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

 

ωBone is a living tissue with continuously 
evolving microstructure (mechanical, 
biological & chemical factors) 
 

ωBone is a multi-functional material: 
ςProvides frame   

ςProtects organs   

ςManufactures blood cells  

ςStores useful minerals  

ςMaintains pH in blood, detoxifies, contributes to 
movement 

 

Bone is a Complex System 
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It has an irregular, yet optimized, arrangement 
and orientation of the components, making the 
material of bone heterogeneous and anisotropic 

Hierarchical bone structure 

ω Macrostructure (1-50 cm)  
ςWhole bone  

 

ω Mesostructure (0.5ς10 cm)  

ςTrabecular network 

 

ω Microstructure (10ς500 mm) 

ςSingle trabecula 

 

ω Sub-microstructure (1ς10 mm) 

ςSingle lamella 

 

ω Nanostructure (below 1 mm) 

ςCollagen fibrils 

ςApatite crystals 

   



Macrostructure (1 ï 50 cm) 

ωTrabecular bone 

ςHigh porosity 
ω30 to 90% 

ςSkeletal mass 
ω20 to 25% 

 

ωCortical bone 

ςLow porosity 
ω5 to 30% 

ςSkeletal mass 
ω75 to 80% 
  

Frontal longitudinal midsection of upper femur 
 



Mesostructure (1 ς 10 cm)  
 

Porous random network of trabeculae 

Scanning Electron images 



Microstructure (10 - 500 mm) 

Trabecular packets 
ï50 mm mean wall 

thickness 

ï600 mm radius 

 

 

trabecula 

Plywood arrangements 



TEM - Plywood Arrangements of lamellae 

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

P 
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Sub-microstructure (1 - 10 mm) 

 

ïsingle lamella (3 to 7 mm thick) 

ïbranching bundles (1 - 2 mm diameter) 

ï fibrils show splaying, less than 10o 

ïellipsoidal cavities - lacunae (1-2 mm diameter, 20 mm long) 

 

Å Single lamella level 

 



Woven bone structure: 

no preferential fibril arrangement 

Lamellar structure: 

collagen fibrils aligned 



Nanostructure (below 1 mm) 

Å Collagen (Type I) fibrils 
ï 20 ï 100 nm diameter 

ï 60 ï 67 nm periodic pattern 

 

Å Apatite crystals (calcium & phosphorus) 

ï Shape? 

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

ï50 x 25 x 5 nm 

 

Å Other proteins, fluids 

 



TEM ς HA crystals in longitudinally-sectioned  fibrils 

C 
100 nm 

Plate-like shape                     Aligned in fibril direction 

M. Rubin, I. Jasiuk, J. Taylor, I. Rubin. T. Ganey, R. Apkarian, Bone 33 (2003), 270. 
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Basic Biomechanics 

     Material Properties 

ςElastic-Plastic 

ςYield point 

ςBrittle-Ductile 

ςToughness 

 

  Independent of Shape 

          Structural Properties 

ςBending Stiffness 

ςTorsional Stiffness 

ςAxial Stiffness 

 

 

Depends on Shape and Material 
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Basic Biomechanics 

Force 

Displacement 

Slope = Stiffness = 
Force/Displacement                                 
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Stress = Force/Area Strain =  Change Height (DL)     

                Original Height(L0) 

Force 

Area 
DL 

Basic Biomechanics 

Compressive 
Tensile 
Sheared  
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Slope = Elastic Modulus =                              
Stress/Strain 

Stress =   
Force/Area 

                    Strain = Change in Length/ 
                        Original Length (DL/ L0) 

Basic Biomechanics 

(E = ů/Ů) 
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Stress = Force/Area Strain = Change in Length/Angle 

Note: Stress-Strain curve is a normalized Load-Deformation Curve 
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Elastic Deformation 

Plastic Deformation 

Energy 

 

Basic Biomechanics 

Energy 
Absorbed 

Force 

Displacement 

Plastic Elastic 
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Elastic Biomaterials (Bone) 

Elastic/Plastic characteristics 
 

     Brittle material fails before 
     permanent deformation 
 
     Ductile material deforms  
     greatly before failure 
 
 
     Bone exhibits both properties 

     Load/deformation curves 

deformation (length) 

ductile material 

elastic 
limit 

bone 

brittle material 
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Basic Biomechanics 

Yield failure first arises through 
ultrastructural microcracks within the 
hydroxyapatite and the disruption of the 
collagen fibrils  
 
As loading continues in the plastic region, 
the material will eventually experience 
ultimate failure (catastrophic).  
 
The point of breakage is the ultimate 
stress in: 
tension (140 MPa), 
shear (65 MPa)  
and compression (200 MPa) 
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elastic 
region 

plastic region 
fracture/failure 
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Strain (Deformation) 

Dstress 

Dstrain 

Elastic & Plastic responses 

ωelastic through 3% deformation 
 
ωplastic response leads to fracturing 
 
ωStrength =  D area under the curve 
 
ωStiffness defined as the slope of the  

elastic portion of the curve 
 

D 
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Cortical bone (5-30% porosity) 
 
18 GPa (longitudinal direction)  
12 GPa (transverse direction) 
3.3 GPa (shear) 
 
 
Cancellous bone (30-90% porosity)  
 
(0.1 to 3.5 Gpa) more complex,  
- trabecular orientation 
- connectivity  
- density  
- location 

Bone modulus 
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Ç Reductions in the degree of mineralization 
(e.g., immature bone), 

Ç Increases in porosity   (e.g., osteoporosis), or 

Ç microstructural damage (accumulation)  

 

will greatly compromise the stiffness of the bone 

and thereby lower the elastic modulus. 

Bone modulus 
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            Load to Failure 

 

Continuous application of force 
until the material breaks (failure 
point at the ultimate load). 

 
Common mode of failure of bone and 

reported in the implant literature. 

               Fatigue Failure 

                    

Cyclical sub-threshold loading 
may result in failure due to 

fatigue. 

 

 
Common mode of failure of 
orthopaedic implants and fracture 
fixation constructs. 

Basic Biomechanics 
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         Anisotropic      Mechanical properties dependent  

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

Viscoelastic     Stress-Strain character dependent upon  

                          rate of applied strain (time dependent)     

                       Trabecular bone becomes stiffer in compression the faster it is loaded 

Basic Biomechanics 
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Bone Anisotropy 

tension 

compression 

trabecular 

cortical 

shear 

tension 

compression 
0 200 100 50 150 

Maximum Stress (MPa) 
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fracture 

fracture 

L
o

a
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deformation 

Viscoelastic properties 
   

Bone will fracture sooner 
when load applied slowly 






