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Natural materials 

• complex structure 

• hierarchical structure 

• soft matter plus ceramics 



Bone 

cortical (compact)  

bone 

trabecular (cancellous)  

bone 
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Bone 
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Compact bone: mesoscopic structure 
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Bone: details of osteon structure 
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Bone: details of osteon structure 



7 

Bone: details of osteon structure 
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Bone: macroscopic mechanical properties: human materials 

Very high variety by structure 

modifcation, particularly mineral 

content modifcation 

 

Self-repair  

 

Stiffness scaling by mineral content 
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Bone: macroscopic mechanical properties: human materials 



chitin: 3 examples 

• Homarus americanus 

 

 

 

• Carabus auronitens  

 

 

 

• Chrysophanes virgaurea  
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Main exoskeleton component of more than 90% of all animal species …  

 adaptive material  candidate for bio-inspired material 

            

Introduction - Arthropod cuticle  



Crustacean cuticle (subgroup of arthropods) 

• cuticle surrounds the whole animal 

• forms different skeletal elements 

• cover a vast variety of physical properties 

• adapted to: 

• the specific function of the skeletal element 

• ecophysiological strains of the animal 

 

 

 

 

 

 

 

 

 

 

• hierarchical structure follows the same principle regardless of the 
specific properties of the cuticle 

Armadillidium vulgare 

Homarus americanus 

Birgus latro 

Porcellio scaber 

Horseshoe crab 



The materials science of the arthropods 
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Structure hierarchy of arthropods 

Al-Sawalmih, C. Li, S. Siegel, H. Fabritius, S.B. Yi, D. Raabe, P. Fratzl, O. Paris: Advanced functional materials 18 (2008) 3307  

H. Fabritius, C. Sachs, S. Nikolov, and D. Raabe, Advanced materials , in press 



15 



16 

Exocuticle 

Endocuticle 

Epicuticle 

Exocuticle and 

endocuticle display 

different stacking 

density of twisted 

plywood layers 

Cuticle hardened 

by mineralization 

with CaCO3 
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exocuticle 

endocuticle 
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180° rotation 

of fiber planes 
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Normal 

direction 
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Compression tests (macroscopic), lobster 



Endocuticle 

Exocuticle 
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Hardness (mesoscopic) 



Mechanical properties (microscopic) 

nanoindentation 

 Variations in mechanical properties are the result of structural and 
chemical variations within the hierarchical level rather than by changes in 

the overal structural organisation 
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Wood 

multicomponent 

hygroscopic 

anisotropic 

inhomogeneous 

discontinuous 

inelastic 

fibrous 

porous 

biodegradable 

renewable 

Description of wood 
8 
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Wood 

Material Structure Approx. wt % 

Fibres 
Cellulose 

(C6H10O5)n 
Crystalline 45 

Matrix 

Lignin Amorphous 20 

Hemicellulose 
Semi-

crystalline 
20 

Water 
Dissolved in 

the matrix 
10 

Extractives 
Dissolved in 

the matrix 
5 

Composition of cell wall of wood 
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Wood 
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Wood 

Softwood Hardwood 

Larger, longer cells 

Water transported by cells 

Contains large-diameter vessels 

Water transported by these vessels 



46 

Wood 

Yellow Pine 

Koch, P. 1972a. Utilization of the southern pines. I. The raw material. USDA Forest 

Service Agricultural Handbook No. 420. 733 pp. 

Koch, P. 1972b. Utilization of the southern pines. II. The raw material. USDA Forest 

Service Agricultural Handbook No. 420. 926 pp. 
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Wood 

White Ash      Oak 



48 

Wood: mechanical properties 
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Wood: mechanical properties 


