
 

 

 

University of Calabria 

DIMEG –Department of Mechanical, Energy and Management 

Engineering 

 

Ph.D.Thesis 

XXXVI Cycle 

Ph.D.in Civil and Industrial Engineering 

 

Materials, Processing and Assessment for 

Bioengineering Applications 

 

Candidate 

Michela Sanguedolce 

 

Ph.D.Coordinator: 

Prof. Domenico Mundo 

 

Supervisor: 

Prof. Luigino Filice 

DOTTORATO DI RICERCA 

IN INGEGNERIA CIVILE E 

INDUSTRIALE 



TABLE OF CONTENTS 

TABLE OF CONTENTS ................................................................................................... 5 

ABSTRACT (ITA) .......................................................................................................... 8 

ABSTRACT (ENG) ...................................................................................................... 10 

INTRODUCTION ......................................................................................................... 11 

MOTIVATION OF THE WORK AND APPLICATION ............................................................ 14 

CHAPTER I ............................................................................................................... 17 

BIOMATERIALS: DESCRIPTION AND APPLICATIONS........................................................ 17 

CLASSES OF BIOMATERIALS .............................................................................. 20 

METALS .............................................................................................. 20 

STAINLESS STEELS ....................................................................... 20 

COBALT-BASED ALLOYS ............................................................... 21 

TITANIUM AND ITS ALLOYS ........................................................... 22 

NICKEL-TITANIUM ALLOYS .......................................................... 22 

POLYMERS .......................................................................................... 23 

CERAMICS AND GLASSES ....................................................................... 23 

ENGINEERED NATURAL MATERIALS ....................................................... 24 

APPLICATIONS OF BIOMATERIALS: ORTHOPEDIC ................................................ 24 

ORTHOPEDIC DEVICES-RELATED ISSUES ........................................................... 25 

STUDIED BIOMATERIALS .................................................................................. 27 

SURGICAL GRADE TI6AL4V ALLOY ........................................................ 27 

CHITOSAN-BASED COATINGS ................................................................. 29 

CHAPTER II ............................................................................................................. 31 

PROCESSING: WHY SURFACE FUNCTIONALIZATION ...................................................... 31 

STATE OF THE ART AND STUDIED PROCESSES .................................................... 32 

MECHANICAL PROCESSES ....................................................................... 33 

THERMAL PROCESSES ............................................................................. 34 

CHEMICAL PROCESSES ........................................................................... 35 

COATINGS DEPOSITION, DRUG ENTRAPMENT, BIOLOGICAL MODIFICATION 36 

CHAPTER III ............................................................................................................ 38 

PERFORMANCE ASSESSMENT ...................................................................................... 38 



SURFACE CHARACTERIZATION .......................................................................... 39 

SURFACE TEXTURE ................................................................................. 39 

MICROSTRUCTURE AND COMPOSITION ..................................................... 40 

CONTACT ANGLE .................................................................................... 40 

HARDNESS ............................................................................................. 41 

ADHESION OF COATINGS ........................................................................ 42 

CELL RESPONSE TO SURFACES ......................................................................... 43 

BONE CELLS .......................................................................................... 43 

BACTERIAL PATHOGENS .......................................................................... 44 

CHAPTER IV ............................................................................................................ 46 

CASE STUDIES ........................................................................................................... 46 

CASE STUDY I: CHITOSAN COATING OF TI6AL4V ................................................. 46 

METHODOLOGY ..................................................................................... 46 

CHITOSAN COATING DEPOSITION ................................................. 46  

ELECTROPHORETIC DEPOSITION .................................... 467  

DIP COATING ................................................................ 468 

COATING ADHESION TESTING ...................................................... 49 

RESULTS AND DISCUSSION ...................................................................... 50 

CASE STUDY II: SURFACE PROCESSING OF TI6AL4V TO TUNE COATING ADHESION 54 

METHODOLOGY ..................................................................................... 54 

SURFACE MODIFICATION ............................................................ 54 

FACE MILLING ................................................................ 54 

GRIT BLASTING ............................................................... 55 

ELECTRICAL DISCHARGE MACHINING ............................... 56 

CHITOSAN/BIOGLASS COATING DEPOSITION ...................... 56 

SUBSTRATE – COATING CHARACTERIZATION .................................. 57 

SUBSTRATE CHARACTERIZATION ....................................... 57 

COATING ADHESION TESTING ........................................... 58 

RESULTS AND DISCUSSION ...................................................................... 59 

SURFACE PROPERTIES AFTER PROCESSING ................................... 59 

COATING ADHESION ................................................................... 64 

CASE STUDY III: SURFACE PROCESSING OF TI6AL4V TO TUNE CELL RESPONSE ..... 68 

BONE CELLS: MG63 .............................................................................. 68 



METHODOLOGY .......................................................................... 68 

SURFACE PROCESSING OF TI6AL4V .................................. 68 

FACE MILLING ..................................................... 68 

GRIT BLASTING .................................................... 69 

CHARACTERIZATION OF SURFACE PROCESSED TI6AL4V ..... 69 

CELL CULTURES .............................................................. 71 

RESULTS AND DISCUSSION ........................................................... 71 

SURFACE PROPERTIES AFTER PROCESSING ........................ 71 

CELL RESPONSE: PROLIFERATION OF MG63 BONE CELLS .. 77 

BACTERIAL PATHOGENS: ESCHERICHIA COLI K-12 ................................... 80 

METHODOLOGY .......................................................................... 80 

SURFACE PROCESSING OF TI6AL4V .................................. 80 

FACE MILLING ..................................................... 80 

LASER TEXTURING................................................ 81 

CHARACTERIZATION OF SURFACE PROCESSED TI6AL4V ..... 81 

CELL CULTURES .............................................................. 82 

RESULTS AND DISCUSSION ........................................................... 82 

SURFACE PROPERTIES AFTER PROCESSING ............................ 82 

CELL RESPONSE: PROLIFERATION OF ESCHERICHIA COLI ....... 85 

CONCLUDING REMARKS AND FUTURE WORKS .......................................................... 87 

ACKNOWLEDGMENTS ................................................................................................. 89 

LIST OF FIGURES ....................................................................................................... 90 

LIST OF TABLES ......................................................................................................... 94 

REFERENCES ............................................................................................................. 96 

 



PhD Thesis                                                                                                              Michela Sanguedolce 

 

8 

ABSTRACT (ITA) 

Le leghe di titanio, in particolare la lega Ti6Al4V, sono correntemente lo “standard of care” 

per gli impianti ortopedici, in particolare la generalmente soddisfacente risposta biologica. 

Nonostante ciò, problemi quali l’insorgenza di infezioni, il cedimento dell’impianto a 

causa della scarsa osteointegrazione ed il fenomeno dello stress shielding sono frequenti. 

Inoltre, le infezioni legate agli impianti ortopedici risultano difficili da diagnosticare e, 

talvolta, le cure antibiotiche a livello sistemico sono poco efficaci. Alla luce di ciò, risulta 

essenziale la realizzazione di impianti dotati di proprietà antibatteriche a scopo di 

prevenire lo sviluppo di infezioni e della antibiotico-resistenza ma al contempo atti a 

promuovere l’integrazione con i tessuti circostanti, al fine di ridurre l’insorgenza delle 

chirurgie di revisione. Le interazioni biomateriale-tessuto all’interfaccia hanno un ruolo 

chiave nel buon funzionamento degli impianti: non solo influenzano la connessione con 

i tessuti circostanti ma anche il comportamento di eventuali batteri patogeni e la 

formazione di biofilm. Essendo la relazione fra composizione del biomateriale, design 

dell’impianto e risposta biologica all’interno del corpo umano molto complessa, predire 

la buona riuscita dell’impianto nel breve e lungo termine non risulta al momento fattibile. 

I metodi di analisi in vitro sono di rilievo in questo campo ma hanno numerose limitazioni, 

inclusa l’assenza di una risposta immunitaria, presente nelle condizioni in vivo. Ciò porta 

quindi ad una maggiore spinta verso lo sviluppo e miglioramento di modelli predittivi. Il 

focus del presente lavoro è la modifica superficiale della lega di titanio Ti6Al4V, 

comunemente impiegata per la manifattura di fissatori ossei, al fine di affrontare i più 

frequenti problemi di scarsa osteointegrazione, infezione e sensibilizzazione ai metalli. 

Sono a tal fine esplorate le tecniche di modifica superficiale basate su meccanismi 

meccanici e termici, per la creazione di linee guida ai fini della regolazione della risposta 

biologica. Le tecniche studiate includono la sabbiatura, la fresatura, l’elettroerosione, la 

texturizzazione laser e la deposizione di rivestimenti. L’obiettivo è quello di approfondire 

l’effetto che le proprietà superficiali di un impianto hanno sulla risposta biologica con un 

approccio multi-livello: (i) modulazione dell’integrazione dell’impianto con il tessuto 

osseo circostante agendo direttamente sulle proprietà superficiali (i.e. rugosità, 

microstruttura, composizione chimica, angolo di contatto) impiegando tecniche di 
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deformazione e rimozione di materiale e studiando la risposta in vitro di cellule ossee; (ii) 

migliorare l’adesione di rivestimenti a base di biopolimeri, in particolare il chitosano, che 

ad oggi risulta essere di qualità insufficiente per l’applicazione, modificando le proprietà 

del rivestimento tramite diverse tecniche di deposizione, la composizione del 

rivestimento stesso e le proprietà del substrato; (iii) svolgere un’analisi preliminare degli 

effetti delle modifiche superficiali sulla risposta in vitro di batteri patogeni. 
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ABSTRACT (ENG) 

Titanium alloys, in particular Ti6Al4V, are the current standard of care for orthopedic 

implants due to their good biological response. But issues such as infection susceptibility 

and implant failure due to poor osteointegration and stress shielding persist. Furthermore, 

orthopedic implant infections are challenging to detect and not always completely solved 

by systemic antibiotic delivery. Thus, it is essential to develop implants with antibacterial 

properties to prevent infections and antibiotic resistance due to frequent antibiotic 

delivery, while promoting integration with surrounding tissues and reducing the revision 

surgeries rate. Biomaterial-tissue interactions at the implant interface play a crucial role 

in its operation, influencing tissue attachment. The surface of an implant also affects how 

bacterial pathogens interact and create biofilms. The complexity of the relationship 

between biomaterial composition, device design, and biological response in living 

organisms presents challenges in predicting the outcome of the implant. In vitro methods 

are valuable but have limitations, necessitating the improvement of predictive models. 

The focus of this work is modifying the surface of the Ti6Al4V titanium alloy, commonly 

used in skeletal fixation devices. The goal is to address issues related to poor integration, 

infection, and metal sensitivity. Surface modification techniques, involving mechanical 

and thermal mechanisms, are herein explored to provide some guidelines for the 

prediction and modulation of performance. The studied techniques include grit blasting, 

milling, electrical discharge machining, laser texturing, and coating deposition. The aim 

is to deepen the influence of implant surface properties on its performance and biological 

response, with a multi-level approach: (i) modulate the integration of the implants with 

surrounding bone tissues by acting on surface properties (i.e. surface roughness, 

microstructure, chemistry, contact angle), employing material deformation and removal 

techniques, and studying the effects on in vitro bone cells response; (ii) improve the to 

date insufficient adhesion of biopolymer coatings made of chitosan by: tuning film 

properties through different deposition techniques, coating composition, and substrate 

properties; (iii) preliminary analyze the effect of surface modification techniques on in 

vitro bacterial response.  
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INTRODUCTION  

“Wellbeing is a positive state experienced by individuals and societies. Similar to health, 

it is a resource for daily life and is determined by social, economic, and environmental 

conditions. Wellbeing encompasses quality of life, as well as the ability of people and 

societies to contribute to the world in accordance with a sense of meaning and purpose.”  

- World Health Organization 

 

The importance of wellbeing as a holistic health-related state emerged in 1948 when 

the World Health Organization [1] expanded the definition of health from a physical state 

to a psycho-physical one. Since then, wellbeing has been considered part of the right to 

health that should be guaranteed to any human being.  

The increasing number of orthopedic operations, demand for bone implants and 

prostheses, and hospitalizations and the surge in chronic disorders of longer living 

patients are one of the clear signs that population wellbeing is being negatively affected. 

The majority of artificial joints and other implants sufficiently performs its functions 

and frequent technical and/or manufacturing modifications and new implant designs aim 

to improve function and longevity. But more than often, these devices, do not work as 

expected and might require early revision surgery, while others must be recalled and taken 

off the market immediately. The need for implantable devices is increasing day by day 

due to sudden changes in the age structure of the world population. Also, the percentage 

of the population comprising the age group of 60 years and above is increasing drastically, 

and elderly patients are more likely to suffer from bone fractures and bone implant 

revisions for poor osteointegration, and from a disease-related poor quality of life. 

Estimations by experts have predicted that the need for medical implants will grow by at 

least 39% by 2050 [2]. To counteract this trend, research has been encouraged to develop 

sustainable technologies to decrease devices and implants production costs, to enable 

treatments to minimize implant rejection and revisions and to maximize the therapeutic 

efficacy of medical treatments. Substantial research has been carried out over the last 

decade to develop medical implants for bone regeneration and healing body tissues [3]. 

Recent advancements in materials and manufacturing techniques are revolutionizing the 
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field of medical implants, offering the development of materials with an improved 

biological response, since those implants still fail due to infection and other body 

environment related conditions.  

By carrying out a review of the research papers published on the manufacturing of 

biomedical implants [4], [5], the factors playing a role in their development and 

innovation were evaluated. The WordCloud plot in Figure 1 generated through a tool for 

bibliometric analysis (Bibliometrix, K-Sinth Srl, Italy [6]) schematically shows the most 

relevant keywords introduced by the authors (Author’s Keywords) of research papers 

concerning the manufacturing of biomedical devices for bone and joints functionality 

restoration.  

Over the years, the characterization of the features related to surface properties and 

bulk mechanical properties, fatigue and corrosion resistance and the bodily/biological 

response in contact with materials and prostheses (i.e., biocompatibility, osteointegration, 

etc.) - and how to modulate them - have drawn the greatest attention and have played a 

relevant role. They were followed by material choice (e.g., titanium alloys), 

manufacturing processes, and the final application (e.g. bone regeneration).  

 

Figure 1. WordCloud mapping Author’s Keywords. Images were generated through the 

Bibliometrix tool. 

The bibliometric tool permitted the analysis of the literature cited in each paper and the 

extraction, not only of the Author’s Keywords, but also the so-called Keywords Plus, that 
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is the keywords used in the reference papers, which express the research trends in a more 

objective fashion [7]. Figure 2 shows the network of relationships among the Keywords 

Plus which gives information about the relevance (i.e., the number of interconnections 

between the different topics), and the number of co-occurrences (i.e., how many times 

the considered topics/words appear together), with the bubble size being proportional to 

the occurrence of those words. A central position of the topic/word in the plot indicates 

the importance of the topic, and the tie density measures the topic's development in time. 

The analysis confirms that design and fabrication are central research topics to the 

development of bone contacting implants and that the outcome of the design is mainly 

assessed by characterizing the mechanical and morphological properties of the 

implant/prosthesis and other performance indicators (i.e., porosity, surface roughness, 

corrosion behavior, fatigue etc.). A relevant role is also played by the in vitro and in vivo 

biological performance of the implant/prosthesis (i.e., its response to contact with tissues 

or cells, like cell differentiation) in terms of bone ingrowth, biocompatibility, and cell 

behavior. Taken together, the bibliometric analysis confirms the increasing relevance 

assumed by design parameters for biomedical implants like geometric features, 

mechanical properties, surface properties (e.g. roughness and microstructure), and the 

pursuit of their correlation to the clinical performance through in vitro and in vivo studies. 
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Figure 2. Co-occurrence network of Keywords Plus (i.e., keywords used in the references cited 

in the papers included in the analysis). Images were generated through the Bibliometrix tool. 

MOTIVATION OF HE WORK AND APPLICATION 

Within the implants and prostheses development, surface modification employing 

different classes of processes, singularly or combined, might enable specific function 

supply to these devices. Also, in certain cases, the combination of different materials to 

create a substrate-coating system represents an advisable solution to alter surface 

properties of a device without modifying the bulk properties. In the biomedical field, 

where titanium alloys play a central role, complications arise such as high bacterial 

proliferation within implants, poor integration, infection, metal sensitivity [8]. 

The starting point is that surface properties dictate the interactions between a 

biomedical device and the body environment. Some limitations are still found in the 
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available literature regarding a systematic study of processes able to tune the surface 

accommodating different needs, according to the specific application. Also, a drive 

towards improvement of in vitro testing procedures exists for the prediction of biomedical 

devices performance.  

The objective of this work is that of opportunely modify the surface of the Ti6Al4V 

titanium alloy to address its current issues when applied to skeletal fixation devices, 

where this alloy plays the role of standard of care. The issue will be approached from 

different but interrelated points of view: 

1. It is possible to modulate the integration of the implants with surrounding bone 

tissues by acting on implant/prosthesis surface properties. Surface deformation and 

removal techniques like grit blasting and milling under different conditions will be 

applied to study the effect of surface processing conditions and features (i.e. surface 

texture, microstructure, composition, contact angle) on preliminary in vitro cell response.  

2. Engineered natural materials are promising biomaterials towards fostering implant 

interactions with body environment and as local drug delivery supports but they suffer 

from several issues, including their poor adhesion to the surfaces of metallic implants. 

This issue will be addressed by tuning the properties of the biopolymer chitosan through 

different deposition techniques, and metallic substrate properties through surface 

deformation and removal techniques - i.e. milling, grit blasting and electrical discharge 

machining. 

3. Surface properties not only affect tissue response but also the response of bacterial 

pathogens: the previously mentioned techniques, with additional laser texturing 

experiments, will be employed to analyze the effect of surface modification techniques 

and features on in vitro bacterial response. 

To help understanding the structure of this work, Figure 3 shows a flow chart of the 

dissertation outline. 
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Figure 3. Dissertation outline flow chart. 
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CHAPTER I  

BIOMATERIALS: DESCRIPTION AND APPLICATIONS 

This chapter provides a brief state of the art on the most commonly used materials in 

medical applications. A few definitions will be provided in the next lines to clarify the 

terminology employed throughout the dissertation: 

1. According to a consensus of experts, the definition of the term biomaterial is “a 

nonviable material used in a medical device, intended to interact with biological 

systems” [8]. These materials are now required to strictly comply with composition, 

purity, and further constraints that would make them suitable for medical use [9] like 

the ones developed by the ISO Technical Committee 194 with a family of guidelines 

on the biological evaluation of medical devices [10].  

2. A biomedical device has been defined by the Global Harmonization Task Force [11] 

and adopted by the World Health Organization [12] as “any instrument, apparatus, 

implement, machine, appliance, implant, reagent for in vitro use, software, material, 

or other similar or related article, intended by the manufacturer to be used, alone or 

in combination, for human beings, for one or more specific medical purpose {…} and 

does not achieve its primary intended action by pharmacological, immunological, or 

metabolic means, but which may be assisted in its intended function by such means”. 

3. Biocompatibility has been defined as “the ability of a material to perform with an 

appropriate host response in a specific application”.  Yet, biocompatibility can either 

be referred to a biomaterial or a device and in certain cases, the “biocompatible” label 

can only be assigned to an overall device and not to a specific biomaterial. This 

definition is mostly related to an operational point of view and in the future it will be 

necessary to provide more insight into the design of devices to define 

biocompatibility measurement in strict correlation to a specific application. This is 

also because each area of the body possesses different properties, e.g. local pH, which 

then require the biomaterial to be designed to withstand specific conditions during 

use. 
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What is clear is that biocompatibility is negatively affected by: (i) materials 

leaching from biomaterials, (ii) reactions triggered by microorganisms (e.g. bacteria) 

colonizing the biomaterial, (iii) mechanical effects like local rubbing, irritation, 

stiffness mismatch with local tissue, (iv) interaction between cells/tissues and the 

biomaterial, including inflammatory cells [9]. 

Herein, the term “biomedical device” will be used to indicate altogether medical 

implants, prostheses, instrumentation, etc., and parts thereof. When in text reference is 

made to devices that are implanted in, or in direct contact with, patient’s tissue or organs 

the terms “implants” and “prostheses/sis” shall be preferred. 

For the proper design of a biomedical device, as it happens for the design of devices 

intended for different fields of application, the different tasks to be taken up by the device 

need to be clearly defined. The part of the body to be replaced requires a deep knowledge 

of the functionalities to be provided by its substitute and of the stress conditions related 

to the area of application in an aggressive environment such as the human body.  

As highlighted in the definition of biocompatibility, a favorable bioresponse – another 

term to define biological reaction to a material/device – is dictated by the specific 

application and location in the body and, as a consequence, the design constraints on the 

above mentioned engineering properties. As an example, under certain circumstances, it 

is necessary for a device to remain in the human body for a limited amount of time (e.g. 

resorbable screws [13]) while in other applications the capability of the device to preserve 

its properties over the long-term is of pivotal importance (e.g. load bearing applications 

like artificial joints). The engineering properties of materials, of general interest within 

biomedical devices are: elastic modulus, ductility, yield strength, ultimate tensile strength, 

work hardening, hardness, resilience, toughness and fracture toughness, fatigue, corrosion, 

and wear resistance, in certain cases also thermal and optical properties.  

Within the classes of biomaterials, four main categories1 can be identified: 

• Metals; 

• Polymers; 

• Ceramics and glasses; 

• Engineered natural materials. 

For visualization purposes and as introduction to the next paragraphs, the following 

material properties charts show a scatter plot of Young’s Modulus vs Density (Figure 4), 

                                                             
1 Further categories exist but their features are outside the scope of this work and will not be reported. 
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Strength vs Density (Figure 5), and Fracture Toughness vs Young’s Modulus (Figure 6) 

for different classes of engineering materials. As can happen with other fields of 

applications, the previously mentioned classes of biomaterials can be combined to obtain 

composites and multi-material devices to accommodate multiple application-specific 

requirements. 

 

 
Figure 4. Ashby’s chart – Young Modulus vs Density [14]. 

 

Figure 5. Ashby’s chart – Strength vs Density [14]. 
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Figure 6. Ashby’s chart – Fracture Toughness vs Elastic Modulus [15]. 

 

CLASSES OF BIOMATERIALS 

METALS 

Metals are widely used for medical devices where load bearing capacity is a requirement. 

The most used within the non-resorbable metallic alloys are: 

• Stainless Steels  

• Cobalt alloys 

• Titanium and its alloys 

• Nickel-titanium alloys 

STAINLESS STEELS 

Stainless steels are iron-carbon alloys with a Chromium content generally above wt% 

10.5 as an alloying element, allowing the formation of a Chromium-based protective 

oxide layer enhancing their corrosion resistance. Austenitic stainless steels – mainly with 

Nickel as an alloying element in wt% 8-22 to stabilize the austenitic phase – are the most 

used for biomedical devices, being also non-magnetic and safe for diagnostic imaging 
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techniques. Most recently, adverse reactions triggered in patients due to Nickel 

sensitization brought the development of low Ni content stainless steels, substituting 

Manganese to Nickel as a stabilizer for the austenitic phase. Table 1 shows a summary of 

the most common implantable stainless steels, their composition, and used nomenclature 

according to different standards. 

Table 1. Composition of common implantable stainless steels (wt%) [16]. 

Alloy Cr Ni Mn Mo C N Nb V Si Cu P S 

316L 

ASTM F138 

ISO 5832-1 

17.00–

19.00 

13.00–

15.00 

<2.00 2.25-

3.00 

<0.03 0.10 - - <0.75 <0.50 <0.025 <0.010 

22-13-5 

ASTM F1314 

20.50-

23.50 

11.50-

13.50 

4.00-

6.00 

2.00-

3.00 

<0.03 0.20-

0.40 

0.10-

0.30 

0.10-

0.30 

<0.75 <0.50 <0.025 <0.010 

Rex 734 

Ortron 90 

ASTM F1586 

ISO 5832-9 

19.50-

22.00 

9.00-

11.00 

2.00-

4.25 

2.00-

3.00 

<0.08 0.25-

0.50 

0.25-

0.80 

- <0.75 <0.25 <0.25 <0.010 

BioDur® 108 

ASTM F2229 

19.00-

23.00 

<0.050 21.00-

24.00 

0.50-

1.50 

<0.08 0.85-

1.10 

- - <0.75 <0.25 <0.03 <0.010 

 

COBALT-BASED ALLOYS 

Cobalt-based alloys were introduced in the biomedical field right after stainless steels and 

are sometimes preferred to those because of their higher corrosion and wear resistance 

and strength. The currently most used cobalt-based alloys mainly contain Chromium and 

Molybdenum elements (Co-28Cr-6Mo is dominant for joint replacements), but also 

Nickel and Tungsten elements, although the Nickel release in the body for applications 

involving surface wear is raising concern. Novel cobalt-based alloys are currently under 

development to reduce Nickel contents. Table 2 reports the composition of the most 

common implantable cobalt-based alloys. 

Table 2. Composition of common implantable cobalt-based alloys (wt%) [17], [18]. 

Alloy Cr Mo Ni Fe C Si Mn W P S Other 

Co-28Cr-6Mo 

ASTM F75 (cast) 

27-30 5.0-

7.0 

1.0 0.75 0.35 

max 

1.00 1.00 0.2 0.020 0.01 * 

Co-35Ni-20Cr-10Mo 

ASTM F562 (wrought) 

19-21 9.0-

10.5 

33.0-

37.0 

1.00 0.025 0.15 0.15 - 0.015 0.01 * 

Co-20Cr-15W-10Ni-1.5Mn 

ASTM F90 (wrought) 

19-21 - 9.0-

11.0 

3.00 0.05-

0.15 

0.40 1.00-

2.00 

14-

16 

0.040 0.03 * 

*See [17] for other elements. 
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TITANIUM AND ITS ALLOYS 

Titanium and its alloys are non-ferrous materials featuring a high strength-to-weight ratio 

(Figure 5), which makes them appealing to manufacture load bearing lighter parts. Table 

3 reports the composition of the most common implantable titanium alloys. Innovative 

titanium alloys are currently being developed to substitute potentially toxic alloying 

elements currently used in standard of care alloys, e.g. Vanadium in Ti6Al4V, although 

the biomedical devices market is still dominated by this alloy in orthopedic applications 

and commercially pure Titanium (CPTi – %wt 99 of Ti) in dental applications. Titanium 

alloys are advantageous for their lower stiffness (Figure 4), higher corrosion resistance 

and improved bioresponse with respect to Cobalt-Chromium alloys and Stainless Steels, 

although their poor wear and frictional properties represent an issue for applications such 

as artificial joints [18]. 

Table 3. Composition of common implantable titanium alloys [17]. 

Alloy Al V Nb Mo Zr 

Ti6Al4V ELI 

F136 

5.50-6.50 3.50-4.50 * * * 

Ti6Al4V 

F1472 

5.50-6.75 3.50-3.50 * * * 

Ti6Al7Nb 

F1295 

5.50-6.50 * 6.50-7.50 * * 

Ti15Mo 

F2066 

* * * 14.00-16.00 * 

Ti12Mo6Zr2Fe 

F1813 

* * * 10.00-13.00 5.00-7.00 

Ti3Al2.5V 

F2146 

2.50-3.50 2.00-3.00 * * * 

*See [17] for alloying elements in amounts higher than wt% 2 (average of specified range). 

NICKEL-TITANIUM ALLOYS 

Nickel-Titanium alloys based on the presence of the equiatomic intermetallic nickel-

titanium compound have become popular in the past due to their shape-memory and 

superelasticity properties, related to the austenite-to-martensite reversible phase 

transformation. Their composition is typically based on atomic percentage of Nickel and 

Titanium elements around 49%–51%, involving sometimes the partial substitution of 

Nickel or Titanium with elements such as Palladium, Hafnium or Platinum [19]. They 

already have several clinical applications for non-load bearing devices such as 
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orthodontic arch wires and vascular stents but they recently became of interest for 

orthopedic applications due to their low Young’s Modulus. In fact, it can be tuned to 

reach values below 70 GPa  [17], [20] which could help reducing the bone stress-shielding 

phenomena. Despite the advantages related to the utilization of these alloys, the presence 

and release of the allergenic Nickel into the body is still a concern so that major effort is 

being devoted to the development of surface treatments for their successful passivation 

[18]. 

POLYMERS 

Polymers are organic compounds obtained by repeated patterns of monomers via a 

controlled polymerization reaction and they feature a wide range of appealing 

macroscopic properties including good toughness (Figure 6). Based on their molecular 

weight, degree of polymerization, crystallinity and other processing factors their 

properties are subjected to a high variability. These materials are widely employed in 

medical applications including orthopedics and tissue replacements, sometimes combined 

with metals and ceramics in multimaterial devices, to compensate for their lower load-

bearing capacity (Figure 5) (e.g. in joint prostheses). The most used polymers for the 

biomedical devices include Poly(methyl methacrylate) (PMMA) used for bone cement, 

high-density Polyethylene (HDPE) for prosthetic joints, Poly(ethylene terephthalate) 

(PET) for ligaments reconstruction, Polydimethylsiloxane (PDMS) for finger joints. 

 

CERAMICS AND GLASSES 

Ceramics and glasses encompass a wide range of inorganic/non-metallic compositions 

and a just as wide range of properties. They are widely used as scaffolds and tissue defect 

fillers. Some of them show a high chemical inertness which, if the implant is properly 

designed, contributes to a low inflammatory response from the body. Examples of these 

ceramic materials are aluminum oxide (Al2O3), zirconium oxide (ZrO2) and silicon nitride 

(Si3N4). Conversely, other materials within this group show high interaction with tissues 

and bond-forming capabilities at the interface like calcium phosphates and bioactive 

glasses, making these materials appealing to foster implants integration with surrounding 

tissues. Ceramics and glasses have a great drawback i.e. their high brittleness (Figure 6) 
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accompanied by low impact resistance, which makes their stand-alone use appropriate 

only under certain loading conditions involving a compression stress state. 

ENGINEERED NATURAL MATERIALS  

Naturally occurring materials have recognized advantages since the body can break down 

and use these materials through physiological processes like e.g. the enzymatic one. 

However, these materials suffer from high batch-to-batch variability and generally have 

poor mechanical properties. While these features may not be good for long term load 

bearing implants, they can be helpful when the body needs to naturally absorb the material 

over time, like in drug delivery systems. Another common issue with natural materials is 

the immune response: even if the implanted materials are similar to the body's 

components (e.g. extracellular matrix), they can cause a significant immune reaction. 

Several research studies have to date demonstrated the possibility to overcome those 

challenges by modifying and purifying naturally occurring materials and few of them are 

currently being used to treat patients. Some of the most used natural materials are: alginate 

having origin from algae, chitosan from crustacean exoskeletons, collagen and hyaluronic 

acid from natural tissues or bacterial fermentation. [18] 

APPLICATIONS OF BIOMATERIALS: ORTHOPEDIC 

The applications of biomaterials span a wide range based on the functionality to be 

restored in the patient, including: cardiovascular, orthopedic, and dental applications, 

ophthalmic, extracorporeal artificial organs, wound healing, drug delivery, and 

diagnostics. Several material types as polymers, glass, and ceramics are involved but 

metals continue to play a main role in the framework of biomaterials, as most implants 

contain at least one metallic part [16]. The main use of orthopedic biomaterials is to 

replace or improve the function of bones, joints, tendons, cartilage, or ligaments (Table 

4) as bone and joint wear or trauma and arthritis affect millions of people worldwide. 
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Table 4. Summary of the main orthopedic applications [16]. 

Fracture fixation devices Joint replacement 

Spinal fixation devices 

Fracture plates 

Wires 

Pins 

Screws 

Intramedullary devices 

Artificial ligaments 

Arthroplasty of: 

Hip  

Knee 

Spine 

Ankle 

Shoulder 

Elbow 

Wrist 

Finger  

The focus of this work will be on orthopedic applications of metals, in particular bone 

fixators. It is necessary to highlight that although these applications involve bone-

contacting and anchoring of implants, different considerations are involved in the final 

development of these devices based on the properties of the implantation site, requested 

duration, and load-bearing capacity of the implant. This will be a necessary step to be 

addressed in the future developments of the current work. 

ORTHOPEDIC DEVICES-RELATED ISSUES 

The majority of load bearing metallic implants is made up of titanium alloys, which 

represent now the clinical “gold standard” since they generally elicit better bioreaction as 

compared to other available metallic alloys. Still, the presence of a biomedical implant 

inside the body increases the susceptibility to infection as it stimulates the reaction of the 

immune system and it also increases the risk of implant failure due to the aggressive body 

environment conditions. Despite the systemic antibiotic prophylaxis and the operating 

procedures, which are as aseptic as possible, the issue is not completely solved. In fact, 

orthopedic implant infections might not develop until months after the implant, they are 

difficult to detect and not always completely solved by systemic antibiotic delivery, but 

might also often require implant revision surgery. 

Within this context, biomaterials-tissue interactions largely affect implant operation as 

these are related to the alteration of physiological processes. In general, a few types of 

implant-tissue responses for non-resorbable materials may be identified, which affect 

tissue attachment: (i) surrounding tissue death because of material toxicity; (ii) fibrous 
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tissue formation for non-toxic nearly inert materials, bringing to the absence of 

osteointegration, sometimes coupled with implant mobilization and wear debris release, 

which contributes to fibrous capsule thickening and further potential complications; (iii) 

interfacial bonding, i.e. direct bone attachment without interposed soft tissue, between 

implant and tissue in absence of toxicity and bioactive behavior of the material surface. 

[16]  

There is an evident need for developing surfaces provided in anti-bacterial properties 

to hinder the development of infection and antibiotic resistance, but also able to 

successfully integrate with the surrounding tissues without affecting the overall load 

bearing capacity of the device. Implant detachment from the surrounding bone, its 

migration and, in cascade, pain and inflammation in the patient still represent an issue. 

Furthermore, understanding the relationship between biomaterial composition, device 

design, and biological response in complex living organisms is challenging. In vivo tests, 

which are essential in establishing the biological safety of a medical device (Figure 7) 

raise many ethical concerns, thus providing a drive towards the improvement of in vitro 

predictive models. In vitro methods are recognized for their value, but they have visible 

constraints, also due to the absence of the systemic immune and inflammatory responses. 

Currently available characterization techniques do not allow the prediction of in vivo 

performance for biomaterials and devices, and contradictive results are often obtained. 

There is a potential for multivariate statistical algorithms to generalize data into useful 

correlations and trends in biomaterials and medical device design but this goal is still a 

work in progress. 
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Figure 7. Schematic showing the process to establish the preclinical biological safety of a medical 

device material. Source: [18]. 

STUDIED BIOMATERIALS 

SURGICAL GRADE TI6AL4V ALLOY 

Titanium exhibits two allotropic structures, with an allotropic phase transformation 

occurring at 882 °C. Below this temperature, it assumes a closed-pack hexagonal crystal 

structure known as the alpha phase, and above it transforms into a body-centered cubic 

crystal structure referred to as the beta phase (Figure 8). The hexagonal crystal structure 

of the alpha phase displays anisotropic behavior, influencing the elastic and plastic 

deformation characteristics of titanium and its alloys, as well as other physical properties. 

The transformation temperature is affected by interstitial and substitutional elements, 

making it dependent on the metal's purity. 

This alloy consists of 6 wt% Aluminum, 4 wt% Vanadium, and the remaining 

percentage is titanium, with possible small amounts of other elements like Iron or 

Oxygen. Aluminum serves as an alpha-stabilizer, raising the stability temperature of the 

alpha-phase, enhancing hardness, while Vanadium acts as a beta-stabilizer, maintaining 

beta-temperature stability even at low temperatures and improving formability. 
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Classified as an alpha-beta alloy, Ti6Al4V features high strength, lower elastic 

modulus than stainless steels and cobalt-based alloys, and good corrosion resistance. 

Titanium components are produced in wrought, cast, and powder metallurgy form. 

Ti6Al4V's good workability allows for the cost-effective production of numerous foundry 

products with consistent mechanical properties and varying sizes. Different 

microstructures can be obtained by heating the material above and below the beta 

transition temperature, along with varying cooling methods such as water quenching, air 

cooling, and furnace cooling (Figure 9). 

 

Figure 8. Hexagonal Close Packed (HCP) and Body-Centered Cubic (BCC) crystal structures. 

The good corrosion characteristics of titanium alloys surface are attributed to the 

spontaneously formed oxide film upon exposure to air. This titanium oxide film is the 

primary factor contributing to the good repassivation ability of titanium alloys. In 

numerous applications, the device surface primarily comprises a naturally occurring 

oxide film and TiO2 is the most stable within the titanium oxides, existing in different 

crystallographic forms. Nevertheless, this oxide film is modified once in contact with the 

biological environment and also repeatedly damaged when subjected to wear phenomena 

(e.g. when relative motion with another surface is involved, like in artificial joints) thus 

reducing the advantages initially featured by an intact oxide layer [22].  
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Figure 9. Effect of cooling rate on the microstructure of Ti6Al4V. [21] 

CHITOSAN-BASED COATINGS 

Chitosan, within the engineered natural materials, is a biopolymer at the heart of scientific 

interest in the latest years (chitosan structure in Figure 10). It is a polysaccharide, an 

acetylated derivative of another natural polysaccharide, chitin. The chitin is the second 

most abundant biopolymer in nature after cellulose and the most important component of 

insects’ exoskeleton, crustaceans’ shells, and fungi’s cell walls. Chitosan has good 
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biodegradability, and antimicrobic and osteogenic properties able to improve the 

integration between implants and bone tissue [23], [24]. 

 

Figure 10. Structure of the chitosan [25]. 

Chitosan also features good versatility in manufacturing to form like films, fibers, and 

hydrogels. Chitosan solutions with different physicochemical properties based on the 

technique to be used are generally deposited on a substrate by direct casting, spraying, by 

the action of electrostatic interactions or by dipping the substrate into the solution and 

leaving the solvent to evaporate to obtain the final coating.  

However, pure chitosan has poor mechanical properties, and its adhesion on metal 

substrates is considered weak in terms of bond interactions [26], [27]. Creating 

chitosan/bioactive glass composites represents a viable solution, as bioactive glass can be 

employed for both bonding osteogenesis and mechanical properties improvement [28]. 

At the same time, the tuning of the substrate properties [29], like the surface texture, 

chemical composition, contact angle, might significantly improve the system-coating 

performances in mechanical adhesion. Techniques like dip coating, drop casting, 

electrophoresis, electrodeposition, and electrospraying exhibit versatility in enabling the 

integration of bioactive and/or reinforcing substances into the coating. It is important to 

highlight the possibility of functionalization of chitosan, which could lead the way to the 

use of chitosan coatings as a means for local delivery of drugs. 
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CHAPTER II 

PROCESSING: WHY SURFACE FUNCTIONALIZATION 

For an implanted device to fulfill the purpose of its ideation, several factors must be taken 

into account, such as: (i) overall implant design; (ii) surgical procedure; and (iii) patient 

conditions. Due to the complexity of the problem and the presence of many confounding 

variables, reaching an optimum implant configuration is a multifaceted issue and 

significant effort has to be put into addressing potential inconveniences, which might 

eventually bring to implant failure and aggravation of patient’s health. 

As reported in Chapter I, several classes of materials are today employed for biomedical 

devices, but metals still have a major role, in particular for applications requiring 

immediate structural support. Unfortunately, in cases involving for example critical 

patient conditions, metal sensitivity [30], or invasive surgical procedures [31] the chances 

of failure increase dramatically. To help prevent the consequences of the above-

mentioned drawbacks, an action to modify biomedical devices features is required. 

Surface and subsurface properties on a macro- to nano-scale have been found to 

strongly affect local tissue response. In fact, it is acknowledged that the bone-implant 

interface can be subjected to significant changes by only modifying surface composition, 

texture, and energy [16].  

Indeed, the surface represents the first interaction between the implants and the body 

environment. It controls their behavior with respect to, e.g., surface fatigue, corrosion, 

wear, and, as a consequence, biological reactions. Some of the parameters of interest for 

performance can be recognized in surface texture, composition, stiffness, charge, and, as 

a direct consequence, contact angle. Few of these, fall into the definition of surface 

integrity, introduced as condition of a surface produced by surface generation operations 

and often related to component response to aggressive environments [32]. 

In fact, mechanical failure, if arising from the surface, together with corrosion and wear 

are related to microstructure, residual stresses, chemical species and their stability, besides 

overall implant shape and geometric discontinuities [33]. Furthermore, it is acknowledged 

that cells and pathogens are sensitive to topographical features with which they interact 

and their chemical and mechanical nature [4, 5] as will be explained in Chapter III. Thus, 
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preliminary studying the interaction between the surface of a device and cells or tissues 

in vitro is a way to extrapolate trends to be used for device design and in vivo application. 

Given the above, several surface modification techniques are being studied and 

implemented to modulate implants resistance and biological response [9]. These 

techniques often involve mechanical, physical, chemical, or biological alterations and can 

be used separately or in combination. In the broad range of available techniques, some of 

them involve material removal or displacement, most likely with simultaneous material 

modification, others involve material deposition.  

Furthermore, the idea of acting on the implant’s surface by introducing a coating 

represents one of the viable solutions to modulate the biological response to the implant 

by human organism without altering the load bearing capacity of the bulk of the implant. 

When it comes to the deposition of a material over a substrate, both substrate and 

coating features dictate interface behavior and adhesion [36]. As a matter of fact, coating 

adhesion results in an interplay between mechanical, chemical, and physical interactions 

between substrate and coating, its thickness and internal stresses, coating deposition 

technique, and, clearly, the features of the surrounding environment. Thus, just as 

important as the technique employed for modification, a thorough characterization of the 

surface of the substrate enables to identify possible factors affecting performance during 

use. 

STATE OF THE ART AND STUDIED PROCESSES 

The higher mass ratio of titanium alloys and their general superior bioresponse with 

respect to the other conventionally employed alloys has been proven to not be sufficient 

to guarantee a good outcome of the implant. In the past years, several surface modification 

techniques have been developed to provide superior biomedical device performances, 

involving distinct mechanisms and primary sources. 

In the next paragraphs, the techniques employed for surface modification applied to 

modulate bioresponse of titanium alloys and defined by the following mechanisms will 

be covered, based on the most recent research trends [37]: (i) mechanical deformation, 

(ii) chemical reactions, and (iii) thermal sources. Additionally, deposition techniques 

(which partially overlap with previously mentioned ones) and biological modification will 

be introduced. Categorization of techniques here will be mainly based on primary 

source/mechanism type. Nevertheless, each process that will be discussed may encompass 
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more than a single modification mechanism (sometimes involving deposition of a film on 

the surface) as it is hardly possible to alter e.g. surface texture without affecting local 

microstructure and chemistry. 

MECHANICAL PROCESSES  

Within mechanical-based processes, some of the most used pertain to abrasive machining. 

They owe their name to the utilization of a high quantity of hard and sharp, mostly 

irregularly shaped, particles as tools for material removal. As a result of processing, 

grooves or randomly distributed craters, with dimensions related to abrasive size, may be 

generated on the treated surface, the former for grinding and polishing, the latter for grit-

blasting. [38] These techniques, together with surface texture alteration, according to 

processing conditions, may introduce a more or less pronounced strain hardening together 

with grain distortion and chemical alteration due to the elements in the abrasives. The 

latter applies mostly to grit-blasting, which is often performed by delivering aluminum 

oxide [39] particles at high speed onto part surface.  

Grinding and polishing in biomedical applications are generally employed to smooth 

surfaces [40], which is beneficial in certain cases, for example in easing revision surgery 

and implant removal due to bony on growth reduction [41] but they can also be employed 

as a preliminary operation given further processing (e.g. chemical treatments [42]). They 

are also used as a reference for comparing bioresponse after applying different processing 

methodologies [43]–[45].  

Grit-blasting is often used to roughen implant surface and increase the contact area to 

accommodate cells [39] but also to remove undesired surface features such as residuals 

of unmelted powder from additively manufactured parts. By using specific blasting 

media, the surface composition can be altered to some extent to purposely introduce 

highly biocompatible elements such as calcium phosphates [46]. 

Severe plastic deformation processes involve the application of high strain to the 

component surface, bringing to the formation of affected layers characterized by high 

levels of hardening, residual stresses, grain distortion, and refinement as well as 

modification of surface texture according to process conditions [47]. Within this category 

of technologies, friction stir processing (FSP) can generate ultrafine grained surface 

layers, beneficial to wear resistance [48] and also enable bioresponse modification, as a 

consequence of microstructural changes [49]. Sliding friction treatment, which involves 

repeated sliding of a hardened tool against a part’s surface is generating interest. In fact, 
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it leaves plow marks on the surface and can bring surface roughness to values comparable 

to polished ones but simultaneously introduce grain refinement up to nano-size [50]. 

Furthermore, cold working superfinishing processes like burnishing alone can supply 

hardening, beneficial residual stresses, and superior surface finish [47]. 

Among material removal processes, milling, which involves a rotating cutting tool to 

remove layers of material, is frequently used to define the final shape of the implant 

starting from cast parts as in [51]. It is also involved before further processing as in [52] 

where grit-blasting and ion beam implantation were performed on milled parts. 

Nevertheless, milling alone also offers a peculiar surface texture and, according to 

machining conditions, the presence of a hardened layer.  

THERMAL PROCESSES 

Processes of interest involving thermal sources can be recognized in electrical discharge 

machining (EDM), laser, plasma, and electron/ion beam treatments. EDM is based on 

erosion of conductive surfaces through subsequent electrical discharges generated 

between a properly shaped conductive tool-electrode and the workpiece, submerged in a 

dielectric fluid and powered by a generator. It has been largely employed to machine 

complex shaped components and create otherwise difficult slots [38]. The process has 

raised interest because of the possibility, through material melting, vaporization, and 

removal, to obtain a wider range of microstructural and chemical variations and the 

creation of non-directional surface textures to provide the implant with improved 

performance [53]. By tuning processing parameters and environment, it is possible to 

obtain a wide range of surface modifications. In fact, by properly selecting tool-electrode 

material, an antibacterial effect might be introduced (e.g. through copper tools) but also 

enhanced osteointegration by processing the material with special powders mixed with 

the dielectric fluid (e.g. calcium phosphates).  

Laser-based surface treatments make use of a coherent light beam to focus high density 

energy onto the workpiece surface. According to source type and processing conditions, 

the effects of the process on component properties may be tuned from considerable to 

negligible based on requirements, for instance through ultra-short pulses in the order of 

pico- or femtosecond [54]. It is a highly versatile process enabling the production of 

specific surface textures towards performance optimization e.g. the introduction of 

directional textures to control cell attachment and spreading [55].   
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Other laser-based processes like laser shock peening can be used to introduce a 

beneficial stress state in surface layers without involving direct tool-workpiece contact 

[56] as happens for plastic deformation processes. In electron beam and ion beam 

machining (EBM, IBM) the source of energy is a beam of electrons and ions, respectively, 

accelerated and focused on the surface to be treated. They may have similar applications 

as laser-based ones but with limitations given by the need for a vacuum chamber. Electron 

beam surface treatment makes it possible to modify both surface texture, microstructure, 

and, with it, surface energy [44]. Ion beam processes find an interesting variation in ion 

beam implantation which allows specific ions to penetrate part surface and modifying its 

mechanical and chemical properties [52]. Finally, plasma-based processes involve ionized 

gas used to bombard the workpiece surface, and by varying process parameters and gas 

type they permit the modification of surface texture and chemical composition to a 

different extent. In [45] rutile-dense surface layer has been generated on titanium while 

in [57] the effect of plasma processing was not as relevant compared to untreated samples. 

In fact, plasma processing can also be used to remove contaminants and obtain 

superhydrophilic surfaces without modifying chemical composition and texture [46]. 

CHEMICAL PROCESSES 

Chemical processing involves the use of chemical reagents, such as acids or alkaline ones, 

to attack and dissolve material on surfaces in a controlled way. 

These processes are frequently employed in combination with each other or 

mechanical/thermal processes. One typical application is to combine grit-blasting with 

acid etching, sometimes performing further alkaline treatment to produce a hierarchical 

micro-to-nano structured surface, to increase bone-implant contact area [42]. Chemical 

polishing and electropolishing are also employed to remove material from the surface in 

order to obtain a mirror-like surface finish [17]. 

Chemical treatment is sometimes performed as a preliminary preparation for further 

chemical modification or deposition. For instance in [58] titanium sheets were treated 

with sulfuric acid, hydrogen peroxide, ammonia, and hydrochloric acid in different 

combinations prior to modification with self-assembled monolayers while in [59] acid 

etching was used to prepare surfaces for subsequent composite coating deposition. The 

outcome in surface chemical alteration, apart from the reagent employed, is strongly 

affected by the processing atmosphere [46] and requires control. 
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COATINGS DEPOSITION, DRUG ENTRAPMENT, BIOLOGICAL 

MODIFICATION 

Deposition and biological techniques are widespread and virtually unlimited, they give 

the possibility to anchor extra components to surfaces to tailor not only biological 

interactions or place a barrier between metallic implant and body environment but, in 

particular for coatings, to simultaneously improve mechanical and tribocorrosion 

behavior. Plasma-based processes such as microarc oxidation can be employed to create 

porous oxide coatings and hierarchical structures and decrease the surface content of toxic 

ions according to the processing environment and conditions. In [60] selective removal of 

Al and V ions was noted in produced oxide coatings while in [61] surface was coated by 

a multilevel porous structure and a bioactive calcium phosphate coating. 

Electrochemical procedures are of interest for the deposition of porous highly 

biocompatible films such as chitosan/hydroxyapatite composite [59]. For example, 

electrophoretic deposition is a technique that allows the deposition of a coating on an 

electrically conductive target substrate by the application of an electric field able to move 

the charged particles of the coating solution toward the substrate [62], [63]. 

Other processes like drop casting and dip coating have been widely used to deposit 

polymeric films on biomaterial surfaces. Drop casting or solution casting is a relatively 

simple technique that consists of depositing, with a pipette, the coating solution drop-by-

drop onto the substrate to be coated. Then, spread the solution on the substrate forming a 

layer, and let it dry until the solvent evaporates (at room temperature or other conditions). 

Due to its ease and fast application, drop casting has been used to assess the bioresponse 

of polymers on biomaterial surfaces [64]. Dip coating allows the deposition of a thin film 

on a solid substrate by the immersion of the substrate inside a vessel containing the 

solution of the material to be deposited. It is an ancient coating technique and, also, the 

most widely used in industrial and laboratory applications. It is widespread mainly due to 

the simplicity of the process and its low cost, which are both features that do not preclude, 

in this case, the achievement of high-quality coatings [64], [65].  

Also, some techniques conventionally used to perform material removal, with proper 

modification, allow coating deposition such as powder mixed EDM performed using, for 

example, hydroxyapatite particles as additives to dielectric fluid [53]. Drug entrapment 

can be performed while depositing material onto the implant surface to reduce systemic 

delivery of pharmaceutical agents. The biological modification involves immobilization 
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of biological entities onto implant surfaces and it needs careful account for bond stability 

in aggressive environments [16].  
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CHAPTER III 

PERFORMANCE ASSESSMENT 

Surface properties are acknowledged to modulate the interactions of implantable devices 

with the body environment and to affect their durability. Each treatment process affects 

the surface properties of implants produced in a specific fashion. As mentioned in Chapter 

II, some of the parameters of interest for bioresponse are surface texture, microstructure, 

hardness, and composition, besides manufacturing defects of the implant surface and the 

sub-surface residual stresses. The definition of surface integrity, i.e. “inherent or 

enhanced conditions of a surface produced by machining processes or other surface 

generation operations” [5] encompasses some of them [6].  

Features such as high surface roughness may worsen the mechanical performance of 

an implant (in particular, its fatigue life and/or wear of joints), yet surface irregularities 

and the presence of active sites may improve the implant biointeractions with neighboring 

tissues. The identification of the properties of the “ideal” surface texture is still a major 

challenge for the often ill-defined requirements that an implant has to meet. A good tissue-

implant integration would be desirable for the implant's mechanical stability but it could 

be problematic in the case implant surgical revision or removal were needed.  This calls 

for extensive supplementary experiments to gain better insight into what is happening at 

the site of implantation. As a result, information on the actual response of implants 

produced with different manufacturing techniques may only be gathered if information 

on geometry and mechanical properties of the overall implant is complemented with 

information on their surface properties. In the following paragraphs, the factors studied 

in this work will be introduced: surface texture, microstructure, hardness and 

composition, contact angle. 
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SURFACE CHARACTERIZATION 

SURFACE TEXTURE 

To characterize the surface texture of an implant, different parameters have been used 

expressing fluctuations in its surface from the macro- (i.e., waviness, long wavelength) 

to the micro- and nano-scale (i.e., micro- and nano-roughness, short wavelength). The 

characterization scale (and the wavelength) used depends on the required features of the 

surface of interest and it is generally defined in rules issued by international regulatory 

bodies (i.e., such as ISO 21920).  

Roughness is the most commonly used parameter and it expresses the amplitude 

property in terms of deviations of the surface height (generally along the z-coordinate), 

with respect to a reference line (2D) (Figure 11) or plane (3D), from which long 

wavelength features have been previously filtered. 

 

Figure 11. Schematic of various surface roughness parameters [5]. 

The most frequently used definitions of roughness are: the arithmetic mean deviation of 

the absolute z (Ra); the standard deviation of the height distribution (Rq); the sum of the 

maximum peak height and the maximum valley depth of the profile (Rz); all taken along 

a line and measured over a predefined reference length. Corresponding surface amplitude 

parameters are labeled with the capital “S”, instead of capital “R” [7,8], i.e. Sa, Sq and 

Sz. Further areal surface parameters of interest are Skewness Ssk and Kurtosis Sku: the 

former is a measure of the asymmetry of surface deviations (height distribution) about 

the mean plane, the latter is a measure of the predominance of extreme peaks or pits for 

all measured points compared to an ideal bell curve distribution. 



 

40 

In conventional manufacturing processes such as forging, casting, and machining, or 

conventional processes involving plastic deformation, surface texture is largely 

dependent on the geometric and topographical features of the tool (or the die) in direct 

contact with the workpiece, on lubrication, if provided, and on the processing parameters.  

MICROSTRUCTURE AND COMPOSITION 

The surface microstructure of an implant significantly contributes to its behavior 

(mechanical properties, fatigue, corrosion, and similar) on typical sizes spanning various 

orders of magnitude. The formation of crystals in which atoms are packed (i.e., the grains) 

is driven by complex thermal phenomena arising during manufacturing stages and it often 

causes a certain degree of anisotropy in the manufactured implant. The fabrication route 

determines microstructural features to an extent that depends on the temperatures reached, 

the heating/cooling rates, and possible thermo-mechanical modifications. The 

microstructure is generally evaluated by sectioning representative material samples, 

grinding and polishing them up to a suitable finish to perform surface etching, followed 

by assessing the presence of various metallographic phases and the grain size via surface 

imaging techniques.  

Conventional cast and wrought implants typically come with a highly variable 

distribution of metallic phases depending on alloy composition, with different crystal 

structures contributing to properties like oxidation resistance and formability [16, 17]. 

Microstructures may exhibit such features as: equiaxed (nearly equal dimensions in all 

directions), columnar, needle-like (acicular), or a combination of different types, 

depending on the thermal cycles during manufacturing.   

Also, grain size reportedly affects surface reactivity, resistance to the propagation of 

defects in the material, and other properties [21, 22]. The chemical characterization of the 

surface layer in this work will be treated as complementary to the microstructural 

analysis. 

CONTACT ANGLE 

The contact angle (θ) is defined as “the mechanical equilibrium of the drop under the 

action of three interfacial tensions: solid–vapor (γsv); solid–liquid, (γsl); and liquid–

vapor, (γlv)” [66]. It can be explained by the balance existing between the cohesive forces 
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within a drop of liquid and the adhesive forces that attract the same drop to a surface. This 

relationship has been generally described by the equation (1): 

��� � ��� �  ���  cos �.         (1) 

Contact angle plays an important role in the definition of the interactions between a 

surface and the surrounding environment either to better define, for example, the 

relationship between a substrate and a coating or the response of an implanted 

biomaterial. It can be measured through different techniques by depositing a drop on a 

surface (e.g. sessile drop technique in Figure 12) or by partially immersing a plate into a 

liquid and computing the contact angle through imaging systems, at different time frames. 

[16] 

Contact angle measurement indirectly incorporates the effects of surface energy, 

texture, heterogeneity, and, if present, contamination. 

 

 

Figure 12. Example of contact angle measurement using the sessile drop technique. 

HARDNESS 

Hardness is generally defined as the material resistance against penetration or scratching 

by another body and it is strictly related to the implant microstructure. The analysis 

reported herein refers to hardness testing via the gradual penetration of an indenter 

significantly harder than the material to be tested (e.g. diamond) up to a predefined force 

or penetration depth.  

A rectangular-based or triangular-based pyramidal indenter is typically employed to 

define respectively Vickers Hardness (HV) and Berkovich Hardness (HIT) as the ratio 

between the applied force and the projected area of the imprint (Figure 13). A conical 

indenter or a sphere can be used to define the Rockwell Hardness (HR) as a function of 
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load and penetration depth. Several other hardness scales exist depending on the tip shape, 

the applied load or penetration depth (i.e., macro- to nano-order characterization), and the 

calculation method. Rules for hardness measurement are generally defined by 

international standards (i.e., ISO 6507 and ISO 6508). Conversion between different 

hardness scales may only be approximated, because significant errors may be introduced 

by the inherently different measurement methodologies [9, 24]. Hardness depends on 

microstructural features such as alloy composition, microstructural constituents, grain 

size, and deformation, described in the previous paragraphs. 

 

Figure 13. Schematic of Vickers Hardness test [5]. 

ADHESION OF COATINGS 

Several methods exist to test the adhesion of coatings to substrates. Some of them like the 

tearing-off or the shearing-off allow measuring the load necessary to bring the coating to 

failure along an area of fixed size by typically gluing (or soldering) a rod on the coating 

and applying a normal force (tear-off) or a tangential force (shear-off) [36]. Other 

methods involve the quasi-static penetration of an indenter to cause coating failure, like 

the scratch test. 

The scratch test enables quantifying the mechanical resistance of materials through the 

creation of a scratch of a certain length on the coating surface. The test requires the use 

of a tip with known geometry, called an “indenter”. During the test, the tip travels along 

the material surface while simultaneously applying a constant force, or an increasing 

force, orthogonal to the coating surface [67]–[70].  

The main parameter to interpret the results of the scratch test is the critical load [71], 

here defined as the smallest normal load corresponding to the material failure. Indeed, 

this parameter depends on the mechanical strength (cohesion or adhesion strength) of the 

coating-substrate system. The failure point is the first point in which the coating damage 
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makes the coating no longer acceptable. The criterion to find this point can be twofold, 

for this reason, two possible critical loads can be defined [68]. The first refers to the load 

corresponding to the cohesive failure, while the other one is the load matched to the 

adhesive failure (Figure 14). 

An estimation in terms of coating resistance can be made through the measure of the 

critical load; moreover, it is also possible to indirectly obtain an estimation of the coating 

thickness by detecting the penetration depth [72].  

 

Figure 14. Principle of scratch testing. Source: [73]. 

CELL RESPONSE TO SURFACES 

BONE CELLS 

The key to a satisfactory long term implant response from the body can be identified in 

the initial response of cells to the material itself. Cells as basic units of living organisms 

are sensitive to multiple cues from the surrounding environment. In culture, substrate 

mechanical properties, microstructure, texture, and chemistry can affect protein 

adsorption (key to cell sensitivity) and cell attachment, shape, alignment, spreading, 

differentiation, and proliferation. As an example, the response of surface receptors of cells 

and protein adsorption are affected differently by different surface roughness and then 

exert influence on cell attachment (Figure 15). In fact, it has been demonstrated that cells 

can sense features above a certain cell-specific threshold starting from the nano-scale and 

going up to the micro-scale, also based on the size of texture’s features as compared to 

the cell size [16]. A schematic to depict the complexity of the relationship surfaces-cell 

response is reported in Figure 16, with cell response affected by its type and culturing 

conditions. 

Each of the processes covered in previous paragraphs potentially introduces more than 

one variation into implant surface and subsurface layers thus identification of affected 
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properties is the core of a proper reading of results from biological tests, as will be 

discussed in the next chapter. 

 

Figure 15. Example of different cell responses based on the surface texture of the biomaterial.  

Source: [74].  

 

Figure 16. Visualization of the interrelationship of surface characteristics of a biomaterial and 

cell response. Source: [74].  

 

BACTERIAL PATHOGENS 

The surface modification enables tuning up biological interactions of the prosthesis with 

neighboring tissue, including the response of possible pathogens [9]. Bacterial pathogens, 

as other microorganisms, are sensitive to the surface features to which the try to attach 

and, when they succeed in attachment, the formation of biofilms starts. Biofilms are 

“structured microbial communities” [75] that, when formed, determine a strong adhesion 
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and a high survival of the pathogens on the surfaces of implants. Inhibition of bacterial 

adhesion and biofilm formation remain major issues, often approached by doping the 

biomaterial with antibacterial (bio)chemicals, which in the long term might bring an 

improved bacterial resistance to those substances. Thus, a proper surface modification 

from the nano- to the micro-scale can be the key to inhibiting biofilm formation [76]. 

Multiple elements have been recognized to affect bacterial response to surfaces, including 

roughness, stiffness, wettability, and charge [75] as exemplified in Figure 17: the 

interaction of these factors and their effect is specific to the type of bacteria. 

 

Figure 17. Example of response from different types of bacteria to surface parameters. Source: 

[75]. 
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CHAPTER IV 

CASE STUDIES 

CASE STUDY I: CHITOSAN COATING OF TI6AL4V  

In this work, the analysis is focused on the mechanical adhesion, thickness, and 

uniformity of pure chitosan coatings to the substrates based on different deposition 

techniques.  

METHODOLOGY 

CHITOSAN COATING DEPOSITION 

The experimental tests were carried out by depositing the chitosan dissolved in solution 

on Ti6Al4V alloy sheets (annealed – ASTM B265). The sheets (substrates) have the 

following length, width, and thickness: 7.5 x 2.5 x 1.0 mm3. Depending on the chosen 

methodology the coating will have different features in terms of: microstructure, surface 

morphology, mechanical properties, and micro-porosity [77].  

The deposition techniques were executed on the substrates in as-manufactured 

conditions - surface properties of the substrates are not a subject of this case study- , under 

the same solution concentration, so that the mixture had fixed chemical-physical 

characteristics to obtain comparable results. The concentration of solutions, hence, is not 

part of the variables explored in this case study. After choosing the type of chitosan and 

the composition of the solution, the other suspension-related parameters are automatically 

set. Consequently, in these conditions, the final properties of coatings can be controlled 

through processing parameters only. 

Before coating deposition, the sheets were treated with two sonication cycles using two 

different solutions of acetic acid and methanol, respectively. The aqueous solution for the 

deposition tests had the following composition: 1% (w/w) of chitosan with 700kDa 

molecular weight and DD 95% (Molekula Group, France); 1% (w/w) of acetic acid 

(Sigma Aldrich, USA); 98% (w/w) of distilled water [64], [78]. 
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These proportions ensured the realization of a Newtonian solution to work with 

constant viscosity, thus eliminating a further degree of complexity. The pH of the solution 

was approximately 4.5 (monitored using litmus paper). Before the deposition, the solution 

was magnetically stirred to ensure the correct mixing, dispersion, and stabilization of the 

chitosan. 

The coatings were realized through two different kinds of deposition methods: 

Electrophoretic Deposition and Dip Coating.  

 

ELECTROPHORETIC DEPOSITION 

The Electrophoretic Deposition (EPD) took place on horizontally positioned sheets to 

prevent the dripping from causing variation in the thickness along the length of the sample 

(Figure 18). Proper insulated sheet holders have been designed and 3D printed (Figure 

19). 

  

Figure 18. Electrophoretic deposition setup. 

                               

Figure 19. 3D printed sheets holders for EPD process. 
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To analyze the effect on the coatings quality, the parameters that were investigated 

during the EPD were the difference in potential applied and the processing time. The 

choices of numeric values of the processing parameters investigated are based on previous 

studies in the literature [62]–[64], [79].  

As regards the applied voltage, the values of 5 V and 15 V were examined. Although 

each case study has specific differences in the choices of operating conditions, the 

previously mentioned values are within the range of values used in several experimental 

campaigns [64], [80]. No value above 15 V was used because exceeding this threshold, 

the formation of cracks and conglomerates is usually promoted [64]. The values of 

voltages chosen also allow to better appreciate the variation of coating thickness and 

properties by exploring the farthest conditions.  

As concerns the processing time, the values of 1 min and 5 min were examined. The 

tests lasted no more than 5 minutes since, based on current literature, the deposition under 

similar conditions has a linear trend with the time until a maximum time of approximately 

400 s; past that threshold, the growth of the deposit decreases owing to the shield that the 

coating thickness itself creates acting as an electrical resistance [79]. 

Moreover, several sources in the literature report ranges of analysis included between 

30 s and 5 min, with optimum conditions around the time of 1 min processing [80].  

An experimental campaign was realized by combining the two factors of applied 

voltage (V) and processing time (t). Using two values for the voltage and two values for 

processing time a matrix of tests was obtained (Table 5). The execution sequence of the 

tests was randomized to minimize the systematic errors. 

Table 5. Parameters values used during the electrophoretic deposition tests. 

t / V 5 V 15 V 

1 min 1 min/ 5V 1 min/ 15V 

5 min 5 min/5 V 5 min/ 15 V 

DIP COATING 

The dip coating tests (Dip) were performed by setting the substrates in a vertical position 

and by immersing each of them into a plastic vessel containing the solution to be 

deposited. The withdrawal speed was kept as constant as possible below 10 mm/s [65] to 

not introduce further processing variables. The investigated parameter in this case was 

the immersion time. The choice was to examine the time values of 1 minute and 5 
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minutes. No investigation was done under 1 minute to make sure that the substrate was 

completely wet from the chitosan solution. The choice of the value of 5 minutes comes 

from the willingness to check for a possible coating thickness increase while remaining 

within the range of analysis of literature studies [80], [81]. 

After the deposition phase, the samples were dried at room temperature for 24 hours, 

in dry air. This drying time is adequate to ensure the removal of the liquid phase and the 

formation of a coating with invariant features during the rest of the trial. For each 

processing condition, three replications were realized. The nomenclature of the tests is 

reported in Table 6. 

Table 6. Nomenclature of the tests. 

Technique Nomenclature Processing time [min] Voltage applied [V] 

EPD EPD_Xmin_YV 
X = 1, 5 

Y = 5, 15 

Dip Dip_Xmin - 

As an example EPD_1min_5V stands for: sample coated through the Electrophoretic 

Deposition technique with 1 minute of processing time and 5V of applied voltage. 

COATING ADHESION TESTING 

Adhesion tests have been performed utilizing a micro-scratch tester (Anton Paar GmbH, 

Austria) through a Rockwell C tip (120°, 100 μm radius). Scratch testing, although 

qualitative, is considered an advantageous test means relating to usage conditions, in 

particular for orthopedic implants [82]. Coatings have been tested in a controlled 

laboratory environment (25°C temperature, 60% relative humidity). Each type of sample 

has been replicated three times to ensure statistical robustness. A number of 10 scratches, 

spaced at least by 5 times the scratch width, has been performed on each sample. The 

parameters selection was supported by a thorough campaign of preliminary tests, 

following ASTM D7027-20 [71] guidelines and literature. A linearly increasing load from 

10 mN to 3000 mN has been applied, with a constant growth speed about equal to 1500 

mN/min and a displacement rate of 10 µm/s [83].   

Scratches have been analyzed employing an optical microscope to identify different 

failure mechanisms and critical loads with corresponding penetration depth from 

computed scratch curves. Average coating thickness was estimated employing an average 

penetration depth value, corresponding to curve flattening as the tip reaches the substrate. 
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RESULTS AND DISCUSSION 

As concerns the coatings surface analysis, from the observation of the coatings through 

the optical microscope realized by electrophoretic deposition (EPD), only the 

experimental tests EPD_1min_5V (1 min of time processing and 5 V of voltage applied) 

produced free from bubbles homogeneous and uniform coatings. In almost all the other 

tests, which come from electrophoretic depositions performed with other time and voltage 

combinations, the formation of bubbles of different sizes occurred (Figure 20). Because 

of the presence of bubbles on the other types of samples, the EPD_1min_5V was the only 

combination screened through scratch tests. Most likely, the worsening of the EPD 

coating uniformity is due to the value of voltage equal to 15 V, which could have been an 

excessively high value affecting coating homogeneity [80], [84], despite its frequent use.  

As regards Dip coated samples, no defects were detected via optical observation but an 

improved quality of the coating was detected for 1 min of processing time, thus the 5 min 

processing time condition was screened out for scratch testing.  

 

Figure 20. Macrographs of EPD coated Ti6Al4V for tests conducted at a) 1 min, 5 V, b) 5 min, 5 

V, c) 1 min, 15 V, d) 5 min, 15 V. 

Dealing with the scratch tests, the focus was on the trends of the normal load and the 

penetration depth. Specifically, the determinations from computed scratch curves were 

about (i) the critical normal load (Lc) at failure for the resistance estimation; and (ii) the 



 

51 

penetration depth at failure for the thickness estimation (t). By coupling the image of the 

scratch from the optical microscope and the graph produced by the instrument, it was 

possible to identify the point of failure and the corresponding values of load and 

penetration (Figure 21).  

From the analysis of the realized scratch, the average values and the standard 

deviations of load and penetration depth at failure were calculated (Table 7). The 

percentage errors were estimated by computing the ratio between the standard deviation 

and the average value.  

For each test, average values and the corresponding standard deviations were 

represented through histograms (Figure 22). As can be seen from the measurement 

results, current electrophoretic deposition conditions allow the realization of thicker 

coatings.  

 

Figure 21. Scratch with the related graphs from tests EPD_1min_5V and Dip_1min. Coating 

failure onset is highlighted by arrows. Penetration depths at failure are denoted by markers. 
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Table 7. Results for the two deposition techniques: average values of the Critical Load (Lc) and 

the thickness (t) estimated via the Penetration Depth, with standard deviations in parentheses. 

Technique Lc [mN] Lc % error Estimated t [µm] Estimated t % error 

EPD 936 (43) 4.6 % 5.50 (0.47) 8.5 % 

Dip 284 (17) 6.0% 0.99 (0.08) 8.1 % 

 

 

Figure 22. Results for the two deposition techniques: (a) average values of normal load at net 

adhesive failure and (b) average values of penetration depth at the point of net adhesive failure. 

The error bars represent the standard deviation. 

During the scratch test, different phases and mechanisms of coating damage can be 

recognized (Figure 2): in the first stage there is the “elastic deformation”; when the load 

increases, the irreversible deformations of the “plastic deformation” stage start; the 

irreversible deformations culminate with the phenomena of coating cracking and chipping 

(cohesive failure of the coating material) but generally remaining adherent to the 

substrate. Later the propagation of cracks causes the full failure of the material which 

breaks up to detach from the substrate (adhesive failure) [29]. 
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Figure 23. Identification of failure phases in a scratch test [85]. 

 For the samples made by the Dip coating deposition technique, the visual identification 

of the scratches upon the sheets and the clear distinction of phases at the optical 

microscope were not as immediate. In the Dip samples, the cracking area was smaller 

than in the EPD samples and it was often almost indistinguishable from the plastic 

deformation zone. In some cases, the coating uncovered the substrate only for a very short 

distance; then the coating continued to compact again until the net and actual and 

continuous adhesive failure happened.  

Another observation can be made by analyzing the numerical errors calculated and 

shown in Table 7. These errors facilitate the display of the weight that each standard 

deviation has compared to its average values. More in detail, the errors of the EPD and 

Dip coatings were of the same magnitude both for the critical load measure and for the 

estimated thickness. The scratch test results showed that, in these operation conditions, 

the EPD films are more resistant and thicker than the ones realized by Dip coating. On 

the one side, the different resistance may depend in some ways on the different thickness 

[29]. Previous studies in literature tried to correlate coating thickness and resistance; some 

of them found that the critical load of delamination increases as the thickness increases 

[33], which could be a reasonable motivation even looking at the results of the current 

study. But generally, since the coupled effect between the substrate and the coating in a 

thin layer introduces a great deal of complexity in the stress field  [29], the precise 

relationship between the resistance of the coating and its thickness requires further 

investigation. 
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CASE STUDY II: SURFACE PROCESSING OF TI6AL4V TO TUNE 

COATING ADHESION  

This case study describes a methodology to improve Ti6Al4V surface quality with 

different mechanical and thermal surface processes to get a reliable chitosan/bioglass 

composite coating. The overall treatments modified the surface roughness, texture, and 

chemical characteristics to a different extent influencing the coating adhesion probed via 

scratch test.  

METHODOLOGY 

SURFACE MODIFICATION 

The material used in this work is the Titanium Grade 5 Ti6Al4V alloy (forged, rolled, and 

annealed – ASTM B348) in the shape of discs (20 mm diameter, 6 mm thickness) 

extracted from a round bar. The microstructure of the starting samples consists of α grains 

with intergranular β. Four preparation processes were studied, namely face milling, grit-

blasting, electrical discharge machining, and polishing to study the effects of different 

surface processing techniques on the coating-substrate system behavior (published results 

in ref. [72]). All samples were previously ground up to F2000 grit size to reduce the 

variability in initial surface conditions before further surface processing. 

FACE MILLING 

The face milling process has been conducted on a CNC Mazak vertical machining center, 

employing a commercial carbide milling cutter coated with TiAlSiN, 16 mm diameter – 

D (Product code WZF 126486 - Meusburger Georg GmbH & Co KG, Austria) and four 

cutting edges (Z – number of cutting edges).  

To differentiate between the high surface finish obtained by polishing and try to 

introduce mechanical interlocking effects with the coating, roughing conditions have 

been chosen for milling. As per the manufacturer's advice for the specific cutting tool and 

following the recommendations in [38], the parameters were chosen as: cutting speed Vc 

= 60 m/min, depth of cut ap = 0.1 mm, table feed Vf = 250 mm/min (Table 8). Flood 

lubrication was employed. 
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A single pass was performed to not introduce surface texture alterations caused by the 

interaction of multiple passes and a fresh tool was used for each test. To confirm process 

repeatability and the absence of chattering effects, milling forces were monitored through 

a six-components piezoelectric dynamometer (Kistler© 9257 - Kistler, Switzerland), as 

shown in the experimental setup in Figure 2. 

Table 8. Experimental test conditions for milling. 

Milling parameter Roughing 

Cutting speed – Vc [m/min] 60 

Depth of cut – ap [mm] 0.10 

Table feed – Vf [m/min] 250 

Sample name  R 

 

 

Figure 24. Images of the (a) cutting tool and (b) the experimental setup for face milling. 

GRIT BLASTING 

Grit blasting (GB) was performed using a Fervi 0687 (Fervi, Italy) sandblaster and 

aluminum oxide Al2O3 particles (F36 grit size), performing two passes of 10 s each, with 

a 90° angle. Air pressure was set to 0.3 MPa [86], while the sample-nozzle distance was 

set to 60 mm. 
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ELECTRICAL DISCHARGE MACHINING 

For electrical discharge machining (EDM), a die sinking process (AEG ELOTHERM 

ELBOMAT 303) was selected, using a flat copper electrode and a commercial dielectric 

fluid specific for EDM (Electroflux TE), with fully submerged electrodes and side 

flushing (Figure 25). According to preliminary tests, manufacturer’s advice, and literature 

[87], pulse duration (tON) and pulse interval (tOFF) were set respectively equal to 25 µs 

and 16 µs, while a voltage of 135 V was employed, reaching a discharge current up to 2 

A.  

 

Figure 25. Experimental setup for die sinking Electrical Discharge Machining. 

CHITOSAN/BIOGLASS COATING DEPOSITION 

The experimental tests were carried out by depositing a Chitosan/Bioglass in solution on 

the treated Ti6Al4V discs (substrates). Tested substrates were subjected to different 

surface modification processes to assess the effects of substrate surface properties on the 

overall substrate-coating system. 

A 0.7% solution of chitosan (medium molecular weight, 75-85% degree of 

deacetylation, Sigma Aldrich, USA) in 1% acetic acid was prepared. The solution was 

kept under magnetic stirring in an oil bath, at 40°C overnight [88]. It was then centrifuged, 

adding to the supernatant 0.3% of bioactive glass nanoparticles (nBG - 77 wt% SiO2, 14 

wt% CaO, 9 wt% P2O5, particle size below 100 nm). The mixture was kept under agitation 

overnight and then sonicated at 40°C for 20 minutes [89].  

2 ml of solution was used to coat each Ti6Al4V support by the solution casting method. 

Substrates were previously sonicated in distilled water and ethanol bath for 15 minutes, 

for 3 times respectively. The process of coating consisted of measuring 2 ml of solution 
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using a pipette and then dropping and gently stretching the solution to cover the surface 

of the substrates. The coated discs were then dried in an oven at 80°C for 7 hours [90]. 

SUBSTRATE – COATING CHARACTERIZATION 

SUBSTRATE CHARACTERIZATION 

Each type of processed Ti6Al4V sample was cut perpendicularly to the treated face, 

embedded on a black bakelite mounting resin, and mechanically polished up to 0.5 μm 

grade. Nano-hardness was probed along the depth below the surface (10 replications for 

each depth value) through an NH2 CSM Nanoindentation Platform (Anton Paar GmbH, 

Austria) equipped with a Berkovich diamond tip. Indentations were performed at a 

maximum load of 50 mN with 10 s of dwell time [29], [91]. For microstructural analysis, 

the polished samples have been etched employing Kroll’s reagent (100 ml H2O, 3 ml HF, 

6 ml HNO3)  and analyzed through an optical microscope.  

Furthermore, a Confovis structured light profilometer connected to a Nikon Eclipse 

LV150N microscope was employed to obtain areal surface texture parameters (scanned 

area size: 0.5 mm x 0.5 mm, four replications). The analyzed parameters are recalled in 

Table 9.  

The images of the non-sectioned surfaces were taken using a scanning electron 

microscope (ESEM Quanta-200 - Fei Oxford Instruments), equipped with the detector for 

EDS analysis (X-EDS Oxford INCA-350), which was performed on different areas of the 

samples (area size: 400 µm x 520 µm) to confirm the surfaces’ composition. The EDS 

analysis was combined with µRaman spectroscopy (LabRam - Jobin-Yvon, France) 

employing a 532 nm wavelength and 40 mW power laser (3 replications for each scan, 

each of 10 s duration, in the region 100 - 1600 cm-1).  

Contact angle (CA) was quantified employing the sessile drop technique (DSA30S – 

Krüss Scientific, Germany): drops of 1 µl of the chitosan/bioglass solution used for 

coating were delivered on substrate surfaces performing five repetitions for each sample. 

For milled surfaces, due to texture anisotropy, five measurements were made for each of 

the two directions: direction 1 (D1) and direction 2 (D2) parallel and orthogonal to the 

machining direction, respectively.  

Table 9. Areal height surface parameters analyzed in this case study, their classification and 
meaning according to current standards [92], [93], [94]. 
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Symbol Units Description 

Sa  [µm] The arithmetic mean height of the surface, aka average roughness. An overall 

measure of the texture comprising the surface. 

Sz  [µm] Maximum height: distance between the highest peak and the lowest valley 

within the data. Maximum height, Sum of the largest peak height value and 

the largest pit depth value. Each value is generated from two single points and 
is often unrepeatable.  

Sq  [µm] Root Mean Square (RMS) height: standard deviation of the surface height. 

The RMS height of all data points from the mean surface height, aka RMS 
roughness. An overall measure of the texture comprising the surface.  

Ssk  [ - ] Skewness is a measure of the asymmetry of surface deviations (height 

distribution) about the mean plane. Figuratively, the shift of the heights of all 

measured points to lower or higher values compared in an ideal bell curve 
distribution. Higher skewness values indicate higher protruding spikes on the 

surface.  

Sku [-] Kurtosis of the height distribution relative to Sq is a measure of the 

predominance of extreme peaks or pits for all measured points compared to 
an ideal bell curve distribution. Higher Kurtosis values correspond to a 

surface with more spikes while lower Kurtosis values are related to a surface 

with bumps.  

COATING ADHESION TESTING 

Adhesion tests have been performed utilizing a micro-scratch tester (Anton Paar GmbH, 

Austria) through a Rockwell C tip (120°, 100 μm radius). Coatings have been tested in a 

controlled laboratory environment (25°C temperature, 60% relative humidity). Each type 

of sample, that is polished (P), face milled (M), grit blasted (GB) and EDM treated (EDM) 

coated with the chitosan-based material has been replicated three times to ensure 

statistical robustness.  

A number of 10 scratches, spaced at least by 5 times the scratch width, has been 

performed on each sample. Additional tests were performed on milled surfaces to assess 

the anisotropy in adhesion. The parameters selection was supported by a thorough 

campaign of preliminary tests, following ASTM D7027-20 [71] guidelines and literature. 

A linearly increasing load from 10 mN to 5000 mN has been applied, with a constant 

growth speed about equal to 1500 mN/min and a displacement rate of 10 µm/s [83].   

Scratches have been analyzed employing an optical microscope and a SEM ZEISS 

Crossbeam 350, to identify different failure mechanisms and critical loads with 

corresponding penetration depth from computed scratch curves. Average coating 
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thickness has been estimated employing an average penetration depth value, 

corresponding to curve flattening as the tip reaches the substrate. 

RESULTS AND DISCUSSION 

SURFACE PROPERTIES AFTER PROCESSING 

Processing of samples, as expected, brought a wide range of surface modification 

mechanisms as seen in the top row of Figure 25 showing the processed surface 

(magnifications in red rectangles). The microstructure of the P, R, and GB samples is 

unchanged with α equiaxed grains and intergranular β. Surface grain distortion distinctive 

of the plastic deformation processes is highlighted with dotted lines in Figure 26 of cross-

sectioned P, R, and GB samples.  

 

Figure 26. Images of Ti6Al4V substrates after processing: SEM images of the worked surface in 

the top rows and micrographs of cross-sectioned and etched samples in the bottom rows [72].  

The significant cold working after the face milling process is confirmed by the nano-

hardness profile, reaching values up to 5.8 GPa below the surface. The hardness profile 
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for P and GB samples is nearly unaffected, except for a few µm thick layer, not detected 

by the instrument (Figure 27) although the deformed portion of GB is larger. 

 

Figure 27. Nano-hardness profiles of Ti6Al4V substrates after processing, compared to as 

received (AR) conditions. Reported error bars represent the standard deviation [72]. 

Concerning EDM samples, the formation of a thick recast layer of hard and fragile 

titanium oxide with an average thickness of 19.0 ± 2.9 µm was detected. A transformation 

zone (alpha case) is confirmed by the presence of acicular alpha and the layer has an 

average thickness of 16.8 ± 1.4 µm. The presence of surface and subsurface cracks is 

recognizable in the rectangle magnification in Figure 26 and Figure 28 as pointed by the 

arrows.  

 

Figure 28. SEM image of Ti6Al4V after EDM processing: cross-section of the substrate with 

subsurface cracks [72]. 
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The combination of EDS analysis and µRaman spectroscopy was used to better assess 

the surface of the samples in terms of chemical alteration and oxide formation. More in 

detail, Figures 29 to 32 show the analysis in areas of interest of samples P, M, GB, and 

EDM, respectively. The EDS mapping of polished samples displays, as expected, a 

negligible presence of oxygen, and, connected to this result, the Raman spectrum shows 

no signal, thus evidencing the absence of rutile titanium dioxide [95]. The same results 

were obtained for the milled surface.  

 

Figure 29. Polished Ti6Al4V surface (a) EDS mapping (b) Raman spectra [72]. 

 

Figure 30.  Milled Ti6Al4V surface (a) EDS mapping (b) Raman spectra [72]. 

Instead, from EDS mapping of the GB sample, a great amount of oxygen was detected 

(Figure 31a), confirmed by the Raman spectrum with the peak of alumina [96], [97], an 

oxide present in the sample as a processing residue. To confirm this, it is worth noting 

that the percentage of aluminum in the grit-blasted sample was doubled to the standard 

value for Ti6Al4V obtained in both polished and milled ones. From EDS mapping of the 

EDM-treated surface (Figure 32b), copper and oxygen residuals have been detected 

because of tool-electrode material and rapid oxidation on contact with air, respectively. 

The Raman spectrum detected the three peaks of rutile in good agreement with the 

findings of the literature about the characterization of the recast layer of titanium samples 

processed with EDM [98]. 
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Figure 31.  Grit-blasted Ti6Al4V surface (a) EDS mapping (b) Raman spectra [72]. 

 

Figure 32. EDM treated Ti6Al4V surface (a) EDS mapping (b) Raman spectra [72]. 

Surface morphology after sample processing is shown in Figure 33 and the main 

parameters are reported in Table 10. As reasonably expected, the lowest and most regular 

distribution is found for polished ones, followed by the grid-like texture for milling. 

Surface unevenness finds a maximum for EDM-treated surfaces, together with the highest 

maximum height. The high standard deviation found for polished surfaces in terms of Sz, 

Sku, and Ssk depended on random imperfections and notched areas that strongly 

influenced their calculation. On the contrary, the values of Sa and Sq, less influenced by 

these random imperfections, showed an acceptable standard deviation, confirming the 

regular distribution and the low roughness of the polished surface.  

Regarding the contact angle (Figure 34), the lowest value was found for GB samples, 

obtaining 26°. P and EDM samples show comparable values, 50° and 53° respectively. 

The lowest wettability was found for R samples, showing contact angles above 60° in the 

direction parallel to tool passes (D1), values further increased in the direction orthogonal 

to tool passes (D2). 
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Figure 33. Surface roughness distribution for processed Ti6Al4V samples, scanned area size: 0.5 

mm x 0.5 mm [72]. 

Table 10.  Surface roughness parameters for processed samples - height parameters following 

ISO 25178: Sa Arithmetical mean height, Sz Maximum height, Sq Root Mean Square height, Ssk 

Skewness, Sku Kurtosis [72]. The standard deviation is reported in parentheses. 

Roughness 

parameter 

P R GB EDM 

Sa [µm] 

 Sz [µm] 

 Sq [µm] 

Ssk [-] 

Sku [-] 

0.05 (0.01) 

1.51 (0.79) 

0.06 (0.01) 

-0.32 (0.66) 

11.18 (12.18) 

0.68 (0.04) 

6.82 (0.37) 

0.80 (0.04) 

0.80 (0.07) 

2.22 (1.00) 

2.26 (0.16) 

26.72 (1.21) 

2.95 (0.18) 

-0.45 (0.17) 

3.91 (0.19) 

5.97 (1.09) 

46.12 (5.67) 

7.47 (1.28) 

-0.58 (0.40) 

3.27 (0.85) 
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Figure 34. Chitosan/bioglass solution contact angle for treated surfaces measured in a controlled 

laboratory environment (25°C temperature, 60% relative humidity). Reported error bars represent 

the standard deviation [72]. 

COATING ADHESION 

Coating failure mechanisms are the same for each type of pretreated substrate, apart from 

variations in critical loads: (i) initial plastic deformation and plowing, (ii) cohesive 

failure, showing transversal and longitudinal cracks that interconnect at a critical load, 

(iii) adhesive failure, with formerly surface cracks reaching the substrate and complete 

detachment of the coating. An example of results from a scratch test is reported in Figure 

35, showing the pile-up phenomenon from the onset of plastic deformation to the end of 

the scratch from the SEM image. Peaks in the penetration depth plot indicate 

accumulation of coating debris during the test. Due to a partial elastic recovery after the 

test, the metallic substrate is not readily visible from the SEM image, its damage has been 

assessed optically after the complete removal of the coating. 

Coating thickness reaches a value of 45.00 ± 2.15 µm, computed based on scratch test 

results obtained from each sample. Thickness results from scratch tests were validated by 

analyzing the cross-section of the coated samples.  

A low amount of variation of thickness occurs from one sample to another but, to 

consider this factor, critical loads for cohesive and adhesive failure have been normalized 

for the estimated coating thickness of each sample.  
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Polished (P) and milled (R) coated samples show similar behavior and, in the ending 

phase of testing, the coating is easily detached and raised from the substrates; milled ones 

perform better, due to the peculiar surface morphology of the process but failure load was 

not affected by the direction of the texture as opposed to contact angle. The best case is 

represented by grit-blasted (GB), of which normalized critical loads exceed EDM by 36% 

and polished by 18% (Figure 36). Also, coatings on P, R, and EDM samples were 

gradually completely detached from substrates under vacuum conditions required for 

SEM analysis, below 2·10-3 Pa. The same did not happen for GB samples. 

 

Figure 35. SEM image of a GB sample coated with Chitosan/Bioactive glass nanoparticles after 

scratch testing, different failure mechanisms are highlighted, and the representation is combined 

with load/penetration depth graphs plotted against tip displacement [72].  
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Figure 36. Critical scratch loads for different failure mechanisms of Chitosan/Bioactive glass 

nanoparticles coating, normalized to coating thickness. Reported error bars represent the standard 

deviation [72]. 

Ideally, cohesive failure i.e., the onset of cracking of the coating, is expected to be 

unrelated to substrate surface characteristics, however, slight changes in coating thickness 

can lead to a change in the cohesive critical load. Also, the coating used herein was, by 

nature, inhomogeneous in terms of slight changes in bioactive glass particles distribution 

in the layer, causing possible variation in the cohesive failure.  

Analyzing adhesive failure, the worst behavior is given by the presence of EDM-treated 

substrates as processing conditions bring the growth of a surface oxide layer with poor 

mechanical properties, resulting in multiple crack formation on both coating and 

substrate, indicating the unsuitability of the EDM process parameters to properly treat the 

samples for the specific application. This layer can be easily detached together with the 

coating, nullifying the effects of mechanical interlocking provided by the higher surface 

roughness and surface area.   

The improved behavior of GB samples can be due to a combination of factors. The grit 

blasting process was able to more effectively generate a surface prone to make intimate 

contact with the coating due to mechanical interlocking given by the peculiar surface 

texture and is demonstrated to be effective in improving coating adhesion [86].  Also, 

scratch results partially follow the trend of contact angle values, having GB surfaces with 

a good capability to be wetted by coating solution. The grit blasting process, due to its 

easy and inexpensive implementation has several upsides and its combination with 

chemical etching can bring the generation of a well-performing surface but care should 

be taken in terms of the presence of debris from the blasting medium [22]. 
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Polished samples exhibited a low adhesion strength as the poor chemical affinity of 

Ti6Al4V and the low surface energy usually displayed by the mirrored surface together 

with no mechanical interlocking effect lead to unsuccessful coating adhesion. 

The overall results for milling and EDM show a slight increase in strength compared to 

polishing, due to a more effective texturing of the surface. In fact, in both cases, 

mechanical texturing is the driving effect for the coating adhesion so that the delamination 

load is similar. However, the randomized texture obtained by grit blasting leads to better 

results since it allows to increase the energy needed for an open crack in the coating to 

propagate faster. In fact, grit blasted samples showed 18% and 36% higher normalized 

critical load with respect to polished and EDM treated samples, respectively.  
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CASE STUDY III: SURFACE PROCESSING OF TI6AL4V TO TUNE 

CELL RESPONSE 

This case study reports an analysis of the response of osteoblastic cells and gram 

negative bacteria to different surface modification processes. The material used is the 

Ti6Al4V alloy (forged, rolled, and annealed – ASTM B348) in the shape of discs (20 mm 

diameter, 6 mm thickness) extracted from a round bar. The microstructure of the starting 

samples consists of α grains with intergranular β. Different outcomes in terms of response 

to surfaces might be attributed to the different physical properties of specific bone cell 

types and bacterial species, and thus the focus of this work will be on: MG63 osteoblast-

like bone cells and a Gram-negative bacterial species, the Escherichia Coli (strain K-12). 

Three preparation processes were studied for bone cells response, namely face milling 

with surface finishing parameters, grit-blasting, and polishing. For the Escherichia Coli 

response, the selected processes were face milling with roughing parameters, laser 

texturing, and polishing [99]. In fact, laser treatments of biomaterial surfaces are 

appealing as they permit effective patterning and the production of hierarchical surface 

textures [75][100].  

BONE CELLS: MG63 

METHODOLOGY 

SURFACE PROCESSING OF TI6AL4V 

Each processing condition was replicated five times. All samples were previously ground 

up to F2000 grit size to reduce the variability in initial surface conditions before further 

surface processing. As regards the polishing samples, they were polished up to 0.5 μm 

grade.  

FACE MILLING 

The face milling process has been conducted on a CNC Mazak vertical machining center, 

employing a commercial carbide milling cutter coated with TiAlSiN, 16 mm diameter – 
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D (Product code WZF 126486 - Meusburger Georg GmbH & Co KG, Austria) and four 

cutting edges (Z – number of cutting edges). 

Finishing parameters have been chosen as per the manufacturer's advice on optimum 

conditions for the specific cutting tool: cutting speed Vc = 120 m/min, depth of cut ap = 

0.05 mm, table feed Vf = 600 mm/min.  

Tests with a cutting speed of Vc = 60 m/min were additionally made, with other 

parameters fixed, to compare their effects on the obtained surface features (Table 11).  

Flood lubrication was employed. 

A single pass was performed to not introduce surface texture alterations caused by the 

interaction of multiple passes and a fresh tool was used for each test. To confirm process 

repeatability and the absence of chattering effects, milling forces were monitored through 

a six-components piezoelectric dynamometer (Kistler© 9257 - Kistler, Switzerland), as 

shown in the experimental setup in for Case Study II in Chapter IV. 

Table 11. Experimental test conditions for milling. 

Milling parameter Finishing 

Cutting speed – Vc [m/min] 60   120 

Depth of cut – ap [mm] 0.05 

Table feed – Vf [m/min] 600 

Sample name F60   F120 

GRIT BLASTING 

Grit blasting (GB) was performed using a Fervi 0687 (Fervi, Italy) sandblaster and 

aluminum oxide Al2O3 particles (F36 grit size), performing five passes of 10 s each, with 

a 90° angle. Air pressure was set to 0.3 MPa [86], while the sample-nozzle distance was 

set to 50 mm. 

CHARACTERIZATION OF SURFACE PROCESSED TI6AL4V 

Each type of processed Ti6Al4V sample was cut perpendicularly to the treated face, 

embedded on a black bakelite mounting resin, and mechanically polished up to 0.5 μm 

grade. Nano-hardness was probed along the depth below the surface (10 replications for 

each depth value) through an NH2 CSM Nanoindentation Platform (Anton Paar GmbH, 
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Austria) equipped with a Berkovich diamond tip. Indentations were performed at a 

maximum load of 50 mN with 10 s of dwell time [29], [91]. For microstructural analysis, 

the polished samples have been etched employing Kroll’s reagent (100 ml H2O, 3 ml HF, 

6 ml HNO3)  and analyzed through an optical microscope.  

To study the surface texture, a Sensofar S neox 3D optical profilometer (Sensofar, 

Spain) was used in confocal mode, scanning three different areas on each processed 

sample, with five replications for each processing condition (scanned area: 1.7 x 1.3 

mm2). The data have been filtered according to ISO 25178 adopting a S-filter of 2.5 µm 

and a L-filter of 80 µm to obtain areal roughness parameters. Areal parameters 

investigated are reported in Table 12.  

Backscattered Scanning Electron Microscopy (BSD-SEM) and Energy Dispersive X-

ray (EDX) analysis were performed using a Phenom ProX SEM (Thermo Fisher 

Scientific, US) to assess compositional variations due to processing.  

Contact angle (CA) was measured through the sessile drop technique via a Drop Shape 

Analyzer (DSA30S – Krüss Scientific, Germany): drops of 1 µl of distilled water were 

gently placed on Ti6Al4V treated surfaces performing five measurements for each sample 

and five replications for each processing condition.  

Table 12. Areal height surface parameters analyzed in this work, their classification and meaning 
according to current standards [92], [93], [94]. 

Symbol Units Description 

Sa  [µm] The arithmetic mean height of the surface, aka average roughness. An overall 
measure of the texture comprising the surface. 

Sq  [µm] Root Mean Square (RMS) height: standard deviation of the surface height. 

The RMS height of all data points from the mean surface height, aka RMS 

roughness. An overall measure of the texture comprising the surface.  

Sz  [µm] Maximum height: distance between the highest peak and the lowest valley 

within the data. Maximum height, Sum of the largest peak height value and 

the largest pit depth value. Each value is generated from two single points and 

is often unrepeatable.  

Ssk  [ - ] Skewness is a measure of the asymmetry of surface deviations (height 

distribution) about the mean plane Sq. Figuratively, the shift of the heights of 

all measured points to lower or higher values compared in an ideal bell curve 

distribution. Higher skewness values indicate higher protruding spikes on the 

surface.  

The Sa is used for machined surfaces, while the Sq is typically used to characterize optical 

surfaces. Together these parameters are used to take into account, without loss of 
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information, the effects of the different mechanical processes performed on the samples. 

The Sz is exploited to bring out if the cell proliferation is hindered by high peaks or deep 

valleys. The Ssk is typically useful in specifying honed surfaces and monitoring for 

different types of wear conditions, as well as lubricants and tribological tests. In this 

application, this parameter is reported to verify how surface asymmetry and protruding 

spikes affect cell adhesion and proliferation and cell shapes when attached to the surfaces.  

CELL CULTURES 

Ti6Al4V samples were immersed in absolute ethanol for 24 hours, then they were steam 

autoclaved and UV dried before cell culture. 

The osteoblast-like osteosarcoma MG63 cell line was used for the in vitro tests. Cells 

were cultured in Dulbecco's Modified Eagle Medium (DMEM – Euroclone, Italy) with 

10% heat-inactivated fetal bovine serum (FBS – Euroclone, Italy). Ti6Al4V samples were 

entered into a 12-well cell polystyrene culture plate (Corning, US) and 5x104 cells in 200 

µl of culture medium were seeded onto the surface of processed Ti6Al4V discs. Samples 

were left to sit for 2 hours, using well plates of the same size as the control.  

After this first stage, further culture medium was added to ensure the whole coverage 

of the samples into a 12-well cell culture plate (final volume 1 ml). Samples were then 

incubated at 37°C in a 5% CO2/95% air-humidified atmosphere for 48 hours. 

Subsequently, Cell Counting Kit - 8 (CCK8 – Elabscience, US) for quantification of 

viable cell number in proliferation was used, coupled with absorbance measurement at 

450 nm (Infinite 200 Pro - Tecan Trading AG, Switzerland). Three replications were 

performed.  

May Grunwald-Giemsa staining (MGG QUICK STAIN – Bio Optica, Italy) was 

performed to visualize the cells on Ti6Al4V discs and control them using an optical 

microscope. 

RESULTS AND DISCUSSION 

SURFACE PROPERTIES AFTER PROCESSING  

As concerns microstructural properties after processing, the presence of a plastic 

deformed layer can be seen in Figure 37b and 37c, remarked by grain distortion. The base 

material microstructure was preserved during processing.  
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Nano-indentation performed on the cross-section provides a reliable trend on hardness 

modifications induced by the processes. The variation of nano-hardness below the surface 

(Figure 38) shows a more marked effect of the milling process on material hardening 

compared to grit blasting, with a maximum HIT increase of 11% compared to bulk 

hardness. Nano-hardness of milled samples (F) gradually decreases with increasing depth 

below the surface, reaching the average reference value of 4.0 GPa denoted as the 

hardness of the as-received material (AR). The variation between the samples milled at 

120 m/min (F120) and 60 m/min (F60) shows a marked effect of higher cutting speed on 

HIT.  

 

Figure 37. Cross-section and microstructure of Ti6Al4V samples: (a) polished – P, (b) grit-

blasted – GB and (c) milled – F. 

Grit-blasting induced texture of random craters and plastic deformation marks due to 

the impact of abrasive particles, as shown in Figure 39b. Milled samples exhibit a grid-

like and periodic surface texture with rectangular ridges of varying size, originating from 

the roto-translational motion of the cutting tool.  

On the milled samples two main areas, each with a peculiar texture shape, were 

identified and reported in Figure 40. 
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Figure 38. Nano-indentation hardness measured along the cross-section of treated samples 

compared to as received (AR) bulk hardness. Error bars represent the standard deviation.  

 

Figure 39. 3-D surface maps of Ti6Al4V treated samples: (a) polished – P, (b) grit-blasted – 

GB. Scanned area size: 1.70 mm x 1.30 mm. 

 

 

Figure 40. 3-D surface maps of Ti6Al4V treated samples: (a, b) F120 and (c, d) F60 on different 

areas of the same sample. Scanned area size: 1.70 mm x 1.30 mm. 
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Height parameters in Table 13 and Figure 41, span three orders of magnitude, and as such, 

they can provide a wide range of surface finish to compare. In particular, the above 

concerns Sa and Sq, for which the minimum is given by P as expected, with Sa 0.02 µm 

and Sq 0.03 µm, increasing with milled samples and then GB (Table 13).  

The growing trend is reflected in Sz, further confirmed by the high dispersion between 

sample replications. Nevertheless, it is useful to note that the maximum height of the 

features in F (Sz 20.69 µm) and GB (Sz 72.45 µm) is in the same order of magnitude as 

the studied cells and then it is able to exert an influence on their behavior [101]. 

As regards the F120 and F60 mean areal surface height parameters are higher for F60. 

 

Table 13.  Surface roughness parameters for processed samples - height parameters following 

ISO 25178: Sa Arithmetical mean height, Sq Root Mean Square height, Ssk Skewness, Sz 

Maximum height. The standard deviation is reported in parentheses. 

Roughness parameter P GB F120 F60 

Sa 0.02 (0.00) 1.73 (0.01) 0.43 (0.01) 0.44 (0.01) 

Sq 0.03 (0.00) 2.29 (0.02) 0.59 (0.02) 0.63 (0.02) 

Ssk -1.83 (0.23) -0.25 (0.04) 0.17 (0.22) 0.28 (0.14) 

Sz 0.57 (0.06) 72.45 (4.84) 18.10 (3.31) 20.69 (2.79) 
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Figure 41. Areal surface height parameters for processed samples: Sa, Sq, Ssk, Sz. Error bars 
represent the standard deviation.  

 

 

Figure 42. 3D surface maps on similar areas for (a) F120 and (b) F60. Scanned area size: 1.70 

mm x 1.30 mm. 

To further analyze cell response, it is important to notice that if the feed per tooth fz 

parameter used for the two different milling conditions is computed2, it amounts to 0.063 

                                                             
2 fz = (π · D ·Vf) / (Z · Vc · 1000) 
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mm/tooth for F120 and 0.126 mm/tooth for F60, determining a different profile shape on 

which cells can attach (Figure 42). 

The values of parameters Sa and Sq confirm the surface finishing resulting from 

mechanical processes executed on samples. Ssk parameter serves as a confirmation of the 

presence of higher protruding spikes on GB (Ssk -0.25) and F (Ssk 0.17 and 0.28 for F120 

and F60, respectively) compared to P (Ssk -1.83), the latter rich in flat areas and few 

shallow valleys. 

The positive values of Ssk reveal that milled samples have higher occurrences of peaks 

than others. The polished sample P exhibits values of Ssk typical of a flat surface and 

negligible deviations. 

Similarly, as reported in [72] and in Case Study II Chapter IV, being processing 

conditions similar, the composition mapping of P and F showed a negligible presence of 

oxygen, and the composition of the base alloy was confirmed. From EDX of the GB 

sample, a great amount of oxygen was detected with Al and O proportions recalling the 

presence of aluminum oxide from the blasting media, fragmented on impact, and 

embedded in the base material, as shown in Figure 43. 

 

Figure 43. BSD-SEM image of the grit-blasted (GB) sample and EDX results from analyzed 
areas. 

Due to the different surface textures, water contact angle results were significantly 

different between samples (Figure 44). Compared to P, GB samples showed a 57% higher 
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contact angle. For F120 and F60 samples the contact angle is +12% and +21% higher 

than P, respectively.  

The above-stated, related to drop behavior and air entrapment when it is placed upon 

surface asperities might act on cell adhesion mechanisms mediated by proteins as 

discussed in [9], and affect their overall behavior in contact with the titanium alloy. 

As a means of comparison, the typical average roughness of culture plates amounts to 

a few nanometers [9] while the water contact angle of multiwell plates varies generally 

between 50° and 80°, for the polystyrene multiwell plates used in this work as control it 

is reported to be approximately 50° [102].  

 

Figure 44. Water contact angle measured on surface-treated Ti6Al4V samples. 

CELL RESPONSE: PROLIFERATION OF MG63 BONE CELLS 

Cell proliferation on the surfaces processed through polishing (P), face milling with 

finishing parameters (F60 and F120), and grit-blasting (GB) was compared to that 

obtained on polystyrene cell culture plates with flat bottom and size similar to Ti6Al4V 

samples, given this kind of support is optimized for in vitro culturing of adherent cell 

lines, such as MG63.  

From the absorbance measurement (Table 14), the cell number detected at 48 hours in 

all samples was higher than the number of seeded cells (> 5.0x104) indicating the ability 

of MG63 cells to adhere to the different surfaces. The results of the CCK-8 assay show a 

proliferation on grit blasted (GB) and milled at 60 m/min (F60) samples, with a cell 

number 13% and 4% higher than the polystyrene plate used as control, respectively. In 
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contrast, proliferation is slowed down on the polished (P) samples and the ones milled at 

120 m/min (F120), with cell numbers 13% and 16% lower than the control, and the worst 

behavior given by the polished. It can be then deduced that this type of cells prefers the 

polystyrene over the Ti6Al4V, being the roughness of P and F120 comparable. 

In contrast, the higher spikiness of M60, and the slightly higher contact angle might 

have improved the proliferation bringing up the effect of the roughness on cell behavior, 

given their relative positive difference of 25% in proliferation.   

Table 14. Number of viable MG63 cells after 48h incubation, measured through absorbance 
method. 

 

 

The above findings on proliferation are partially in accordance with those reported in [74] 

on bone cells preferring surfaces with an average roughness in the order of a few microns. 

Indeed, roughening is often reported to produce an enlarged surface area on which cells 

can adhere and, for the MG63 cell line, some studies confirm this trend [55]. 

In Figure 45, micrographs of cells cultured on Ti6Al4V surfaces are reported paired to 

magnified 3D surface maps to provide an overview of cell spread and alignment on 

different topographies.  

The micrographs show how cells tend to elongate and align along the texture of the F 

samples, trying to go around the higher parts of the ridges to link with each other or flatten 

on top of the ridges (Figure 45f and h). On GB samples they tend to spread and cover the 

asperities and better link with each other, due also to the smaller asperities compared to 

F samples, bringing to a consequently higher proliferation (Figure 45b). On P samples no 

specific direction is followed in cells alignment (Figure 45a). In each case, most of them 

show a flattened morphology to try and form intimate contact with the surface. 

This behavior can be due to asperities and topographical features within the same order 

of magnitude and thus the cells are forced to orient themselves [101].  

The treatments altered the surface and sub-surface properties of the samples at 

different levels, each in a distinctive fashion. This allows the comparison of extreme 

behavior both from a strictly mechanical point of view and cell response.  

The in vitro tests performed herein provide a first comparison in a simplified model 

involving osteoblast-like cells. Surface irregularities such as craters or ridges change the 

interactions with the body environment further tuned by the presence of different 

 P GB F120 F60 Culture Plate 

N° of cells  5.9 ·  104 7.7 ·  104 5.7 ·  104 7.1 ·  104 6.8 ·  104 
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chemical species. In general, the evaluation of cell response to multiple cues is of high 

complexity since the separation of the effects (morphological, chemical, etc.) is difficult 

to perform when properties derive from a manufacturing chain.  

 

 

Figure 45. Magnified 3D surface maps coupled with stained adhered cells for samples: (a, b) P, 

(c, d) GB, (e, f, g, h) F120 on two different areas. 

The analysis reported herein provides the guidelines for a wide experimental campaign 

with a limited quantity of factors and an explicit study of the interactions on a longer 

inspection interval. In particular, milling process parameters can strongly affect cell 

behavior and, to a greater extent, have the potential to improve bone-implant 

interdigitation.  

In fact, despite the higher cell proliferation on grit blasted samples, this process can 

introduce blasting media particles that might be released in the body environment and 
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need to be removed a priori by chemical treatment. The milling process does not bring 

such issue, also, it is already part of the manufacturing chain of most of the implantable 

metallic devices. 

BACTERIAL PATHOGENS: ESCHERICHIA COLI K-12 

METHODOLOGY 

SURFACE PROCESSING OF TI6AL4V 

FACE MILLING 

The face milling process has been conducted on a CNC Mazak vertical machining center, 

employing a commercial carbide milling cutter coated with TiAlSiN, 16 mm diameter – 

D (Product code WZF 126486 - Meusburger Georg GmbH & Co KG, Austria) and four 

cutting edges (Z – number of cutting edges).  

Roughing parameters have been chosen as per the manufacturer's advice on optimum 

conditions for the specific cutting tool: cutting speed Vc = 60 m/min, depth of cut ap = 0.1 

mm, table feed Vf = 250 mm/min (Table 15). Flood lubrication was employed. 

A single pass was performed to not introduce surface texture alterations caused by the 

interaction of multiple passes and a fresh tool was used for each test. To confirm process 

repeatability and the absence of chattering effects, milling forces were monitored through 

a six-components piezoelectric dynamometer (Kistler© 9257 - Kistler, Switzerland), as 

shown in the experimental setup for Case Study II in Chapter IV. 

Table 15. Experimental test conditions for milling. 

Milling parameter Roughing 

Cutting speed – Vc [m/min] 60 

Depth of cut – ap [mm] 0.10 

Table feed – Vf [m/min] 250 

Sample name R 
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LASER TEXTURING 

Ultra-short laser texturing was performed using a picosecond GR laser source (Ekspla 

Atlantic 5, Lithuania) using a wavelength of 532 nm, a frequency of 100 kHz, and a power 

of 1.22 W. A grid texture with 50 µm x 50 µm laser pitch was created by performing 100 

passes with a laser speed of 2000 mm/min with the aim to study bacterial response on a 

multi-scale level.  

CHARACTERIZATION OF SURFACE PROCESSED TI6AL4V 

Each type of processed Ti6Al4V sample was cut perpendicularly to the treated face, 

embedded on a black bakelite mounting resin, and mechanically polished up to 0.5 μm 

grade. Nano-hardness was probed along the depth below the surface (10 replications for 

each depth value) through an NH2 CSM Nanoindentation Platform (Anton Paar GmbH, 

Austria) equipped with a Berkovich diamond tip. Indentations were performed at a 

maximum load of 50 mN with 10 s of dwell time [29], [91]. For microstructural analysis, 

the polished samples have been etched employing Kroll’s reagent (100 ml H2O, 3 ml HF, 

6 ml HNO3)  and analyzed through an optical microscope.  

Furthermore, a Confovis structured light profilometer connected to a Nikon Eclipse 

LV150N microscope was employed to obtain real surface texture parameters (scanned 

area size: 0.5 mm x 0.5 mm, four replications).  

Additionally, the images of the non-sectioned surfaces were taken using a scanning 

electron microscope (ESEM Quanta-200 - Fei Oxford Instruments), equipped with the 

detector for EDS analysis (X-EDS Oxford INCA-350), which was performed on different 

areas of the samples (area size: 400 µm x 520 µm) to confirm the surfaces’ composition. 

The EDS analysis was combined with µRaman spectroscopy (LabRam - Jobin-Yvon, 

France) employing a 532 nm wavelength and 40 mW power laser (3 replications for each 

scan, each of 10 s duration, in the region 100 - 1600 cm-1).  

Contact angle (CA) was measured through the sessile drop technique via a Drop Shape 

Analyzer (DSA30S – Krüss Scientific, Germany): drops of 1 µl of distilled water were 

gently placed on Ti6Al4V treated surfaces performing five measurements for each sample 

and five replications for each processing condition. 
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CELL CULTURES 

Ti6Al4V samples were immersed in absolute ethanol for 24 hours, then they were steam 

autoclaved and UV dried before cell culture. For the culture experiments, approximately 

105 cells from an overnight culture in Luria Bertani (LB) broth of Escherichia coli JM109, 

K-12 strain, were suspended in sterile 1:500 LB/PBS solution and seeded on the sample 

discs. Cells were cultured at 37°C for 7 days. After incubation, the discs were rinsed, 

transferred to tubes containing sterile LB/PBS, and vortexed to remove bacteria from the 

disc surface. Cells were then plated on an LB agar medium and incubated overnight to 

estimate the number of viable cells. Cells were visualized under the optical microscope 

after Gram staining. 

RESULTS AND DISCUSSION 

SURFACE PROPERTIES AFTER PROCESSING  

Periodic structures of square protruding areas (Figure 456), about 35 x 35 μm2, separated 

by channels less than 10 μm wide were generated on laser textured samples by controlling 

laser motion (LT).  Grid-like structures made up of rectangular ridges with varying size 

and pitch were manufactured by milling (R) (Figure 46). The typical feature size of R 

texture is about 70 x 90 μm2 with a broader dispersion in size and spacing due to the roto-

translational motion of the tool. No significant microstructural variations were detected 

along the depth below the treated surface, apart from the presence of a plastic deformed 

layer and grain distortion due to plastic deformation processes (Figure 46). No relevant 

variations in nanoindentation hardness (HIT) (Figure 47) along the cross-section were 

detected between LT and P samples, with respect to the bulk of as received bar (AR). The 

core concept of ultrashort laser modification is the reduced impact of the treatment on 

microstructure and composition, which can be expressed in terms of the reduced affected 

zone [103] in the order of a few microns below the surface: from the analysis performed, 

confirmation of the above can be provided as no significant microstructural alterations 

have been detected along the depth below treated surface, according to the resolution of 

employed techniques. Strain hardening was detected for R samples (+28% HIT compared 

to P). 
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Figure 46. Images of Ti6Al4V substrates after processing: SEM images of the worked surface on 

the left and micrographs of cross-sectioned and etched samples on the right.  

 

Figure 47. Nano-indentation hardness measured along the cross-section of treated samples 
compared to as received (AR) bulk hardness. Error bars represent the standard deviation.  

Surface morphology after samples processing is shown in Figure 48 and the main 

parameters are reported in Table 16. As reasonably expected, the lowest and most regular 

distribution is found for polished ones, followed by the grid-like texture for milling. 

Surface unevenness finds a maximum for laser textured surfaces, together with the highest 

maximum height: the maximum height, Sz, of surface profiles is 1.51 μm, 6.82 μm, and 
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25.33 μm for the polished P, milled R, and laser textured LT samples, respectively. The 

high standard deviation found for polished surfaces in terms of Sz, Sku, and Ssk depended 

by random imperfections and notched areas that strongly influenced their calculation. On 

the contrary, the values of Sa and Sq, less influenced by these random imperfections, 

showed lower standard deviation, confirming the regular distribution and the low 

roughness of the polished surface. 

 

Figure 48. Surface roughness distribution for processed Ti6Al4V samples, scanned area size: 0.5 

mm x 0.5 mm. 

Table 16.  Surface roughness parameters for processed samples - height parameters following 

ISO 25178: Sa Arithmetical mean height, Sz Maximum height, Sq Root Mean Square height, Ssk 

Skewness, Sku Kurtosis. The standard deviation is reported in parentheses. 

Roughness Parameter P R LT 

Sa [µm] 0.05 (0.01) 0.68 (0.04) 1.39 (0.02) 

Sz [µm] 1.51 (0.79) 6.82 (0.37) 25.33 (0.91) 

Sq [µm] 0.06 (0.01) 0.80 (0.04) 2.33 (0.02) 

Ssk [ - ] -0.32 (0.66) 0.80 (0.07) -0.13 (0.09) 

Sku [ - ] 11.18 (12.18) 2.22 (1.00) 6.56 (0.14) 

 

Raman spectroscopy detected the presence of rutile along the edges of the square flat 

ridges of the LT grid structure, as highlighted in Figure 49 a and b. The Raman spectrum 

of polished and milled samples shows no signal (Figure 49 a), evidencing the absence of 

rutile titanium dioxide [95]. 
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Figure 49. Ti6Al4V surface processed samples: (a) Raman spectra of Polished (P), milled (R), 

and laser textured samples (LT) and (b) EDS of LT sample, highlighted in green the area where 

rutile was located. 

Due to the different surface textures, the water contact angle results are significantly 

different between samples (Figure 50). The lowest value was found for R samples, 

obtaining 37°, 30% lower than P. Compared to P, LT samples showed a 41% and 6% 

higher contact angle along D1 and D2, respectively.  

 

Figure 50. Water contact angle measured on Ti6Al4V modified surfaces. 

CELL RESPONSE: PROLIFERATION OF ESCHERICHIA COLI 

Preliminary culture experiments suggest that surface wettability (Figure 50) correlates 

with cell proliferation and colonization (Figure 51). The lowest wettability of LT discs 
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apparently yielded the highest proliferation (+987% compared to P), with an 

accumulation of bacteria in the channels of the texture. The highest wettability of R discs 

hindered cell proliferation (-95% compared to P), cells did not adhere thus biofilm 

formation was prevented. These findings are partially in accordance with the literature 

[104] but further assessment is necessary to deepen the correlation between bacterial 

proliferation and colonization with respect to surface texture, contact angle and chemistry 

of the surfaces. 

 

Figure 51. Material interaction with E. Coli: (a)-(c) proliferation, (d)-(f) colonization after Gram 

staining – bacterial colonies in violet coloration [99]. 
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CONCLUDING REMARKS AND FUTURE WORKS 

This dissertation covered a wide range of surface modification techniques applied to the 

Ti6Al4V alloy to address current issues of skeletal fixation devices with a multi-level goal: 

1. Modulate the integration of the implants with surrounding bone tissues by acting 

on surface properties, employing material deformation and removal techniques, and 

studying the effects on in vitro cell response.  

The long-term goal of the study on cell response to different surface cues is to locate 

a processing window for the modulation of the osteointegration of Ti6Al4V implants, as 

this alloy currently keeps on being the clinical standard of care for bone contacting 

implants. 

The work carried out confirmed an influence of surface processing on osteoblast-like 

cell behavior and paves the way for a broad investigation, to deepen the relationship 

between bone cells behavior and surface processed implantable material. Future 

developments will cover a thorough analysis of the studied surface modification 

techniques, in particular milling, taking into account all the underlying phenomena that 

correlate surface texture, microstructure, composition, contact angle. Also, a systematic 

analysis of these complex phenomena using not only osteosarcoma cell lines but also 

primary cells might increase the translational power of this study. 

2. Improve the poor adhesion of coatings made by engineered natural materials like 

chitosan by: tuning film properties through different deposition techniques, coating 

composition, and substrate properties through material deformation and removal 

techniques.  

The results on pure chitosan coating suggest the electrophoretic deposition as the 

deposition technique with better results as regards the resistance of coating. The long-

term goal of the study on chitosan is to prevent coatings from early failure during handling 

and surgical procedures, addressing also its different behavior after exposure to body 

fluids and performance as drug release support. In future works, a deeper investigation of 

thickness effects on coating resistance will be included. Further insights will be necessary 

to a large scale implementation of these processes.  

As concerns surface modification applied to Ti6Al4V substrates towards improved 

coating adhesion, the tests demonstrated a strong influence of texture on adhesion 

parameters (contact angle, scratch test). The best performance is given by grit blasted 
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substrates while the others show markedly inferior coating adhesion. The overall results 

contribute to the insight into surface modification of Ti6Al4V to improve coating 

performance by focusing on mechanical and thermal processes, as the current state of the 

art does not allow to properly correlate adhesion and texture.  

On the one side, depending on the type of prosthesis or implant at issue, it will be 

necessary to determine the forces that the implant must be able to face during usage and 

on the other side, further research in the medical and biochemical fields should be added 

to identify the requirements of the films - and thus develop a pass or fail criteria for the 

coating performance. 

3. Preliminary analyze the effect of surface modification techniques on in vitro 

bacterial response. 

The impact of surface properties on bacterial adhesion and biofilm formation was 

preliminary explored and demonstrated. As also confirmed in literature, increased surface 

roughness enlarges the available surface area for bacterial attachment and proliferation. 

Furthermore, rough surfaces can offer protection to bacteria against shear forces 

generated by body fluids. But surface contact angle affects bacterial behavior and 

correlates in a complex fashion with other surface features. It has been observed that 

higher roughness positively influences the response of bone cells, leading also to 

improved implant interdigitation with bone. Consequently, further research is required to 

find a common solution to address both issues. Investigating combinations of surface 

properties may offer more meaningful insights into bacterial adhesion and biofilm 

formation, as surface parameters are inherently interdependent, and different bacterial 

species show different response: while the potential dominance of some surface 

properties over others is plausible, it is essential to concurrently assess multiple surface 

parameters and extrapolate interdependencies. 
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