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A scientific breakthrough! 

An engineering failure

0.5 to 10 µm particles

Coefficient of friction:

CoCr-CoCr 0.12 µ

CoCr-UHMWP 0.08 µ

Ice-Ice 0.02 µ

Cartilage-Cartilage 0.002 µ



Aetiology of transcatheter heart valve failure 

Mylotte D., et al. (2015). "Transcatheter heart valve failure: a systematic review." Euro. Heart J. 36(21): 1306-1327

https://d1vzuwdl7rxiz0.cloudfront.net/content/ehj/early/2014/10/09/eurheartj.ehu388/F2.large.jpg?width=800&height=600&carousel=1
https://d1vzuwdl7rxiz0.cloudfront.net/content/ehj/early/2014/10/09/eurheartj.ehu388/F2.large.jpg?width=800&height=600&carousel=1
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“Compatibility with living tissue or a living system by not being 

toxic, injurious, or physiologically reactive and not causing 

immunological rejection”

Mirriam-Webster

Further definitions are tied to the desired response of the material, 

e.g. to adhere, play an active role or a passive role:  

• Bioactive – interacts with surrounding tissue

• Bioinert – does not interact with surrounding tissues

• Bioresorbable - dissolves (resorbed) and is replaced by tissue

Biomaterials

Biocompatibility
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Biomaterials

Effect of material on the host 

(fragility)

Blood / material interactions

Protein absorption

Coagulation

Platelet adhesion / activation / release

Leukocyte adhesion / activation

Foreign body reaction

Infection

Carcinogenesis

Embolisation

Thrombosis

Hypersensitivity

Lymphocyte particle transport

Effect of host on the material 

(hostility)

Abrasive wear

Fatigue

Stress – corrosion, cracking

Degradation / dissolution

Absorption of substances from tissue

Enzymatic degradation

Calcification

Local

Systemic / Remote
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Uses of biomaterials

• Replace diseased or 

damaged anatomy and 

physiology

• Assist in healing 

• Improve function 

• Correct functional 

abnormalities 

• Cosmetic

• Aid to diagnosis

• Aid to treatment 
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Synthetic

• Metals 
Stainless steels, Cobalt-based 

alloys, Titanium Alloys

• Ceramics  
Alumina (Al2O3), Zirconia 

(ZrO2), Hydroxyapatite

• Polymers
Nylon, UHMWPE, PMMA 

(Polymethylmethacrylate)

• Composites 
Graphite epoxy

Biomaterials

Classes of Biomaterials

Natural

• Tissues

• Cells 
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Stainless Steels 

• Steel and carbon 

• Carbon acts as a hardening agent to 

prevent the dislocation of iron crystals

• Higher carbon content = more brittle 

• Passive chromium layer provides 

improved corrosion resistance

• 18-20% Cr and 8-10% Ni make it 

stronger than the steel and more 

resistant to corrosion

• Further addition of molybdenum (Mo) 

improves corrosion resistance

Metallics

1930s
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Cobalt-Chromium Alloys

• CoCrMo

• CoCrWNi

• CoCrMoNi

• CoCrNiMoWFe

Metallics

1930s

Stronger and harder than s.steel

Used in joint prosthesis and dentistry
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Titanium Alloys

• Pure Ti

• TiAlV, TiAlNg, TiAlMoSnSi

• Lower density

• Passive TiO2 (oxide) layer - good interface

• Poor shear strength

• Seizes under contact loading 

• Very strong in compression 

• X-ray permeable

• Used widely in implants, plates, screws .. 

Metallics

1940s

Bioinert
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Metallics
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Hardness

Toughness

Ductility 

Malleability 

Strength

Material Properties

Brittleness

Stress

Strain 

Elastic Modulus

Name that property

Squishiness

Poisson's Ratio

Plasticity 

Elasticity

Viscoelasticity 
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Tensile or 
Compressive

Material Properties

Stress 

Normal

Shear

Force exerted per unit 
area

Vector sum of normal and 
shear stresses 

Strain ε

Measure of deformation

Non-dimensional 
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Material Properties

Stress
 = F / A

(N/m2)

Strain
= dL/L   
(Non-dimensional)
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Material Properties

Stress
 = F / A

(N/m2)

Strain
= dL/L   
(Non-dimensional)

Yield 
point

Elastic 
deformation

Ultimate 
Tensile strength

Breaking strength

Not reversible 

Energy is lost as heat

Reversible 

Energy is recovered 
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Material Properties

Hardness
Ability to resist permanent deformation (abrasion and indentation)

Tested using Vickers, Rockwell and Brinel tests

Toughness
Ability to absorb energy and plastically deform without fracturing 

The area under the stress-strain curve

Tested using the Izod and Charpy impact tests

Brittleness
Material that fractures easily on load instead of deforming 

e.g. cast iron, concrete, high carbon steels

Strength
Ability to withstand an applied force 

Compressive strength / Tensile strength
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Material Properties

Stress
 = F / A

(N/m2)

Strain
= dL/L   
(Non-dimensional)

Elastic 
deformation Soft and weak

e.g. Silicone rubber

Soft and strong

e.g. Natural rubber

Hard and Tough

Toughness
Ability to absorb energy and plastically deform without fracturing 

The area under the stress-strain curve
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Stress
 = F / A

Strain
= dL/L   

Hooke’s Law states that change in length is 

proportional to applied force: 

σ = E ε

Where E = Modulus of elasticity (units Pa) 

i.e. the slope of the stress-strain curve in the 

linear region 

A material is linearly elastic when it 

behaves elastically in the linear region
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Material Properties

Stress
 = F / A

Strain
= dL/L   

Elastic 
deformation

Brittle
Ductile

Ductility - Ability to stretch under tensile load 

Ability to deform under a compressive loadMalleability -
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Material Properties
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When a bar is stretched it gets longer Δl and thinner ΔD 

So there is a tensile strain in the axial direction and a compressive 

strain in the transverse direction  

Poisson’s ratio v = = -x / y

If axial strain is tensile (+), transverse strain is compressive (-), and 

vice versa, so v always becomes positive  

Material Properties

- transverse strain 
axial strain 
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• Many materials have a Poisson ratio 

in the range 0.25 – 0.35. 

• Poisson’s ratio holds for the linearly 

elastic region (in compression and 

tension). When behaviour is non-

linear Poisson’s ratio is not constant

Rubber 0.4999

Bone 0.4

Copper 0.33

Cast iron 0.2

Cork 0

• The material must be homogenous (same composition throughout) 

for the strains to be same throughout

• The elastic properties must be the same in all directions 

perpendicular to the longitudinal axis (otherwise more than one 

Poisson’s ratio are used)
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Material
Poisson’s 

Ratio, v

Stainless Steel 0.305

Cobalt Chromium alloys  0.29

Titanium 0.32

Ti-6A1-4V 0.342

Cast Iron 0.22

Aluminium 0.33

Cortical bone longitudinal 0.40

Cortical bone transverse 0.31

How accurate can the measure of Poisson’s ratio be for bone?

Rubber 0.4999

Bone 0.4

Copper 0.33

Cast iron 0.2

Cork 0



Metallics
25

Material 

Young’s 

Modulus, E 

(GPa)

Yield 

Strength, 

σy (MPa)

Tensile 

Strength, σUTS

(MPa)

Compressive 

Strength, σUCS

(MPa)

Stainless Steel 190 221-1213 586-1351 170-310

Cobalt Chromium alloys  210-253 448-1606 655-1896 283-313

Titanium 110 485 760 970

Ti-6A1-4V 116 896-1034 965-1103 970

Cast Iron 100-190 40-260 140-380 80-130

Aluminium 70 60-220 90-390

Cortical bone longitudinal 11-21 30-70 60-70 70-280

Cortical bone transverse 5-13 30 50 50

Pros

• High strength

• High modulus of elasticity

• Easy to fabricate 

• Mechanical properties can be tailored

• Good wear resistance 

Cons 

• Corrosion in body fluids 

(pH oxidation)

• Electrically conductive

• Relatively high density
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Bones

• Support the body by providing a 
structural framework

• Protect internal organs - i.e. brain, 
heart, lungs etc

• Assist movement providing 
structure and muscle attachment 
sites 

• Regulate mineral supply 
(homeostasis) a store for calcium 
and phosphorus

• Produce blood cells in bone 
marrow

Bone
Campo Maior ossuary chapel, Portugal



Extracellular Matrix

• 25% water 

• 25% collagen fibres – strong, resist tension

• 50% crystallised mineral salts – brittle, stiff

– Calcium carbonate CaCO3

– Calcium phosphate Ca3(PO4)2 most abundant

– Calcium hydroxide Ca(OH)2

– which form Hydroxyapatite Ca10(PO4)6(OH)2

Bone



Two types of mature bone:

• Compact

• 80% of all bone

• Shafts of long bones

(diaphyses) 

• Spongy (cancellous) 

• 20% of all bone

• Ends of long bones (epiphysis) 

• Contains red bone marrow and a network of large open spaces 

(marrow spaces) and plates of bone called trabeculae

Bone



Bone

Compact Bone

• Formed of Osteons (or Haversian systems)

• The basic structural unit of the bone

• About 300 microns in diameter, 3-5 mm in length

• Aligned with the 

principal axis of the 

bone

• Haversian canals 

contain blood vessels 

and nerves from the 

periosteum

• Surrounded by matrix



Bone

Forming bone

• Osteocytes sit in lacunae 

in concentric rings 

around a central 

Haversian canal

• Arranged in concentric 

rings of bone matrix 

called lamellae, with 

processes running in 

interconnecting canaliculi



Osteoblasts 
Immature bone cells 

that secrete organic 

components of the 

matrix

Osteoclasts
Multinucleate cells 

that secrete acids and 

enzymes to dissolve 

bone matrix

Osteocytes
Mature bone cells that 

maintain the matrix

As osteoblasts become trapped 

in the matrix, they become 

osteocytes

Osteoprogenitor cells

Mesenchymal cells 

differentiate to produce 

osteoblasts

Blood monocytes / 

macrophages in the 

bone marrow, in turn 

from hematopoietic 

cells

CELLS

Bone



Bone Remodelling

• An ongoing active process:

• Bone re-modelling is necessary for growth

• Mechanical stresses on bone cause the release of calcium that 

stimulates remodelling

• Hormones also regulate remodelling - parathyroid hormone 

stimulates resorption, calcitonin inhibits resorption

Bone

Resorption

(by Osteoclasts)

Mineralisation

(by Osteoblasts)



Metaphysis

Metaphysis

Bone

Structure of long bones 

• Outer region of dense 

cortical or compact bone

• Hollow region in the bone 

medullary cavity

• Trabecular network of bone 

in the epiphysis



Metaphysis

Metaphysis

Bone

Structure of long bones 

• Epiphysis - enlarged volume of 

at the ends of bones

• Diaphysis - long hollow shaft 

joining the Epiphyses

• Metaphysis - region of boney

growth (children) between the 

epiphysis and the diaphysis

• Prominences

• Examples: Femur, tibia, humerus



Bone

Determined by 

• Orientation of the matrix and Haversian systems

• Longitudinal or circumferential orientation of collagen

Mechanical properties of bone



Bone

Mechanical properties of bone



Bone

What is the compressive 

stress acting on the bone?

If F = 8000N, R= 20 mm and 

r = 10 mm. 

How is this comparable to 

the compressive strength of 

different types of bone? How will the insertion of a 

Titanium rod (r=10 mm, E=110) 

alter the compressive strength 

experienced by the bone?

Compressive strength of bone
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Professor Per-Ingvar Brånemark

Osseo-integration
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• TiO2 hydrogel layer induces 

apatite crystal formation

• Surface roughness of titanium 

alloys have a significant effect on 

the bone apposition to the implant 

and on the bone implant interfacial 

pull out strength

• Highest levels of osteoblast 

attachment are obtained with 

rough surfaces where cells 

differentiate more than those on 

smooth surfaces

Osseo-integration
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“Trabecular metal material” 

Zimmer Holdings Inc.

Tantalum is deposited onto a vitreous 

carbon substrate using chemical vapour 

deposition to create the textured surface
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Direct skeletal attachment
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Over time the bone tissue will grow in between the threads 

forming a strong, tight bond 



44
Metallics

Imagines courtesy of Dr Wei 

Xu, University of Surrey
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Socket and subsequent socket issues are eliminated 

Patients can experience an “Osseo sense” 
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Metallics
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• Alumina Al2O3

• Zirconia ZrO2

• Bioglass NA2OCaOP2O3-SiO

• Hydroxyapatite Ca10(PO4)6(OH)2

• They are hard!   -> good wear resistance
•

• High compressive strength

• Inertness to body fluids (chemically inert, electrical insulator)

• So high tensile loading applications: dentistry, implant materials, 

artificial tendons and ligaments

• Used to reinforce composites and coat metals

Ceramics

Ceramics

Ti Nitride, Alumina - plasma deposition
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Ceramics

Material 

Young’s 

Modulus 

E (GPa)

Tensile 

Strength 

σUTS (MPa)

Compressive 

Strength 

σUCS (MPa)

Hardness 

(Rockwell B)

Poisson’s 

Ratio, v

Stainless Steel 190 586-1351 170-310 100 0.305

Cobalt Chromium alloys  210-253 655-1896 283-313 110 0.29

Titanium 110 760 80 0.32

Ti-6A1-4V 116 965-1103 970 109 0.342

Cortical bone longitudinal 11-21 60-70 70-280 0.40

Cortical bone transverse 5-13 50 50 0.31

Hydroxyapatite 80

Alumina 380 350 4500 2000+ 0.21

Bioglass 22 56-83 500 2000+

Cons

Brittle

Poor reliability in manufacture

Not tough

Expensive
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• Elastic failure due to over stress

• Fracture through crack propagation

• Fatigue failure due to cyclic loading

• Compression collapse

Material Properties

Failure mechanisms of solid materials 
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(a) Uniaxial loading:

Material Properties

Elastic Failure

σy

σ = σy
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(b) Triaxial loading:

Material Properties

Elastic Failure

Principal Stresses  P> Q> R

The combination of P, Q and R 

will cause the elastic failure

Yield stress criterion 

• Maximum shear stress theory (Tresca) P – R = y

• Maximum shear strain energy theory (Von Mises)

(P-Q)2 + (P-R)2 + (Q-R)2 = 2y 
2

Q

PR
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Fracture through crack propagation 

Energy required locally to create a crack is work of fracture Uf (Jm-2)

Uf = Ub + Ud

Where Ub = energy to break molecular bond

Ud = energy absorbed in distortion of adjacent material 

Low Ud in brittle materials, e.g glass 

High Ud in ductile materials, e.g. copper 
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Fracture through crack propagation 

Fracture Ultimate tensile strength, 

toughness approximate for strongest axis

Material Uf Jm-2 u Nmm-2

Glass 1 – 10 170

Polyester 100 50 

Nylon 1000 150 – 600 Complete crack stopping

Bone 1000 100 – 200 mechanism in long molecule 

Wood 109 100 polymers and fibrous materials

Mild steel 105 – 106 400

High tensile steel 109 1000
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• Strain energy = 2 / 2E  volume

• Energy to form crack Uc=  Uf× crack face area i.e. Uc∝ L

• Energy released from the shaded area as crack extends                                          
Ur = 2 / 2E ×shaded volume  i.e. Ur ∝ 2L2

U Ur

Lg                  spontaneous propagation

Initial work

done in startin

crack

Uc

L

U

Lg

0 increasing

Uc

L

Material Properties

Fracture through crack propagation 

Critical (Griffith) crack length Lg = 2UfE / o
2

The minimum crack length that can exist in a homogeneous material 

without initiating spontaneous fracture
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S–N curve Number of cycles to failure given stress S

Specific to load cycling profile

Alternating

Fluctuating 

Repeated

Fatigue limit S0 – the maximum value of repeatedly applied stress a material 

can withstand after an infinite number of cycles 

     Stress

2S

2S

S

Time

Time

Time

     Stress

S0
N

Material Properties

Fatigue
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Fatigue is cumulative (Goodman’s law) 

If material sustains:

n1 cycles at stress amplitude S1

n2 cycles at stress amplitude S2

ni cycles at stress amplitude Si

Failure occurs when:  (n1/S1)+(n2/S2)+ .... +(ni/Si) = 1 

or  (ni/Si) = 1

Material Properties

Fatigue
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1. Material failure in short ‘thick’ members

2. Local buckling in short ‘thin-walled’ members

3. By overall elastic (Euler) buckling in long thin members if 

initially straight

4. By local compressive failure of material in long thin 

members if initially curved or eccentrically loaded 

Material Properties

Compressive failure
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Critical stress depends on specimen shape

Ductile Brittle

Material Properties

Compressive failure - of material
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Buckling of webs

into alternate

waves followed

by local collapse

Tube            angle

Material Properties

Compressive failure – local buckling
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Fcrit = k π2EI

L2

Where: k = constant depending on type of constraints 

E = Elastic modulus

I  =  Second moment of area of cross section

L =  length

Material Properties

Compressive failure – Euler buckling
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Some terms:

• Autograft - tissue transplanted from another part of the same individual

• Allograft - from a donor of the same species

• Xenograft - from a donor of a different species 

• Xenomorph – the creature in Alien

• Isograft - from an identical twin

Biological
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Biological

Nearly all biological tissues (tendons, ligaments, bone skin etc.) 

exhibit several anelastic properties:

• Hysteresis during loading and unloading

• Stress relaxation at constant strain

• Creep at constant stress

• Strain-rate dependence
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Hysteresis

• Area enclosed by the loading and unloading paths is called the 

hysteresis loop

• Represents  energy dissipated as heat during deformation / recovery

• Amount of energy dissipated is 

dependent upon the rate of strain 

deforming the material

• The presence of hysteresis in the 

stress–strain for a viscoelastic 

material indicates that continuous 

loading / unloading results in a 

temperature rise
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• When the tissue is held at a constant strain, the stress in the 

tissue decreases, a phenomenon called stress relaxation

• If a constant strain is suddenly applied at t=0, the stress in a 

viscoelastic material will fall away from its initial value

• The changing rate is determined by a relaxation function R(t)

R(t) has the dimensions of stress, 

i.e. load/area, e.g. Nmm-2

)7....()(
0

tR 

Material Properties

Stress Relaxation



Creep

Conversely when held at a constant stress, strain in the tissue increases. 

This is known as creep.

(t) = 0D(t)

D(t) = compliance of material 

(inverse of stiffness) 

Material Properties
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• Maxwell

• Kelvin-Voigt 

• Standard Linear Solid (SLS)

Material Properties

Three basic models:  



Inertance

Capacitance

Resistance



Material Properties

Mass

Spring

Damper

Mechanical Electrical

Resistor

Capacitor

Inductor

Inertance

Viscoelastic 

Material

Elasticity E

Viscosity η

Capacitance

Resistance

Mass m
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Mechanical Electrical Thermal Fluid

Effort

Flow

Displacement

Momentum

Node law

Mesh law

Voltage V

Current I

Charge Q

Kirchoff’s 1st

law (current) 

Kirchoff’s 2nd

law (voltage)

Pressure P

Volume flow 

rate Q

Volume V

Mass 

conservation

Pressure is 

relative

Temperature

difference ΔT 

Heat flow

Heat, Q

Heat energy 

conservation

Temperature 

is relative

Force F

Velocity v

Displacement x

Continuity 

of space

Newton’s 2nd

law

Momentum p
Pressure 

Momentum Γ 
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Modelling viscoelasticity

E

ε

σ

c

v = dx/dt

F

k

x

F

η

dε/dt

σ

F=kx σ=Eε F=cdx/dtσ =ηdε/dt

ε =
σ
𝐸

ε =
σ
η  𝑑𝑡

c = damping coeff.

η = viscosity coeff.
k = spring stiffness

E = elasticity



Material Properties

Maxwell Model

E

η

ε

σ

ε =
σ
𝐸

ε =
σ
η  𝑑𝑡

𝑑ε

𝑑𝑡
=
𝑑σ

𝑑𝑡

1

𝐸
+
σ

η

𝑑σ

𝑑𝑡

1

𝐸
+
σ

η
= 0

𝑑σ
σ = −

E
ηdt

lnσ − lnEε0 = −
E

η

σ = ε0𝐸𝑒
−
𝐸

η𝑡 = ε0R(t)

R(t)=E𝑒
−
𝐸

η𝑡

ε = ε0 = constant

lnσ = 𝐴 −
E
ηt

)ln(,:0
00
 EAEt 

A linear first-order model

)3....(
1

)(


t

E
tD   

)(
1

00

00 tD
t

E
dt

E








 








 



Material Properties

Kelvin-Voigt Model

ε = ε𝑠 + ε𝑑

E η

ε

σ

σs
σd

Similarly:

σ = σ𝑠 + σ𝑑

σ = 𝐸ε

σ = ε𝐸+ η
𝑑ε
𝑑𝑡

D(t) =
1

𝐸
1 − 𝑒

−
𝐸
η𝑡

σ = ε𝐸+ η
𝑑ε
𝑑𝑡

)(1
0

0 tDe
E

Et




  













This is not practicable. i.e this is not a good model 

of stress relaxation 

σd = η
𝑑ε

𝑑𝑡
If ε 0 is applied suddenly

𝑑ε
𝑑𝑡

= ∞



Material Properties

Standard Linear Solid Model 

ε = ε𝑠 + ε𝑑

σ = σ𝑠 + σ𝑑

σ = 𝐸ε

E

η

ε

σ

E

σ2σ1
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Material Properties

Creep

Relaxation

Maxwell Kelvin-Voigt SLS
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• Animal studies

• Protein absorption

• Cytotoxicity assays

• Mechanical testing

Biomaterials

Assessing biomaterials
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Protein adhesion

• Important for materials in contact with blood

• AFM to measure force / strength of protein adhesion

• Spin proteins off surface using centrifugation & measure shear

• X-ray photo-electron spectroscopy (XPS) to measure surface 

composition   

Biomaterials



Cytotoxicity assays

• Cytotoxic agents will interfere with cell division, causing 

growth rate reduction. Metabolic markers can be measured 

to assess growth rate

• Other markers include:

o Membrane integrity

o Metabolic activity

o Respiratory chain activity 

o Total protein synthesis 

o DNA content

o Lysosomal activity

77
Biomaterials

IC50 = Inhibitory Concentration at 50%
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Mechanical Testing

• Important where there are mechanical interactions with the 

body

• Izod, Charpy tests of toughness

• Vickers, Rockwell and Brinel tests of hardness 

• Modulus matching

Charpy

Vickers

http://www.google.co.uk/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwi0yOK8yMLKAhVB1RoKHZroCXYQjRwIBw&url=http://www.jnfine.com/en/Products/Impact_testing_machine/baichuishiImpact_testing_machine/392.html&psig=AFQjCNHIQSlYxgvacFAoF8cNoQr6cdhCtQ&ust=1453728905857798
http://www.google.co.uk/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwi0yOK8yMLKAhVB1RoKHZroCXYQjRwIBw&url=http://www.jnfine.com/en/Products/Impact_testing_machine/baichuishiImpact_testing_machine/392.html&psig=AFQjCNHIQSlYxgvacFAoF8cNoQr6cdhCtQ&ust=1453728905857798
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Considerations

• Biocompatibility 

• Function / lifespan 

• Effect of implant / effects of host 

• Mechanical properties

• Wear resistance 

• Electrical properties 

• Kinetics of corrosion / electrochemistry

• Thermal properties

• Ease of fabrication

• Treatments and coatings

• Removal and replacement 
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Material 

Young’s 

Modulus, 

E (GPa)

Yield 

Strength, 

σy (MPa)

Tensile 

Strength, 

σUTS (MPa)

Compressive 

Strength, 

σUCS (MPa)

Hardness 

(Rockwell 

B)

Poisson’s 

Ratio, v

Stainless Steel 190 221-1213 586-1351 170-310 100 0.305

Cobalt Chromium alloys  210-253 448-1606 655-1896 283-313 110 0.29

Titanium 110 485 760 80 0.32

Ti-6A1-4V 116 896-1034 965-1103 970 109 0.342

Cast Iron 100-190 40-260 140-380 80-130 97 0.22

Aluminium 70 60-220 90-390 60 0.33

Cortical bone longitudinal 11-21 30-70 60-70 70-280 0.40

Cortical bone transverse 5-13 30 50 50 0.31

Hydroxyapatite 80

Muscle 0.02-0.1 0.2 0.49

Tendon 0.1-0.2 50-150 0.40

Skin 27 0.49

Collagen 6

Alumina 380 350 4500 2000+ 0.21

Bioglass 22 56-83 500 2000+

Calcium phosphates 40-117 69-193 510-896

Pyrolytic carbon 18-28 280-560 517

PMMA 2.2 30 48 31-150 0.34

Nylon 2.8 76 0.39

UHMWPE 4-12 20 40+ 0.46


