for improved wear performance [151–154]. 

	3.3.4.F tigue beh viour 
	Fatigue failure in biomaterials occurs as a result of crack generation and growth as a result of cyclic loading. In most cases, fatigue failures happen at stresses well below the quasi-static yield () of the material [155–157]. The reason for this is the cyclic nature of the load that initiates a microscopic crack that subsequently penetrates the material layers to form a macroscopic phenomenon (initiation phase). The crack can then continue to grow to a critical size that results in failure of the biomater
	StyleSpan

	From the review carried out by Teoh [156] looking at the fatigue failure of biomedical devices, catastrophic fatigue failure is primarily of the brittle type where the observable plastic deformation is comparatively low. This shows the significance of fatigue failure where failure can be catastrophic with a little warning before rupture. This is critical as load-bearing biomaterials are expected to survive millions of cyclic loads over their lifetime making fatigue as the major cause of concern in the reduc
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	Fig. 5.A representative example of an S-N curve showing fatigue performance of a biomaterial. 
	Fatigue performance of a material is characterized using an S-N curve, also referred to as the Wöhler curve [163], which is a graph of cyclic stress (S) against the logarithmic number of cycles to failure (N). As shown in Fig. 5, the higher the external stress (S) so is the resulting dislocations leading to a lower number (N) of cyclic loads to reach failure. The fatigue limit or endurance limit refers to the highest cyclic stress (S) that can be applied to a biomaterial without causing fatigue failure, irr
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	≈0.5

	Despite the exceptions, Eqn. (1) is a useful guide in the selection of general-purpose materials for reasonable purposes where enough data is available. Therefore, in principle, traditional materials with high E, and can be expected to have good fatigue performance. However, in the case of biomaterials, it is important to have an appreciation of the substructure of the surface and the surrounding physiological environment before the relationship can be deemed appropriate. The interaction of the material lay
	 
	 

	For example, materials that are brittle that feature a high but low fracture toughness (bioceramics are an example of such material) can exhibit cone cracking phenomenon during fatigue significantly affecting the part performance [167,168]. This is because bioceramics 
	 

	√ featuring a fracture toughness less than 1 MPa are highly prone to brittle fracture requiring substantial quality control to avoid fatigue fracture. As a result, the direction of research point towards biocomposites that feature two or more different phases such as in interpenetrating network composites for superior fatigue performance [169,170]. The primary benefit of these composite biomaterials is their potential to facilitate chemicals that are suitable for controlled drug release [171], which subsequ




	3.4.Functional requirements for host tissue interaction 
	3.4.Functional requirements for host tissue interaction 
	3.4.1. Biom teri ls  nd tissue  tt chment 
	3.4.1. Biom teri ls  nd tissue  tt chment 
	Attachment of host tissue to a biomaterial is directly related to the functional interface that exists between the biomaterial and the tissue. In reality, no biomaterial can be considered completely inert when in contact with a biological tissue [52]. This means that irrespective of their classification, all biomaterials introduce a certain response from the host tissue in direct contact. Based on this principle, the types of biomaterial and tissue interaction can be classified into four types as listed in 
	Table 8.Biomaterial classification based on the functional response from host tissue. 
	Biomaterial classification 
	Biomaterial classification 
	Biomaterial classification 
	Tissue attachment type 
	Biomaterials used 

	TR
	Morphological attachment to 
	Most biomaterials that are not biofunctionalised 

	Nearly inert 
	Nearly inert 
	host tissue (mechanical 
	including Ti and Co-Cr in additions to materials 

	TR
	interlock) 
	such as Polyethylene, Zirconia, and Alumina. 

	Open-pore 
	Open-pore 
	Biological attachment to host tissue (tissue ingrowth into pores) 
	Porous implants, metallic implants coated with biofunctionalised hydroxyapatite. 

	Bioactive 
	Bioactive 
	Interfacial bonding with host tissue (bioactive fixation) 
	Hydroxyapatite, bioactive -ceramics and -glasses. 

	Resorbable 
	Resorbable 
	Biomaterial replaced by host tissue (resorbable interaction) 
	Dicalcium and tricalcium phosphate, hyaluronan, fibrin, collagen, chitosan, polylactic acid (PLA) 


	For a porous biomaterial, the bioactivityis throughthe ingrowth of tissue into the pores resulting in a biological fixation of the biomaterial. This fixation is superior to nearly inert biomaterials at the interface and it is capable of withstanding highly complex biomechanical stresses in comparison to dense and inert biomaterials. Nevertheless, for porous biomaterials to be effective, a pore size requirement within the range of 50-400 is needed to allow for vascularisation. 
	3.4.2. Bio ctivity 
	3.4.2. Bio ctivity 
	Bioactive biomaterials can cause a certain predetermined tissue response that can result in improved integration between the biomaterial and the surrounding biological system. Bioactive materials can be primary characterised into two: (i) osteoconductive and (ii) osteoproductive [172,173]. Biomaterials that show osteoconductive properties generally bond to hard tissues and facilitate tissue interaction along the surface of the bioactive biomaterial. Materials such as synthetic hydroxyapatite [104] and tri-c
	Bioactive biomaterials can cause a certain predetermined tissue response that can result in improved integration between the biomaterial and the surrounding biological system. Bioactive materials can be primary characterised into two: (i) osteoconductive and (ii) osteoproductive [172,173]. Biomaterials that show osteoconductive properties generally bond to hard tissues and facilitate tissue interaction along the surface of the bioactive biomaterial. Materials such as synthetic hydroxyapatite [104] and tri-c
	the growth of new tissue on the material away from the biomaterial interface. Bioactive glasses that bond to soft tissue such as cartilage is an example of osteoproductive biomaterial. The mechanism of tissue bonding to bioactive biomaterials is primarily thought to be the result of hydroxyapatite generation on the biomaterial surface due to interaction with bodily fluids [174,175]. The hydroxyapatite layer formation happens the fastest on osteoproductive materials in comparison to osteoconductive biomateri

	3.4.3. Bioresorb bility 
	3.4.3. Bioresorb bility 
	Bioresorbable biomaterials can exhibit time-dependent controlled degradation and subsequently allow it to be replaced with host tissue [176,177]. However, in practice, due to the large quantity of the biomaterial expected to be handled by the tissues means that a resorbable biomaterial must be metabolically acceptable. Another requirement for a resorbable biomaterial is that the resorption rate must be matched to the repair rates of the biological tissue of the host. When using bioresorbable biomaterial in 
	3.4.4. Infection resist nce 
	3.4.4. Infection resist nce 
	Infection resistant biomaterials are one of the latest strategies that are being experimented to reduce microbial infections [178] following the focus over the last decades on antibiotic techniques, control of clinical sterility [179]. Despite the utmost care clinical hygiene procedures, infections associated with biomaterials and associated surgical procedures have been challenging to avoid entirely. Consequently, the strategy is to prevent infections by either inhibiting or terminating the unwanted microb
	i. 
	i. 
	i. 
	Reduction of bacterial adhesion and protein adsorption [181]. 

	ii. 
	ii. 
	Reduction of the colonisation and assembly of bacteria and biofilms [182]. 

	iii. 
	iii. 
	Initiate antibacterial activity at the host tissue interface [183]. 

	iv. 
	iv. 
	Controlled release of active antimicrobial agents [184,185] 

	v. 
	v. 
	Interference and alternation of the pathogen physiology [186] 

	vi. 
	vi. 
	Disruption of the cellular level structural integrity of microbes resulting in their 

	TR
	termination [187]. 


	In general, biomaterial surfaces that can prevent microbial adhesion are either classied antimicrobial or antifouling [180]. While the former (antimicrobial) can terminate microbes as 
	they interact or approach the biomaterial surface, the latter (antifouling) features the capacity for the prevention of microbial accumulation by interfering with the biolm structure. Even though the development of infection-resistant biomaterials is an active area of research, some notable biomaterials that possess antimicrobial properties are listed in Table 9. One of the promising material in this regard is pure silver in as nanoparticles and coating surfaces [188]. 
	Table 9.Example of antimicrobial biomaterials and their associated characteristics. 
	Biomaterial 
	Biomaterial 
	Biomaterial 
	Characteristics 
	Ref. 

	Ag/ Hydroxyapatite /Lignin 
	Ag/ Hydroxyapatite /Lignin 
	Antimicrobial performance against S. aureus, safe for healthy immunocompetent peripheral blood mononuclear cells (PBMC), and unsusceptible to corrosion. 
	[188– 191] 

	Hydroxypropyl trimethyl ammonium 
	Hydroxypropyl trimethyl ammonium 
	Antimicrobial performance against MRSA and safe for preosteoblasts. 
	-

	[192,193] 

	Chloride chitosan 
	Chloride chitosan 

	Carboxymethyl cellulose (CMC)-based hydrogels with Ag nanoparticles 
	Carboxymethyl cellulose (CMC)-based hydrogels with Ag nanoparticles 
	High antibacterial activity inhibiting E. Coli, P. aeruginosa, S. aureus, and Bacillus subtillis. 
	[194,195] 

	Quaternary ammonium poly(oxanorborneneimides) polymeric nanoparticles 
	Quaternary ammonium poly(oxanorborneneimides) polymeric nanoparticles 
	Infection resistance to P. aeruginosa, S. aureus, and En. Cloacae complex biofilms and low cytotoxicity. 
	[196,197] 

	Cu releasing degradable phosphate glass fibres 
	Cu releasing degradable phosphate glass fibres 
	Antibacterial activity showing inhibition Staphylococcus epidermidis. 
	[198] 

	Zn/Cu dicalcium silicate cement 
	Zn/Cu dicalcium silicate cement 
	Long-term antibacterial potential against P. aeruginosa, E. faecalis, E. coli and S. aureus. 
	[199] 








	4.Future perspective 
	4.Future perspective 
	The development of new biomaterials for decades has been focused on the synthesis and modification of material chemistry leading to biopolymers and metallic alloy with unique properties [200,201]. However, in recent years, an alternative pathway has been gaining momentum where development of new materials with desired mechanical, physical, and biological properties are through modulating the materials at the geometrical and molecular level [77]. This allows developing new materials with targeted properties 
	The development of new biomaterials for decades has been focused on the synthesis and modification of material chemistry leading to biopolymers and metallic alloy with unique properties [200,201]. However, in recent years, an alternative pathway has been gaining momentum where development of new materials with desired mechanical, physical, and biological properties are through modulating the materials at the geometrical and molecular level [77]. This allows developing new materials with targeted properties 
	acknowledged that the rise in digital fabrication techniques such as additive manufacturing has enabled the exploitation of geometrically porous biomaterials which is one of the most promising classes of biomaterials. Though not immediate, what is more, interesting is the possibility of biomaterials that respondto bioactivestimuli that can beusedto activategenes ina preventative treatment to maintain the health of tissues as people age. While some of these areas are in their infancy concerning the clinical 


	5.Conclusion 
	5.Conclusion 
	As discussed so far, the selection and development of a biomaterial depend on the specific medical application and the functional requirements of that application. This means that a biomaterial classification from the functional point of view is essential to not only capture the key features associated but also to provide an insight into the types of interactions it can facilitate with the surrounding tissues. It is also anticipated that a functional classification can also aid in the establishment of effic
	Biomaterial functional requirements Chemical composition Metallic Polymeric Ceramic Composite Origin Natural Synthetic Hybrid Mechanical performance Quasti-static performance (E, , ,  , ) Fatigue Hardness Wear Corrosion Porosity Pore architecture (open/close/dense) Pore size (Macro/micro/nano) Hybrid/Meta Tissue interaction Biocompatability Permeability Bioinert Bioresorbable Osteoproductive/ Osteoconductive antimicrobial/ antifouling 
	Fig. 6.A framework for the classification of biomaterial functionalities. 
	Based on qualifications presented in this paper, Fig. 6 summarises a framework that can be used for the classification of biomaterial functionalities that can accommodate both traditional and emerging biomaterialfunctionalities. This will allowthe selection and development of acandidate biomaterial to be guided by their functional requirement. For example, a well engineering biomaterial for bone scaffolds must be biocompatible in addition to having suitable mechanical performance while featuring a compatibl
	References 
	References 
	[1] M. Rahmati, J.J. Blaker, S.P. Lyngstadaas, J.F. Mano, H.J. Haugen, Designing multigradient biomaterials for skin regeneration, Mater. Today Adv. 5 (2020) 100051. . 
	https://doi.org/10.1016/j.mtadv.2019.100051

	[2] Y. Zeng, J. Hoque, S. Varghese, Biomaterial-assisted local and systemic delivery of bioactive agents for bone repair, Acta Biomater. 93 (2019) 152–168. . 
	https://doi.org/10.1016/j.actbio.2019.01.060

	[3] J.L. Dziki, S.F. Badylak, Immunomodulatory biomaterials, Curr. Opin. Biomed. Eng. 6 (2018) 51–57. . 
	https://doi.org/10.1016/j.cobme.2018.02.005

	[4] V. Migonney, Biomaterials, John Wiley & Sons, Inc., Hoboken, NJ, USA, 2014. . 
	https://doi.org/10.1002/9781119043553

	[5] Q. Chen, G. Thouas, Biomaterials: A Basic Introduction, 2014. bs_navlinks_s (accessed April 28, 2020). 
	https://books.google.co.uk/books?id=LsesBAAAQBAJ&dq=biomaterials+a+basic+introduction&source=g 

	[6] D.F. Williams, Biomaterials and biocompatibility, Med. Prog. Technol. 4 (1976) 31–42. . 
	https://doi.org/10.1177/039139889601900904

	[7] R.J. Narayan, Monitoring and Evaluation of Biomaterials and their Performance In Vivo, Elsevier Inc., 2016. . 
	https://doi.org/10.1016/c2014-0-04050-6

	[8] D.F. Williams, Specifications for Innovative, Enabling Biomaterials Based on the Principles of Biocompatibility Mechanisms, Frontiers Media S.A., 2019. . 
	https://doi.org/10.3389/fbioe.2019.00255

	[9] L.J. Gibson, Biomechanics of cellular solids, J. Biomech. 38 (2005) 377–399. . 
	https://doi.org/10.1016/j.jbiomech.2004.09.027

	[10] Biomaterial types, in: Defin. Biomater. Twenty-First Century, Elsevier, 2019: pp. 25–54. . 
	https://doi.org/10.1016/b978-0-12-818291-8.00003-1

	[11] R. Masaeli, K. Zandsalimi, L. Tayebi, Biomaterials Evaluation: Conceptual Refinements and Practical Reforms, Ther. Innov. Regul. Sci. 53 (2019) 120–127. . 
	https://doi.org/10.1177/2168479018774320

	[12] I. Sheikh, Y. Dahman, Applications of nanobiomaterials in hard tissue engineering, in: Nanobiomaterials Hard Tissue Eng. Appl. Nanobiomaterials, Elsevier Inc., 2016: pp. 33–62. 
	https://doi.org/10.1016/B978-0
	-

	323-42862-0.00002-X. 
	[13] E. Babaie, S.B. Bhaduri, Fabrication Aspects of Porous Biomaterials in Orthopedic Applications: A Review, ACS Biomater. Sci. Eng. 4 (2018) 1–39. . 
	https://doi.org/10.1021/acsbiomaterials.7b00615

	[14] P. Netti, Biomedical foams for tissue engineering applications, Woodhead Publishing, 2014. 
	[15] H.M.A. Kolken, S. Janbaz, S.M.A. Leeflang, K. Lietaert, H.H. Weinans, A.A. Zadpoor, Rationally designed meta-implants: a combination of auxetic and conventional meta-biomaterials, Mater. Horizons. 5 (2018) 28– 35. . 
	https://doi.org/10.1039/C7MH00699C

	[16] B. Wysocki, J. Idaszek, K. Szlązak, K. Strzelczyk, T. Brynk, K. Kurzydłowski, W. Święszkowski, Post Processing and Biological Evaluation of the Titanium Scaffolds for Bone Tissue Engineering, Materials (Basel). 9 (2016) 197. . 
	https://doi.org/10.3390/ma9030197

	[17] J. Wua, Q. Ding, A. Dutta, Y. Wang, Y.H. Huang, H. Wenga, L. Tang, Y. Hong, An injectable extracellular matrix derived hydrogel for meniscus repair and regeneration, Acta Biomater. 16 (2015) 49–59. . 
	https://doi.org/10.1016/j.actbio.2015.01.027

	[18] N. Soro, H. Attar, X. Wu, M.S. Dargusch, Investigation of the structure and mechanical properties of additively manufactured Ti-6Al-4V biomedical scaffolds designed with a Schwartz primitive unit-cell, Mater. Sci. Eng. A. 745 (2019) 195–202. . 
	https://doi.org/10.1016/j.msea.2018.12.104

	[19] Y.S. Chang, H.O. Gu, M. Kobayashi, M. Oka, Influence of various structure treatments on histological fixation of titanium implants, J. Arthroplasty. 13 (1998) 816–825. 5403(98)90037-7. 
	https://doi.org/10.1016/S0883
	-

	[20] J. Knychala, N. Bouropoulos, C.J. Catt, O.L. Katsamenis, C.P. Please, B.G. Sengers, Pore Geometry Regulates Early Stage Human Bone Marrow Cell Tissue Formation and Organisation, Ann. Biomed. Eng. 41 (2013) 917–930. . 
	https://doi.org/10.1007/s10439-013-0748-z

	[21] S. Amin Yavari, S.M.M. Ahmadi, J. van der Stok, R. Wauthle, A.C.C. Riemslag, M. Janssen, J. Schrooten, 
	H. Weinans, A.A.A. Zadpoor, Effects of bio-functionalizing surface treatments on the mechanical behavior of open porous titanium biomaterials, J. Mech. Behav. Biomed. Mater. 36 (2014) 109–119. . 
	https://doi.org/10.1016/j.jmbbm.2014.04.010

	[22] D. Kytýř, P. Zlámal, P. Koudelka, T. Fíla, N. Krčmářová, I. Kumpová, D. Vavřík, A. Gantar, S. Novak, Deformation analysis of gellan-gum based bone scaffold using on-the-fly tomography, Mater. Des. 134 (2017) 400–417. . 
	https://doi.org/10.1016/j.matdes.2017.08.036

	[23] D. Ali, Effect of scaffold architecture on cell seeding efficiency: A discrete phase model CFD analysis, Comput. Biol. Med. 109 (2019) 62–69. . 
	https://doi.org/10.1016/j.compbiomed.2019.04.025

	[24] C.R.E. Hardt, K. Gröndahl, U. Lekholm, J.L. Wennström, Outcome of implant therapy in relation to experienced loss of periodontal bone support: A retrospective 5-year study, Clin. Oral Implants Res. 13 (2002) 488–494. . 
	https://doi.org/10.1034/j.1600-0501.2002.130507.x

	[25] C.E. Wen, Y. Yamada, A. Nouri, P.D. Hodgson, Porous titanium with porosity gradients for biomedical applications, 2007. 
	[26] K. Bari, A. Arjunan, Extra low interstitial titanium based fully porous morphological bone scaffolds manufactured using selective laser melting, J. Mech. Behav. Biomed. Mater. 95 (2019) 1–12. . 
	https://doi.org/10.1016/j.jmbbm.2019.03.025

	[27] C.M. Agrawal, Reconstructing the human body using biomaterials, JOM. 50 (1998) 31–35. . 
	https://doi.org/10.1007/s11837-998-0064-5

	[28] N.W. Hrabe, P. Heinl, B. Flinn, C. Körner, R.K. Bordia, Compression-compression fatigue of selective electron beam melted cellular titanium (Ti-6Al-4V), J. Biomed. Mater. Res. Part B Appl. Biomater. 99B (2011) 313–320. . 
	https://doi.org/10.1002/jbm.b.31901

	[29] R.J. Underwood, A. Zografos, R.S. Sayles, A. Hart, P. Cann, Edge loading in metal-on-metal hips: Low clearance is a new risk factor, in: Proc. Inst. Mech. Eng. Part H J. Eng. Med., 2012: pp. 217–226. . 
	https://doi.org/10.1177/0954411911431397

	[30] L.E.E. Murr, K.N.N. Amato, S.J.J. Li, Y.X.X. Tian, X.Y.Y. Cheng, S.M.M. Gaytan, E. Martinez, P.W.W. Shindo, F. Medina, R.B.B. Wicker, Microstructure and mechanical properties of open-cellular biomaterials prototypes for total knee replacement implants fabricated by electron beam melting, J. Mech. Behav. Biomed. Mater. 4 (2011) 1396–1411. . 
	https://doi.org/10.1016/j.jmbbm.2011.05.010

	[31] M. Tiwari, V. Meshram, P. Lambade, G. Fernandes, Titanium Lag Screw Versus Miniplate Fixation in the Treatment of Anterior Mandibular Fractures, J. Oral Maxillofac. Surg. 77 (2019) 1031–1039. . 
	https://doi.org/10.1016/j.joms.2019.01.001

	[32] L. Pacifici, F. DE Angelis, A. Orefici, A. Cielo, Metals used in maxillofacial surgery, Oral Implantol. (Rome). 9 (2016) 107. . 
	https://doi.org/10.11138/ORL/2016.9.1S.107

	[33] A.R. Pelton, Evaluation of Mechanical Fatigue and Durability, in: Handb. Vasc. Motion, Elsevier, 2019: pp. 313–335. . 
	https://doi.org/10.1016/b978-0-12-815713-8.00015-2

	[34] Y. Shibata, Y. Tanimoto, A review of improved fixation methods for dental implants. Part I: Surface optimization for rapid osseointegration, J. Prosthodont. Res. 59 (2015) 20–33. . 
	https://doi.org/10.1016/j.jpor.2014.11.007

	[35] L. Dall’Ava, H. Hothi, A. Di Laura, J. Henckel, A. Hart, 3D printed acetabular cups for total hip arthroplasty: A review article, Metals (Basel). 9 (2019). . 
	https://doi.org/10.3390/met9070729

	[36] S. Wu, X. Liu, K.W.K. Yeung, C. Liu, X. Yang, Biomimetic porous scaffolds for bone tissue engineering, Mater. Sci. Eng. R Reports. 80 (2014) 1–36. . 
	https://doi.org/10.1016/j.mser.2014.04.001

	[37] Y.S. Hedberg, B. Qian, Z. Shen, S. Virtanen, I. Odnevall Wallinder, In vitro biocompatibility of CoCrMo dental alloys fabricated by selective laser melting, Dent. Mater. 30 (2014) 525–534. . 
	https://doi.org/10.1016/j.dental.2014.02.008

	[38] K. Kawate, T. Ohmura, I. Kawahara, K. Tamai, T. Ueha, K. Takemura, Differences in Highly Cross-Linked Polyethylene Wear Between Zirconia and Cobalt-Chromium Femoral Heads in Japanese Patients. A prospective, randomized study, J. Arthroplasty. 24 (2009) 1221–1224. . 
	https://doi.org/10.1016/j.arth.2009.05.023

	[39] V.D. Pellegrini, S.S. Hughes, C. McCollister Evarts, A collarless cobalt-chrome femoral component in uncemented total hip arthroplasty. Five-to eight-year follow-up, J. Bone Jt. Surg. -Ser. B. 74 (1992) 814– 821. . 
	https://doi.org/10.1302/0301-620x.74b6.1447240

	[40] J. Wilson, Metallic biomaterials, in: Fundam. Biomater. Met., Elsevier, 2018: pp. 1–33. . 
	https://doi.org/10.1016/B978-0-08-102205-4.00001-5

	[41] W. Chrzanowski, F. Dehghani, Standardised chemical analysis and testing of biomaterials, in: Stand. Cell Tissue Eng. Methods Protoc., Elsevier Ltd., 2013: pp. 166–196. . 
	https://doi.org/10.1533/9780857098726.2.166

	[42] W.D. Scott, Deformation Twinning in Ceramics, in: Deform. Ceram. Mater. II, Springer US, Boston, MA, 1984: pp. 235–249. . 
	https://doi.org/10.1007/978-1-4615-6802-5_17

	[43] T. Fett, D. Munz, Subcritical Crack Growth of Macro-And Microcracks in Ceramics, in: Fract. Mech. Ceram., Springer US, 1992: pp. 219–233. . 
	https://doi.org/10.1007/978-1-4615-3350-4_16

	[44] Y. Qiao, X. Liu, Biocompatible Coating, in: Compr. Mater. Process., Elsevier Ltd, 2014: pp. 425–447. . 
	https://doi.org/10.1016/B978-0-08-096532-1.00418-0

	[45] Y. Liu, H. Li, B.T. Zhang, Nanostructured ceramic coating biomaterials, in: Adv. Nanomater. Coatings by Therm. Spray Multi-Dimensional Des. Micro-Nano Therm. Spray Coatings, Elsevier, 2019: pp. 291–311. . 
	https://doi.org/10.1016/B978-0-12-813870-0.00009-7

	[46] J.R. (Joseph R.. Davis, ASM International., Handbook of materials for medical devices, ASM International, 2003. 
	[47] D. Banoriya, R. Purohit, R.K. Dwivedi, Advanced Application of Polymer based Biomaterials, 2017. 
	www.sciencedirect.comwww.materialstoday.com/proceedings (accessed May 14, 2020). 

	[48] B. Love, Polymeric Biomaterials, in: Biomaterials, Elsevier, 2017: pp. 205–238. . 
	https://doi.org/10.1016/B978-0-12-809478-5.00009-2

	[49] B. Baroli, Photopolymerization of biomaterials: issues and potentialities in drug delivery, tissue engineering, and cell encapsulation applications, J. Chem. Technol. Biotechnol. 81 (2006) 491–499. . 
	https://doi.org/10.1002/jctb.1468

	[50] D. Rokaya, V. Srimaneepong, J. Sapkota, J. Qin, K. Siraleartmukul, V. Siriwongrungson, Polymeric materials and films in dentistry: An overview, J. Adv. Res. 14 (2018) 25–34. . 
	https://doi.org/10.1016/j.jare.2018.05.001

	[51] A. Iftekhar, Biomedical Composites, Elsevier, n.d. . 
	https://doi.org/10.1016/c2015-0-02024-x

	[52] F.M. Chen, X. Liu, Advancing biomaterials of human origin for tissue engineering, Prog. Polym. Sci. 53 (2016) 86–168. . 
	https://doi.org/10.1016/j.progpolymsci.2015.02.004

	[53] H.R. Bakhsheshi-Rad, E. Dayaghi, A.F. Ismail, M. Aziz, A. Akhavan-Farid, X. Chen, Synthesis and in-vitro characterization of biodegradable porous magnesium-based scaffolds containing silver for bone tissue engineering, Trans. Nonferrous Met. Soc. China (English Ed. 29 (2019) 984–996. . 
	https://doi.org/10.1016/S1003-6326(19)65007-7

	[54] S. Mitragotri, J. Lahann, Physical approaches to biomaterial design, Nat. Mater. 8 (2009) 15–23. . 
	https://doi.org/10.1038/nmat2344

	[55] A. Arjunan, M. Demetriou, A. Baroutaji, C. Wang, Mechanical performance of highly permeable laser melted Ti6Al4V bone scaffolds, J. Mech. Behav. Biomed. Mater. 102 (2020). . 
	https://doi.org/10.1016/j.jmbbm.2019.103517

	[56] D.A. Wahl, J.T. Czernuszka, Collagen-hydroxyapatite composites for hard tissue repair, Eur. Cells Mater. 11 (2006) 43–56. . 
	https://doi.org/10.22203/eCM.v011a06

	[57] N. Uth, J. Mueller, B. Smucker, A.-M. Yousefi, Validation of scaffold design optimization in bone tissue engineering: finite element modeling versus designed experiments, Biofabrication. 9 (2017) 015023. . 
	https://doi.org/10.1088/1758-5090/9/1/015023

	[58] R.A. Pérez, J.E. Won, J.C. Knowles, H.W. Kim, Naturally and synthetic smart composite biomaterials for tissue regeneration, Adv. Drug Deliv. Rev. 65 (2013) 471–496. . 
	https://doi.org/10.1016/j.addr.2012.03.009

	[59] W. Wang, B. Huang, J.J. Byun, P. Bártolo, Assessment of PCL/carbon material scaffolds for bone regeneration, J. Mech. Behav. Biomed. Mater. 93 (2019) 52–60. . 
	https://doi.org/10.1016/j.jmbbm.2019.01.020

	[60] Y. Xu, C. Chen, P.B. Hellwarth, X. Bao, Biomaterials for stem cell engineering and biomanufacturing, Bioact. Mater. 4 (2019) 366–379. . 
	https://doi.org/10.1016/j.bioactmat.2019.11.002

	[61] R. Sivakumar, On the relevance and requirements of biomaterials, Bull. Mater. Sci. 22 (1999) 647–655. . 
	https://doi.org/10.1007/BF02749981

	[62] G. Schmalz, K.M. Galler, Biocompatibility of biomaterials – Lessons learned and considerations for the design of novel materials, Dent. Mater. 33 (2017) 382–393. 
	https://doi.org/10.1016/j.dental.2017.01.011. 

	[63] Y. Arteshi, A. Aghanejad, S. Davaran, Y. Omidi, Biocompatible and electroconductive polyaniline-based biomaterials for electrical stimulation, Eur. Polym. J. 108 (2018) 150–170. . 
	https://doi.org/10.1016/j.eurpolymj.2018.08.036

	[64] S. Yousaf, S.H. Keshel, G.A. Farzi, M. Momeni-Moghadam, E.D. Ahmadi, M. Mozafari, F. Sefat, Scaffolds for intraocular lens, in: Handb. Tissue Eng. Scaffolds Vol. Two, Elsevier, 2019: pp. 693–709. . 
	https://doi.org/10.1016/B978-0-08-102561-1.00028-2

	[65] L.T. Kuhn, Biomaterials, in: Introd. to Biomed. Eng., Elsevier Inc., 2005: pp. 255–312. . 
	https://doi.org/10.1016/B978-0-12-238662-6.50008-2

	[66] S. Ramakrishna,Biomaterials:ananoapproach,CRCPress,2010. 
	[67] L. Ghasemi-Mobarakeh, D. Kolahreez, S. Ramakrishna, D. Williams, Key terminology in biomaterials and biocompatibility, Curr. Opin. Biomed. Eng. 10 (2019) 45–50. . 
	https://doi.org/10.1016/j.cobme.2019.02.004

	[68] A. Arjunan, M. Singh, A. Baroutaji, C. Wang, Additively manufactured AlSi10Mg inherently stable thin and thick-walled lattice with negative Poisson’s ratio, Compos. Struct. (2020) 112469. . 
	https://doi.org/10.1016/j.compstruct.2020.112469

	[69] H. Nikkhah, A. Baroutaji, Z. Kazancı, A. Arjunan, Evaluation of crushing and energy absorption characteristics of bio-inspired nested structures, Thin-Walled Struct. 148 (2020) 106615. . 
	https://doi.org/10.1016/j.tws.2020.106615

	[70] A. Vance, K. Bari, A. Arjunan, Investigation of Ti64 sheathed cellular anatomical structure as a tibia implant, Biomed. Phys. Eng. Express. 5 (2019) 035008. . 
	https://doi.org/10.1088/2057-1976/ab0bd7

	[71] R. Gatt, M. Vella Wood, A. Gatt, F. Zarb, C. Formosa, K.M. Azzopardi, A. Casha, T.P. Agius, P. Schembri-Wismayer, L. Attard, N. Chockalingam, J.N. Grima, Negative Poisson’s ratios in tendons: An unexpected mechanical response, Acta Biomater. 24 (2015) 201–208. . 
	https://doi.org/10.1016/j.actbio.2015.06.018

	[72] X. Wang, S. Xu, S. Zhou, W. Xu, M. Leary, P. Choong, M. Qian, M. Brandt, Y.M.Y.M.Y.M. Xie, Topological design and additive manufacturing of porous metals for bone scaffolds and orthopaedic implants: A review, Biomaterials. 83 (2016) 127–141. . 
	https://doi.org/10.1016/j.biomaterials.2016.01.012

	[73] J. Yang, H. Cai, J. Lv, K. Zhang, H. Leng, C. Sun, Z. Wang, Z. Liu, In vivo study of a self-stabilizing artificial vertebral body fabricated by electron beam melting, Spine (Phila. Pa. 1976). 39 (2014) E486–E492. . 
	https://doi.org/10.1097/BRS.0000000000000211

	[74] A. Gleadall, D. Visscher, J. Yang, D. Thomas, J. Segal, Review of additive manufactured tissue engineering scaffolds: relationship between geometry and performance, Burn. Trauma. 6 (2018) 1–16. . 
	https://doi.org/10.1186/s41038-018-0121-4

	[75] D.-G. Kim, Y.-H. Jeong, H.-H. Chien, A.M. Agnew, J.W. Lee, H.B. Wen, Immediate mechanical stability of threaded and porous implant systems, Clin. Biomech. 48 (2017) 110–117. . 
	https://doi.org/10.1016/J.CLINBIOMECH.2017.08.001

	[76] D. Wang, Y. Xiong, B. Zhang, Y.F. Zhang, D. Rosen, Q. Ge, Design framework for mechanically tunable soft biomaterial composites enhanced by modified horseshoe lattice structures, Soft Matter. 16 (2020) 1473– 1484. . 
	https://doi.org/10.1039/c9sm02119a

	[77] A.A. Zadpoor, Mechanical performance of additively manufactured meta-biomaterials, Acta Materialia Inc, 2019. . 
	https://doi.org/10.1016/j.actbio.2018.12.038

	[78] A. Arjunan, A. Baroutaji, A.S. Praveen, A.G. Olabi, C.J. Wang, Acoustic Performance of Metallic Foams, in: Ref. Modul. Mater. Sci. Mater. Eng., Elsevier, 2019. 9. 
	https://doi.org/10.1016/B978-0-12-803581-8.11561
	-

	[79] M. Mour, D. Das, T. Winkler, E. Hoenig, G. Mielke, M.M. Morlock, A.F. Schilling, Advances in porous biomaterials for dental and orthopaedic applications, Materials (Basel). 3 (2010) 2947–2974. . 
	https://doi.org/10.3390/ma3052947

	[80] M. Dallago, V. Fontanari, E. Torresani, M. Leoni, C. Pederzolli, C. Potrich, M. Benedetti, Fatigue and biological properties of Ti-6Al-4V ELI cellular structures with variously arranged cubic cells made by 
	selective laser melting, J. Mech. Behav. Biomed. Mater. 78 (2018) 381–394. . 
	https://doi.org/10.1016/j.jmbbm.2017.11.044

	[81] H.E. Burton, N.M. Eisenstein, B.M. Lawless, P. Jamshidi, M.A. Segarra, O. Addison, D.E.T. Shepherd, 
	M.M. Attallah, L.M. Grover, S.C. Cox, The design of additively manufactured lattices to increase the functionality of medical implants, Mater. Sci. Eng. C. 94 (2019) 901–908. . 
	https://doi.org/10.1016/j.msec.2018.10.052

	[82] F.A. España, V.K. Balla, S. Bose, A. Bandyopadhyay, Design and fabrication of CoCrMo alloy based novel structures for load bearing implants using laser engineered net shaping, Mater. Sci. Eng. C. 30 (2010) 50– 57. . 
	https://doi.org/10.1016/j.msec.2009.08.006

	[83] Y. Xu, Hierarchical Materials, in: Mod. Inorg. Synth. Chem. Second Ed., Elsevier Inc., 2017: pp. 545–574. . 
	https://doi.org/10.1016/B978-0-444-63591-4.00019-7

	[84] F. Baino, C. Vitale-Brovarone, Bioactive glass and glass-ceramic foam scaffolds for bone tissue restoration, in: Biomed. Foam. Tissue Eng. Appl., Elsevier Ltd., 2014: pp. 213–248. . 
	https://doi.org/10.1533/9780857097033.2.213

	[85] Y. Kuboki, Q. Jin, H. Takita, Geometry of carriers controlling phenotypic expression in BMP-induced osteogenesis and chondrogenesis., J. Bone Joint Surg. Am. 83 A Suppl 1 (2001). 
	[86] E. Tsuruga, H. Takita, H. Itoh, Y. Wakisaka, Y. Kuboki, Pore size of porous hydroxyapatite as the cell-substratum controls BMP-induced osteogenesis, J. Biochem. 121 (1997) 317–324. . 
	https://doi.org/10.1093/oxfordjournals.jbchem.a021589

	[87] T.M.G. Chu, D.G. Orton, S.J. Hollister, S.E. Feinberg, J.W. Halloran, Mechanical and in vivo performance of hydroxyapatite implants with controlled architectures, Biomaterials. 23 (2002) 1283–1293. . 
	https://doi.org/10.1016/S0142-9612(01)00243-5

	[88] M.C. Kruyt, J.D. De Bruijn, C.E. Wilson, F.C. Oner, C.A. Van Blitterswijk, A.J. Verbout, W.J.A. Dhert, Viable osteogenic cells are obligatory for tissue-engineered ectopic bone formation in goats, Tissue Eng. 9 (2003) 327–336. . 
	https://doi.org/10.1089/107632703764664792

	[89] Y. Kuboki, Q. Jin, M. Kikuchi, J. Mamood, H. Takita, Geometry of artificial ECM: Sizes of pores controlling phenotype expression in BMP-induced osteogenesis and chondrogenesis, Connect. Tissue Res. 43 (2002) 529–534. . 
	https://doi.org/10.1080/713713489

	[90] J.E. Barralet, L. Grover, T. Gaunt, A.J. Wright, I.R. Gibson, Preparation of macroporous calcium phosphate cement tissue engineering scaffold, Biomaterials. 23 (2002) 3063–3072. . 
	https://doi.org/10.1016/S0142-9612(01)00401-X

	[91] I.D. Xynos, M.V.J. Hukkanen, J.J. Batten, L.D. Buttery, L.L. Hench, J.M. Polak, Bioglass ®45S5 stimulates osteoblast turnover and enhances bone formation in vitro: Implications and applications for bone tissue engineering, Calcif. Tissue Int. 67 (2000) 321–329. . 
	https://doi.org/10.1007/s002230001134

	[92] P. Sepulveda, J.R. Jones, L.L. Hench, Bioactive sol-gel foams for tissue repair, J. Biomed. Mater. Res. 59 (2002) 340–348. . 
	https://doi.org/10.1002/jbm.1250

	[93] A.R. El-Ghannam, Advanced bioceramic composite for bone tissue engineering: Design principles and structure-bioactivity relationship, J. Biomed. Mater. Res. -Part A. 69 (2004) 490–501. . 
	https://doi.org/10.1002/jbm.a.30022

	[94] L.B. Rocha, G. Goissis, M.A. Rossi, Biocompatibility of anionic collagen matrix as scaffold for bone healing, Biomaterials. 23 (2002) 449–456. . 
	https://doi.org/10.1016/S0142-9612(01)00126-0

	[95] R. Nazarov, H.J. Jin, D.L. Kaplan, Porous 3-D scaffolds from regenerated silk fibroin, Biomacromolecules. 5 (2004) 718–726. . 
	https://doi.org/10.1021/bm034327e

	[96] L. Meinel, V. Karageorgiou, S. Hofmann, R. Fajardo, B. Snyder, C. Li, L. Zichner, R. Langer, G. Vunjak-Novakovic, D.L. Kaplan, Engineering bone-like tissue in vitro using human bone marrow stem cells and silk 
	scaffolds, J. Biomed. Mater. Res. -Part A. 71 (2004) 25–34. . 
	https://doi.org/10.1002/jbm.a.30117

	[97] J.M. Taboas, R.D. Maddox, P.H. Krebsbach, S.J. Hollister, Indirect solid free form fabrication of local and global porous, biomimetic and composite 3D polymer-ceramic scaffolds, Biomaterials. 24 (2003) 181–194. . 
	https://doi.org/10.1016/S0142-9612(02)00276-4

	[98] A.S.P. Lin, T.H. Barrows, S.H. Cartmell, R.E. Guldberg, Microarchitectural and mechanical characterization of oriented porous polymer scaffolds, Biomaterials. 24 (2003) 481–489. . 
	https://doi.org/10.1016/S0142-9612(02)00361-7

	[99] G. Akay, M.A. Birch, M.A. Bokhari, Microcellular polyHIPE polymer supports osteoblast growth and bone formation in vitro, Biomaterials. 25 (2004) 3991–4000. . 
	https://doi.org/10.1016/j.biomaterials.2003.10.086

	[100] F. Zhao, Y. Yin, W.W. Lu, J.C. Leong, W. Zhang, J. Zhang, M. Zhang, K. Yao, Preparation and histological evaluation of biomimetic three-dimensional hydroxyapatite/chitosan-gelatin network composite scaffolds, Biomaterials. 23 (2002) 3227–3234. . 
	https://doi.org/10.1016/S0142-9612(02)00077-7

	[101] Combustion synthesis of porous materials for bone replacement. -PubMed -NCBI, (n.d.). 
	https://www.ncbi.nlm.nih.gov/pubmed/11347435 (accessed May 3, 2020). 

	[102] A. Taché, L. Gan, D. Deporter, R.M. Pilliar, Effect of surface chemistry on the rate of osseointegration of sintered porous-surfaced Ti-6Al-4V implants., Int. J. Oral Maxillofac. Implants. 19 (n.d.) 19–29. 
	http://www.ncbi.nlm.nih.gov/pubmed/14982351 (accessed May 3, 2020). 

	[103] A. Vance, K. Bari, A. Arjunan, Compressive performance of an arbitrary stiffness matched anatomical Ti64 implant manufactured using Direct Metal Laser Sintering, Mater. Des. 160 (2018) 1281–1294. . 
	https://doi.org/10.1016/j.matdes.2018.11.005

	[104] F. Baino, G. Novajra, C. Vitale-Brovarone, Bioceramics and Scaffolds: A Winning Combination for Tissue Engineering., Front. Bioeng. Biotechnol. 3 (2015) 202. . 
	https://doi.org/10.3389/fbioe.2015.00202

	[105] L. Yuan, S. Ding, C. Wen, Additive manufacturing technology for porous metal implant applications and triple minimal surface structures: A review, KeAi Communications Co., 2019. . 
	https://doi.org/10.1016/j.bioactmat.2018.12.003

	[106] C. Yan, L. Hao, A. Hussein, P. Young, Ti-6Al-4V triply periodic minimal surface structures for bone implants fabricated via selective laser melting, J. Mech. Behav. Biomed. Mater. 51 (2015) 61–73. . 
	https://doi.org/10.1016/j.jmbbm.2015.06.024

	[107] Y. Li, P. Pavanram, J. Zhou, K. Lietaert, P. Taheri, W. Li, H. San, M.A. Leeflang, J.M.C. Mol, H. Jahr, 
	A.A. Zadpoor, Additively manufactured biodegradable porous zinc, Acta Biomater. 101 (2020) 609–623. . 
	https://doi.org/10.1016/j.actbio.2019.10.034

	[108] A.T. Sidambe, Biocompatibility of Advanced Manufactured Titanium Implants-A Review., Mater. (Basel, Switzerland). 7 (2014) 8168–8188. . 
	https://doi.org/10.3390/ma7128168

	[109] X. Chen, H. Fan, X. Deng, L. Wu, T. Yi, L. Gu, C. Zhou, Y. Fan, X. Zhang, X. Chen, H. Fan, X. Deng, L. Wu, T. Yi, L. Gu, C. Zhou, Y. Fan, X. Zhang, Scaffold Structural Microenvironmental Cues to Guide Tissue Regeneration in Bone Tissue Applications, Nanomaterials. 8 (2018) 960. . 
	https://doi.org/10.3390/nano8110960

	[110] L.E.E. Murr, S.M.M. Gaytan, F. Medina, H. Lopez, E. Martinez, B.I.I. MacHado, D.H.H. Hernandez, L. Martinez, M.I.I. Lopez, R.B.B. Wicker, J. Bracke, Next-generation biomedical implants using additive manufacturing of complex cellular and functional mesh arrays, Philos. Trans. R. Soc. A Math. Phys. Eng. Sci. 368 (2010) 1999–2032. . 
	https://doi.org/10.1098/rsta.2010.0010

	[111] X. Xue, M.K. Patel, M. Kersaudy-Kerhoas, M.P.Y. Desmulliez, C. Bailey, D. Topham, Analysis of fluid separation in microfluidic T-channels, Appl. Math. Model. 36 (2012) 743–755. . 
	https://doi.org/10.1016/j.apm.2011.07.009

	[112] A. Aryasomayajula, P. Bayat, P. Rezai, P.R. Selvaganapathy, Microfluidic devices and their applications, 
	in: Springer Handbooks, Springer, 2017: pp. 487–536. . 
	https://doi.org/10.1007/978-3-662-54357-3_16

	[113] B. Gale, A. Jafek, C. Lambert, B. Goenner, H. Moghimifam, U. Nze, S. Kamarapu, A Review of Current Methods in Microfluidic Device Fabrication and Future Commercialization Prospects, Inventions. 3 (2018) 60. . 
	https://doi.org/10.3390/inventions3030060

	[114] F.J. O’Brien, Biomaterials &amp; scaffolds for tissue engineering, Mater. Today. 14 (2011) 88–95. . 
	https://doi.org/10.1016/S1369-7021(11)70058-X

	[115] F. V. Ferreira, C.G. Otoni, K.J. De France, H.S. Barud, L.M.F. Lona, E.D. Cranston, O.J. Rojas, Porous nanocellulose gels and foams: Breakthrough status in the development of scaffolds for tissue engineering, Mater. Today. (2020). . 
	https://doi.org/10.1016/j.mattod.2020.03.003

	[116] A. Ferrari, E. Zürich -Eidgenössische, H.K. Patra, A. El-Fiqi, E.J. Suuronen, E.I. Alarcon, S. Mclaughlin, 
	J. Podrebarac, M. Ruel, B. Mcneill, Nano-engineered Biomaterials for Tissue Regeneration: what Has Been Achieved So Far?, 3 (2016) 1. . 
	https://doi.org/10.3389/fmats.2016.00027

	[117] Z. Jia, P. Xiu, P. Xiong, W. Zhou, Y. Cheng, S. Wei, Y. Zheng, T. Xi, H. Cai, Z. Liu, C. Wang, W. Zhang, 
	Z. Li, Additively Manufactured Macroporous Titanium with Silver-Releasing Micro-/Nanoporous Surface for Multipurpose Infection Control and Bone Repair -A Proof of Concept, ACS Appl. Mater. Interfaces. 8 (2016) 28495–28510. . 
	https://doi.org/10.1021/acsami.6b10473

	[118] A. Baroutaji, A. Arjunan, A. Niknejad, T. Tran, A.-G. Olabi, Application of Cellular Material in Crashworthiness Applications: An Overview, in: Ref. Modul. Mater. Sci. Mater. Eng., Elsevier, 2019. . 
	https://doi.org/10.1016/B978-0-12-803581-8.09268-7

	[119] K.M. Pawelec, A.A. White, S.M. Best, Properties and characterization of bone repair materials, in: Bone Repair Biomater., Elsevier, 2019: pp. 65–102. . 
	https://doi.org/10.1016/b978-0-08-102451-5.00004-4

	[120] S. Desai, B. Bidanda, P. Bártolo, Metallic and ceramic biomaterials: Current and future developments, in: Bio-Materials Prototyp. Appl. Med., Springer US, 2008: pp. 1–14. 4_1. 
	https://doi.org/10.1007/978-0-387-47683
	-

	[121] M. Capurro, F. Barberis, Evaluating the mechanical properties of biomaterials, in: Biomater. Bone Regen. Nov. Tech. Appl., Elsevier Ltd, 2014: pp. 270–323. . 
	https://doi.org/10.1533/9780857098104.2.270

	[122] J.Y. Wong, J.D. Bronzino, D.R. Peterson, Biomaterials, 1st ed., CRC Press, Boca Raton, 2012. . 
	https://doi.org/10.1201/b13687

	[123] S.E. Szczesny, C.S. Lee, L.J. Soslowsky, Remodeling and repair of orthopedic tissue: role of mechanical loading and biologics., Am. J. Orthop. (Belle Mead. NJ). 39 (2010) 525–530. 
	[124] F. Boccafoschi, C. Mosca, M. Ramella, G. Valente, M. Cannas, The effect of mechanical strain on soft (cardiovascular) and hard (bone) tissues, Cell Adh. Migr. 7 (2013) 165–173. . 
	https://doi.org/10.4161/cam.23020

	[125] I. Goda, J.F. Ganghoffer, G. Maurice, Combined bone internal and external remodeling based on Eshelby stress, Int. J. Solids Struct. 94–95 (2016) 138–157. . 
	https://doi.org/10.1016/j.ijsolstr.2016.04.036

	[126] Y. Abu-Amer, I. Darwech, J.C. Clohisy, Aseptic loosening of total joint replacements: Mechanisms underlying osteolysis and potential therapies, Arthritis Res. Ther. 9 (2007) S6. 
	https://doi.org/10.1186/ar2170. 

	[127] M. Niinomi, Biologically and Mechanically Biocompatible Titanium Alloys, (n.d.). . 
	https://doi.org/10.2320/matertrans.L-MRA2008828

	[128] B.N. Weissman, Imaging of Total Joint Replacement, in: Imaging Arthritis Metab. Bone Dis., Elsevier Inc., 2009: pp. 560–597. . 
	https://doi.org/10.1016/B978-0-323-04177-5.00030-6

	[129] E. Sallica-Leva, A.L. Jardini, J.B. Fogagnolo, Microstructure and mechanical behavior of porous Ti-6Al-4V parts obtained by selective laser melting, J. Mech. Behav. Biomed. Mater. 26 (2013) 98–108. 
	. 
	https://doi.org/10.1016/j.jmbbm.2013.05.011

	[130] A. Bandyopadhyay, F. Espana, V.K. Balla, S. Bose, Y. Ohgami, N. Davies, Influence of porosity on mechanical properties and in vivo response of Ti6Al4V implants, Acta Biomater. 6 (2010) 1640–1648. . 
	https://doi.org/10.1016/j.actbio.2009.11.011

	[131] R. Hedayati, A.M. Leeflang, A.A. Zadpoor, Additively manufactured metallic pentamode meta-materials, Appl. Phys. Lett. 110 (2017). . 
	https://doi.org/10.1063/1.4977561

	[132] F.S.L.L. Bobbert, S. Janbaz, A.A. Zadpoor, No Title, 6 (2018) 3449–3455. . 
	https://doi.org/10.1039/c8tb00576a

	[133] H. Ma, C. Feng, J. Chang, C. Wu, 3D-printed bioceramic scaffolds: From bone tissue engineering to tumor therapy, Acta Biomater. 79 (2018) 37–59. 
	https://doi.org/10.1016/j.actbio.2018.08.026. 

	[134] F.S.L.S.L. Bobbert, K. Lietaert, A.A.A. Eftekhari, B. Pouran, S.M.M. Ahmadi, H. Weinans, A.A.A. Zadpoor, Additively manufactured metallic porous biomaterials based on minimal surfaces: A unique combination of topological, mechanical, and mass transport properties, Acta Biomater. 53 (2017) 572–584. 
	https://doi.org/10.1016/j.actbio.2017.02.024. 

	[135] D. Zindani, K. Kumar, J. Paulo Davim, Metallic biomaterials-A review, in: Mech. Behav. Biomater., Elsevier, 2019: pp. 83–99. . 
	https://doi.org/10.1016/B978-0-08-102174-3.00004-8

	[136] M.R. Khosravani, Mechanical behavior of restorative dental composites under various loading conditions, J. Mech. Behav. Biomed. Mater. 93 (2019) 151–157. 
	https://doi.org/10.1016/j.jmbbm.2019.02.009. 

	[137] T. Kasuga, Coatings for metallic biomaterials, in: Met. Biomed. Devices, Elsevier, 2019: pp. 369–382. . 
	https://doi.org/10.1016/B978-0-08-102666-3.00014-6

	[138] M.A. Hussein, A.S. Mohammed, N. Al-Aqeeli, Wear characteristics of metallic biomaterials: A review, Materials (Basel). 8 (2015) 2749–2768. . 
	https://doi.org/10.3390/ma8052749

	[139] R. Zdero, L.E. Guenther, T.C. Gascoyne, Pin-on-Disk Wear Testing of Biomaterials used for Total Joint Replacements, in: Exp. Methods Orthop. Biomech., Elsevier Inc., 2017: pp. 299–311. . 
	https://doi.org/10.1016/B978-0-12-803802-4.00019-6

	[140] J.A. Savio, L.M. Overcamp, J. Black, Size and shape of biomaterial wear debris, Clin. Mater. 15 (1994) 101–147. . 
	https://doi.org/10.1016/0267-6605(94)90076-0

	[141] S.F. E, L. Shi, Z.G. Guo, W.M. Liu, The recent progress of tribological biomaterials, Biosurface and Biotribology. 1 (2015) 81–97. . 
	https://doi.org/10.1016/j.bsbt.2015.06.002

	[142] M. Spector, Biomaterial failure, Orthop. Clin. North Am. 23 (1992) 211–217. 
	[143] V. Saikko, J. Kostamo, RandomPOD-A new method and device for advanced wear simulation of orthopaedic biomaterials, J. Biomech. 44 (2011) 810–814. . 
	https://doi.org/10.1016/j.jbiomech.2010.12.024

	[144] D. Bitar, J. Parvizi, Biological response to prosthetic debris, World J. Orthop. 6 (2015) 172–189. . 
	https://doi.org/10.5312/wjo.v6.i2.172

	[145] E. Ingham, J. Fisher, Biological reactions to wear debris in total joint replacement, Proc. Inst. Mech. Eng. Part H J. Eng. Med. 214 (2000) 21–37. . 
	https://doi.org/10.1243/0954411001535219

	[146] L.M. Jazrawi, F.J. Kummer, P.E. Di Cesare, Hard bearing surfaces in total hip arthroplasty., Am. J. Orthop. (Belle Mead. NJ). 27 (1998) 283–292. 
	[147] J.M. Cuckler, The rationale for metal-on-metal total hip arthroplasty, in: Clin. Orthop. Relat. Res., Lippincott Williams and Wilkins, 2005: pp. 132–136. . 
	https://doi.org/10.1097/01.blo.0000193809.85587.f8

	[148] N. A. Nawawi, A. S.F. Alqap, I. Sopyan, Recent Progress on Hydroxyapatite-Based Dense Biomaterials for Load Bearing Bone Substitutes, Recent Patents Mater. Sci. 4 (2011) 63–80. . 
	https://doi.org/10.2174/1874464811104010063

	[149] W.D. Callister,D.G. Rethwisch,Fundamentalsofmaterialsscienceandengineering:anintegrated approach, n.d. 
	[150] W.D. Callister, D.G. Rethwisch, Materials science and engineering, n.d. 
	[151] C. Díaz, J. Lutz, S. Mändl, J.A. García, R. Martínez, R.J. Rodríguez, Improved bio-tribology of biomedical alloys by ion implantation techniques, Nucl. Instruments Methods Phys. Res. Sect. B Beam Interact. with Mater. Atoms. 267 (2009) 1630–1633. . 
	https://doi.org/10.1016/j.nimb.2009.01.118

	[152] A.S. Praveen, A. Arjunan, Parametric optimisation of High-Velocity Oxy-Fuel Nickel-Chromium-Silicon-Boron and Aluminium-Oxide coating to improve erosion wear resistance, Mater. Res. Express. (2019). . 
	https://doi.org/10.1088/2053-1591/ab301c

	[153] A.S. Praveen, A. Arjunan, Effect of nano-Al2O3 addition on the microstructure and erosion wear of HVOF sprayed NiCrSiB coatings, Mater. Res. Express. 7 (2019) 015006. 1591/ab5bda. 
	https://doi.org/10.1088/2053
	-

	[154] C. Wen, Surface Coating and Modification of Metallic Biomaterials, Elsevier Inc., 2015. . 
	https://doi.org/10.1016/C2014-0-02668-8

	[155] S. Amin Yavari, R. Wauthle, J. van der Stok, A.C.C. Riemslag, M. Janssen, M. Mulier, J.P.P. Kruth, J. Schrooten, H. Weinans, A.A.A. Zadpoor, Fatigue behavior of porous biomaterials manufactured using selective laser melting, Mater. Sci. Eng. C. 33 (2013) 4849–4858. . 
	https://doi.org/10.1016/j.msec.2013.08.006

	[156] S.H. Teoh, Fatigue of biomaterials: A review, Int. J. Fatigue. 22 (2000) 825–837. . 
	https://doi.org/10.1016/S0142-1123(00)00052-9

	[157] D. Arola, D. Bajaj, J. Ivancik, H. Majd, D. Zhang, Fatigue of biomaterials: Hard tissues, Int. J. Fatigue. 32 (2010) 1400–1412. . 
	https://doi.org/10.1016/j.ijfatigue.2009.08.007

	[158] K.R. St. John, ASTM Committee F-4 on Medical and Surgical Materials and Devices., T.. Symposium on Biocompatibility of Particulate Implant Materials (1990: San Antonio, Particulate debris from medical implants: mechanisms of formation and biological consequences, ASTM, 1992. 
	[159] ISO, ISO -ISO 7206-4:2010 -Implants for surgery — Partial and total hip joint prostheses — Part 4: Determination of endurance properties and performance of stemmed femoral components, 2015. 
	https://www.iso.org/standard/42769.html (accessed May 15, 2020). 

	[160] ISO, ISO -ISO 7206-6:2013 -Implants for surgery — Partial and total hip joint prostheses — Part 6: Endurance properties testing and performance requirements of neck region of stemmed femoral components, 2019. 
	https://www.iso.org/standard/51186.html (accessed May 15, 2020). 

	[161] M. Semlitsch, H.G. Willert, Properties of implant alloys for artificial hip joints, Med. Biol. Eng. Comput. 18 (1980) 511–520. . 
	https://doi.org/10.1007/BF02443329

	[162] G. Bergmann, A. Bender, J. Dymke, G. Duda, P. Damm, Standardized loads acting in hip implants, PLoS One. 11 (2016). 
	https://doi.org/10.1371/journal.pone.0155612. 

	[163] L.M. Wyatt, V. Coveney, C. Riddiford, R. Sharpe, Materials, properties and selection, in: Mech. Eng. Ref. B., Elsevier, 1994: pp. 7-1-7–180. . 
	https://doi.org/10.1016/b978-0-7506-1195-4.50011-7

	[164] Rules of Thumb for Mechanical Engineers, Elsevier, 1996. 8.x5000-0. 
	https://doi.org/10.1016/b978-0-88415-790
	-

	[165] N. Eliaz, Corrosion of metallic biomaterials: A review, Materials (Basel). 12 (2019). . 
	https://doi.org/10.3390/ma12030407

	[166] K. Prasad, O. Bazaka, M. Chua, M. Rochford, L. Fedrick, J. Spoor, R. Symes, M. Tieppo, C. Collins, A. Cao, D. Markwell, K. Ostrikov, K. Bazaka, Metallic biomaterials: Current challenges and opportunities, Materials (Basel). 10 (2017). . 
	https://doi.org/10.3390/ma10080884

	[167] A. Hohenwarter, R. Pippan, Fracture and fracture toughness of nanopolycrystalline metals produced by severe plastic deformation, Philos. Trans. R. Soc. A Math. Phys. Eng. Sci. 373 (2015). . 
	https://doi.org/10.1098/rsta.2014.0366

	[168] S.M. Barinov, V.Y. Shevchenko, Dynamic fatigue of porous hydroxyapatite bioceramics, Refract. Ind. Ceram. 37 (1996) 225–226. . 
	https://doi.org/10.1007/bf02307293

	[169] D.U. Shah, Damage in biocomposites: Stiffness evolution of aligned plant fibre composites during monotonic and cyclic fatigue loading, Compos. Part A Appl. Sci. Manuf. 83 (2016) 160–168. . 
	https://doi.org/10.1016/j.compositesa.2015.09.008

	[170] A. Pegoretti, A. Dorigato, Fatigue behaviour of biocomposites, in: Biomed. Compos., Elsevier, 2017: pp. 431–478. . 
	https://doi.org/10.1016/b978-0-08-100752-5.00019-6

	[171] S.J.P. McInnes, Y. Irani, K.A. Williams, N.H. Voelcker, Controlled drug delivery from composites of nanostructured porous silicon and poly(L-lactide), Nanomedicine. 7 (2012) 995–1016. . 
	https://doi.org/10.2217/nnm.11.176

	[172] W. Cao, L.L. Hench, Bioactive materials, Ceram. Int. 22 (1996) 493–507. 8842(95)00126-3. 
	https://doi.org/10.1016/0272
	-

	[173] M. Alksne, M. Kalvaityte, E. Simoliunas, I. Rinkunaite, I. Gendviliene, J. Locs, V. Rutkunas, V. Bukelskiene, In vitro comparison of 3D printed polylactic acid/hydroxyapatite and polylactic acid/bioglass composite scaffolds: Insights into materials for bone regeneration, J. Mech. Behav. Biomed. Mater. 104 (2020). . 
	https://doi.org/10.1016/j.jmbbm.2020.103641

	[174] F. Baino, S. Hamzehlou, S. Kargozar, Bioactive glasses: Where are we and where are we going?, J. Funct. Biomater. 9 (2018). . 
	https://doi.org/10.3390/jfb9010025

	[175] F. Westhauser, F. Hohenbild, M. Arango-Ospina, S.I. Schmitz, S. Wilkesmann, L. Hupa, A. Moghaddam, 
	A.R. Boccaccini, Bioactive glass (Bg) icie16 shows promising osteogenic properties compared to crystallized 45s5-bg, Int. J. Mol. Sci. 21 (2020). . 
	https://doi.org/10.3390/ijms21051639

	[176] B. Prabhu, A. Karau, A. Wood, M. Dadsetan, H. Liedtke, T. Dewitt, Bioresorbable materials for orthopedic applications (Lactide and glycolide based), in: Orthop. Biomater. Prog. Biol. Manuf. Ind. Perspect., Springer International Publishing, 2018: pp. 287–344. . 
	https://doi.org/10.1007/978-3-319-89542-0_13

	[177] L. Berzina-Cimdina, M. Prakasam, J. Locs, A. Largeteau, D. Loca, K. Salma-Ancane, Biodegradable Materials and Metallic Implants—A Review, J. Funct. Biomater. 8 (2017) 44. . 
	https://doi.org/10.3390/jfb8040044

	[178] M.C. Chifiriuc, A. Ficai, A.M. Grumezescu, L.M. Ditu, M. Popa, C. Iordache, A.M. Holban, Ş.V.G. Beresteanu, R. Grigore, V. Lazar, Soft tissue engineering and microbial infections: Challenges and perspectives, in: Nanobiomaterials Soft Tissue Eng. Appl. Nanobiomaterials, Elsevier Inc., 2016: pp. 1–29. . 
	https://doi.org/10.1016/B978-0-323-42865-1.00001-5

	[179] D. Campoccia, L. Montanaro, C.R. Arciola, A review of the biomaterials technologies for infection-resistant surfaces, Biomaterials. 34 (2013) 8533–8554. . 
	https://doi.org/10.1016/j.biomaterials.2013.07.089

	[180] I. Francolini, C. Vuotto, A. Piozzi, G. Donelli, Antifouling and antimicrobial biomaterials: an overview, APMIS. 125 (2017) 392–417. . 
	https://doi.org/10.1111/apm.12675

	[181] P. Speziale, G. Pietrocola, S. Rindi, M. Provenzano, G. Provenza, A. Di Poto, L. Visai, C.R. Arciola, Structural and functional role of Staphylococcus aureus surface components recognizing adhesive matrix molecules of the host, Future Microbiol. 4 (2009) 1337–1352. . 
	https://doi.org/10.2217/fmb.09.102

	[182] A.L. Hook, C.Y. Chang, J. Yang, J. Luckett, A. Cockayne, S. Atkinson, Y. Mei, R. Bayston, D.J. Irvine, R. Langer, D.G. Anderson, P. Williams, M.C. Davies, M.R. Alexander, Combinatorial discovery of polymers resistant to bacterial attachment, Nat. Biotechnol. 30 (2012) 868–875. . 
	https://doi.org/10.1038/nbt.2316

	[183] V. Hodgkinson, M.J. Petris, Copper homeostasis at the host-pathogen interface, J. Biol. Chem. 287 (2012) 
	13549–13555. . 
	https://doi.org/10.1074/jbc.R111.316406

	[184] W. Orapiriyakul, P.S. Young, L. Damiati, P.M. Tsimbouri, Antibacterial surface modification of titanium implants in orthopaedics, J. Tissue Eng. 9 (2018) 204173141878983. . 
	https://doi.org/10.1177/2041731418789838

	[185] I. Francolini, G. Donelli, Prevention and control of biofilm-based medical-device-related infections, FEMS Immunol. Med. Microbiol. 59 (2010) 227–238. . 
	https://doi.org/10.1111/j.1574-695X.2010.00665.x

	[186] S.J. Lam, N.M. O’Brien-Simpson, N. Pantarat, A. Sulistio, E.H.H. Wong, Y.Y. Chen, J.C. Lenzo, J.A. Holden, A. Blencowe, E.C. Reynolds, G.G. Qiao, Combating multidrug-resistant Gram-negative bacteria with structurally nanoengineered antimicrobial peptide polymers, Nat. Microbiol. 1 (2016). . 
	https://doi.org/10.1038/nmicrobiol.2016.162

	[187] S. Qiao, H. Cao, X. Zhao, H. Lo, L. Zhuang, Y. Gu, J. Shi, X. Liu, H. Lai, Ag-plasma modification enhances bone apposition around titanium dental implants: An animal study in labrador dogs, Int. J. Nanomedicine. 10 (2015) 653–664. . 
	https://doi.org/10.2147/IJN.S73467

	[188] J. Robinson, M. Stanford, A. Arjunan, Stable Formation of Powder Bed Laser Fused 99.9% Silver, Mater. Today Commun. (2020) 101195. . 
	https://doi.org/10.1016/j.mtcomm.2020.101195

	[189] S. Erakovic, A. Jankovic, G.C.P. Tsui, C.Y. Tang, V. Miskovic-Stankovic, T. Stevanovic, Novel Bioactive Antimicrobial Lignin Containing Coatings on Titanium Obtained by Electrophoretic Deposition, MDPI AG, 2014. . 
	https://doi.org/10.3390/ijms150712294

	[190] R. Kumar Saini, L. Prasad Bagri, A.K. Bajpai, Nano-silver hydroxyapatite based antibacterial 3D scaffolds of gelatin/alginate/poly (vinyl alcohol) for bone tissue engineering applications, Colloids Surfaces B Biointerfaces. 177 (2019) 211–218. . 
	https://doi.org/10.1016/j.colsurfb.2019.01.064

	[191] S. Lamkhao, M. Phaya, C. Jansakun, N. Chandet, K. Thongkorn, G. Rujijanagul, P. Bangrak, C. Randorn, Synthesis of Hydroxyapatite with Antibacterial Properties Using a Microwave-Assisted Combustion Method, Sci. Rep. 9 (2019) 1–9. . 
	https://doi.org/10.1038/s41598-019-40488-8

	[192] W. Chi, C. Qin, L. Zeng, W. Li, W. Wang, Microbiocidal activity of chitosan-N-2-hydroxypropyl trimethyl ammonium chloride, J. Appl. Polym. Sci. 103 (2007) 3851–3856. . 
	https://doi.org/10.1002/app.25476

	[193] D. Wang, Osteoinductive and Antibacterial Biomaterials for Bone Tissue Engineering, (2016). 
	[194] K. Yang, Q. Han, B. Chen, Y. Zheng, K. Zhang, Q. Li, J. Wang, Antimicrobial hydrogels: promising materials for medical application, Int. J. Nanomedicine. Volume 13 (2018) 2217–2263. . 
	https://doi.org/10.2147/IJN.S154748

	[195] A. Hebeish, M. Hashem, M.M.A. El-Hady, S. Sharaf, Development of CMC hydrogels loaded with silver nano-particles for medical applications, Carbohydr. Polym. 92 (2013) 407–413. . 
	https://doi.org/10.1016/j.carbpol.2012.08.094

	[196] A. Gupta, R.F. Landis, C.H. Li, M. Schnurr, R. Das, Y.W. Lee, M. Yazdani, Y. Liu, A. Kozlova, V.M. Rotello, Engineered Polymer Nanoparticles with Unprecedented Antimicrobial Efficacy and Therapeutic Indices against Multidrug-Resistant Bacteria and Biofilms, J. Am. Chem. Soc. 140 (2018) 12137–12143. . 
	https://doi.org/10.1021/jacs.8b06961

	[197] Crosslinked Polymer-Stabilized Nanocomposites for the Treatment of Bacterial Biofilms, (n.d.). / (accessed May 15, 2020). 
	https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5848076

	[198] E.A. Abou Neel, I. Ahmed, J. Pratten, S.N. Nazhat, J.C. Knowles, Characterisation of antibacterial copper releasing degradable phosphate glass fibres, Biomaterials. 26 (2005) 2247–2254. . 
	https://doi.org/10.1016/j.biomaterials.2004.07.024

	[199] F. Zhang, M. Zhou, W. Gu, Z. Shen, X. Ma, F. Lu, X. Yang, Y. Zheng, Z. Gou, Zinc-/copper-substituted dicalcium silicate cement: Advanced biomaterials with enhanced osteogenesis and long-term antibacterial properties, J. Mater. Chem. B. 8 (2020) 1060–1070. . 
	https://doi.org/10.1039/c9tb02691f

	[200] S. Bose, D. Ke, H. Sahasrabudhe, A. Bandyopadhyay, Additive manufacturing of biomaterials, Prog. Mater. Sci. 93 (2018) 45–111. . 
	https://doi.org/10.1016/j.pmatsci.2017.08.003

	[201] G. Masci, I. Husu, S. Murtas, A. Piozzi, V. Crescenzi, Physical hydrogels of poly(vinyl alcohol) with different syndiotacticity prepared in the presence of lactosilated chitosan derivatives, Macromol. Biosci. 3 (2003) 455–461. . 
	https://doi.org/10.1002/mabi.200350017

	[202] L.L. Hench, I. Thompson, Twenty-first century challenges for biomaterials, J. R. Soc. Interface. 7 (2010) S379. . 
	https://doi.org/10.1098/rsif.2010.0151.focus








