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Abstract

The crystallographic texture of the crystalline a-chitin matrix in the biological composite material forming the exoskeleton of the lob-
ster Homarus americanus has been determined using synchrotron X-ray pole figure measurements and the calculation of orientation dis-
tribution functions. The study has two objectives. The first one is to elucidate crystallographic building principles via the preferred
synthesis of certain orientations in crystalline organic tissue. The second one is to study whether a general global design principle exists
for the exoskeleton which uses preferred textures relative to the local coordinate system throughout the lobster cuticle. The first point,
hence, pursues the question of the extent to which and why a-chitin reveals preferred textures in the lobster cuticle. The second point
addresses the question of why and whether such preferred textures (and the resulting anisotropy) exist everywhere in the exoskeleton.
Concerning the first aspect, a strong preference of a fiber texture of the orthorhombic a-chitin is observed which is characterized by
a h020i crystal axis normal to the exoskeleton surface for the chitin matrix. The second question is tackled by studying samples from
different parts of the carapace. While the first aspect takes a microscopic perspective at the basic structure of the biological composite,
the second point aims at building a bridge between an understanding of the microstructure and the macroscopic nature of a larger bio-
logical construction. We observe that the texture is everywhere in the carapace optimized in such a way that the same crystallographic
axis of the chitin matrix is parallel to the normal to the local tangent plane of the carapace. Notable differences in the texture are observed
between hard mineralized parts on the one hand and soft membranous parts on the other. The study shows that the complex hierarchical
microstructure of the arthropod cuticle can be well described by surprisingly simple crystallographic textures.
� 2007 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Motivation for the investigation of the crystallographic

texture of a-chitin in different parts of the crustacean

exoskeleton

Mineralized a-chitin–protein-based nano-composites
such as in the exoskeleton of the lobster Homarus americ-

anus occur in many modifications as cuticular materials
of arthropods [1–9]. These composites, which also form
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the basis of the insect cuticle, have evolved over a period
of 500 million years. While the structure and composition
of the a-chitin–protein matrix of the arthropod exoskeleton
[10–14] and the mineralization processes occurring in it
[15–25] have been the objective of various studies, less
attention has been paid to the investigation of the crystal-
lographic textures of the a-chitin or of the minerals [26–35].

In this paper we therefore study systematically the orien-
tation distributions (crystallographic texture) of the crys-
talline a-chitin in a biological composite material. We use
the exoskeleton of the lobster H. americanus as a model
vier Ltd. All rights reserved.
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material. The textures are discussed in terms of pole figures
and orientation distribution functions (ODFs). The pole
figures were determined by standard synchrotron Bragg
diffraction methods.

The study has two objectives. The first one is to eluci-
date whether and why preferred crystallographic orienta-
tions exist at all in such mineralized tissue. Beyond this
phenomenological part of the study it is of interest to dis-
cuss whether preferred crystallographic textures in biolog-
ical matter are simply a necessary by product of the
biological synthesis process through which the exoskeleton
material is created (synthesis theory), or whether the for-
mation of preferred textures might follow a certain build-
ing principle with the aim of optimizing the mechanical
properties of the exoskeleton (mechanical selection theory).
The first approach addresses the way in which external or
internal stimuli support the generation and self-assembly
of such intricate though crystallographically highly orga-
nized microstructures. The second approach touches upon
the question of the micromechanics that govern the rela-
tionship between the local microscopic and mesoscopic
structure and the local properties of such biological
nano-composites [32,36–43].

The second task of this study is to learn whether a more
general construction principle exists for the whole carapace
which exploits preferred crystallographic textures relative
to the local coordinate system in different parts of the same
exoskeleton. This point is addressed by studying samples
from different sections of the carapace. When investigating
biological matter from a materials science point of view,
this aspect deserves particular attention since natural con-
structions seem to exploit the presence of structural anisot-
ropy of their natural constituents in a more efficient and
elegant way than do most man-made materials commonly
used in engineering parts [32]. The connection between tex-
ture and biological design principles is at hand since a close
relationship exists between the crystallographic and mor-
phological directionalities of the microscopic ingredients
of biological tissues on the one hand and the mechanical
anisotropy of these materials on the other [32,36–43].

While the first aspect takes a microscopic perspective on
the crystallographic nature of the material, the second
point aims at building a bridge between the understanding
of the microstructure and the macroscopic design of a lar-
ger biological construction when perceived as an entity.

Pursuing these questions is of interest since arthropods
represent an important phylum of invertebrates that
includes insects, crustaceans, and arachnids. In terms of
their quantity, evolutionary age and the variety of niches
they occupy, arthropods are the most successful animal
group with more than one million species known. Obvi-
ously, the fabric behind the arthropod exoskeleton is a suc-
cessful material which deserves analysis from the
standpoint of structure and properties [5,6,8,11,15,30–45].
The decapod exoskeleton is an ideal model material for this
purpose owing to the comparatively large sample sizes that
can be prepared from it. An improved understanding of
these aspects can help to develop corresponding man-made
biomimetic nano-composites, for instance with respect to
the relationship between preferred textures of artificial
tissue and anisotropic mechanical properties or between
textures of liquid–crystal organic fabrics and optical
properties.

2. A brief introduction to the structure of the lobster

exoskeleton

The American lobster H. americanus is a large crusta-
cean belonging to the taxon Decapoda. Its body is divided
into head (cephalon), thorax, and tail (abdomen). The tho-
rax has five pairs of legs the first pair of which has evolved
into large claws. The more slender pincher claw is used to
hold the prey of the lobster while the bulkier crusher claw is
used to compress it [1–3].

The physical characteristics of decapod crustaceans may
vary widely between the different species. Their outer cov-
ering is referred to as exoskeleton or cuticle. Like that of
most other Arthropoda, it consists of several structurally
differing layers. It covers the entire body of the animal
and is secreted by a single-layered epithelium. The exoskel-
eton provides mechanical support to the body, armor
against predators, swelling protection, and enables mobil-
ity through the formation of joints and attachment sites
for muscles. In order to grow, the animals must replace
their old exoskeleton periodically by a new one in a process
termed molting. Before the old cuticle is shed, a new, thin
and not yet unmineralized cuticle is secreted by the epider-
mal cells. After the molt the animals expand osmotically
and the new soft cuticle is completed and mineralized.

The cuticle consists of the three layers: epicuticle, exoc-
uticle and endocuticle [1–3]. A fourth thin membranous
layer is present between the three main layers and the epi-
dermal cells during intermolt (time period between two
molts). The epicuticle is the outermost layer which is thin
and waxy.

The material of the exo- and the endo-cuticles is serves
chiefly to resist mechanical loads [32,35,44,45]. It is a mul-
tilayered composite tissue consisting of crystalline chitin
and various proteins. In crustaceans, it is usually hardened
by calcium carbonate minerals (typically crystalline calcite,
CC, and amorphous calcium carbonate, ACC) [6,15,
20–23]. Chitin is a linear polymer of b-1,4-linked N-acetyl-
glucosamine residues. This means that chitin consists of
long modified glucose chains, in which a nitrogen-contain-
ing functional group replaces one of the hydroxyl groups
on each glucose subunit. Chitin is a common constituent
not only of the crustacean exoskeleton, but also of the
arthropod cuticle in general, including insects, chelicerates,
and myriapods. It also occurs in mollusk shells and fungal
cell walls.

The mesoscopic structure of arthropod cuticles has been
discussed in the literature [5,6,8,15,30–52]. The smallest
subunits in the structural hierarchy are the chitin mole-
cules. Their chains are arranged in an antiparallel fashion



Fig. 1. Schematic presentation of the hierarchical microstructure of the cuticle of the lobster H. americanus.
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forming a-chitin, which is the most abundant of the three
crystalline chitin polymorphic forms (a-, b- and c-chitin).
Crystalline a-chitin dominates in the exoskeleton of large
crustaceans; 18–25 of these chains together form nanofi-
brils of diameter �2–5 nm and length �300 nm [5]. These
nanofibrils cluster to form long chitin–protein fibers with
diameters between 50 and 350 nm. The fibers assemble pla-
nar honeycomb shaped arrays [31–34,46,47]. These are
stacked along their normal direction forming a twisted ply-
wood-type structure [46–48]. A stack that has been rotated
from one plane to another by 180� about its normal is
referred to as one Bouligand or plywood layer (Fig. 1).
Characteristic for the lobster cuticle is the presence of a
well-developed pore canal system with many such canals
penetrating the plywood structure. The pore canals contain
long soft tubes. The fibers of each chitin–protein plane are
arranged around the lenticellate cavities of the pore canals,
building a structure that resembles a twisted honeycomb
[30–34,46–52]. In the hard parts of the lobster, the exo-
and endo-cuticles are mineralized with calcium carbonate
in the form of small crystallites a few nanometers in diam-
eter. Additionally, the cuticle also contains a considerable
amount of amorphous calcium carbonate. The cuticle of
H. americanus reveals remarkable mechanical properties
[32,35] which make this material an ideal candidate for
materials science studies on the relationship between
microstructure and properties. Details of the structure
and materials science of lobster can be found in Refs.
[30–35] (Fig. 1).

3. Experimental

3.1. Sample preparation

The specimens for the pole figure measurements were
dissected from different parts of a large adult, non-molting
American lobster (H. americanus). The stage of molting
was determined by the presence of the membranous layer
on the inner surface of the cuticle. Samples were extracted
from different positions in the two chelipeds, the thorax,
the abdomen and the telson, selecting both membranous
and mineralized parts (Fig. 2). Immediately after killing
the animal, samples were prepared by cutting rectangular
pieces with a jeweler’s saw. Following this, samples were
washed in distilled water for 5 s, rinsed in 100% methanol
for 5 s, air-dried in a fume cupboard, placed in Eppendorf
caps and subsequently stored at a temperature of �70 �C.
Low temperature storage before the actual measurements
is required in order to suppress non-biological crystalliza-
tion effects of the ACC minerals and natural decay of the
polymer–protein matrix. All specimens were kept at that
temperature except for the time of the actual synchrotron
measurement which required �40 min.

3.2. Structural analysis and pole figure measurement

Pole figure determination, which is also required for the
calculation of ODFs [53–56], was carried out using a texture
goniometer at the synchrotron radiation facility at ANKA
(Angströmquelle Karlsruhe, Germany). The synchrotron
measurements were conducted using the SCD (former PX)
beamline operated at a wavelength of 0.8 Å, 15.5 keV and
a beam size of 800 lm using as detector a CCD camera with
1024 · 1024 pixels (60 · 60 mm2). The wide angle diffraction
data were collected in transmission mode from samples with
dimensions (0.5–1.0) · 1.0 · 10 mm3 on a three-axis goni-
ometer. One data set for each sample consisted of a series
of frames taken for a sequence of phi-rotations (defined in
Fig. 2) from 0� to 180� in 60 steps, each providing one
Debye–Scherrer diagram. Integration was done during an
exposure time of 1 min per frame. The raw diffraction data
were used to calculate, via geometrical correction, normali-
zation and beam path correction, a set of pole figures for
reproducing the crystallographic textures and for the identi-
fication of different phases [30]. Fig. 2 shows experimental
details and the local coordinates which were used as the



Fig. 2. Sample positions and experimental details of the coordinate system adopted during the synchrotron pole figure measurements. The figure also
shows the local reference systems defined for each specimen that was selected from the cuticle for texture measurements. LD, longitudinal reference
direction; ND, reference direction normal to the local sample surface; TD, transverse direction.
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reference system for the various samples selected from the
different parts of the exoskeleton.

Crystalline a-chitin has a density of 1.41 g cm�3, a linear
X-ray absorption coefficient of 3700 lm�1 at 14 keV

(�1 Å), orthorhombic crystal structure (a = 4.74 Å, b =
18.86 Å, c = 10.32 Å; a = 90�, b = 90�, c = 90�) and space
group P212121 [57–65] (Fig. 3).

For structural reference matching the texture investiga-
tions outlined above, samples from locations correspond-
ing to those of the samples used for synchrotron texture
analysis were examined using high resolution scanning elec-
tron microscopy (SEM). For this purpose, the pieces from
the mineralized parts of the cuticle were air-dried, cleaved
in order to expose the cross-section and coated with 8 nm
gold. The unmineralized membrane samples were taken
from fresh specimens, rinsed in 70% ethanol, critical point
dried in a Baltec CPD 030 device to avoid shrinkage and
rotary shadowed with 3 nm of platinum.
Fig. 3. Lattice structure of a-chitin according to the work of Minke and Black
space group P212121.
3.3. Crystallographic texture analysis via the ODF

For a detailed analysis it is useful to introduce for some
representative examples the corresponding ODFs [54],
which provide a complete statistical description of the crys-
tallographic texture. When using pole figures the ODFs are
usually obtained by direct, Fourier-based, or component-
type pole figure inversion methods [53–56]. In the current
study we used the texture component method [53]. This
approximates the ODF by a superposition of sets of spher-
ical standard functions with individual coordinates, orien-
tation density, and scatter in orientation space. Such a
representation of a preferred orientation is referred to as
a texture component. In contrast to the use of global sym-
metric Wigner functions, for instance in the Fourier-type
series expansion methods [54,56], the texture component
method is based on using spherical normalized localized
standard functions. The superposition can be expressed by
well [61]; orthorhombic symmetry (a = 4.74 Å, b = 18.86 Å, c = 10.32 Å),



Fig. 4. Definition of Euler angles according to the Bunge rotation convention. The convention is to rotate the sample (or reference) coordinate system
parallel to the crystal coordinate system in three subsequent steps. The procedure works by first rotating the sample coordinate system about the z-axis by
u1, subsequently about the new x 0-axis by / and finally about the new z 0-axis by u2. These three angles define one possible form of an orientation space in
which each point represents one specific orientation.
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f ðgÞ ¼ F þ
XC

c¼1

Icf cðgÞ ¼
XC

c¼0

Icf cðgÞ where

I0 ¼ F ; f 0ðgÞ ¼ 1; ð1Þ
where g is the orientation, f(g) is the ODF, F is the volume
portion of all randomly oriented crystals (random texture
component), Ic is the volume portion of all crystals which
belong to the texture component c. The ODF is defined by

f ðgÞdg ¼ 8p2 dV g

V
which implies f ðgÞP 0; ð2Þ

where V is the sample volume and dVg the volume of all
crystals with an orientation g within the orientation por-
tion dg = sin(/)d/du1du2.

According to the orthorhombic crystal symmetry
(a = 4.74 Å, b = 18.86 Å, c = 10.32 Å; a = 90�, b = 90�,
c = 90�) and the orthotropic symmetry of the local refer-
ence system (Fig. 2), the ODFs are presented in a reduced
part of Euler space spanning 0� 6 u1 6 90�; 0� 6 / 6 90�;
0� 6 u2 6 180�. The data are presented in u2-sections
between u2 = 0� and u2 = 175�(u2 = 180� is identical to
u2 = 0�), Fig. 4.

4. Results and discussion

Fig. 5 gives a macroscopic survey of the {020} synchro-
tron pole figures for the orthorhombic a-chitin which were
determined for different parts of the same lobster exoskel-
eton according to the positions given in Fig. 2. Regular
sample numbering indicates that the specimens were taken
from a fully mineralized part of the cuticle (L1, L2, L3, R1,
R2, R3, R4, C1, C2, C3, A1). The annex ‘‘m’’ indicates that
the sample was extracted from a soft membranous or,
respectively, telson area (Am, Rm, T1m, T2m). The ‘‘L’’
indicates sample positions on the pincher claw, ‘‘R’’ on
the crusher claw, ‘‘C’’ on the thorax, ‘‘A’’ on the abdomen
and ‘‘T’’ on the telson.

Fig. 6a and b shows the three synchrotron pole figures
{020}, {021} and {013} for all specimens depicted in
Fig. 5 for a more detailed analysis. The {020} pole figures
are particularly important (Fig. 5) since they show the pro-
jection of the distribution of the longest crystallographic
axis of the orthorhombic lattice cell (b = 18.86 Å) relative
to the local reference system as indicated in Figs. 2–4.
The projection plane is set up by the normal and the longi-
tudinal directions as shown by the arrows in Fig. 2. This
form of the {020} projection was chosen the better to elu-
cidate the presence of the main texture components. In
order to render the discussion of the occurring texture com-
ponents more quantitative, Fig. 7 introduces the ODFs for
two representative samples, namely, T1 (telson, example of
a membranous specimen) and L2 (left claw, example of a
strongly mineralized specimen). The advantage of the pre-
sentation of the pole figures (Figs. 5 and 6) is that they are
usually easier to grasp, particularly in the case of strong
fiber textures or single orientations. In contrast, the ODFs
are on the one hand more abstract, but on the other hand
allow for more quantitative texture analysis because they



Fig. 5. Survey of the {020} synchrotron pole figures of the orthorhombic
a-chitin taken from different parts of the cuticle. LD, longitudinal
reference direction; ND, reference direction normal to the local surface;
TD, transverse direction (see Fig. 2). Regular sample numbering indicates
that the specimens were taken from a highly mineralized part of the cuticle
(L1, L2, L3, R1, R2, R3, R4, C1, C2, C3, A1). The annex ‘‘m’’ indicates
that the sample was extracted from a soft membranous or, respectively,
telson area (Am, Rm, T1m, T2m). L, positions on pincher claw; R,
positions on crusher claw; C, positions on thorax; A, positions on
abdomen; T, positions on telson.
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reproduce the true three-dimensional (3D) function of the
texture as opposed to the pole figures which are
projections.

The texture data presented in Figs. 4–7 show three
main features. First, the most obvious property of the a-
chitin in all samples is that it reveals a very pronounced
crystallographic texture. This observation, which also
holds for specimens taken from crabs, was already
reported for single samples in Refs. [30,31,33]. Secondly,
the textures of all samples, taken from different regions
of the cuticle, are similar to each other. This means that
the texture of a-chitin reveals similar features everywhere
in the exoskeleton. Thirdly, the texture of membranous
samples reveals slight differences from the textures of min-
eralized samples.

When referring to the first aspect, an analysis of the pole
figure data in more detail shows that the crystallographic
texture of the a-chitin in the lobster cuticle can be described
in terms of two main texture fiber components. The first
strong fiber texture component is characterized by a com-
mon h02 0i crystallographic fiber axis close to the surface
normal direction. It is slightly inclined with respect to the
exact normal direction by up to 10� (Figs. 5 and 6a, b).
In most mineralized samples a second, weaker fiber texture
can be observed. This is a fiber which is characterized by a
common h002i crystallographic axis pointing towards the
normal direction (Figs. 5 and 6a, b).

The two texture fibers can also be identified in the cor-
responding ODFs (Fig. 7). The relatively weak h002i tex-
ture fiber parallel to the surface normal runs from
u1 = 0� to u1 = 90� at coordinates / = 0� and u2 = 0�
(Fig. 7a). The more dominant h020i texture fiber extends
from u1 = 0� to u1 = 90� at coordinates / = 90� and
u2 = 0� (Fig. 7a and b).

Particularly, the four samples probed from the membra-
nous (weakly mineralized) portions of the cuticle (Am, Rm)
and from the telson part of the lobster (T1m, T2m) reveal a
very strong fiber texture with a common normal orienta-
tion which is close to the h020i crystallographic axis (Figs.
5–7). The weaker h002i texture fiber component practically
does not occur in these specimens. Fig. 6 shows that the
h002i fiber texture component is in part inclined by up
to 10� to the surface normal. Also, it can be seen that the
texture does not form a completely homogeneous fiber in
the membranous and telson samples, but it reveals pro-
nounced maximum zones as visible in the {02 1} and
{013} synchrotron pole figures (Fig. 6). Such fiber-type
texture components with a preference for some main orien-
tations are referred to as incomplete fibers. The a-chitin
texture of the membranous sample referred to as Am (Figs.
2, 5 and 6), even resembles more that of a single crystal
than that of an incomplete fiber. The {020} pole figure
of sample Am in Fig. 6(b) shows – like the {020} pole fig-
ures of the other samples – strong {020} peaks along the
normal direction, but the {021} and {01 3} projections
clearly reveal the single crystal character of this texture.
This main orientation has a strong preference for the
h020i crystal axis (b-axis; see Fig. 3) which is, however,
inclined by up to 10� from the surface normal reference
direction (ND) and of the h002i crystal axis (c-axis, longi-
tudinal axis of the polymer chain and of the fibrils; see
Fig. 3), which is inclined by up to 10� with respect to the
longitudinal reference direction (LD).

This observation suggests that a large volume fraction of
the a-chitin crystals is, in the membranous samples, ori-
ented in such a way that the long b-axis of the unit cell
(see Fig. 3) points (with some inclination) towards the sur-
face of the exoskeleton and the c-axis, which corresponds
to the longitudinal axis of both the polymer chains and
at the same time the chitin nanofibrils (Figs. 1, 3 and 8),
points towards the longitudinal reference direction of the
local coordinate system (Figs. 2 and 8).

These texture observations match our microscopic
results (Figs. 9 and 10). A link between the topology of
the chitin fiber orientation (topological texture) and the
crystallographic fiber orientation (crystallographic texture)



Fig. 6. Overview of the pole figures obtained by the synchrotron measurements for the orthorhombic a-chitin in different regions of the cuticle. The
coordinate system and positions are indicated in Figs. 3 and 4. (a) Pole figures obtained from heavily mineralized regions of the cuticle. (b) Pole figures
obtained from membranous, less mineralized regions of the cuticle.
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Fig. 7. Two ODFs as examples, calculated using the texture component method. (a) ODF of sample L2 obtained from a heavily mineralized region of the
cuticle. (b) ODF of sample T1 obtained from a membranous, less mineralized region of the cuticle.
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can be made for this composite since the c-axis of the
orthorhombic lattice cell of the a-chitin coincides with
the longitudinal axis of the chitin fibers (Figs. 9 and 10).
In contrast to the quite extreme, nearly single crystalline
textures of the membranous (Am, Rm) and telson samples
(T1m, T2m), the highly mineralized samples of the cuticle



Fig. 8. Schematical presentation of the two main texture fibers. Upper
row: texture fiber with the long crystallographic b-axis (18.86 Å) of the
orthorhombic crystal lattice as fiber axis parallel to the normal of the
exoskeleton (see local coordinate system in Fig. 2). Bottom row: texture
fiber with the crystallographic c-axis (10.32 Å) of the orthorhombic crystal
lattice as fiber axis parallel to the normal of the exoskeleton (see local
coordinate system in Fig. 2).

Fig. 9. Nearly flat sections of the mineralized chitin honeycomb structure
(view nearly parallel to the normal direction of the cuticle). Experimental
images of the helicoidal sequence (a) and inner honeycomb-like structure
of the chitin–protein planes (b) within one twisted plywood layer as in-
plane view. The scanning electron micrographs were taken from the
endocuticle which was fractured parallel to the surface. The crystallo-
graphic [002] vectors (c-axis) of the chitin long crystals are indicated by
arrows to show the topographic arrangement of the fibers which may
explain the spread in the corresponding (002) pole figures. The long b-axis
([020] vectors) are normal to the images pointing to the surface of the
cuticle.
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(L1, L2, L3, R1, R2, R3, R4, C1, C2, C3, A1) reveal not
only the same strong fiber texture parallel to the normal
direction (Figs. 7–9), but they additionally show a second
though less pronounced fiber perpendicular to the main
one. This second fiber is characterized by a h002i crystal
axis parallel to the normal direction. This observation sug-
gests that the chitin–protein network of these samples
reveals two fiber textures: namely, the main fiber orienta-
tion parallel to the surface and some interpenetrating fibers
perpendicular to the surface. The coincidence with the pres-
ence of hose-like structures in the pore canals of the honey-
comb shaped chitin–protein planes suggests that the walls
of these structures are at least partially composed of chitin
fibers oriented longitudinally to the long axis of the canals
(Fig. 10). It is conceivable in this context that chitin is syn-
thesized on the membranes of the cytoplasmic extensions
of the pore canals. This would explain the observation that
a weak h00 2i texture exists in the mineralized parts as
opposed to the absence of this texture in the membranous
structures which do not have pore canals. Another possibil-
ity could be that parts of the fibrous network filling the
spaces of the canals consist of chitin (Fig. 10).

Some of the mineralized samples, e.g., those taken from
the left claw (L2, L3), reveal a slight maximum within the
h002i//ND fiber distribution with weak maxima along
the longitudinal direction (Fig. 6a). The other mineralized
specimens (L1, R1, R3, R4, C1, C2, C3, A1) reveal a more
continuous distribution of the {020} poles perpendicular
to the h0 02i//ND fiber axis.

In accord with a similar result observed in previous
work [30], we assume that this slightly anisotropic distribu-
tion of the orientations along the h002i fiber axis can be
attributed to the honeycomb structure of the woven chi-
tin–protein network. This detail can be seen in Figs. 9
and 10 where some of the [002] vectors are indicated by
arrows to show the variation in the topographic arrange-
ment of the fibers which may explain the spread in the cor-
responding texture fiber. This observation matches in part
the topological analysis made for the fiber alignment
reported in earlier investigations [30,31,33].

The second main result in this study is that the strong
texture parallel to the normal direction occurs not only in
the claws as reported in earlier papers, but in all samples



Fig. 10. Scanning electron micrographs of transversally fractured lobster cuticle from different body parts, exposing the cross-sections. (a) Cuticle from the
claws; the exocuticle (exo) is thin in relation to the massive endocuticle (endo). The detail image shows fibers oriented perpendicular to the fiber planes
forming the twisted plywood layers in the pore canals (pc) and lining them (arrows). (b) Cuticle from the carapace; exo- and endo-cuticle have nearly the
same thickness. In the detail image, fibers oriented in the normal direction (arrows) are also present in the pore canals (pc). (c) Cuticle from the tergites; the
exocuticle is about twice as thick as the endocuticle. At a higher magnification, fibers oriented in the normal direction (arrows) are again visible in the pore
canals (pc). (d) Cuticle from the uropods; the exocuticle is very thick in relation to the very thin endocuticle. Fibers oriented in the normal direction
(arrows) are present in the pore canals (pc) too, but their volume fraction is smaller than in the other mineralized parts of the lobster. (e) Cross-section of
cuticle from the joint membranes; (f) detail image. There are no pore canals present in these unmineralized parts of the lobster; fibers oriented in directions
other than in plane with the cuticle surface can not be observed.
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wherever they were taken, provided that the local coordi-
nate system serves as a reference system (Figs. 2, 5 and
6). This means that the preferred textures discussed above
not only document a local microscopic construction feature
of one specific portion of the exoskeleton, but also repre-
sent a building principle which seems to be common to
the entire structure at a macroscopic scale.

Although the crystallographic data very clearly show the
occurrence of one dominant fiber texture for all samples, it
is not obvious how this finding should be interpreted. Two
arguments can be put forward to explain this strong prefer-
ence for a certain texture in all parts of the exoskeleton
(Fig. 5). The first is that during biological evolution this
crystallographic arrangement of the a-chitin matrix relative
to the local coordinates turned out to be mechanically
favorable, providing maximum protection against external
loads. This assumption suggests the existence of a general
mechanically motivated construction principle for the cuti-
cle which is based on the crystallographic mechanical
anisotropy of the a-chitin lattice (and possibly also of the
other composite ingredients). Although this speculation
seems to be attractive at first view, some points exist which
make this hypothesis of evolution by mechanical selection
difficult to confirm or reject. First, the elastic modulus ten-
sor Cijkl of the a-chitin lattice is not exactly known, i.e., any
reasoning that a certain lattice direction is preferred owing
to its elastic stiffness is rather speculative in the absence of
generic data on the elastic tensor. Another aspect to be
considered in this discussion is the fact that the strong pref-
erence of the crystallographic h020i texture fiber of the
crystalline chitin parallel to the cuticle normal direction is
likely to play an important role as an orientation template.
This means that we observe an orientation relationship
between the crystalline calcite and the crystalline chitin
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leading to an altogether strongly textured compound.
Thus, not only the anisotropy of the chitin, but also that
of the co-aligned crystalline calcium carbonate have to be
considered in the context of texture-guided materials
design. This aspect will be presented in a subsequent paper.
Although some earlier studies have published stiffness data
about chitin-based cuticle, these were integral structural
stiffness data of the entire nanocomposite and not of the
chitin alone, i.e., these integral data must not be confused
with the elastic tensor of the a-chitin lattice.

Nishino et al. [66] have published data for the elastic
modulus of the crystalline regions of chitin and chitosan
which they obtained by X-ray diffraction. They reported
that the elastic moduli of the (dry) crystalline regions of
a-chitin and chitosan in the direction parallel to the chain
axis amounted to 41 GPa for a-chitin at 20 �C. Ker [67]
reported a value of 20 GPa measured parallel to the chitin
orientation in the tibial flexor apodeme of the locust. Yam-
aguchi et al. [68] have reported even smaller numbers for
the modulus of chitin, namely, 8.47 GPa. However, since
this value was obtained from tensile tests it is likely that
it represents the net structure modulus of the entire micro-
structure rather than the elastic modulus of one single chi-
tin fiber. In this context one should also mention that two
authors have reported explicit values for the stiffness of the
chitin lamella (and not for a homogenized tensile speci-
men). Xu et al. [69] have reported values for the Young’s
modulus for single chitin fibers of the order of 100–
200 GPa. This large value is in line with a report of Vincent
[5] who stated that the modulus of chitin lamellae might be
as large as 130 GPa or even higher. Some considerations
with regard to the bonding in the chitin lattice may help
in the argumentation: the c-axis of the cell which is identi-
cal with the longitudinal direction of the fiber is essentially
established by covalent bonds. The other two directions, a

and b, are mainly connected by hydrogen bonds. The c-
direction of the lattice should, therefore, most likely be
the stiffest direction of the lattice. The experimental data
of Nishino et al. [66], Ker [67], and Xu et al. [69] which
were taken in the longitudinal direction of the chitin fibers,
therefore suggest a lower bound value of 20 GPa [67] and
an upper bound value of 100–200 GPa [69] for the stiffest
direction (c-axis). This means that the estimate of Vincent
[5] is plausible with a value of �130 GPa. In turn, this
means that the other two directions, in particular the b-
direction which strongly prevails parallel to the normal
direction, might be less stiff than the c-direction by up to
one order of magnitude. The latter assumption is made
on the basis of typical differences between covalent bonds
and hydrogen bonds observed in organic crystals. These
considerations seem to indicate that the observed strong
h020i texture of the chitin is structured in such a way that
not the hardest but the softest chitin direction is parallel to
the surface normal.

A second point which renders the discussion of a
mechanically driven selection mechanism difficult is the
fact that the directionality and magnitude of the stiffness
of the composite depends on different factors. These are,
for instance, the amount, size, and dispersion of the calcite
minerals or the density and structure of the chitin–protein
matrix. This means that the crystallographic orientation of
the chitin matrix does not alone determine the mechanical
anisotropy of the composite [32]. Recent indentation exper-
iments [70] have also revealed that even for samples with
similar crystallographic texture, pronounced differences in
the structural mechanical response can be found for differ-
ent microstructures along different directions. In summary,
one has to state that the idea of the prevalence of the strong
h0 20i chitin texture via biological evolution through
mechanically motivated selection can at this stage not be
proven owing to a lack of knowledge of the overall (inte-
gral) mechanical anisotropy of the composite material.

An alternative hypothesis of why such strong and simi-
lar crystallographic textures exist in so many different areas
of the same exoskeleton might be the mechanism by which
the chitin filaments are synthesized. Bouligand and Giraud-
Guille suggested in their work [46–52] on the twisted
plywood structure of biological tissues (chitin- and colla-
gen-based composites) that the helical organization of the
chitin–protein layers might originate from a transient
liquid crystal state. In a recent work, Belamie et al. [71] dis-
cussed the formation of complex hierarchical biological
substructures in terms of a disordered liquid to ordered
liquid phase transformation mechanism. In this approach,
which goes back to the early work of Bouligand and Gir-
aud-Guille [46–52] in this field, self-assembly is assumed
to produce the observed complex ordering phenomena of
biological macromolecules. The authors showed, from
own work and from earlier papers which they reviewed,
that the condensed state of biological macromolecules
can undergo mesophase transitions when they occur as sus-
pensions of rodlike particles. While highly dilute suspen-
sions of fibrillar organics such as chitin (and also of
collagen in compact bone [72]) are isotropic, i.e., the mac-
romolecules assume a random orientation distribution in
the fluid, an ordered nematic phase may appear beyond a
critical density of the particles, often assuming a helical
structure in the form of a cholesteric phase. For instance,
Giraud-Guille recently showed that highly concentrated
solutions of purified collagen molecules spontaneously
formed ordered assemblies. These structures were then
characterized by polarizing microscopy as cholesteric
phases [73]. The author suggested that this particular state
of matter joins both fluidity and order and could
correspond to a transient state of the chitin (or collagen)
secretion process, before the subsequent stiffening of these
skeletal structures, bone or cuticle, via molecular cross-
links and biomineralization.

Concerning this part of the discussion, it is, however,
important to note that the topological arrangement of
the chitin structure (topological texture) is not necessarily
in all cases identical to the crystallographic texture. Such
a connection is only admitted (as in the current case) if
the crystallographic textures of the crystals and the
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topological textures of the fibers coincide. In the present
material this is the case since the c-axis of the chitin lattice
cell is identical to the longitudinal axis of the fibers.

A third, more biological hypothesis which deserves
attention when explaining the observed strong textures is
the possibility of a need for a material that can be uni-
formly digested on its inner surface during apolysis making
way for the formation of a new cuticle.

A final thought in this discussion concerns the interest-
ing contradiction between the well-documented very com-
plex hierarchical microstructure of the arthropod cuticle
on the one hand (this paper and Refs. [1–9,14–17,
27–52,71–73]) and the surprisingly simple crystallographic
textures by which it can be described. This final aspect
might be a new and probably helpful result when aiming
at a systematic description of such complicated structures
with the help of textures.
5. Conclusions

We used synchrotron wide angle diffraction to investi-
gate the crystallographic texture of a-chitin in the exoskel-
eton of the lobster H. americanus. The main results are as
follows:

• A strong h020i//ND texture was observed in the a-chi-
tin for all samples.

• In the membranous samples, a h020i//ND texture fiber
was the only texture component.

• Heavily mineralized samples also revealed a weak
h002i//ND fiber texture in addition to the strong
h020i//ND texture fiber.

• Samples taken from different parts of the exoskeleton
revealed a similar crystallographic texture, except for
the difference pointed out above between membranous
and mineralized samples. This means that the a-chitin
has everywhere a very similar orientation with respect
to the cuticle surface. This arrangement shows that the
presence of preferred chitin fiber orientations is not only
a microscopic building principle, but also reflects a glo-
bal characteristic of the entire exoskeleton.

• We have discussed the phenomenon of the existence of
strong textures (and, consequently, anisotropy) both at
microscopic and macroscopic scales, in terms of three
possible mechanisms: namely, the mechanical selection
theory, the synthesis theory, and the digestion theory.
The first approach refers to the idea that during biolog-
ical evolution the strong crystallographic arrangement
of the a-chitin matrix relative to the local sample coor-
dinates turns out to be mechanically favorable, provid-
ing maximum protection. The second approach refers
to the possibility that the observed textures might be
due to the liquid crystal self-assembly mechanism by
which the chitin filaments are synthesized. This effect
might entail the observed helical structure in the form
of a cholesteric phase. The third hypothesis is that a
uniform material arrangement might play a role during
digestion of the inner surface during apolysis.

• It was found that the complex and hierarchical micro-
structure of the arthropod cuticle can be described by
a surprisingly simple texture. This might be a new and
helpful consideration when aiming at a systematic
description of such complicated microstructures. It
seems that behind the complex hierarchical structure
of the chitin matrix there exists a remarkably simple
crystallographic building principle.
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