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Title: A Multiscale Structural Design of a Natural Transparent Armor: Placuna placenta 

Authors: Ling Li and Christine Ortiz 

Department of Materials Science and Engineering, Massachusetts Institute of Technology, 77 
Massachusetts Avenue, RM 13-4022, Cambridge, MA 02139, USA 

Abstract: 

A number of species of mollusks possess transparent highly mineralized exoskeletons which 
combine optical and mechanical functionalities that originate from their intricate and hierarchical 
structures. In this study, the structure of the highly translucent shell from the mollusk Placuna 
placenta (Linnaeus 1758) was investigated from nanometer to millimetre length scales using a 
variety of high resolution experimental techniques. Electron microscopy showed that the entire 
P. placenta shell (~0.5 mm) has a single primary foliated layer (~500 m, further stratified with 
~1750 individual layers), which is made up of an organic-inorganic nanocomposite (98.93 wt% 
calcite and 1.07 wt% organic, as measured by thermogravimetric analysis). Each individual 
foliated layer is composed of fundamental building blocks which are elongated diamond-shaped 
plates with a characteristic length (141.8 ± 43.4 m), width (5.54 ± 1.36 m) and tip angle 
(10.45 ± 2.95°). Two salient microstructural features of the surface of the individual layers in the 
foliated structure were observed: 1) micro-ridges (maximum height: 67.0 ± 37.2 nm; inclination 
angles: 1.4 ± 0.4 and 2.6 ± 0.5°) and 2) nanoasperities (maximum dimension and height: 54.8 ± 
17.9 nm and 4.2 ± 2.5 nm), as measured by tapping mode atomic force microscopy. Both 
electron backscattered diffraction analysis and selected area electron diffraction show that the 
calcite c-axis was tilted (24.44±6.81°) towards to the end of the diamond-shaped building block 
plates and the misorientation between adjacent crystalline grains was 13.52 ± 6.63°. The 
multiscale structural characteristics and the crystallographic arrangement features of this natural 
nanocomposite contribute to its unique transparent optical behaviour by lowering the scattering 
and absorption.  

 

 

 

 

 

 

 



Three-dimensional structure of the shell plate assembly of the chiton Tonicella marmorea 
and its biomechanical consequences CONNORS, M.J.*; KALLAI, I.; GAZIT, D.; ORTIZ, C.; 
Massachusetts Institute of Technology; Hebrew University; Hebrew University; Massachusetts 
Institute of Technology connors@mit.edu 
 
Chitons are of great interest from a biomechanical perspective because instead of a single 
continuous shell, they possess an assembly of eight overlapping exoskeletal plates. These plates 
provide protection while still allowing for some degree of flexibility during locomotion over 
rough surfaces, as well as when rolling defensively into a sphere-like conformation if dislodged 
from a surface. In this study, X-ray micro-computed tomography was used to elucidate the 
detailed mechanism of conformational change from a passive (slightly curved, attached to 
surface) to a defensive (rolled, detached from surface) state of Tonicella marmorea. The passive 
and defensive conformations exhibited differences in longitudinal curvature index (0.43 vs. 
0.70), average plate-to-plate overlap (~62% vs. ~48%), cross-sectional overlap heterogeneity 
(60-82.5% vs. 0-90%, fourth plate), and plate-to-plate separation distance (100% increase in 
normalized separation distance of plates 4 and 5). This work provides an understanding of 
how T. marmorea achieves the balance between mobility and protection. In the passive state, the 
morphometry of the individual shell plates and plate-to-plate interconnections results in an 
approximately continuous curvature and constant armor thickness (homogeneous protection); 
mobility is limited but armor coverage and protection is maximized. When the chiton is in the 
defensive state, the underlying soft tissues gain greater coverage and protection by the plates and 
the animal gains mobility through tidal flow, but regions of vulnerability are opened dorsally, 
due to the increase in plate-to-plate separation distance and decrease in plate-to-plate overlap. 
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Microstructure and mechanics of the tiled and actuating exoskeleton of the helmet 
urchin, Podophora atrata CHEN, T*; BOYCE, M; ORTIZ, C; Massachusetts Institute of 
Technology tingchen@mit.edu 
 
The helmet urchin, Podophora atrata possesses an unusual reduction in spines which forms a 
smooth tiling of mm-sized, flattened aboral plates, each articulating with the underlying test via a 
ball-and-socket joint. The microstructure is a porous network of single-crystal magnesium calcite 
with a few percent of intercalated organic. With high resolution X-ray microcomputed 
tomography, 3D microstructural characterization revealed a gradient in volume porosity from 
10% at the joint to 50% at the outer surface. The galleried mesh (avg. pore size ~ 15 microns) 
was modeled using 3D elastic finite element analysis that consisted of a microstructurally-based 
volume element with periodic boundary conditions and a heat flow algorithm was used to model 
the anisotropic directionality of the unit element’s local coordinates with respect to the global 
coordinates of the aboral plate. Loading configurations on the unit elements resulted in an 
orthotropic effective mechanical behavior with the stiffness in the plane transverse to the long 
axis of the microstructure (E1, E2) approximately half the stiffness in the axial direction (E3). 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. E1 and E2 also decrease linearly from 0.49 of Es to 
0.18 of Es. Simulation of blunt indentation showed that the graded porosity of the microstructure 
exhibits a lower effective stiffness than the solid material but serves to increase the strains near 
the exterior surface of the aboral spine while reducing the strains near the joint. 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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