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Bone is a Complex System

w Bone is a hierarchical material with
complex random structures at several
different scales

w Boneis a living tissue with continuously
evolving microstructure  (mechanical,
biological& chemicalfactors)

w Boneis amulti-functional materiat
Providedrame

Protectsorgans

Manufacturesblood cells
Storesusefulminerals

MaintainspHin blood, detoxifies,contributesto
movement
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Hierarchical bone structure

w Macrostructure (150 cm)
¢ Whole bone

w Mesostructure (0.6§10 cm)
¢ Trabecular network

w Microstructure (1@500 mm)
¢ Single trabecula

w Submicrostructure (£10 mm)
¢ Single lamella

w Nanostructure (below 1 mm)
¢ Collagen fibrils
¢ Apatite crystals
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Macrostructure (17 50 cm)

w Trabecular bone
¢ High porosity
w30 to 90%

¢ Skeletal mass
w20 to 25%

w Cortical bone
¢ Low porosity
w5 to 30%

¢ Skeletal mass
w 75 to 80%

Frontal longitudinal midsection of upper femur



Mesostructure (1¢ 10 cm)

Scanning Electron images

Porous random network of trabeculae



Microstructure (10- 500 mm)

trabecula

Trabecular packets
I 50 mm mean wall

thickness

T 600 mm radius
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Plywood arrangements



TEM- Plywood Arrangements of lamellae

[

Orthogonal plywood motif (0/90) Twisted or rotated plywood motif



Submicrostructure (1- 10 mm)

ASingle lamella level

I single lamella (3 to 7 mm thick)

I branching bundles (1 - 2 nm diameter)

I fibrils show splaying, less than 10°

I ellipsoidal cavities - lacunae (1-2 nm diameter, 20 nm long)



Woven bone structure:

Lamellar structure:
collagen fibrils aligned




Nanostructure (below 1 mm)

A Collagen (Type 1) fibrils
i 207 100 nm diameter
I 6071 67 nm periodic pattern

A Apatite crystals (calcium & phosphorus)
I Shape?

A Irregular Plates
[e.g. Robinson, 1952; Weiner et al,1986]

T 50x25x5nm

A Other proteins, fluids




TEMCc HA crystals in longitudinalhgectioned fibrils

Plate-like shape Aligned in fibril direction



Skeletal structures are adapted to
support musculoskeletal loads

Cervical vertabrae

15
e the structural . €
properties and ‘
failure force of
skeletal structures is ¢ “@‘
well adapted to
functional loads

e does this reflect

adaptation of human
activity or s R

. ' ) v
adaptation of o
musculoskeletal
anatomy?

il | Thoracic vertebrae

Lumbar variebros

Increasing Increasing
area load 5



Optimal design theories: Woltt's Law

Wolff (1869): Wolff’s Law:
“bone adapts (remodels) in
response to the mechanical
loads placed on 1t”

Roux (1895): Principle of
Jfunctional adaptation: bone
adapts to its function by
“practicing the latter.”
Principle of maximum-
minimum design: trajectorial
system of trabeculae
provides maximum strength
with minimum material 6
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Optimal design theories (cont)

(1) theory of uniform strength:
structure 1s designed so every
bit of material is subjected to
the same maximum stress
under a specific set of
loading conditions

(2) theory of trajectorial
architecture: structure 1is
designed so material is
located only in the paths of
transmission of forces,
elsewhere there are voids




Basic Biomechanics

Material Properties Structural Properties
¢ ElastiePlastic ¢ Bending Stiffness
¢ Yield point ¢ Torsional Stiffness
¢ Brittle-Ductile ¢ Axial Stiffness

¢ Toughness

Independent of Shape Depends on Shape and Materia
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Basic Biomechanics

Force

4 Slope = Stiffness =
7 1 Force/Displacement

Displacement
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Basic Biomechanics

Stress= Force/Area / Strain= Change Heighbl)

Compressive Original Height(})

Tensile
Sheared
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Basic Biomechanics

Stress=

Force/Area Slope = Elastic Modulus =

7 | Stress/Strain

Strain= Change in Length/
Original LengthOL/ L)
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Stress= Force/Area Strain= Change in Length/Angle

Strain = Change in Length or Angle

Compressive
Faorce
Tensile
Force For :
W N ; D. Shear
\ \! \ \ Strain
24 Force / (
23 C. Normal
S =) @ ' ,
A 7

Strain

A. Normal B. Shear
Stress

Stress
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Note: StressStrain curve is a normalized Loddeformation Curve 19



Basic Biomechanics

Elastic Deformation
Plastic Deformation
Energy

Force

l
Elasticy Plastic

Displacement
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Elastic Biomaterials (Bone)

Elastic/Plastiaccharacteristics Load/deformation curves
material fails before elastic
permanent deformation o
“m't\ ductile material
material deforms © )
. @)
greatly before failure — brittle material
Boneexhibits both properties R -

deformation (length) ——

21



Basic Biomechanics

Yield failure first arises through
ultrastructural microcracks within the
hydroxyapatiteand the disruption of the
collagenfibrils

Asloadingcontinuesin the plasticregion,
the material will eventually experience
ultimate failure (catastrophic)

Stress (F/A)

The point of breakageis the ultimate NV

stressin:

tension (140MPa),
shear(65 MPa)
andcompression(200MPa)

O

Failure

Yield
Failure \

\ \‘\ Ultimate

10 15 20

Strain (AL/L)
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Elastic & Plastic responses

fracture/failure

elastic

oelasticthrough 3% deformation

region

oplasticresponse leads to fracturing

oBtrength =D area under the curve

Dstress

Dstrain| | ustiffnessdefined as the slope of the
elastic portion of the curve

Stress (Load’)

Strain (Deformation)‘
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Bone modulus

Corticalbone (5-30%porosity)

18 GPa(longitudinaldirection)
12 GP&(transversedirection)
3.3 GPa(shear)

Cancellousone (30-90%porosity)

(0.1to 3.5 Gpa)more complex,
- trabecularorientation

- connectivity

- density

- location

cortical

trabecular

24



Bone modulus

C Reductionsin the degree of mineralization
(e.g., immaturebone),

C Increasesn porosity (e.g., osteoporosis)pr

C microstructuraldamage(accumulation)

will greatlycompromisethe stiffnessof the bone

andtherebylower the elasticmodulus
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Loadto Failure

Continuousapplicationof force
until the materialbreaks(failure
point at the ultimate load).

Commonmode of failure of bone and
reportedin the implantliterature.

Fatigue Failure

Cyclical suithreshold loading
may result in failure due to

fatigue.

Common mode of failure of
orthopaedic implants and fracture
fixation constructs.
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Anisotropic Mechanical properties dependent

upon direction of loading
(weakest in shear, then tension, then compression)

Viscoelastic StressStraincharacterdependentupon
rate of appliedstrain(time dependent)

Trabecular bone becomes stiffer in compression the faster it is loade
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Bone Anisotropy

trabecular

tension |}

compression

-

cortical

shear

tension

compression

50 100 150
Maximum Stress (MPa)
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The strength and modulus of bone
vary with the direction of loading

e bone is stronger in
compression than tension

)

I
4~ |

e bone is anisotropic: its
modulus and strength (in
tension or compression)
depend on the orientation
of the tissue with respect
to the load

e for cortical bone:
E[()ng = 17:GP4 ( Tl )rensi()n ~ 135 MPa (Oul )c omp_ 190 MPa

long long

n A 11 GPa ( o, )rension ~ 50 MPa ( @i )comp —~130 MPa
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Viscoelastic properties

Bone will fracture sooner
when load applied slowly

Load

fracture

fracture

Jo¥

deformation
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The strength of bone declines with
number of cycles during cyclic loading

[ike all materials,

stress A / ulfimate
bone 1s susceptible to o stress

fatigue - when subject N/m?)
to repetitive or

fluctuating stress, it \

will fail at a stress

Fatigue (or

| endurance) limit

level much lower than >
. F D F "

that required to cause 10 10°

fracture on a single log (number of cycles

to failure, N)

application of load







