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Most biominerals, such as bones,[1] teeth,[2] nacre,[3] sponges,[4]

conch shells,[5] and sea urchin teeth,[6] have exceptional
mechanical properties far beyond those that can be achieved
using synthetic materials with the same components. This is
mainly due to their complex hierarchical heterogeneous
microstructures.[7] For example, nacre is mainly composed of
aragonite platelets; however, its toughness is 3000 times
higher than synthetic aragonite. The unique “bricks and
mortar” structure in nacre and the combination of mineral
and organic layers contribute to the excellent toughness of
nacre.[8] Some arthropod exoskeletons, such as those of crabs
and lobsters, possess twisted plywood-type structures, which
contribute to their sophisticated anisotropic mechanical
properties.[9]

Pteropods are a group of planktonic gastropods that have
ultrathin lightweight mineralized shells composed of aragon-
ite.[10] Pteropods are a major planktonic producer of aragonite
in seawater. Their shells are affected by the CO2 concen-
tration in the atmosphere and could act as a biological

indicator for changes in the atmospheric CO2 concentra-
tion.[11] In 1972, B� and co-workers reported a novel helical
structure in the shell of the pteropod Cuvierina columnella by
examining fracture sections using scanning electron micros-
copy (SEM).[10a] Follow-up work also showed this helical
structure in other pteropod species.[12] However, there is no
direct evidence for the existence of this novel helical
structure, and the function of this special hierarchical
structure remains unknown. Herein, for the first time, the
hierarchical microstructures and crystallographic orientations
of the shells of the pteropod Cavolinia uncinata (CU) were
studied in detail by using a combination of techniques, and
further mechanical property tests indicate that the CU shell
has anisotropic mechanical properties, which is probably due
to its helical microstructure and crystal alignment.

The CU shell is about five millimeters in length (Fig-
ure 1a). The dorsal part of the pteropod shell has a thickness
of about 10–20 mm; that is, significantly thinner than the

thickness of the abdominal part of the shell (20–30 mm). Both
the IR spectrum and XRD pattern show that the mineral in
CU shell is aragonite (Supporting Information, Figure S1), a
polymorph found in many other biominerals, such as nacre
and conch shells.[7a] Figure 1b–e show that the fracture
sections of the abdominal part are composed of densely
packed curved nanofibers. Figure 1c displays the curved

Figure 1. a) Photograph of a whole CU shell, including the abdominal
(top) and the dorsal parts (bottom). Inset: an SEM image of a vertical
abdominal shell fragment, exposing a fracture section. b–f) Enlarged
SEM images of the shell fracture section in (a). b) The whole fracture
section at low magnification; boxed regions are enlarged in (c–e).
c) The left slope of the fracture section, where the fibers are bent and
form arc-shaped structures. d) The ridgeline area, where the fibers are
parallel to the cross-section. e) The right slope; the arrow indicates the
bottom of the right valley. f) The cross-sections of the nanofibers
possess an inter-locked mosaic structure. Most fibers have an L- or T-
shaped cross-section.
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nanofibers with a bending angle larger than 908 on the left
slope and Figure 1d demonstrates how the ridge area of the
fracture section is composed of densely packed nanofibers,
which are generally flat on the top ridgeline area, but slope
down on both sides. Moreover, these curved nanofibers are
continuous from the left shell side to the right side. This is in
contrast to the twisted plywood-style microstructures com-
posed of straight nanorods found in other biomaterials, such
as conch shells[5] and marine arthropod exoskeletons.[9b] The
nanofibers have irregular cross-sections, such as T-shaped, L-
shaped, rectangular, or other irregular shapes, and they form
an interlocked mosaic microstructure (Figure 1 f; Supporting
Information, Figure S2), which seems to make the nanofiber
difficult to remove from the shell (marked with black arrows
in Figure 1 f).

These nanofibers bend clockwise while passing through
the shell. They are not wave-like or circular structures, and it
is proposed that the nanofibers are right-handed tightly
packed helical microstructures with the helical axis perpen-
dicular to the shell surface. The nanofibers go through 1.3
leads of the helix from one side to the other side of the shell.
The tightly packed helical microstructure is more obvious in
Figure 2a. The helical diameter and lead are about 20–25 mm
and 10–16 mm, respectively, and the helix angle is about 26–

348 (Figure 2 b). A 2D model composed of single-layer
densely packed helical fibers was built by using the model
helical fiber shown in Figure 2b as the building unit (Fig-
ure 2c). This model perfectly consistent with the real shell
fracture section if the cross-sections of the broken nanofibers
in Figure 2a are ignored. The ridge area in the middle and the

two slope areas can be seen more clearly if the shell fracture
section is tilted to different angles, namely �30, 0, and 308
(Figure 2d–f). The morphologies of fracture section models
after tilting to �30, 0, and 308 (Figure 2g–i) are fully
consistent with the respective SEM images of fracture
sections. Furthermore, based on the SEM images of the
fracture sections of the inner and outer shell surface
(Supporting Information, Figure S3, S4), a multilayer 3D
model was also constructed, which was perfectly consistent
with the original shell structure from more than one
observation direction (Supporting Information, Figure S5).
The above SEM images and simulations provide strong
evidence that the nanofibers in the CU shell are actually right-
handed helical microstructures.

Further evidence of the helical nanofibers in pteropods is
given by environmental SEM (ESEM) characterization. Two
preformed microholes were used as markers, and the area
located at the center of two markers was characterized under
ESEM (Supporting Information, Figure S6a). The exposed
section was polished in 1 mm steps along the direction
perpendicular to the shell surface from the outer surface
and characterized by ESEM repeatedly, thus exposing cross-
sections from the same area but at different depths, until the
inner surface was reached. Some selected ESEM images are
shown in the Supporting Information, Figure S6b–h. After
each polishing cycle, parts of the continuous helical nano-
fibers were cut off, and well-aligned oblique cross-sections
with broken tips were created. It is noteworthy that these
oblique cross-sections of nanofibers that arise from the
bottom are clearly different from the twisted plywood-like
straight rods existing in arthropod exoskeletons.[9b] The
alignment directions turn clockwise after polishing layer by
layer. The elongating cross-sections of the nanofibers (Sup-
porting Information, Figure S6i) rotate for almost 3008 from
(6b) to (6h), and this agrees well with the right-handed helical
structure. We also used a shell model to simulate these
exposed cross-sections after layer-by-layer polishing (Sup-
porting Information, Figure S7) and the simulation results are
consistent with the experimental results. This is another
convincing evidence for the helix assembly microstructure in
CU shell.

Diffraction experiments were carried out on CU shell by
using synchrotron X-ray microdiffraction. Figure 3a shows
the X-ray fluorescence (XRF) map for the calcium XRF
window of a thin-shell transverse cross-section with a thick-
ness of about 100 mm used for X-ray microdiffraction. The
area marked with a square box in the XRF and light
microscopy images (inset of Figure 3a) was characterized by
X-ray microdiffraction. Eight diffraction patterns with an X-
ray beam size of 20 mm � 1 mm (H � V FWHM) were taken in
the area (30 mm � 40 mm) marked in Figure 3a. The eight
diffraction patterns are nearly identical. The diffraction rings
show very localized diffraction intensities, as expected for a
single crystal. The simultaneous observation of all accessible
rings at one wavelength, however, demonstrates that in fact it
is a highly textured powder diffraction pattern with the
individual crystallites being much smaller than the probe
beam (ca. 20 mm � 2 mm). From the width of the individual
peaks along the azimuthal direction (that is, along the

Figure 2. SEM images of fracture sections of CU shell and their
corresponding 2D models. a) A typical fracture section of CU shell.
Inset: a model of a shell fragment. b) A right-handed helical fiber that
corresponds to the helical structure in (a) as a subunit for the 2D
model. c) A 2D model, comprising a single layer of densely packed
right-handed helical nanofibers aligned in parallel. d–f) The same
fracture section of CU shell tilted at different angles: �30, 0, and 308,
respectively. g–i) The single-layer model, also tilted at angles of �30, 0,
and 308, respectively, to simulate the fracture sections in (d–f).
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circumference of the diffraction cones), we estimate a
misorientation of about 8–108 (Figure 3b). The lattice dis-
tances calculated for the diffraction rings are consistent with
those of aragonite. Thousands of nanofibers with a diameter
about 50–500 nm exist in the thin section with an area of
about 1200 mm2 and probe depth of about 100 mm, providing
the crystal powder for the powder patterns. Its intrinsic
parallel alignment within the spirals is deemed to be the cause
for the highly co-oriented
texture of the aragonite
nanofibers. The strong co-
orientation is also supported
by images from polarized
light microscopy of a shell
fragment (Supporting Infor-
mation, Figure S8). This co-
orientation phenomenon is
actually very common in
biological minerals and has
been observed many
times.[7a, 13]

Many stripes uniformly
distributed on the nanofib-
ers are visible in the SEM
images of the fracture sec-
tions. (Figure 3c; Support-
ing Information, Figure S9).
Although the nanofibers are
helical and thus continu-
ously change their direction,
the stripes remain parallel
with each other in a direc-
tion perpendicular to the

shell surface (or parallel to the helix axis). Stripes can also
be seen from TEM images (Figure 3 d) that are all perpen-
dicular to the [001] direction of aragonite. The selected area
electron diffraction pattern (SAED) of one single nanofiber
indicates that it is an aragonite single crystal.

Protection is always the most important function for a
shell; therefore, we tested the mechanical property of CU
shell. The shell was polished along two directions, one
perpendicular to the shell surface (transverse cross-section,
Figure 4a,b,d,e), and one parallel to the shell surface (Fig-
ure 4c,f). There are two kinds of microstructures: interlocking
mosaic microstructures and needle-like microstructures in the
transverse cross-sections. However, only well-aligned cross-
sections of the nanofibers appear in the polished section
parallel to the shell surface (Figure 4 f).

The mechanical properties of CU shells were character-
ized by nanoindentation. Figure 4g shows an AFM image of
the polished surface directly after the indentation tests with
an indentation depth of 100 nm and with a load of about 1.2–
1.3 mN; a 4 � 4 indentation mapping can be clearly seen. The
indentations are triangular and about 400 nm in diameter,
without any observable cracks at the corners (Figure 4 h). The
indentation diameter increases with increasing the load force.
No cracks can be observed even after indentations under the
maximum force of the nanoindenter, namely 10 mN (Sup-
porting Information, Figure S10). The loading force curves in
Figure 4 i show that a larger force is needed in the shell
parallel direction than the normal direction for the same
indentation depth, that is, 100 nm. The hardness values of the
transverse cross-section and section parallel to the shell
surface are almost the same, namely about (5.2� 0.4) and
(5.6� 0.3) GPa, respectively. However, the modulus of the
transverse cross-section is (85.9� 2.7) GPa, which is signifi-
cantly higher than that of the section parallel to the surface,

Figure 3. Crystallographic characterization of CU shell. a) X-ray fluores-
cence micrograph of the CaKa line and a light microscopy image
(inset) of a thin-shell transverse cross-section used for X-ray micro-
diffraction. b) X-ray microdiffraction pattern from a polished cross-
section of the shell. c) SEM image of a shell fracture section showing a
series of stripes on the nanofibers, which are all perpendicular to the
shell surface. d) TEM image of a nanofiber and the corresponding
electron diffraction pattern (inset).

Figure 4. Mechanical characterization of CU shell by using nanoindentation. a,b,d,e) SEM images of polished
transverse cross-sections perpendicular to the shell surface before nanoindentation. c,f) SEM images of
polished sections parallel to the shell surface before nanoindentation. g,h) AFM (g) and SEM (h) images of
the polished cross-section after nanoindentation. i) Loading force curves, with the depth obtained from
nanoindentation tests on different cross-sections. c parallel, a normal to the shell. j) Diagram of the
modulus values along different directions of the shell helix structure.
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which is (51.5� 1.6) GPa (Figure 4 j). The anisotropic
mechanical properties in the CU shell difference might be
due to the densely packed helical nanofiber structure. Similar
anisotropic mechanical properties that are due to hierarchical
microstructures have been reported in many other biominer-
als,[7a] such as bone,[1a] tooth,[2] nacre,[3b] lobster exoskele-
ton,[9b] and wood.[14] It is worthy to note that the Young�s
modulus and hardness of nacre are about 60–84 GPa and 2.7–
6.5 GPa,[15] respectively. Thus the pteropod CU shell has
hardness and modulus as good as nacre, which is also
composed of aragonite and a small amount of organic matrix.

The interlocked mosaic microstructure of the densely
packed nanofibers in the CU shells is very similar to
topological interlocking structure of brick used for construc-
tion. Dyskin et al.[16] reported a structure based on matching
of contacting surfaces, which exhibits interlocking properties
and stays flexible. Such a design renders materials with a high
tolerance with respect to local failures, and can be applied to
surface protection with brittle material.[16, 17] Fratzl et al.[18]

also found such an interlocking structure in the suture of
turtle shell. The interlocking mosaic structure in CU shells
probably plays a similar role. As aragonite is brittle,[19] the
topological mosaic structure can increase the shell tolerance
to brittle failure and makes the shell tougher, as if the shell
was built up of normal nanofibers. We indeed found the
nanofibers in bundles when breaking them into pieces, and it
was difficult to separate a single nanofiber (Figure 1 f;
Supporting Information, S2), which demonstrates the inter-
locking effect of the mosaic structure.

Crystallographic co-orientation is another important
feature for many biominerals,[1a,6, 7a] and is assumed to
contribute to the higher mechanical properties in these
biominerals.[6] Although arranged in a more complicated
way than the other crystallographically oriented biominerals
composed of 1D or 2D subunits, in the CU shells, the 3D
densely packed helical nanofibers show crystallographic
alignment with a mutual misorientation of about 108. This
crystallographic co-orientation in CU shell might be another
important feature contributing to the mechanical properties
of this ultrathin lightweight armor of pteropods.

Because CU lives at shallow depths in the seawater
column, it must keep its shell lightweight. Therefore, their
shell formation strategy is different from other mollusks,
which possess large and thick shells and live at the bottom of
the sea. This special densely packed helical nanofiber
structure allows it to decrease the shell thickness to as little
as 20 mm, therefore reducing its weight while maintaining
sufficient structural strength to protect its soft body. Coiled
carbon nanotubes add a nonlinear spring response to their
exceptional elastic stiffness and resilience that makes them
suitable for protection of devices from impact.[20] We
hypothesize that the helix microstructure in CU shell also
contributes to its anisotropic mechanical properties. Lower
modulus in the normal direction of the shell surface means
that the shell is flexible on its normal direction, which allows
the release of pressure from seawater. This is consistent with
the speculation that the adult whorl of thin-shelled species,
including pteropods, is rather flexible.[10c,12a]

In conclusion, we have shown the existence of this novel
helical nanofiber by using two methods: comparing helical
nanofiber simulations and SEM images of fracture sections,
and shell-sectioning. Other than the helix feature, the nano-
fibers in the CU shell are all interlocked and crystallo-
graphically aligned. Nanoindentation revealed that the mod-
ulus on the transverse cross-section is much higher than that
on the section parallel to the shell surface while their hardness
values are similar. Such anisotropic mechanical properties
could be attributed to the existence of the spring-like helical
nanofibers in the CU shell. All the novel characters of the
ultrathin shell, such as the helical nanofibers, the interlocking
properties, and the crystallographic orientations, may
strengthen the ultrathin armor in pteropods, which may
inspire people for the synthesis of ultrathin and/or lightweight
engineered materials with superior mechanical properties.
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