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Many animals possess exterior rigid armor units of various geometries (e.g. plates, scales, segments, shells, etc.) which are articulated together in unique ways so as to allow the construction of a complete or partial "flexible" exoskeleton. Such natural flexible armor enhances mobility and increases survivability against specific environmental and predatory threats. Studies of flexible armor in nature, 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 (valves) surrounded by a leathery "girdle." These plates provide protection while still allowing for the flexibility needed for locomotion over heterogeneous surfaces. In this study, the structure and mechanical properties of the individual aragonite-based armor plates of Ischnochiton ruber were investigated. Optical microscopy, scanning electron microcopy (SEM), and atomic force microscopy (AFM), revealed the microstructures of four distinct layers composing the individual plates. The outermost tegmentum (~150 μm) possesses a fine-grained homogenous microstructure infiltrated by a complex network of channels containing light-sensitive organs. The second layer, the articulamentum (~200 μm) has a fine prismatic microstructure. The third layer (~150 μm) also possesses a fine-grained homogenous microstructure. Lateral projections of the second and third layer connect each plate to the surrounding girdle, while two “U”-shaped projections anchor each plate to its anterior neighbor. The bottom hypostracum consists of tablet-shaped crystals arranged in a crossed-lamellar fashion. Each first-order lamellae is oriented with its long axis perpendicular to the ventral shell surface. The second-order lamellae display two predominant oblique dip directions. X-ray diffraction data indicate that these two dip directions correspond to two grain orientations in which closed-packed planes of calcium ions are arranged parallel to the ventral shell surface. Spatially specific instrumented nanoindentation was employed to quantify the mechanical properties of individual armor plates through their cross-sectional thickness within the articulamentum and yielded average indentation moduli and hardness values of 90 GPa and 5.71 GPa, respectively. Ongoing and future work includes the use of these experimental data in a finite element computational model of the mechanical behavior of each plate, as well as the articulation between plates.

