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ARTICLE INFO ABSTRACT

Keywords: Chitons are herbivorous invertebrates that use rows of ultrahard magnetite-based teeth connected to a flexible
Mollusk belt (radula) to rasp away algal deposits growing on and within rocky outcrops along coastlines around the
Biocomposite world. Each tooth is attached to the radula by an organic structure (stylus) that provides mechanical support
E;)er;ieblzamdumon during feeding. However, the underlying structures within the stylus, and their subsequent function within the

chiton have yet to be investigated. Here, we investigate the macrostructural architecture, the regional material
and elemental distribution and subsequent nano-mechanical properties of the stylus from the Northern Pacific
dwelling Cryptochiton stelleri. Using a combination of y-CT imaging, optical and electron microscopy, as well as
elemental analysis, we reveal that the stylus is a highly contoured tube, mainly composed of alpha-chitin fibers,
with a complex density distribution. Nanoindentation reveals regiospecific and graded mechanical properties
that can be correlated with both the elemental composition and material distribution. Finite element modeling
shows that the unique macroscale architecture, material distribution and elemental gradients have been opti-
mized to preserve the structural stability of this flexible, yet robust functionally-graded fiber-reinforced com-
posite tube, providing effective function during rasping. Understanding these complex fiber-based structures
offers promising blueprints for lightweight, multifunctional and integrated materials.

1. Introduction

Multifunctional materials are in high demand for aerospace, auto-
motive and biomedical industries. Such engineered structures often
need to be lightweight, flexible, and tough, as well as have integrated
features such as utility at high temperature or in aqueous environments,
exhibit biocompatibility, or demonstrate self-healing. In many of these
systems, hybrid structures that demonstrate multiple functions utilize

materials with dissimilar properties. However, material failure often
occurs at the interfaces between two dissimilar materials. Thus, finding
an effective and reliable way to integrate dissimilar materials is a
challenge (Thomopoulos et al., 2013).

Often, dissimilar material properties can be integrated by using
composite materials. Fiber-reinforced composites and functionally
graded materials are two common types of composites (Chung, 2010;
Kar, 2016). Fiber-reinforced composites offer exceptional
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strength-to-weight ratios and an anisotropic structure, which can be
used to increase stiffness in a preferred direction (Mallick, 2007).
However, many fiber-reinforced composites are limited by the lack of
control over microstructure, interfaces, and often undergo delamination
(Caprino, 1984). Furthermore, integration of multiple materials into
region-specific locations in composite materials still proves challenging.
In functionally graded materials, two or more dissimilar materials are
gradually merged and thereby incorporate different properties into one
component (Pompe et al., 2003; Udupa et al., 2014). Graded composites
have advantageous physical properties and are used for various appli-
cations requiring resistance to contact deformation (Chung and Das,
2008; Krumova, M, Klingshirn, C et al., 2001; Suresh, 2001),
temperature-based deformation (Shao, 2005) and offer biological
compatibility via coupling with ceramic or metallic implants (Pompe
et al., 2003). While structurally and functionally advantageous, the
manufacturing of composite materials is often complicated and requires
numerous production steps.

Nature presents various effective examples of integration of different
materials in hierarchically assembled, multifunctional architectures
(Gorb, 2008). Thereby, failure mechanisms are circumvented and
various functions are enabled. Furthermore, many biological materials
are lightweight, biocompatible and often function in aqueous environ-
ments. These natural systems have evolved over hundreds of millions of
years under ambient conditions and with a limited selection of mate-
rials. Many biological structures incorporate both fiber-reinforcement as
well as structural and chemical gradients in order to reduce interfacial
stresses that exist between materials with significantly different material
properties (Naleway et al., 2015). In biomineralized structures, such as
arthropod cuticles, mollusk shells, and bone (Grunenfelder et al., 2014a;
Meyers et al., 2008, 2013; Weaver et al., 2012; Yaraghi et al., 2016), the
inorganic, stiff and hard minerals (e.g., calcium carbonate and phos-
phate, silica, iron oxide) are deposited around, or on flexible fibrous
organic materials such as cellulose, collagen, keratin or chitin. In fact,
non-mineralized biological composites such as fibrocartilage in liga-
ments of human femurs exist (Moffat et al., 2008). These flexible
structures must balance bending and buckling resistance without
significantly adding mass (Meyers et al., 2013). This combination of
different material properties and the hierarchical assembly of inorganic
and organic components results in materials with outstanding properties
(Huang et al., 2019).

A group of organisms that produces unique multifunctional com-
posite materials are chitons, herbivorous mollusks that live in the coastal
zones worldwide, where they graze on rocks with a tongue-like organ
(radula) to feed on algae growing on and inside these rocks (Brooker and
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Shaw, 2012; Kirschvink and Lowenstam, 1979; Lowenstam and Weiner,
1989; Nemoto et al., 2012; Nesson and Lowenstam, 1996; Wang et al.,
2013). Due to their stiff and ultrahard teeth (modulus of 90-125 GPa
and hardness 9-12 GPa) (Grunenfelder et al., 2014b; Weaver et al.,
2010), chitons rasp away parts of the rock to access food, thereby un-
dercutting and forming the mushroom-like rock formations (Fig. 1A,
inset). The radula of chitons contains three primary components that
fulfill different functions: (i) ultrahard teeth that are capped with a
magnetite layer, each of which are attached to (ii) a semi-flexible, yet
stiff, stylus that provides force transduction to the teeth, and (iii) a long
and flexible belt that provides a substrate upon which tens of rows of
teeth are supported. Hence, the tooth-stylus-belt radular system of chi-
tons is an exceptional example for the integration of dissimilar materials
into a multifunctional structure.

Here, we investigate the macrostructural features and subsequent
mechanics of the stylus from one such chiton, Cryptochiton stelleri
(Fig. 1A). This species lives in the North Pacific Ocean and is one of the
largest and well-characterized chiton species (Ricketts et al., 1985; Towe
and Lowenstam, 1967; Wang et al., 2013; Weaver et al., 2010). The
radula of C. stelleri consists of a ribbon-like membrane that supports
about 80 rows of tricuspid teeth that advance from infancy at the pos-
terior end to fully mineralized mature teeth at the anterior end (Fig. 1C).
Similar radular structures have been observed in other chiton species
(Brooker and Shaw, 2012; Macey and Brooker, 1996). The teeth are
arranged in two rows of major lateral teeth positioned on either side of
the flexible radula membrane (Fig. 1E) and are supported by adjacent
marginal teeth.

The teeth, and thus styli, experience extensive repeated mechanical
loading during rasping. Hence, the styli need to provide mechanical
support and force transduction to the teeth in order for the chiton to
feed. However, the morphological and microstructural features that
afford this unique structure, both flexibility and stiffness, have yet to be
reported. Previous results as well as scanning electron microscopy
(Fig. S1) reveal that the stylus is composed of continuous alpha-chitin
fiber sheets that propagate from the leading edge of the stylus through
the junction zone into the tooth (Wang et al., 2013; Weaver et al., 2010).
Investigation of a stylus from a different species of chiton suggested an
additional role as an ion transport pathway during biomineralization
(Shaw et al., 2009). Here, we reveal the structure-mechanical function
relationships in the stylus using a combination of video analyses, X-ray
micro-computed  tomography  (p-CT), nanoindentation and
energy-dispersive X-ray spectroscopy (EDS). The experimental findings
were implemented in finite element (FE) simulations, which identified
the stress distribution in the stylus due to different tooth tip loading

Fig. 1. The tooth-stylus-belt system of chitons is a prime example of a naturally occurring multifunctional composite that demonstrates coupling of dissimilar
materials. A. Cryptochiton stelleri is an herbivorous marine mollusk found in the coastal zone of the North Pacific. B. Mushroom-shaped rock formed by the rasping
action of chitons. C. The chiton radula consists of a ribbon-like membrane that houses about 80 rows of teeth at different stages of mineralization (the anterior end
contains most mature teeth). D. Schematic drawing illustrating the rasping of a single tooth attached to the stylus on a rocky surface covered with algae. E. False
colored SEM micrograph showing four rows of mature teeth (at the anterior end of the radula) used in grinding rock. Two rows of major teeth are positioned on either
side of the flexible radula membrane. The major lateral teeth (grey) are attached on the proximal end by styli (red) to the radula membrane (green) and are adjacent
to marginal teeth (yellow and blue). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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directions during the rasping process. The outcomes of this study are
promising for the design for next-generation lightweight, flexible com-
posite materials useful for automotive (Aratjo et al., 2017; Banea et al.,
2018), aerospace (Khan et al., 2018; Scarselli et al., 2017), biotechno-
logical or medical (Blanc et al., 2017) applications.

2. Materials and methods
2.1. Research specimen

Cryptochiton stelleri were obtained alive from Monterey Abalone
Company (Monterey, USA). The rasping behavior of these chitons was
observed by analyzing the videos taken while grazing on an acrylic tank
of an artificial sea water system. The radulae were dissected from the
chitons and subsequently serially dehydrated in EtOH (i.e., 10%, 30%,
50%, 70%, 80%, 90%, 100%, 100%, 100%, each for 10 min). The styli of
C. stelleri were removed from the radula using tweezers and used for
analysis by p-CT, nanoindentation, EDS and electron microscopy.

2.2. u-CT and 3D reconstruction

An intact tooth-stylus structure was scanned using X-ray micro-
computed tomography (p-CT) (Skyscan 1172, Bruker, USA). Serially
dehydrated samples (as described in 2.1) were mounted to a 1 mm
diameter steel pin using Loctite super glue liquid professional (Henkel,
USA) and mounted on a chuck. For the scan, a rotation step size of
0.1125° and an exposure time of 10 s was used. The acceleration voltage
was 80 kV and the isotropic voxel size was 1.4 pm. The images and three-
dimensional reconstructed models were developed using Amira soft-
ware (Thermo Fisher Scientific, USA). After reconstruction, cross-
sectional dimensions were determined by creating triangular mesh
models and saved into a 3D file extension format of the virtual reality
modeling language (as known as VRL or VRLM).

2.3. Nanoindentation

Polished cross-sections of the stylus were prepared for nano-
indentation by embedding the dehydrated styli in an epoxy resin (Sys-
tem, 2000 Laminating Epoxy Resin, Fiberglast, USA). The specimens
were cut using a low-speed diamond saw (TechCut 4™, Allied High Tech
Products, USA) and polished with progressively finer grades of silicon
carbide paper and diamond lapping films.

Nanoindentation was performed on a longitudinal cross-section and
six transverse cross-sections at defined positions along the long axis of
the stylus. The samples were tested under ambient conditions in air
using TI-950 nanomechanical testing system (Hysitron, USA) with a
cube corner tip at a peak displacement of 250 nm. The grid size was
adjusted to the size of the respective cross-section and the distance be-
tween the indents was 20 pm. The unloading curve of each indent was
used to calculate the hardness and reduced modulus following the Oliver
Pharr method (Pharr et al., 2009). The resulting modulus data were
plotted using MATLAB.

2.4. EDS

Elemental mapping of polished cross-sections of the stylus were
performed at 15 kV in a scanning electron microscope (Mira 3, Tescan,
Czech Republic) equipped with a dual detector energy dispersive spec-
trometer (QUANTAX 400, Bruker Nano GmbH, USA).

2.5. Computational models

To create the computational models, the data from the CT-scans were
segmented using Amira (Thermo Fisher Scientific, USA). Based on dif-
ferences in density, separate stereolithography (STL) files were gener-
ated as well as an STL file of the whole tooth-stylus structure. The STL
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file for the entire tooth-stylus structure was imported into Geomagic
Wrap (3D Systems, USA) for cleaning and generation of surfaces. Then,
the cleaned part was exported into an. igs file and imported into Abaqus
(Abaqus/Standard, Dassault Systemes Simulia Corp, USA) for mesh
generation. Finally, the mesh for the whole tooth-stylus structure was
processed using and an in-house MATLAB file that correlates the mesh
information with the STL files corresponding to each of the individual
regions, allowing the selection of sets and assignment of material
properties. This process simplified the material assignment operations
rather than directly working the mesh file in Abaqus. The final model
used for simulations consisted of 1,431,113 tetrahedral elements, and
the behavior for each of the regions was assumed linear elastic. A
schematic of the different material sets, and the mechanical properties
used for each set are reported in Fig. S3 and Table S2. Simulations of the
tooth rasping at 8 different directions (see Fig. 5A) were performed
using the commercially available finite element software (Abaqus)
considering load control conditions. A maximum load of 1N was applied
in each direction.

3. Results and discussion
3.1. The rasping behavior of Cryptochiton stelleri

Video analysis of the rasping behavior of C. stelleri revealed that
during rasping, the chiton pulls the two rows of tricuspid teeth together
like a zipper, as it pulls the entire radular membrane back into the buccal
cavity (Fig. 2). During feeding, an odontophore pushes the anterior end
of the radula against a rocky substrate, then retractor muscles contract,
pulling the radula along the substrate containing algal deposits, raking
food into its mouth (Nesson and Lowenstam, 1996) (Fig. 2A). A closer
observation of the video suggests a differential loading on these teeth.
The front of the tooth tip (leading edge) is loaded with the greatest
mechanical load, but occasionally the tooth will snag on the substrate (i.
e., rock or other surface) and rotate inwards towards the center of the
radula (Fig. 2A). The motion of the tooth and stylus during rasping was
schematically summarized using optical micrographs (Fig. 2B). Here,
only mechanical loading from bending and twisting are taken into
account.

The stylus is an essential part of the feeding system of chitons as it
connects the ultrahard teeth with the flexible radular membrane and
thereby enables the chiton to graze on rocky surfaces. Video analysis
reveals the kinematics of the stylus during rasping and therefore helps to
understand the direction of mechanical loading that is applied to the
teeth. The rasping motion of C. stelleri is complex and involves four main
steps. This leads to a complex distribution of positions in which different
mechanical loads are applied to the teeth. This becomes more evident
during feeding off of highly rough rocky substrates (Shaw et al., 2010),
which yields a variation in tooth-rock contact and thus requires a flex-
ible adaption. In order for the tooth to remove material from the sub-
strate, adequate force must be applied through the stylus from the buccal
musculature. Tensile forces must also be supported, as pulling, tearing,
and ripping are part of C. stelleri’s feeding behavior, demonstrated by
whole branches of algae found in the animal’s intestinal tract (Meeuse
and Fliigel, 1958). Structures that are bent predictably in a single di-
rection are most resistant to bending when the mass is distributed far
from the bending axis (Wainwright et al., 1982). Hence, the macro-
morphological architecture of the stylus and the tooth likely play an
important role for effective rasping.

3.2. Macromorphological architecture

Optical and SEM micrographs (Figs. 2B and 3, inset) reveal that the
styli of C. stelleri possess a complex macromorphological architecture.
The stylus is a highly contoured cylinder-like structure, which, together
with the tooth, resembles a ‘C’-shape. Each stylus is approximately 1 mm
long and 0.4 mm in diameter. Arrows in the inset from Fig. 3 are used to
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Fig. 2. Rasping behavior of C. stelleri.
Al. The radular membrane is a flexible
support A2. that bends around an
odontophore during feeding (white
arrow) on algal deposits (bright green
structures). A3. Upon retraction through
the buccal opening, the two rows of
teeth are pulled together in a zipper-like
manner, cutting through food and sub-
strate alike. A4. Once retracted back
into the mouth, the two rows of teeth
can separate, releasing food and reset-
ting the radula for the next rasping
event. B. During retraction, the teeth are
pulled together and scratching on the
substrate causes a significant reor-
ientation of the teeth. An overlay of
optical micrographs shows that each
tooth is loaded parallel to the long axis
when the radula is pressed against the
substrate, causing bending. Due to the
45° arrangement of major lateral teeth
on the radular membrane, twisting oc-
curs during retraction of the teeth into
the mouth. The tooth is also able to
rotate laterally as the flexible radula is
bent around the odontophore during
rasping. (For interpretation of the ref-
erences to color in this figure legend,
the reader is referred to the Web version
of this article.)
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highlight the directional motion referred in this study. The area of the
stylus, which is connected with the radular belt is deemed the proximal
end (bottom of the ‘C’), whereas the top of the tooth is the distal end. The
surface of the tooth that first makes contact with the substrate during
rasping points towards the posterior end of the radular belt and is the
leading edge of the tooth (inside of the ‘C’). The opposite side towards
the anterior end of the radular belt is the trailing edge of the tooth
(backside of the ‘C’). The side of the stylus and tooth that faces towards
the center of the radular membrane is the medial side, while the side that
faces the edge of the membrane is the lateral side.

p-CT provides a detailed 3-dimensional macromorphological archi-
tecture of the stylus. The longitudinal section through the tooth and

stylus as well as transverse cross-sections (perpendicular to the middle
axis) at six different positions are shown in Fig. 3. The results show that
the stylus has a non-circular, cross-section that varies as a function of its
length. In addition, the p-CT scan highlights that the stylus is not
completely solid, but rather a tube-like structure. A hollow pore canal is
found at the core of the stylus, running from the radular belt at the lower
stylus zone and terminating below the junction zone.

The overall cross sections of each position (i.e., 1-6) are elongated.
The centroid and second moment of area were calculated for each sec-
tion to quantify the macroscopic morphology (Table 1). Based on these
calculations, the stylus of the C. stelleri is found to twist along the length
by 82°. This is observed by comparing the orientation of the cross-
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Fig. 3. p-CT scans reveal that the stylus is a non-circular cylinder (containing a large pore canal) with a varied cross-sectional shape along its long axis. (Left image)
Longitudinal section through the mid-plane of a p-CT scan of the stylus and tooth. Color bar identifies areas (a-g) of relative X-ray attenuation in the structure (blue
and white are the highest and lowest attenuations, respectively). The inset shows the false colored SEM micrograph (grey is the tooth and red is the stylus). Colored
arrows denote the orientation of the cross-sections with respect to the distal and proximal ends, the posterior and anterior directions and the medial and lateral
orientations. 1-6: Transverse cross-sections were taken from different heights along the length of the stylus, as indicated in the longitudinal section (left). (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 1

The information obtained by nanoindentation and p-CT on the transversal cross-
sections were used to calculate the averaged reduced modulus (E,) and the
bending stiffness (EI,, Ely) along the long axis of the stylus.

Cross-section 1. 2. 3. 4. 5. 6.
Averaged E, 18 16 15 14 12 12
(GPa)
Ejx (Pa*m?) 2.64E- 1.47E- 3.15E- 1.92E- 6.66E- 2.98E-
07 07 07 07 08 08
EIy(Pa*m") 9.71E- 9.44E- 4.69E- 4.44E- 4.08E- 1.71E-
07 07 07 07 07 07

sections at positions 1 and 5 (Fig. 3). In addition, measurements (Fig. S2
and Table S1) show that the cross-sectional area of the stylus grows
steadily from the proximal end (position 6) to the junction zone (posi-
tion 1).

In order to provide mechanical support for the tooth, the macro-
morphology of the stylus is pivotal. The complex macromorphological
architecture of the combined stylus-tooth structure resembles an arch,
which distributes force throughout a larger volume of the structure,
rather than concentrating the force at the tip (as observed in a straight
morphology (van der Wal et al., 1999). Curvature in mammalian bone,
for example, can change axial compression to bending, increasing its
functionality in response to multiple load directions. While a straight
column can support axial loads of much greater magnitude than a

curved column, this design jeopardizes the structure when bending
predominates (Bertram and Biewener, 1988). Hollow beams are known
to be simultaneously flexible and robust against mechanical loading
(Klein and Gansicke, 2019). The highly contoured tubular shape of the
stylus is optimized for this requirement as mass is only positioned where
it is needed to fulfill the mechanical support function. Tubular structures
consisting of materials with dissimilar properties are commonly found in
Nature as they not only reduce weight, but also provide both stiffness
and flexibility (Milwich et al., 2006; Zhao et al., 2010). For example,
flying bird feathers are foam-filled cylinder-shaped lightweight mate-
rials tailored for withstanding mechanical load due to the aerodynamic
drag during flying (Bachmann et al., 2012; Sullivan et al., 2016). In
contrast, the pore canal in the stylus is open towards the proximal end of
the stylus and is filled with body fluid and epithelial cells (Shaw et al.,
2009). This not only reduces weight but may also minimize stress con-
centrations during rasping as the fluid can be released from the stylus
into the surrounding epithelial tissue.

3.3. Nano-mechanical analysis

High-resolution nanoindentation mapping of polished longitudinal
and transverse cross-sections (similar to those analyzed in p-CT), reveal
significant gradients in stiffness. Clearly, the longitudinal cross-section
shows an increase in stiffness from the proximal end of the stylus,
which is near the pore canal opening, to the distal region, which even-
tually is integrated through the junction zone, into the highly stiff tooth
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(Fig. 4A). Interestingly, the stiffness of the “core” regions of the trans-
verse cross sections is higher than those on the periphery in regions
closer to the base of the stylus (i.e., proximal end), but is reversed (i.e.,
stiffer on the periphery) in regions 1 and 2 (approaching the junction
zone). In fact, on the periphery of the junction zone, a region exists
where the modulus values reach 23 GPa, which is close to the modulus of
the chiton tooth core of 25 GPa (Weaver et al., 2010). This cross-section
also shows cracking during sample preparation, which could be a sign
for a remaining piece of tooth at the junction zone. The aforementioned
observation is likely due to a combination of highly oriented, out of
plane (from the transverse sections), and thus stiffer, alpha-chitin fibers
located in the core of the stylus (Fig. S1) and mineral that is likely being
introduced into the tooth from the stylus. In fact, neat the distal end of
the stylus, the modulus is significantly higher in the leading or trailing
edges. The highest modulus was measured in the junction zone and
appears to blend into the leading and trailing edges. This heterogenous
modulus distribution and the region-specific nature of stiffness in the
stylus contribute to the balance of stiffness and flexibility of the stylus.
The different regions within the stylus possess specific mechanical
properties according to the mechanical load they are subjected to. Re-
gions closer to the junction zone (near the tooth) have a higher stiffness
in order to transduce force to the tooth, whereas regions closer to the
proximal end are more flexible and thereby integrate the stylus with the
flexible radula belt.

Based on the nanoindentation experiments as well as the p-CT scan
data, the averaged reduced modulus (E;) and the bending stiffness’ (Ely,
Ely) of the stylus at each cross-section position were calculated (Table 1).

One main function of the stylus is to anchor the tooth to the radula
belt and thereby generate a connection between these two dissimilar
materials. The stylus as a whole resembles a functionally graded mate-
rial. SEM micrographs of the stylus showed, in addition, that alpha-
chitin fibers run through the junction zone towards the tooth
(Fig. S1). Both, fibers and graded change in stiffness are enabling the
strong attachment of the stylus to the tooth and the belt without
generating sharp interfaces between the tooth and the stylus. Functional
gradients combined with fiber-reinforced materials are a common
principal in biological materials for the connection of dissimilar mate-
rials and reduce stress concentrations at the joint (Birman et al., 2013).
The tooth attachment in the human periodontium, for example, includes
two joints with graded stiffness: the connection between the alveolar
bone and cementum and the interface between cementum and root
dentin (Ho et al., 2007). These interfaces are also characterized by
collagen fibers that run through the interface and form a fiber-reinforced
material. Another example is the connection between tendon to bone
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(Thomopoulos et al., 2003). Here, the modulus changes in orders of
magnitude within a small length scale and gradients in mineral content
and fiber orientation were observed (Genin et al., 2009). A very steep
gradient of mechanical properties was observed in the stylus, where the
modulus changes from around 8 GPa-23 GPa within the length of the
stylus. A gradation in modulus, like that observed along the length of the
stylus, has been shown to increase failure resistance dramatically in
structural materials (Suresh, 2001). Stiffness is added to this structure
due to ridges that appear at the leading and the trailing edges. In many
biological and engineered structures, ridges are implemented and lead
to higher stiffness (Klein and Gansicke, 2019; Purslow and Vincent,
1978). Some examples include ridges of cortical material, which run
along two-thirds of the avian feather rachis (Bachmann et al., 2012) and
the junction of the spike and bulb in the stomatopod dactyl club (Weaver
et al., 2012). Ridged structures in cacti have been found to increase the
surface to volume ratio so as not to apply stress to the epidermis during
swelling, while also increasing the flexure stiffness of higher aspect ratio
plants (Mauseth, 2000). This shows that the stylus has a complex mul-
tiscale morphology that is optimized not only for the attachment of the
ultrahard tooth to the belt but also for mechanical support during
rasping.

3.4. Regio-specific density distribution and elemental composition

In order to reveal the distribution of material in the stylus, X-ray
attenuation data obtained by p-CT were used (Davis et al., 2015, 2018;
Gerward, 1993; Jackson and Hawkes, 1981). The color bar utilized in
the p-CT (Fig. 3) correlates with the X-ray attenuation normalized to the
density of the material. The density of magnetite is known to be 5.15
g/cm?® and represents the maximum attenuation (blue) while the density
of air is 0.001225 g/cm® and represents the minimum attenuation
(black). Furthermore, the density of pure chitin is 1.425 g/cm?>. Starting
from these values, the densities of the different regions within the
tooth-stylus structure were interpolated. A typical phantom like X-ray
imaging reference is not applicable for this high-density material. Thus,
we interpolated the X-ray attenuation from known densities of the
magnetite (upper end) and chitin (low end), respectively. These maps
reveal seven (Fig. 3, color bar a-g) spatially distinct regions of different
density that run along the length of the stylus and into the tooth. These
same regions coincide with those identified by nanoindentation and
EDS.

The values for density obtained by X-ray attenuation in p-CT scans
and the moduli obtained by nanoindentation mapping show an overall
gradient along the stylus long axis. The junction zone in the distal

$333313333283882238832313.

5 Bt

Fig. 4. Nanoindentation reveals strong correlation between mechanical properties and composition hinting at the function of various specific elements found in the
stylus. A. Nanoindentation on a longitudinal section and six transversal cross-sections. This map shows a gradient along the length of the stylus, trending from 8 GPa
in the lower stylus, to 23 GPa at the junction zone. Within transverse sections, the modulus can vary by 4 GPa within regions that are only 15 pm apart. Note: the
maps are scaled to 20 GPa in order to enable comparison. Higher values are shown in darker red. B. EDS maps of the same longitudinal and transverse sections show
that higher modulus values correlate with higher concentrations of iron and phosphorous. Lower modulus values correlate with a higher sulfur concentration and
absence of iron and phosphorous. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. The effect of loading direction on stresses of
a non-circular tube. Simulation of tooth tip loading
direction variation during rasping, and the stylus
stress concentrations: A. The colormap shows the
distribution of Youngs modulus in the tooth-stylus
architecture. The diagram identifies loading di-
rections for each case. Loading direction 1 applies
force towards the medial direction. Loading direc-
tion 6 applies load to the tip of the tooth. Loading
direction 8 applies force from the lateral direction.
B. Von Mises and Pressure stress color maps for
representative loading cases 2, 8 and 6. C. Linear
stiffness as a function of the loading direction. (For
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region, where the tooth is attached to the stylus is stiffer than the
proximal region, where the stylus is attached to the flexible radula belt.
In addition to this gradient, X-ray attenuation results show that there are
distinct regions in which the mechanical properties are different due to
different local material compositions. Furthermore, the bending stiff-
ness’ (Table 1) also show a similar trend, highlighting the fact that the
stylus must be flexible enough to fold during retraction into the buccal
cavity, while maintaining sufficient stiffness to transduce force to the

tooth during rasping. The regions with higher densities are located
closer to the junction zone and towards the trailing edge of the stylus,
where a higher modulus is needed in order to enable mechanical support
of the tooth. In contrast, the proximal regions of the stylus have a lower
density and thereby are more flexible. Furthermore, the stylus is mainly
composed of alpha-chitin fibers and proteins, with far less mineral than
that in the tooth, and is thus less dense. In addition, the alpha-chitin
fibers and proteins can provide stiffness. For example, chitin fibers
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partially combined with minerals are found in the exoskeletons of many
marine organisms (e.g., crab, shrimp and squid) as well as in insects.
These composite materials are both stiff and lightweight (Gunderson
and Schiavone, 1989; Vincent and Wegst, 2004).

However, EDS was used to determine if spatially distinct elemental
distributions in the chiton stylus affected the stiffness of the material in
specific regions. The same polished sections used for nanoindentation
mapping were utilized for elemental analysis (Fig. 4B). In addition to C,
O and N, varying quantities of Na, Cl, S, P, Ca, Mg, Fe, K, and Si were
found (data not shown). Of these, we highlight iron, phosphorus and
sulfur using false colored elemental X-ray maps: iron (red), phosphorus
(green) and sulfur (blue). Longitudinal and transverse cross-sections
reveal a strong correlation between the increase in reduced modulus
and the presence of iron, phosphorous and sulfur. Although the stiffness
is lower in the lower half of the stylus, the presence of sulfur likely
provides a stiffening role via cross-linking of chitin fibers with proteins.
Iron and phosphorus, which are found in the tooth as mineral compo-
nents (Weaver et al., 2010), are also present in the distal end of the stylus
and are likely either amorphous or inorganic precursor species. In fact,
transmission electron microscopy (TEM) and selected area electron
diffraction (SAED) analysis of the stylus at the distal end reveals that
there may be amorphous/nanocrystalline mineral present (Fig. S1). This
suggests that the stylus acts as a multifunctional structure that not only
supports the tooth during rasping, but also enables iron and phosphorus
transport, enabling biomineralization within the tooth.

3.5. Stress distribution in the stylus during rasping

The results obtained by p-CT, X-ray attenuation and nanoindentation
give insights to the macromorphological architecture and the local
regiospecific mechanical properties of the stylus. These results reveal
that the stylus is not a homogenous structure but has a higher modulus in
the distal region and a lower modulus towards the proximal region.
Within the tooth-stylus system, seven distinct regions with different
material properties can be distinguished (Table S2 and Fig. S3). In order
to understand the role of the varied regions within the stylus and to
identify the stress distribution during the rasping process, finite element
models (FEM) were used (Fig. 5). Eight different rasping conditions were
simulated as shown in Fig. 5A, where the diagram identifies the loading
directions for each case. Loading direction 1 applies force towards the
medial direction. Loading direction 6 applies load to the tip of the tooth.
Loading direction 8 applies force from the lateral direction. The von
Mises and pressure stress distributions are reported for cases 2, 6 and 8
(Fig. 5B), while the linear stiffness was calculated as a function of
loading direction (Fig. 5C). The loading directions were obtained by
calculating the tangents to the tooth curvature in the 8 points shown in
Fig. 5A.

In addition, the stress distributions (Fig. 6 and Fig. S3) are compared
with each of the cross-sections presented in Fig. 4. The combination of
the von Mises and pressure stress distributions provide information
about the deviatoric and pressure components of the stress tensors for
each loading condition. The von Mises and pressure stress maps in the
structure show that the majority of stress is located in the shell of the
tooth and the leading and trailing edges of the upper stylus (Fig. 5B).
Also, it is possible to identify that the maximum stress distribution is
generally located directly along the leading and trailing edge surfaces in
the upper stylus. However, the stress is shifted towards the medial (or
midline) side at the tooth elbow due to the overall geometry and the
marginal lateral tooth support on the distal side. The FE simulations also
show that larger stresses correlate with the same areas that have
increased stiffness. Similar to other biological materials subjected to
specific loading conditions, material distribution is not random but is
likely organized to preserve the structural stability of the stylus during
rasping (Fig. S4). It is important noting that the discontinuities in the
stress profiles observed in Fig. 6 and Fig. S4 are due to the material
mismatch between different regions. These material mismatches
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Fig. 6. Comparison of stress distribution when a force is applied in case 6 (case
2 and case 8 are shown in Fig. S4). A. Regio-specific distribution of the Elastic
Modulus (E) along the stylus. B. Von Mises stress map. C. Pressure stress map.

correlate with our observations from X-ray attenuation and nano-
indentation data. Different material distributions, including gradients at
sets boundaries, are out of the scope of this study and are subject to
future investigation.

The results also show that the combination between shape and ma-
terial distribution favor the loading directly at the tip of the tooth, or
along the proximal direction. As loading deviates away from the tip
(cases 2 and 8), the linear stiffness of the stylus decreases, which enables
the stylus to freely rotate and bend as shown in the videos (see video file
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in supporting information, section S4). We hypothesize that this
response allows for the safe release of the tooth during the rasping
process, avoiding catastrophic damage. The finite element simulations
show that the majority of stress is located in the same areas that have
higher stiffness, primarily on the leading and trailing edges of the upper
stylus. The stress is low towards the proximal end of the stylus because
the marginal lateral tooth provides support and acts as a pivot point near
the stylus elbow (Fig. S6).

Within the stylus, and the distribution of stiff material is regio-
specific and co-localized with stress concentration. This complex struc-
ture combines flexible and stiff elements in order to enable force
transduction and at the same time minimizes damage. The stylus has an
exceptional role in the whole tooth-stylus-belt radula system as it con-
nects the ultrahard teeth with the flexible radular belt. The interplay
between these dissimilar parts enables the chitons to rasp on, and into,
rough rocky surfaces in order to graze on algae. Hence, the stylus and the
entire tooth-stylus-belt radula system of C. stelleri is a sophisticated
structure from which inspiration can be drawn for many applications
that need to be lightweight and flexible, yet provide mechanical strength
and durability.

In many industrial produced devices, the connection of two or more
parts composed of materials with very different properties is needed (Hu
et al., 2011; Martinsen et al., 2015; Stokes, 1989). The durability and
possibility to join dissimilar materials is especially interesting for the
automotive (Aratijo et al., 2017; Banea et al., 2017, 2018) and aerospace
(Khan et al., 2018; Kumar et al., 2005; Quan et al., 2018; Scarselli et al.,
2017) industries as integrating lightweight structures can lead to
reduced emissions and fuel saving. Mechanical fastening, conventional
welding or adhesive bonding are common techniques (Martinsen et al.,
2015). Each technique offers advantages and disadvantages and can
only be applied for specific material combinations and applications;
however, joints are often prone to failure. In addition, most of the
attachment methods add a third material to the material system (e.g.,
screw material, polymer adhesive) and thereby additional material
properties and compatibilities need to be taken into account. One main
role of the stylus is to anchor the ultrahard tooth to the flexible radula
belt and, hence, the stylus provides inspiration for joining two different
materials. The combination of fiber-reinforced and functionally graded
material is a promising solution for the attachment of dissimilar
materials.

Furthermore, the stylus itself, as well as the muscle actuated radula,
provide potential models for soft robotic systems (Cianchetti et al.,
2018; Gorissen et al., 2017; Gul et al., 2018; Kim et al., 2013; Shintake
et al., 2018; Wallin et al., 2018). One main challenge of soft robotics is
the control of deformability (Manti et al., 2016) and the integration of
stiff and flexible elements in the same system. Here, the stylus, with its
flexibility controlled by a combination macrostructural design elements
with regio-specific distribution of stiff material can provide inspiration
to a number of systems such as minimal invasive medical devices or
actuators handling delicate objects. Furthermore, actuators moving in
uncertain and uneven environments can be built inspired by the stylus
rasping on rocky, rough surfaces. Clearly, structures inspired by the
chitons’ tooth-stylus-belt radula system provide potential to new bio-
mimetic devices for applications in biomedicine, automotive and aero-
space industry.

4. Conclusion and outlook

The stylus of C. stelleri is an example of a fiber-reinforced, func-
tionally-graded structure that demonstrates effective integration of stiff
and flexible components. With this combination of material properties,
the stylus is able to maintain a firm connection between the soft radular
belt and the ultrahard tooth cusp and transfers sufficient force from the
radular musculature while minimizing the risk of catastrophic failure.
The combination of high curvature and rotation of the major axis of its
cross-section allows the stylus to delocalize stress during rasping events.
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Selectively denser regions in the upper stylus, enhanced by local fiber
orientation parallel to its long axis and the presence of mineral com-
ponents, provide both tensile and compressive strength to the leading
edge and trailing edge, respectively. Utilizing the design principles
provided by this multifunctional, flexible and lightweight natural com-
posite may enable development of high-performance materials used in
the medical, transportation, robotics, and defense industries.
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