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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 Introduction - Arthropod cuticle 
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Crustacean cuticle (subgroup of arthropods)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
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3 examples3 examples

• Homarus americanus

• Carabus auronitens 

• Chrysophanes virgaurea 
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Introduction - Hierarchical organizationIntroduction - Hierarchical organization
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X-ray tomography, cuticle, horseshoe crabX-ray tomography, cuticle, horseshoe crab

measurement by Astrid Haibel, BESSY, GKSS
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X-ray tomography, cuticle, horseshoe crabX-ray tomography, cuticle, horseshoe crab
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X-ray tomography, cuticle, horseshoe crabX-ray tomography, cuticle, horseshoe crab
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Exocuticle

Endocuticle

Epicuticle

Exocuticle and 
endocuticle display 
different stacking 
density of twisted 
plywood layers

Cuticle hardened 
by mineralization 
with CaCO3
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exocuticleexocuticle

endocuticleendocuticle
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180° rotation 
of fiber planes
180° rotation 
of fiber planes
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Normal 
direction
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Hierarchical mechanics of decapodaHierarchical mechanics of decapoda
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Endocuticle

Exocuticle
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Mechanical properties (micoscopic)Mechanical properties (micoscopic)

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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Structure and elemental distribution of porcellio scaberStructure and elemental distribution of porcellio scaber
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Org. matrix Total CaCO3 Calcite

Raman imaging of the claw cuticle of H. americanusRaman imaging of the claw cuticle of H. americanus

Phosphate Averaged Raman spectra
normalized to organic matrix
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What is α-chitin?What is α-chitin?

P218.96   35.64  19.50   90˚α-Chitin

Space groupUnit cell dimensions (Bohrradius) 
a         b         c        γPolymer

Carlstrom, D.

The crystal structure of α -chitin

J. Biochem Biophys. Cytol., 1957, 3, 669 - 683.

P218.96   35.64  19.50   90˚α-Chitin

Space groupUnit cell dimensions (Bohrradius) 
a         b         c        γPolymer

Carlstrom, D.

The crystal structure of α -chitin

J. Biochem Biophys. Cytol., 1957, 3, 669 - 683.



Dierk Raabe, PLASTICITY 2009, 8. Jan. 2009Max-Planck-Institut für Eisenforschung, Germany

X-ray crystallography X-ray crystallography 

Hydrogen positions?
H-bonding pattern ?

two conformations 
of α-chitin

108 atoms / 52 unknown H-positions

[1] R. Minke and J. Blackwell, J. Mol. Biol. 120, (1978).
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Methodological hierarchyMethodological hierarchy

CPU time Accuracy

• Empirical Potentials
Geometry optimization
Molecular Dynamics
(universal force field)

~10 min

High

Low

~10000 min

~500 min Medium

Resulting 
structures

~103

~102

~101

• Tight Binding
(SCC-DFTB)

Geometry optimization
(SPHIngX)

• DFT 
(PWs, PBE-GGA) 
Geometry Optimization 
(SPHIngX)
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Hierarchical modelling of the lobster cuticle: (I), (II) α-chitin properties via ab initio calculations; (III) 
representative volume element (RVE) for a single chitin-protein fibre; (IV a) RVE for chitin-protein fibres 
arranged in twisted plywood and embedded in mineral-protein matrix; (IV b) RVE for the mineral-protein 
matrix. Level (V): homogenized twisted plywood without canals; (VI) homogenized plywood pierced with 
hexagonal array of canals; (VII) 3-layer cuticle.

Hierarchical coarse grainingHierarchical coarse graining
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Hierarchical stiffness modelingHierarchical stiffness modeling
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In-plane Young’s modulus as a function of the mineral-protein matrix 
microstructure and the mineral content for 0.3 fraction of the pore canals.

Results and comparison with experimentsResults and comparison with experiments
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Results and comparison with experimentsResults and comparison with experiments

In-plane Young’s modulus as a function of the mineral content for different in-
plane area fractions of the pore canals.
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Out-of-plane Young’s modulus for different canal pores area fractions vs. 
mineral content.

Results and comparison with experimentsResults and comparison with experiments



Dierk Raabe, PLASTICITY 2009, 8. Jan. 2009Max-Planck-Institut für Eisenforschung, Germany

ConclusionsConclusions

Hierarchical structure of mineralized 
chitin-protein nano-composites

Hierarchical characterization of 
mechanical properties is required

Multiscale modeling through repeated 
coarse graining: hierarchical modeling 
(here: ab-initio, multiple RVE, 
homogenization)
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