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systems, eliminating the need for a trial 
and error approach. 

 Biomineralizing organisms have evolved 
to form complex, hierarchical structures 
that are adapted to mitigate predation and 
environmental stresses. These biological 
composites, through the addition of small 
quantities of organic, precisely control 
architectures from the nano- to macro-scale, 
and utilize organic-mineral interfaces to 
achieve remarkable material properties. [ 5–7 ]  
Adaptations in biological composites have 
led to enhancements in toughness, strength 
and abrasion-resistance over their con-
stituent components, yielding properties 
rivaling those of modern engineering mate-
rials. [ 5,6,8 ]  One such example is found in the 
feeding apparatus (radula) of the chiton, a 
marine snail that produces one of the most 

abrasion-resistant structures in the animal kingdom. [ 9,10 ]  The 
chiton exhibits selective biomineralization, with shell plates con-
sisting of aragonitic CaCO 3  [ 11,12 ]  and radular teeth mineralized by 
iron oxides and iron phosphates. [ 13–15 ]  

 The teeth of chitons are arranged in parallel rows on a 
tongue-like feeding organ called a radula. [ 8,14 ]  The radula of 
 Cryptochiton stelleri , the largest species of chiton ( Figure    1  A), 
contains more than 70 rows of tricuspid teeth affi xed to an 
organic membrane. The chiton uses these radular teeth to 
scrape algae from rocks (Figure  1 B). The radula displays active 
mineralization, with the degree of mineralization increasing 
from a completely non-mineralized structure consisting of 
alpha-chitin at the posterior end to a fully mineralized tooth at 
the anterior end (Figure  1 C). This mineralization process was 
shown to be guided by organic fi bers within the tooth. [ 8 ]  The 
chiton tooth is a complex hierarchically-arranged biological 
composite, with an elegant design spanning multiple length 
scales. At the macroscale, the teeth of  C. stelleri  consist of tri-
cuspid curved structures (Figure  1 D). The rasping process of 
the chiton has led to the designation of the concavely bent 
front side as the leading edge of the tooth, and the convexly 
bent opposing side as the trailing edge. [ 16 ]  The repeated cyclic 
mechanical loading of chiton teeth during rasping necessi-
tates that they are both wear and abrasion resistant. [ 10 ]  Thus, 
the teeth of  C. stelleri  are mineralized with a shell of mag-
netite, [ 6,8,11 ]  displaying the highest hardness of any reported 
biomineral, [ 6 ]  surrounding a softer core of hydrated iron phos-
phate. [ 4,5,11,14 ]  Initial analysis of the magnetite shell revealed 
rod-like elements consisting of randomly oriented crystallites, 
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  1.     Introduction 

 The development of wear resistant tooling and coatings is a 
diffi cult task, as wear resistance is not a material property, but 
rather dependent on a number of factors (e.g., hardness, micro-
structure, chemical composition, geometry, loading conditions, 
environment, etc.), requiring a multidisciplinary approach. [ 1–3 ]  
Hard ceramics and ceramic-based composites are commonly 
used in abrasive loading applications. However, these mate-
rials are problematic from an engineering perspective, as they 
are prone to brittle failure [ 4 ]  and typically require processing at 
high temperatures and pressures, making microstructural con-
trol diffi cult. Cues for the design of abrasion resistance mate-
rials, however, are readily accessible in the form of biological 
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which infl uence the fracture toughness and wear resistance 
of the tooth. [ 5,16 ]  The bulk structure, consisting of a hard shell 
with a soft core, is suggested to provide shock resistance and 
crack defl ection in the tooth. [ 6,15 ]  Clear corollaries can be drawn 
between the chiton radular teeth and mammalian teeth. Both 
biological systems display a hierarchical structure, employing 
a hard shell-soft core design, and contain rod-like architec-
tures, which result in resistance to fatigue loading and defor-
mation as a result of repetitive wear. [ 17–19 ]  The chiton tooth is 
unique, however, in mineral composition and nano and micro-
scale architecture. Here, we report toughening mechanisms 
observed in this biological composite at various length scales, 
revealing potential design strategies for next generation abra-
sion resistant materials.   

  2.     Results 

  2.1.     Core–Shell Architecture and Rod-Like Microstructure 

 To assess the effects of nano- and microstructural features of 
both local and global properties of functional radular teeth, frac-
tured specimens from fully mineralized teeth were prepared. 
Analysis of a longitudinally fractured surface within the inte-
rior of the middle cusp of the tooth reveals a core–shell struc-
ture ( Figure    2  A). A closer observation of the leading edge of 
the shell region uncovered ≈200 nm diameter nanorods which 
are aligned parallel to the long axis of the tooth (Figure  2 B). In 
contrast, the core region does not appear to have any specifi c 
orientation (Figure  2 C). Examination of the fracture at the apex 
of the middle cusp (Figure  2 D) demonstrates that nanorods 
extend parallel to the surface of the tooth, effectively wrapping 
the entire shell structure.  

 A latitudinal fracture close to the tip of the middle cusp of 
the tooth (Figure  2 E,F) demonstrates that the nanorods follow 
the contour of the tooth, aligning parallel to its surface (high-
lighted with the yellow dashed lines in Figure  2 A,D,F). This 

alignment of nearly hexagonally close-packed nanorods can 
clearly be observed in a latitudinal section near the leading edge 
of the tooth (Figure  2 G). In addition, the fractured surfaces of 
these rods (Figure  2 G) appear conchoidal. This can be explained 
through examination of the tooth mineralization process. An 
SEM image of a partially mineralized tooth (Figure  2 H) shows 
the formation of large crystallites guided by organic fi bers. [ 8 ]  
The cores of these crystallites are single crystalline and multi-
faceted in nature. Examination of fractured rods show features 
matching this morphology, with rods exhibiting smooth, and 
occasionally bipyramidal faceted fractures (circle in Figure  2 G).  

  2.2.     Micromechanical Analysis 

 High-resolution nanoindentation was performed to ascertain 
the regional hardness and modulus of the chiton tooth. Indents 
were performed on both latitudinal ( Figure    3  A–C) and longitu-
dinal (Figure  3 D–F) polished sections through the middle cusp 
of the tooth. The analysis plane was chosen such that the core 
of the tooth was exposed, to reveal the mechanical properties of 
the leading and trailing edges of the magnetite shell, as well as 
those of the iron phosphate core.  

 Modulus (Figure  3 B,E) and hardness (Figure  3 C,F) maps of 
latitudinal and longitudinal sections of the tooth reveal that the 
stiffest and hardest portion of the tooth is at the mid-point of 
the leading edge. In this region, the highest reported values of 
modulus and hardness were obtained ( E  = 130.8 ± 7.3 GPa and 
 H  = 10.2 ± 1.3 GPa in the latitudinal section, and  E  = 128.5 ± 
5.0 GPa and  H  = 10.4 ± 0.8 GPa in the longitudinal section). 
Average values for modulus and hardness on the trailing edge 
were  E  = 114.8 ± 8.2 GPa and  H  = 8.2 ± 1.0 GPa in the latitu-
dinal section, and  E  = 97.6 ± 11.3 GPa and  H  = 7.5 ± 1.4 GPa 
in the longitudinal section. The core region shows a notable 
reduction in modulus and hardness ( E  = 28.6 ± 7.7 GPa and 
 H  = 1.5 ± 0.8 GPa in the latitudinal section, and  E  = 29.4 ± 
9.1 GPa and  H  = 1.6 ± 0.5 GPa in the longitudinal section). In 
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 Figure 1.    Chiton and its radular teeth. A) Overview of  Cryptochiton stelleri , with the mouth shown by a black arrow; B) Schematic of rasping motion of 
chiton teeth during feeding; C) Dissected radula, with fully mineralized teeth at the top; D) Back-scatter SEM image showing the arrangement of teeth, 
as well as the contrast between the magnetite mineralized teeth and the organic radular membrane.
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both latitudinal and longitudinal sections, there is a decrease in 
the modulus and hardness of the shell moving from the edges 
toward the core region (see Figure S1, Supporting Information). 

 On the leading edge of the longitudinal sample, a thin region 
with a reduced hardness and modulus is observed at the out-
ermost edge. This reduction in mechanical properties is attrib-
uted to a crack through the tooth running parallel to the leading 
edge in the longitudinal section (Figure  3 G). This crack trav-
erses the entire leading edge, and is located 4.4 ± 2.0 µm into 
the tooth. Cracking was also observed between the hard shell of 
the tooth and the soft core (Figure  3 H), with BSE microscopy 
revealing that some of the magnetite shell remains attached to 
the core material following fracture.  

  2.3.     Surface Analysis 

 During rasping events, the surfaces of the radular teeth are 
placed in contact with rocky substrates. Thus, to interpret the 
role of microstructures within these surfaces, examination of 
longitudinally fractured fully mineralized teeth was performed. 
Upon close observation of the leading edge ( Figure    4  A), several 
interesting features are revealed. The outermost ≈2 µm of the 
tooth consists of a dense packing of sub-100 nm particles. This 
dense nanoparticulate region transitions to nanorods, which 
abruptly (within 1 µm) undergo a 90° rotation that aligns them 
with the long axis of the tooth. Examination of the trailing 

edge of the tooth (Figure  4 B) reveals a thinner (approximately 
1 µm) dense nanoparticulate layer that abruptly transitions 
to nanorods, which are oriented parallel to the tooth surface. 
Unlike the leading edge, no rotation of nanorods is observed 
on the trailing edge. The sizes of the rods at the leading and 
trailing edges were determined through image analysis of SEM 
images. Rods at the leading edge measured 193 ± 23 nm in 
diameter (Figure  4 C), while rods at the trailing edge measured 
250 ± 27 nm (Figure  4 D).   

  2.4.     Transmission Electron Microscopy of Tooth Surface 

 To uncover higher resolution ultrastructural features at the 
surface of the leading and trailing edges of the tooth, thin sec-
tions (see yellow lines in the inset micrographs in  Figures    5  A 
and E) were produced by focused ion beam lithography (FIB) 
and imaged using transmission electron microscopy (TEM). 
The orientation of the thin sections in both leading and 
trailing edges were selected to be perpendicular to the long 
axis of the tooth. TEM analysis at the leading edge of the 
tooth (Figure  5 A) reveals the multiregional structure observed 
in SEM (Figure  4 A). At the outermost edge of the tooth are 
closely packed nanoparticles (represented by green dots in 
Figure  5 A). These nanoparticles (Figure  5 B) have a wide size 
distribution, with diameters ranging from 8–60 nm, and gen-
erally increasing in size moving inward from the surface of 
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 Figure 2.    Core–shell architecture and local microstructural features of mineralized teeth. A) BSE microscopy overview of a longitudinal fracture, high-
lighting a heavily mineralized outer shell and organic rich core; B) Aligned and staggered nanorods in the leading edge of the shell; C) Amorphous 
core region; D) Apex of longitudinal fracture, revealing nanorod orientation and continuity around the shell of the tooth; E) Latitudinal fracture near the 
tip of the tooth; F) Center of the latitudinal fracture, demonstrating curvature of nanorods following the contour of the tooth; G) Latitudinal fracture 
within the shell region, highlighting highly oriented nature of nanorods; H) Micrograph of partially mineralized tooth showing mineral formation along 
alpha-chitin fi brils.
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the tooth. Selected area diffraction (Figure  5 B, inset) confi rms 
that the particles are magnetite crystallites with no preferred 
orientation. The nanoparticulate region transitions to rod-like 
structures (the long axis of these rods is highlighted by blue 
dashed lines in Figure  5 A). TEM investigations of partially 
mineralized teeth have revealed an anisotropic arrangement 
of densely spaced organic fi bers in the particulate region, a 
stark contrast to the aligned fi bers which template nanorod 
formation in the bulk of the tooth (see Figure S2, Supporting 
Information). Closer analysis of the long axis of the rods at 
the leading edge (Figure  5 C) not only confi rms that the rods 
are oriented perpendicular to the tooth surface, but highlights 
their rough surface texture (also observed in SEM), and thin 
regions of organic between rods. Moving toward the interior 
of the tooth, these rod-like structures rotate 90° such that they 
are out of the plane of the micrograph/parallel to the surface 
of the tooth (represented by orange dashed circles in Figure 
 5 A and at higher resolution in Figure  5 D). In addition to the 
surface roughness and enveloping organic phase (Figure  5 D), 

mineral bridges can be observed connecting adjacent rods 
(Figure  5 D, inset).  

 TEM analysis of the trailing edge of the tooth reveals two 
regions, confi rming SEM observations (Figure  4 B). The outer-
most surface of the trailing edge, like the leading edge, consists of 
densely packed magnetite particles, which abruptly transition to 
nanorods that are parallel to the surface of the tooth (Figure  5 E). 
No rod rotation is observed on the trailing edge. Higher res-
olution TEM shows that the nanoparticles (Figure  5 F) and 
nanorods (Figure  5 G) are less clearly defi ned. However, mineral 
bridges are once again observed, connecting adjacent nanorods. 
The striations running from left to right in Figure  5 A,G 
are artifacts from the FIB process.  

  2.5.     Quantitative Energy Dispersive Spectroscopy 

 Quantitative elemental analysis of the chiton tooth was 
performed using energy dispersive spectroscopy (EDS). 
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 Figure 3.    Nanomechanics of core and shell regions of a fully mineralized tooth in latitudinal and longitudinal sections. A) BSE micrograph of a latitu-
dinal polished section showing the core–shell structure of the tooth; B) Modulus and C) Hardness maps from nanoindentation of a latitudinal section; 
D) BSE micrograph of a longitudinal polished section of the entire tooth, highlighting the thickness of leading and trailing edges as well as extent of core 
region throughout tooth; E) Modulus and F) Hardness maps from nanoindentation of the longitudinal section, demonstrating a clear interface between 
core and shell as well as a gradient from leading edge to trailing edge of the tooth; G) SEM image of the leading edge of the longitudinal section after 
indentation, highlighting a crack running parallel to the edge of the sample; H) BSE micrograph revealing cracking at the core–shell interface of the tooth.
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Quantitative X-ray maps (QXRM) were generated from collected 
X-ray maps (XRM). A false colored map of iron (blue) and phos-
phorus (green) distribution in a longitudinally polished section 
is presented in  Figure    6  A. This false colored map reveals that 
the magnetite shell at the leading edge of the tooth is thicker 
than at the trailing edge. This is confi rmed in elemental line 
scans of Fe and P across the tooth (Figure  6 B). Interestingly, 
there is an abrupt transition at the interface between the shell 
and core on the leading edge, contrasted with a gradual ele-
mental change at the interface on the trailing edge of the tooth. 
The iron oxide (Fe 3 O 4 ) content was measured in regions of the 
shell on both the leading and trailing edges (Figure  6 C). This 
analysis reveals the magnetite content in the middle of the 
leading edge is 97.7 ± 0.9 wt%, exceeding the content on the 
trailing edge (ca. 95.8 ± 1.2 wt%).  

 Scatter diagrams, also known as scatter plots (Figure  6 D), 
were generated from the X-ray maps by plotting pixel frequency 
versus element concentration profi les for two elements, Fe and P, 
against one another. A two-dimensional scatter diagram is a plot 
of the frequency of occurrence of intensity values for one element 
against another for each pixel in the X-ray map. The correlation of 

the points in the scatter diagram creates clusters, also referred to 
as nodes. The clusters represent distinct separated positions on 
the correlation diagram, which represent unique compositions 
that can be locally identifi ed. [ 20,21 ]  Various regions in the scatter 
plots, marked by colored boxes in Figure  6 D, were selected. The 
regions of the sample corresponding to each composition are 
shown in a false-color map. This map reveals that the leading 
edge of the tooth is iron rich (red). A composition of lower iron 
concentration is observed on the trailing edge, and in a thin inter-
facial region between the shell and the core of the tooth on the 
leading edge (green). A thicker interfacial region, with greater 
phosphorus content, is observed on the trailing edge (purple). 
These interfacial regions are consistent with EDS line scan data 
(Figure  6 B), showing a sharp transition between elements on the 
leading edge, and a gradual change on the trailing edge. Through 
selecting the upper (red box) and lower (green box) regions of a 
cluster (Fe cluster), the variations shown in the image reveal the 
mixing and diffusion of elements and varying compositions pre-
sent. The core region of the tooth is composed of a phosphorus-
rich phase (blue). The purple-boxed area is a link between the 
iron-rich cluster and the phosphorus cluster (blue box).   
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 Figure 4.    Surface analysis of the leading and trailing edges of the fully mineralized tooth. Longitudinal fracture surface of A) the leading edge, high-
lighting a 2 µm thick dense nanoparticulate layer, transitioning to nanorods (observed perpendicular to the fi eld of view), which rotate 90° over a region 
of ≈1 µm to orient parallel to the tooth surface; Longitudinal fracture surface of B) the trailing edge, revealing a 1 µm thick dense nanoparticulate layer 
that abruptly transitions to nanorods oriented parallel to the tooth surface (no rod rotation observed); C) Histogram of rod diameters on the leading 
edge; D) Histogram of rod diameters on the trailing edge.
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  3.     Modeling 

 Details of the geometry, ultrastructure and mechanical prop-
erties of the chiton tooth were employed to develop three-
dimensional fi nite element models (FEM). A three-dimensional 
representation of the tooth was obtained using confocal fl uo-
rescence microscopy and subsequently digitized to obtain the 
CAD geometry ( Figure    7  A). The model was divided into four 

mechanically distinct regions. Each region is modeled with a 
linear elastic model with different values of Young's modulus 
obtained directly from the nanoindentation experiments: i) the 
tooth base (primarily consisting of alpha-chitin) ( E  = 7 GPa), 
ii) an iron phosphate core region ( E  = 35 GPa), iii) the leading 
edge ( E  = 130 GPa), and iv) the trailing edge of the magnetite 
shell ( E  = 105 GPa). A 0.1 N point force was applied at the tip 
of the tooth to simulate the working condition of the rasping of 
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 Figure 5.    TEM analysis of FIB-sections from the leading and trailing edges of the tooth surface. A) Overview of the leading edge, showing the particulate 
layer at the outer edge of the tooth, transitioning to nanorods that rotate 90° until they are oriented parallel to the tooth surface. Inset: SEM image of 
a longitudinally polished section of tooth highlighting (in yellow) the region where the FIB section was obtained; B) Details of particulate outer layer, 
with selected area diffraction confi rming the magnetite phase; C) Region where the long axis of nanorods are perpendicularly aligned with the tooth 
surface and rotate 90° to yield D) nanorods which are parallel to the tooth surface (observed here in cross-section, perpendicular to the fi eld of view). 
Dashed white line and inset highlights mineral bridges connecting adjacent rods; E) Overview of the trailing edge, showing the particulate layer at the 
outer edge of the tooth abruptly transitioning to nanorods, which are parallel to the tooth surface. Inset: SEM image of a longitudinally polished section 
of tooth highlighting (in yellow) the region where the FIB section was obtained; F) Details of the dense nanoparticulate outer layer at the trailing edge, 
that transitions to G) nanorods, which are parallel to the tooth surface (mineral bridges shown by dashed white lines).
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 Figure 6.    X-ray mapping (XRM and EDS) analysis results from a longitudinal section of the middle cusp from a fully mineralized tooth. A) False-colored 
map of iron (blue) and phosphorus (green) concentrations; B) Iron (blue) and phosphorus (green) concentrations as a function of tooth position, 
following the white line marked in A; C) BSE micrograph from which quantitation of magnetite (wt%) was calculated (based on averages of boxed 
regions on the leading and trailing edges); D) False-colored map of regions of unique concentration in the tooth obtained through analysis of scatter 
diagrams. Red- high concentrations of iron oxide; green- lower concentrations of iron oxide; blue- combination of iron and phosphorus-rich region; 
purple- combination of iron and phosphorus.

 Figure 7.    Finite element models of a fully mineralized tooth. A) Digitization of tooth geometry; B) The four individual components used to create the 
model and the association of each part into the full model; C) Mesh and boundary conditions; D) Direction of tensile (red) and compressive (blue) 
stresses in a worn (left) and fresh (right) tooth; E) Rotation in the direction of stresses at the transition zone between the leading and trailing edges 
above the core.
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radular teeth. The four parts and their associations are shown 
in Figure  7 B. The mesh and boundary conditions for the model 
are presented in Figure  7 C.  

 The stress distribution in the tooth during a rasping event 
was revealed by the fi nite element model. In particular, 
Figure  7 D shows the distribution of the principal stresses inside 
the tooth. The maximum tensile stresses (Figure  7 D, red) are 
mainly distributed along the leading edge of the tooth and are 
parallel to the surface of the leading edge. On the other hand, 
the maximum compressive stresses (Figure  7 D, blue) are con-
centrated along the trailing edge and are parallel to the surface 
of the trailing edge. The lines connecting the principal direc-
tions form the tensile and compressive trajectories. These prin-
cipal directions are not altered by the gradual wearing of the 
tooth (Figure  7 D). At the transition zone between the leading 
and trailing edges, the direction of the stresses rotates gradu-
ally as shown by the dashed lines in Figure  7 E. This rotation 
of stresses is aligned with the rotation of rods observed in the 
transition zone above the core region (Figure  2 D). Strain maps 
are presented in Figure S3 (Supporting Information). 

 At the microscale, a micromechanical model of uniform 
hexagonal rods that incorporates an inelastic model for the 
individual rods and a cohesive model that mimics the organic 
material was developed under a continuum fi nite element frame-
work. As a rod diameter distribution has been identifi ed, hex-
agonal rods of 150 nm and 250 nm were modeled ( Figure    8  A,B) 

with the elastic-plastic properties of single crystal magnetite. 
The yield stress of single crystal magnetite ( σ  yield  = 3.5 GPa) 
was obtained with the contact formulation presented by 
Johnson [ 22 ]  and the hardening parameter was obtained by com-
paring the load versus displacement curves of computational 
models with experimental nanoindentation data of monolithic 
magnetite performed by Chicot et al. [ 23 ]  Since it was shown that 
the mechanical properties of pure magnetite do not depend 
on crystallographic orientation, the model considers homog-
enous and isotropic elastic-plastic properties in the rod-like 
microstructure of the tooth. The interface between the rods is 
modeled with a cohesive zone model with a bilinear traction-
separation law. The interface between the rods is modeled 
with a cohesive zone model with a bilinear traction-separation 
law. [ 24 ]  The traction takes into account a high initial strength 
 T  max  = 1.5 GPa) to mimic the nanoscale features that prevent 
initial decohesion (e.g., mineral bridges and nanoasperities). 
The maximum displacement of the traction-separation law 
is defi ned as 200 nm, which is similar to values used for the 
organic material between nacre tablets. [ 25 ]  As such, the fracture 
energy or work of separation is defi ned as  G  c  = 150 J m −2 . A 
cube corner indenter geometry was modeled as a rigid friction-
less surface. Indentation curves show that despite the differ-
ence observed in the experimental data, the FEM indicates that 
at a penetration of ≈160 nm the total energy volume dissipated 
at the interfaces of the smaller rods ( E  dis  = 0.1225 nJ) is greater 
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 Figure 8.    A) Pile up of staggered hexagonal rods idealized for illustration purposes to show the ultrastructure of the tooth; B) Rod cross sections 
assumed in the FEM for the trailing edge (250 nm) and leading edge (150 nm); C) Indentation data of experimental curves at the leading and trailing 
edge compared with the elastic-plastic FEM; D) Indentation mark at the leading edge of the tooth with rods aligned orthogonal to the surface; 
E) Comparison of stress contours in the same direction of indentation for an elastic model at maximum penetration (≈700 nm) showing material 
removal and crack propagation; F) Cube corner indenter placed above the model showing material removal and small radial cracks.
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than those with a larger rod cross section ( E  dis  = 0.0062 nJ) 
(Figure  8 C). 

 High-load nanoindentation was used to produce cracks in a 
latitudinal polished section (Figure  8 D). Following indentation, 
the sample was sonicated in acetone to remove debris along 
with a surface layer of organic, revealing the mineralized rod 
structure. SEM imaging of this sample highlights that cracks 
do not progress radially from the corner of the indent, as is 
observed in monolithic materials, [ 26 ]  but rather propagate 
around and between the mineralized rods in the organic-rich 
regions of the tooth (Figure  8 D). The patterns of crack propaga-
tion are consistent with model results (Figure 8E), where small 
radial cracks of the size of an element are observed in the edges 
and material removal is shown surrounding the planes of the 
sharp indenter (Figure  8 F).   

  4.     Discussion 

 Engineering structures utilized in abrasive applications 
require constituent materials harder than the surfaces they 
contact. [ 22,23 ]  Although hardness is a necessary factor in wear 
resistance, toughness is critical to maintaining longevity. 
Unfortunately, hardness and toughness generally have an 
inverse relationship. [ 27,28 ]  Natural materials, however, uti-
lize complex structures and a combination of inorganic and 
organic phases to achieve high hardness and toughness, a fea-
ture exemplifi ed in the chiton tooth. While the tooth must be 
harder than the rocky substrate to abrade it and to resist wear, 
it must also be tough, as large stresses and intermittent impact 
forces are imposed during the grinding process. Through ultra-
structural analysis and fi nite element modeling of the stresses 
imparted on chiton teeth during rasping, we observe how the 
organism has evolved features at the global and local scales to 
mitigate damage. 

  4.1.     Bulk Features (Curvature, Core–Shell, and Deliberate 
Anisotropy) 

 Previous fi nite element simulations have shown that the cur-
vature of the tooth leads to a redistribution of stresses to the 
base of the tooth, with the elimination of curvature resulting in 
stress concentrations at the tip of the tooth, where the structure 
is weak. [ 16 ]  The hardness of the shell stems from mineralization 
by the hardest reported biomineral, magnetite. [ 6 ]  In contrast, 
the soft core consists of an amorphous/nanocrystalline iron 
phosphate with a large fraction of organic. [ 5 ]  This hard shell and 
soft core leads to crack defl ection at the core–shell interface. [ 6,10 ]  
When a crack approaches an interface, it is propagated through, 
defl ected, or arrested, depending on the relative stiffness of 
the materials on either side of the interface. [ 29–32 ]  With a large 
modulus mismatch between the shell and core of the chiton 
tooth, crack defl ection occurs (Figure  3 H). This toughening 
mechanism has been reported in other biological composites, 
where defl ection of cracks at an interface prevent catastrophic 
failure of the structure during repetitive loading. [ 30 ]  Following 
cracking, a portion of the magnetite shell remains attached to 
the core (Figure  3 H). This is consistent with previous studies, 

which have shown that the core–shell interface is rough, with 
interlocking between the two phases. [ 7 ]  This interconnected 
interface results in tortuous paths for crack propagation, 
leading to signifi cant energy dissipation. The graded nature of 
the interface between the core and shell can be seen in mod-
ulus and hardness maps (Figure  3 ) as well as elemental distri-
bution maps (Figure  6 ). 

 The magnetite shell of the chiton tooth consists of mineral-
ized rods aligned parallel to the tooth surface. This architecture 
is reminiscent of a fi ber reinforced composite, a design which 
is inherently anisotropic, with high strength along the long axis 
of the fi bers. [ 33 ]  In the chiton tooth, as revealed by fi nite ele-
ment simulations, the long axis of the mineralized rods is ori-
ented in the direction of principle stresses at all stages of wear, 
providing increased strength (see Figure  2 A,  7 D, E). Addition-
ally, there are differences in the loading as well as the archi-
tectures of the rods between the leading and trailing edges of 
the tooth. The three-dimensional fi nite element analysis, which 
is in agreement with previous work in 2D, [ 16 ]  reveals a concen-
tration of tensile stresses at the leading edge and compressive 
stresses at the trailing edge. 

 SEM analysis (Figure  4 ) reveals that rods on the leading edge 
of the tooth have a smaller diameter than those on the trailing 
edge (193 ± 23 nm vs 250 ± 27 nm). While rod diameter varies 
with tooth size as well as location, the trend of smaller diameter 
rods on the leading edge is consistent with previous observa-
tions. [ 8 ]  In fi ber reinforced composites, smaller diameter fi bers 
are preferred for tensile loading [ 33 ]  as they have fewer fl aws, 
making them less brittle and therefore stronger in tension. [ 33,34 ]  
Thin fi bers also have more fl exibility, providing resistance to 
fracture during bending. [ 33 ]  While unidirectional fi bers perform 
well in tension, they are generally poor in compression. Com-
posite longitudinal compressive strength, however, has been 
shown to correlate positively with fi ber diameter. [ 34,35 ]  These 
factors indicate that the larger diameter rods observed on the 
trailing edge of the tooth are optimized to withstand the com-
pressive loading concentrated in this region. Finally, fi nite ele-
ment simulations reveal a rotation of principle stresses at the 
transition zone between the leading and the trailing edges. 
These stresses are again parallel to the long axis of the rods, 
as shown in the rotation of rods around the core of the tooth 
(Figure  2 D,F). 

 While the bulk of the rods in the chiton tooth are oriented 
parallel to the tooth surface, a rapid rotation of rods is observed 
in the fi rst ≈5 µm of the leading edge (Figure  4 A). This rotation 
acts as an initial line of defense against crack propagation. Mul-
tiple rod directions serve to hinder the propagation of microc-
racks, as cracks propagating along a rod in one direction are 
redirected when they reach a rod oriented in a different direc-
tion. [ 16,36,37 ]  In  C. Stelleri , the maximum stresses in the tooth 
are oriented parallel to the tooth surface. A crack initiating or 
propagating along the direction of principle stress would thus 
see the fi bers at the edge of the tooth in a transverse orienta-
tion. Studies on fi ber-reinforced composites have shown that 
initiation toughness increases by 26% when the crack propaga-
tion direction is transverse to the fi bers (rather than parallel to 
them), and that fracture toughness increases with a rotation in 
fi ber orientation angle. [ 38 ]  As shown in Figure  3 G, cracks are 
arrested at the outer region of the leading edge (≈4.4 µm into 
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the tooth), where rod rotation occurs, and are prevented from 
propagating into the bulk of the tooth. Preceding rod rotation 
on the leading edge of the tooth is a layer of magnetite parti-
cles. These particles, also found at the trailing edge, provide 
a barrier to material loss in early stages of tooth use, and are 
reminiscent of cellular structures formed at the surface of 
bulk materials where accommodation of large sliding strains 
is required. [ 39 ]   

  4.2.     Local Features (Chemical and Nanostructural) 

 Nanoindentation maps (Figure  3 ) corroborate results from 
previous investigations, [ 6,16 ]  highlighting the difference in 
hardness between the leading and trailing edges of the tooth, 
a design which results in a self-sharpening condition. [ 16 ]  Varia-
tion in values at the trailing edge in latitudinal vs. longitudinal 
sections are assumed to arise because of rod orientation, with 
larger quantities of organic exposed along the long axis of the 
rods. Quantitative EDS analysis and the X-ray mapping results 
reveal that the hardness gradient in the tooth stems from a dif-
ference in the concentration of magnetite at the leading and 
trailing edges (Figure  6 C). Furthermore, the modulus and hard-
ness maps in Figure  3  reveal a trend in changes at the interfa-
cial area between the core and the outer iron oxide shell that 
corresponds to the phase map in Figure  6 D (light blue region 
of hardness and modulus). While variations in the degree of 
mineralization play a key role in the performance of the chiton 
tooth, the organic phase is equally important. 

 As observed in TEM (Figure  5 C,D,G), and SEM (see 
Figure S4, Supporting Information), organic surrounds each 
mineralized rod. [ 6,37,40 ]  Additionally, the organic fi bers that 
template mineralization (Figure  2 H) survive the mineraliza-
tion process, resulting in organic within the rods. [ 7 ]  The incor-
poration of organic in the chiton tooth infl uences mechanical 
properties at multiple length scales. From a bulk perspec-
tive, the presence of organic in the chiton tooth results in a 
reduction in the modulus of the material when compared to 
that of geologic magnetite. [ 6,10 ]  For loading under blunt con-
tact, a high ratio of hardness to modulus ( H  3 / E  2 ) is associ-
ated with an increase in abrasion resistance. [ 6,10,14 ]  With its 
unique hardness to modulus ratio, the chiton tooth outper-
forms geologic magnetite in terms of abrasion resistance. [ 6,10 ]  
Incorporation of organic into the tooth also infl uences crack 
propagation. Through high-load nanoindentation, cracks 
were introduced into a latitudinal section of a chiton tooth 
(Figure  8 D). Examination of the sample following indenta-
tion revealed that cracks propagate around the mineralized 
rods through the organic. This creates a tortuous crack 
pathway at the nanoscale, as corroborated in the microme-
chanical model, where the intricate microstructural align-
ment impedes crack propagation in the bulk, localizing 
the damage in the area surrounding the sharp geometry of 
the cube corner tip. At early stages of tooth mineralization, 
large multifaceted magnetite crystals are observed forming 
along organic fi bers (Figure  2 H). A crack deviating from the 
organic phase into a mineralized rod will thus encounter 
another toughening mechanism, in the form of additional 
interfaces induced from crystal faceting (Figure  2 G). A crack 

traveling along the boundary between two adjacent magnetite 
crystals will be redirected along the contours of the crystal 
surface, resulting in energy dissipation. 

 TEM investigations have revealed additional toughening 
mechanisms at the nanoscale; specifi cally, the presence of sur-
face asperities and mineral bridges. TEM results (Figure  5 ) 
show that the magnetite rods in the chiton tooth are formed 
from aggregated crystallites with no preferred orientation. [ 6,40 ]  
While the centers of these rods consist of larger crystallites, 
the perimeter is composed of a smaller (≈5 nm) nanoparticu-
late layer (see Figure S4, Supporting Information). These nano-
particles can be viewed as nanoasperities, creating peaks and 
valleys at the outer edges of the rods. Figure  5 D demonstrates 
the interlocking design of these asperities, with peaks on one 
rod aligning with valleys in the adjacent rod. A similar archi-
tecture has been reported in nacre, providing resistance against 
interfacial sliding [ 41 ]  and lateral expansion, which in turn leads 
to competing failure mechanisms that maximize energy dissi-
pation. [ 42,43 ]  The nanorods in the shell of the chiton tooth dis-
play another similarity to nacre, in the form of mineral bridges 
that connect adjacent magnetite rods (Figure  5 D,G). These min-
eral bridges provide strength to the organic interface between 
rods and a barrier to crack propagation, leading to delamination 
resistance. [ 25 ]  Additionally, crack defl ection occurs at mineral 
bridges, further enhancing toughness. [ 44 ]  

 As showcased in this work, the chiton tooth combines fea-
tures over multiple levels of hierarchy, resulting in an abrasion 
resistant structure. In the organism, tooth formation occurs 
continuously, and in-use teeth are discarded and replaced every 
12–48 h in a growth-mediated process. [ 12,16,45 ]  Despite this fre-
quent replacement, radular teeth maintain the ability to abrade 
rock throughout their lifetime, representing a model system 
for advanced tooling materials. As a biological structure, the 
constituent materials that compose the tooth are limited to 
those available to the organism. The architecture of the tooth, 
however, lends remarkable toughness to the structure, and has 
adapted to withstand wear. Tooling materials inspired by the 
chiton tooth can utilize these architectural designs, along with 
high-performance materials, to eliminate the need to regularly 
replace components. For example, tungsten carbide-cobalt com-
posites are a commonly used tooling material. The metallic 
matrix in these materials lends toughness to the composite, 
while the carbide phase results in high hardness and thus abra-
sion resistance. [ 27,28,46 ]  Carbide particle size has been shown to 
infl uence abrasion resistance, with smaller grains leading to an 
increase in hardness, and an even greater increase in abrasion 
resistance. [ 28,46 ]  Taking inspiration from the chiton tooth, a rod-
like arrangement of carbide, aligned along the direction of prin-
ciple stress, could provide further benefi t. 

 The downside to carbide composites, however, is that are that 
they are expensive to process. A more economical route to the 
fabrication of abrasion resistant materials may lie in the use of 
bio-inspired synthesis methods to manufacture materials with 
controlled microstructures at ambient temperature. Biominer-
alizing organisms offer an environmentally friendly and low 
energy approach to the synthesis of these hierarchically assem-
bled composites with controlled features. [ 8 ]  Such an approach 
could also lend itself to the fabrication of biocompatible mate-
rials, a critical aspect for medical implants.   



FU
LL P

A
P
ER

6103wileyonlinelibrary.com© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, WeinheimAdv. Funct. Mater. 2014, 24, 6093–6104

www.afm-journal.de
www.MaterialsViews.com

  5.     Conclusions 

 The design of abrasion resistant materials is a diffi cult task, as 
abrasion resistance is not an intrinsic material property, but 
dependent on a range of factors. [ 1–3 ]  Rather than taking a trial 
and error approach to material design, however, engineers can 
draw inspiration from natural composites, which have evolved 
over millions of years. The chiton radular tooth is a complex 
hierarchically arranged composite, optimized to resist abrasive 
wear. Features of the tooth from the nano- to macroscale pro-
vide strength, abrasion resistance and toughness. The curvature 
of the tooth leads to a redistribution of stress concentrations 
away from the fragile tooth tip. A core–shell structure leads to 
crack defl ection at the interface, preventing catastrophic failure. 
Rod orientation and diameter at various positions within the 
tooth provide strength optimized for specifi c loading condi-
tions. Selective mineralization leads to a hardness gradient 
between the leading and trailing edges of the tooth, resulting in 
a self-sharpening condition, while incorporation of an organic 
phase results in a complex pattern of crack propagation. At the 
nanoscale, surface nanoasperities provide resistance to inter-
facial sliding between nanorods, and mineral bridges increase 
toughness. These factors, as well as bio-inspired synthetic 
routes gleaned from biominerals, can provide insights into the 
design and fabrication of abrasion resistant materials for appli-
cations such as tooling and machining.  

  6.     Experimental Section 
  Research Specimens : Live specimens of  Cryptochiton stelleri  were 

obtained from a commercial supplier (Monterey Abalone Company, 
USA). Collection of  Cryptochiton stelleri  is permitted by the Department 
of Fish and Game, as well as the California Natural Resources Agency. 
Specimens were collected in the Eastern Pacifi c Ocean (off the 
coast of Monterey, California) and shipped overnight, packed in ice. 
Animals were dissected upon arrival and radula were removed. Intact 
radula were cleaned with DI water and then serially dehydrated to 
100% ethanol immediately following dissection. Radula from several 
 Cryptochiton stelleri  were examined in this work, with animals ranging 
from 115–210 mm in length. While the tooth size scales with the size 
of the animal, the general shape and properties of the teeth remained 
consistent. As the fully mineralized teeth were the focus of this work, 
all teeth studied came from the fi rst 10 rows of the anterior end of 
the radula. For embedding and polished sections, multiple teeth, still 
attached to the radular membrane, were cut from the radula using a 
razor blade. For fractured sections, individual teeth, still attached to the 
basal stock, were removed from the radula using non-magnetic fi ne-
tipped tweezers. 

  Scanning Electron Microscopy : Individual dehydrated teeth were 
fractured using a hardened steel micro-knife (Precision Cutting Set, 
Ted Pella, USA). To prepare a fracture, the stock of the tooth was held 
with tweezers. After fracture, the stock, which is primarily organic, 
was removed. Samples were subsequently rinsed in ethanol to remove 
debris. Fractured samples were then placed onto carbon tape coated 
aluminum pin mounts. In some cases, specimens were subjected to 
additional sample preparation steps (see below). To remove organic, 
selected fractured samples were placed in an aqueous solution of 5% 
sodium hypochlorite for 8 hours. Following this treatment, an active 
wash in a fresh sodium hypochlorite solution was performed, followed 
by an active wash in deionized (DI) water and 3 consecutive DI washes 
of 10 minutes each on a shaker table. After washing, samples were 
mounted with carbon tape to aluminum pin mounts. Mounted samples 

were sputter coated with a thin layer of platinum and palladium to 
increase conductivity, and imaged using a scanning electron microscope 
(XL30-FEG, Philips, USA) at an accelerating voltage of 10 kV. For phase-
contrast imaging, a backscatter electron detector was used, and the 
accelerating voltage was increased to 20 kV. 

  Transmission Electron Microscopy : To investigate the nanostructure at 
the surface of the tooth, a mature tooth was cut from an intact radula 
with a razorblade and fi xed with gluteraldehyde (2.5%) in HEPES buffer 
(0.2  M , pH = 7.2) for 2 h. The sample was then serially dehydrated to 
100% ethanol, embedded in resin (Spurr's low viscosity embedding kit, 
Sigma-Aldrich, USA) and cured for 24 h at 60 °C. The resin block was 
then sectioned with a diamond saw and polished in the longitudinal 
direction of the tooth with 1200 grit silicon carbide paper, followed by 
polishing with diamond lapping fi lms down to 0.25 µm. Continued 
polishing yielded a longitudinal section of the middle cusp of the mature 
tooth. 100 nm thin sections from both the leading and trailing edge 
were milled from the longitudinal polished section with a Focused Ion 
Beam (FIB, Leo Gemini, 1540XB) and imaged using TEM (FEI-PHILIPS 
CM300) at 300 kV accelerating voltage. 

  Nanoindentation : Nanoindentation maps were performed on polished 
cross-sections of mature chiton teeth in both latitudinal and longitudinal 
directions. Indents were performed under ambient temperature using a 
nanomechanical testing system (TI 950 Triboindenter, Hysitron, USA). In 
preparation for testing, teeth that had been dehydrated in ethanol were 
serially embedded in epoxy (Spurr’s low viscosity embedding kit, Sigma-
Aldrich, USA). The resin block was then polished fl at to reveal the plane 
of interest using a tripod polisher on 1200 grit silicon carbide paper. 
Additional polishing was then performed using diamond abrasive down 
to a 0.1 µm grit size. Because of the hardness of the teeth, polishing 
to lower grit sizes resulted in the erosion of the tooth core, and the 
epoxy around the tooth, leading to inaccurate indentation results. With 
fl at polished sections prepared, displacement controlled indents were 
performed to a depth of 200 nm using a diamond cube corner indenter 
tip. Indents were performed in a grid with a spacing of 6 µm × 6 µm. The 
displacement function consisted of a 5 s loading step, a 2 s hold, and a 
5 s unloading step. Hardness and elastic modulus were calculated using 
the Oliver and Pharr method. [ 47 ]  Spatial maps of mechanical properties 
were produced using the XY position. Reduced modulus and indentation 
hardness were calculated from a mesh of MxN indents using the 
SCATTER function in MATLAB (MathWorks Natick, MA). High-load 
nanoindentation was performed to initiate cracking and observe fracture 
behavior. A latitudinal section was polished from an embedded radular 
tooth. Load-controlled indentation at was performed to a maximum load 
of 20 mN using a cube-corner tip, resulting in an indentation depth of 
just over 1000 nm. After indentation, the sample was sonicated in an 
acetone bath for 2 minutes to remove debris and surface organic. 

  Energy Dispersive Spectroscopy and X-Ray Mapping : Standardless 
quantitative elemental analysis was performed using JEOL 8600 EM 
Probe with a Moran Scientifi c Microanalysis system operated at 
20 kV with a Kevex EDS detector. A software package called “Chemical 
Imaging” within the Moran Scientifi c system was used to post process 
the X-ray maps. [ 20,21,48 ]  X-ray maps were collected at 512 × 512 pixel at 
200 ms per point. 

  Confocal Fluorescence Microscopy : The shape of the tooth was 
reconstructed by confocal microscopy at the Purdue University Multi-
Scale Imaging Center of the Bindley Bioscience Center. A single tooth, 
connected to a small portion of the stalk, was removed manually from 
the anterior-most region of a radula following dehydration. The tooth 
was air dried and then immersed in the mixture of oil and fl uorescent 
dye (DiI) between two thin glass slices. The prepared “sandwich” was 
examined from each side under confocal microscopy with a 10× objective 
lens and 5 µm steps to obtain surface information. ImageJ, Amira5.3.0 
and Catia v5 were used to combine the front and back surface data to 
generate the geometry of a full tooth. 

  Finite Element Analysis : Three dimensional fi nite element models were 
created to observe loading conditions in the tooth during use. The model 
from Catia obtained from the confocal fl uorescence microscope was 
then imported to Abaqus and separated into four mechanically distinct 
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parts (base, core, leading edge, trailing edge). The Poisson’s ratio for 
each part was assumed to be 0.3 and the elastic modulus was input from 
experimental nanoindentation values. The tooth model was fully meshed 
with 3D 4-node linear tetrahedrons, and the base of the tooth was set 
as fi xed. Non-linear effects were excluded. The micro-mechanical model 
of 1/6 of the domain considers 6 node cohesive interface elements 
with normal and transversal traction in which material degradation 
occurs while reaching a maximum strength. [ 24 ]  The nonlinear approach 
was implemented as a user subroutine in FEAP. [ 49 ]  The stiff rods were 
modeled with a generalized plasticity law [ 50 ]  of constants  β  = 31.5 GPa 
and R = 3 GPa.  
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 Supporting Information is available from the Wiley Online Library or 
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