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December 12, 2011 (Monday):  Oral Session 6:  Hard Tissues III  -  11:10 am - 1:10 pm 

 

Quantification of Nanoscale Anisotropy within the Exoskeleton of the 

Ancient Fish, Polypterus Senegalus, via Uniaxial Micro-compression 

 

Authors & affiliations: 

Lin Han1, Lifeng Wang2, Juha Song1, Mary C. Boyce2, and Christine Ortiz1 
1Department of Materials Science and Engineering, and 2Department of 

Mechanical Engineering 

Massachusetts Institute of Technology, Cambridge, MA 

 

Abstract:   

A common feature of the outer layer of biological exoskeletons is structural 

anisotropy, which has been hypothesized to direct crack propagation, stress 

and energy dissipation into the underlying more ductile layers, as well as 

reduce interfacial stresses and mitigate delamination. This study applied 

focused ion beam (FIB) annular milling to the outer ganoine layer of the 

mineralized scales of the armored fish Polypterus senegalus to fabricate 

micropillars (1μm in diameter, 3μm in height) aligned at various angles θ = 0°, 

45° and 90° to the surface normal. Uniaxial micro-compression experiments 

are able to elucidate mechanical anisotropy more rigorously than multiaxial 

indentation. The ganoine is composed of ~95% (v/v) rod-like hydroxyapatite 

(HAP) nanocrystals (~40nm in width, ~220nm in length) embedded in organic, 

with the long axis oriented parallel to the surface normal. Uniaxial micro-

compression of the micropillars using a flat-punch diamond indenter (diameter 

~ 10μm) showed significant orientation-dependent elastic modulus, E, (0° 

(51±2MPa) > 90° (40±1MPa) > 45° (36±2GPa)), yield stress, σY, (0° ≈ 90° 

(1.0±0.1GPa) > 45° (0.8±0.1GPa)) (n ≥ 10 pillars for each case), and various 

crack propagation pathways observed by scanning electron microscopy An 

anisotropic elastic-plastic finite element model (FEM) was constructed to 

capture the nanostructures of ganoine and predict the experimentally 

measured nanomechanical behavior of the ganoine. Comparison between 

experiments and theory provided direct support that cracking took place 

within the organic material, and the oblique deformation and shear 

localization resulted in reduced E and σY upon off-axis compression (45°). A 

unique post-yield strain hardening was observed at 45°, which was due to the 

prism-to-prism interlocking, and can lead to higher energy dissipation during 

crack propagation. Therefore, this study provided direct experimental proof of 

the importance of structural anisotropy in the mechanical behavior of ganoine 

for threat protection and damage localization of P. senegalus.   
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Abstract:   

Many animals possess rigid exterior armor units of various geometries which 

are articulated together in unique ways together thereby forming a complete 

or partial "flexible" exoskeleton. Such natural flexible armor allows for 

biomechanical mobility, which is critical to survivability against environmental 

and predatory threats. Studies of the structure and properties of flexible 

natural armor systems, in particular the balance between local mechanical 

protection mechanisms of the individual armor units and the larger length 

scale design principles of articulating armor-to-armor interconnections, hold 

great potential for the development of improved bio-inspired defense 

applications. In this research, a fascinating model flexible armor system was 

studied, the chitons (Mollusca, Polyplacophora). Unlike typical molluscs which 

have a single continuous shell, chitons have an exoskeleton that is composed 

of a single column of eight dorsal articulating calcareous plates surrounded by 

a leathery "girdle." These plates provide protection while still allowing enough 

flexibility to defensively roll into a spherical conformation. In this study, the 

structure of the armor assembly of the chiton Ischnochiton ruber was 

investigated. X-ray micro-computed tomography was employed to create full 

3D images of the plate assembly and to quantify properties such as the spatial 

distribution of thickness, plate-to-plate overlap, and cross-sectional geometry. 

Intermediate plates possess lateral projections which connect them to the 

surrounding girdle, as well as two longitudinal projections that anchor each 

plate to its anterior neighbor. Each intermediate plate is composed of 5 

distinct layers, the microstructures of which were revealed using scanning 

electron microscopy. These data are currently being used to develop a 

computational finite element model for virtual biomechanical simulations, in 

order to compare with experimental data on the mechanical testing of three-

dimensional printed biomimetic prototypes. 



 
Figure 1. (a) Side view optical Image of Ischnochiton ruber. (b) Corresponding 

µCT image with transparency effect highlighting plate-plate overlap. 
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A Multiscale Structural, Optical and Mechanical Study of a Highly-Translucent 

Natural Armor: Placuna placenta 

 

Authors & affiliations: 
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1. Department of Materials Science and Engineering, Massachusetts Institute 

of Technology, 77 Massachusetts Avenue, RM 13-4022, Cambridge, MA 02139 

2. School of Engineering and Applied Sciences, Harvard University, 9 Oxford St., 
McKay 426, Cambridge, MA 02138, USA  

Abstract:   

A number of species of mollusks possess optically transparent and highly 

mineralized exoskeletons which combine optical and mechanical 

functionalities that originate from their intricate and hierarchical structures 

from individual nano-sized building blocks to microscopic layered design. In 

this study, the structure, composition, mechanical and optical behavior of the 

highly translucent shell from the mollusk Placuna placenta (Linnaeus 1758) was 

investigated. The entire P. placenta shell consists of two mesolayers, i.e. an 

outer prismatic layer (~25 m) and inner foliated layer (~500 m, further 

stratified with ~1750 individual layers), which are made up of an organic-

inorganic nanocomposite (98.5 wt% calcite and 1.5 wt% organic). Each 

individual foliated layer is composed of elongated diamond-shaped building 

blocks with a characteristic length (141.8 ± 43.4 m), width (5.54 ± 1.36 m) 

and tip angle (10.45 ± 2.95°). Instrumented nanoindentation measurements on 

the foliated mesolayer show that the indentation elastic modulus and 

hardness, calculated by Oliver-Pharr method, are 69.59 ± 5.32 and 3.94 ± 0.41 

GPa, respectively. An atomic force microscope (AFM)-based three-point 

bending test was developed to quantify the micro-mechanical properties of 

the single crystallographic building blocks of the foliated mesolayer, where the 

samples were prepared using a focused ion beam method (dimensions 

~10 m×0.8 m×0.4 m). Calculations using elastic beam-bending theory result 

in an elastic bending modulus ~91.6 GPa. The optical absorption coefficient of 

the bulk form of the shell was measured from 2.02 mm-1 (at 800 nm 

wavelength) to 3.79 mm-1 (at 400 nm wavelength) using a dual-beam 

spectrophotometer. Finally, microscopic optical properties were studied by 

using a micro-spectroscope allowing to map reflection and transmission 

spectrum of the shell with a resolution of 1 m in the spectral range of 400-850 

nm; results demonstrate the shell is highly translucent with very little loss of 

light intensity (<10%) due to the absorption and scattering.  
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Abstract:   

Although the time-dependent mechanical behavior of cartilage has been well-

documented at the tissue level, there is still a lack of understanding when the 

local deformations are of the same length scale as the extracellular matrix 

macromolecules. Studies of poro-viscoelasticity of cartilage at this level allows 

for the separation of scale-dependent behavior such as poroelasticity from 

intrinsic viscoelasticity. Atomic force microscopy (AFM)-based dynamic loading 

in conjunction with finite element modeling have been employed to quantify 

and predict the time- and frequency-dependence of cartilage mechanical 

properties at deformation amplitudes (~ 2 – 15 nm) that approach molecular 

length scales. Using a spherical probe tip (end radius, R ~ 2.5 μm), the dynamic 

modulus, |E*|, and phase angle, φ, between the dynamic force and 

indentation depth, were observed to increase monotonically with frequency f 

up to ~ 300 Hz. A larger spherical tip (R ~ 12.5 μm) resulted in a characteristic 

peak in the phase angle φ at fpeak ~ 20 Hz. The experimental results suggest 

that poroelasticity was the dominant mechanism underlying the time-

dependent mechanical behavior observed at these nanoscale deformations. 

Firstly, the experimentally measured magnitude, |E*| and phase angle, φ, of 

-

reinforced poroelastic model over a 3-decade range of frequency. Secondly, 

fpeak was observed to scale linearly with the inverse square of contact distance, 

1/d2, as predicted by the linear poroelasticity theory. Thirdly, the dynamic 

mechanical properties were observed to be independent of the deformation 

amplitude ranging from  = 7 to 50 nm. Force relaxation experiments resulted 

in relaxation times (τ ~ 25 sec) similar to macroscopic experiments, regardless 

of the fluid flow length scale ranging from ~ 1 μm to ~ 1 mm, suggesting that 

the slower relaxation times were dominated by intrinsic macromolecular 

viscoelasticity.  
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Abstract:   

The functional behavior of articular cartilage is dependent on the integrated 

interactions of its extracellular matrix molecular constituents including the 

fibrillar collagen network and negatively charged proteoglycans. 

Understanding interactions between these molecules will provide important 

insights into mechanistic origins of cartilage tissue-level biomechanical 

behavior. In this study, atomic force microscopy (AFM)-based force 

spectroscopy was utilized to quantify interactions between collagen and 

aggrecan in aqueous solutions. An aggrecan-functionalized probe tip (R ~ 

2.5μm) was utilized to obtain force-distance curves on the surface of trypsin-

treated, proteoglycan-depleted cartilage samples (composed of mostly type II 

collagen fibrils). Heterogeneous long range adhesion was observed up to ~ 2 

μm extension upon retraction after compressing the tip into the sample for a 

given surface dwell time, t, at ~ 500 nm indentation depth. The adhesion force 

showed a significant nonlinear increase with t asymptotically approaching the 

maximum value of 3.0 ± 0.3 nN  at t = 60 sec. This aggrecan-collagen adhesion 

showed a significant ionic strength and [Ca2+]-dependence, similar to that of 

previously reported aggrecan-aggrecan self-adhesion. Aggrecan-collagen 

interactions have ~ 50% higher magnitude and ~ 3 × longer range than 

aggrecan-aggrecan interactions. These molecular interactions are expected to 

regulate self-assembly of cartilage matrix in vivo and therefore its 

biomechanical properties as well. Therefore, these interactions appear to play 

an important role in cartilage tissue integrity and function, and can serve as 

molecular principles for design of tissue regeneration/replacement materials. 

Ongoing studies are focusing on the function of other extracellular matrix 

molecules which are important for the formation and stability of the matrix, 

such as chondroadherin. 
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Abstract:  (Your abstract must use Normal style and must fit in this box.  Your abstract should be no 

longer than 300 words. The box will ‘expand’ over 2 pages as you add text/diagrams into it.) 

Suture joints are remarkable mechanical structures found throughout nature 

that are composed of compliant interlocking seams connecting stiffer 

components. This study investigates the underlying mechanisms and the role 

of geometry governing the unique mechanical behavior of suture joints. 

Analytical and numerical composite models are formulated which include the 

detailed structure of the suture. Two model suture geometries characterized 

by a single repeating wavelength are compared (e.g. triangular and 

rectangular), and stiffness, strength and local stress distributions predicted to 

assess variations in deformation mechanisms. A unique homogeneous stress 

field is observed throughout both the skeletal and interfacial components of 

the triangular geometry, thus providing advantages in load transmission, 

weight, stiffness, strength, energy absorption and fatigue over the rectangular 

geometry. A transition in failure mechanism (skeletal failure to interfacial 

shear) and nonlinear tunability of stiffness and strength is discovered which 

depends on the suture interface shape and interdigitation complexity. The 

results obtained have relevance to suture growth and fusion, biomimetic 

design and optimization, and evolutionary phenotype diversity. 
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Abstract:   

Significant advances in molecular biology (genome-wide linkage mapping) have 

allowed for exploration of the molecular mechanisms that underly phenotypic 

change, natural selection, adaptation and divergence. Quantitative engineering 

approaches can provide detailed information on why certain divergent 

phenotypes translate into superior function / performance, leading to greater 

survival and more opportunities to produce off-spring. Here, we consider 

divergent populations of the fish Gasterosteus aculeatus (the threespine 

stickleback) where the phenotype of interest is its armored pelvic suture and 

assembly and the function is protective and mechanical. Hence, engineering 

methods of investigating structure-property-performance relations can provide 

great insights into the evolutionary biology of divergent populations subject to 

different environmental conditions, selective pressures, functional demands 

and design tradeoffs. In this study, three Alaskan populations of G. aculeatus 

were investigated and compared; 1) field-caught marine, full-morph pelvis 

(Rabbit Slough), 2) freshwater full-morph (Beverly Lake) and 3) freshwater low-

morph (Kalmbach Lake). Microcomputed tomography (microCT) was employed 

to quantify the structural parameters of the pelvic assemblies including; the 

spatial dependence of the suture amplitude and frequency, the suture plate 

inclination angle, the suture gap, the detailed geometry and dimensions of 

various morphological features (e.g. ventral plates, anterior and posterior 

processes, ascending processes and trochlear joints). Dramatic and significant 

differences in these structural parameters were observed between the three 

different populations. Composite analytical and finite element computational 

models were developed and used in conjunction with the microCT 

experimental data to simulate the mechanical behavior of the pelvic assembly, 

to predict the effective suture stiffness and to understand the configurational 



change of the pelvic assembly from the “rest” to “offensive” states. This study 

elucidates the structural and functional differences between different 

divergent populations of G. aculeatus and serves as a model for other systems 

of interest in evolutionary biology. 
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Title: Mechanical behavior of the tiled and actuating exoskeleton of the helmet urchin, Colobocentrotus 

atratus 

 

Ting-Ting Chen, Mary C. Boyce, Christine Ortiz 

 

Abstract: 

The helmet urchin Colobocentrotus atratus’s unusual reduction in spines form a smooth tiling of 
mm-sized, flattened polygonal protective plates. Each plate articulates with the underlying test via a 
ball-and-socket joint and the microstructure of each plate is a porous network of single-crystal 
magnesium-doped calcite with a few percent of intercalated organic. The galleried stereom of the 
individual plates were investigated via X-ray computed microtomography and found to possess a 
gradient in volume fraction with distance from the socket ranging from 90% at the ball-and-socket 
joint to 50% at the outer surface. The axial direction of the galleried structure radiates outwardly 
from the socket and terminated perpendicular to the outer surface of the plate. The galleried mesh 
(average pore size ~ 15 microns) was modeled using three-dimensional elastic finite element analysis 
that consisted of a microstructurally-based parametric representative volume element with periodic 
boundary conditions. Various loading configurations were simulated to obtain anisotropic stiffness 
tensors and resulted in an orthotropic effective mechanical behavior with the stiffness in the plane 
transverse to the long axis of the galleried microstructure (E1, E2) approximately half the stiffness in 
the axial direction (E3). With parametric simulations, E3 was found to decrease linearly from 0.87 of 
the solid elastic modulus (Es) to 0.34 of Es as the volume fraction decreases from 0.88 to 0.46. In the 
transverse direction, E1 and E2 also decrease linearly from 0.49 of Es to 0.18 of Es within the same 
range of volume fraction. Spatial gradients in density were also modeled, corresponding to the 
gradient in porosity in the plate. This open-pore structure and trabeculae alignment results in a 
directional strengthening due to inhomogeneous deformations in the porous structure and provides 
resistance against blunt impacts and containment of penetration into the surface of the plate. 
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Abstract:   

A number of bony fish species (e.g. zebrafish Danio rerio, Arapaima gigas) 

possess overlapping, angled scale arrangements which are embedded in 

underlying more compliant tissues but do not physically and directly articulate 

with each other. The geometry of the scales and their spatial arrangement permit 

the scale assembly to undergo significant biomechanical flexibility and elastic 

deformations with minimal deformation taking place within the individual 

scales. Such scale assemblies are modeled here using a two-dimensional 

composite finite element model with elastic scales in a compliant Neo-Hookean 

tissue. Geometric properties include the fractional scale overlap Kd (0.1 to 0.9) 

and the scale angle relative to the underlying tissue θs (2° to 45°), which are 

varied parametrically while keeping a constant scale aspect ratio (Ls/ts = 50). 

Simulations predict the response of the scale assembly to a variety of loading 

conditions, including indentation, compression and bending. The fractional 

scale overlap and scale angle were found to have a significant effect on 

deformation mechanics of the scale assembly, in which there exists a tradeoff 

between scale bending and scale rotation for the same macroscopic response. 

This results in a curvilinear relationship between scale density and effective 

stiffness, suggesting a naturally optimized configuration.  For the case of 

uniaxial compression, an overlap of Kd=0.5 corresponds to a penetration depth 

that is 0.32 and 0.57 times as deep than observed with an overlap of Kd=0.1 or 

0.9, respectively, for a fixed penetration force, scale elastic modulus Es and 

underlying tissue shear modulus Gt. In addition, high fractions of scale overlap 

mitigate localized damage by spreading penetration stresses over a larger area, 

protecting the underlying tissue. Parametric simulations show similar 

curvilinear trends of effective stiffness for varying Es and Gt. These results are 

relevant to a broad array of fish species and have implications in composite 

protective coatings. 

 

 

 


