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Otoliths are calcium carbonate biominerals in the inner ear of vertebrates; they play a role in balance, move-
ment, and sound perception. Two types of otoliths in freshwater carp are investigated using nano- and
micro-indentation: asteriscus and lapillus. The hardness, modulus, and creep of asteriscus (vaterite crystals)
and lapillus (aragonite crystals) are compared. The hardness and modulus of lapillus are higher than those of

asteriscus both in nano- and micro-testing, which is attributed to the different crystal polymorphs. Both mate-
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Microhardness than by the microindenter.

rials exhibit a certain degree of creep, which indicates some time dependence of the mechanical behavior and
is attributed to the organic components. The nano-indentation hardnesses are higher than micro-hardnesses
for both otoliths, a direct result of the scale dependence of strength; fewer flaws are encountered by the nano

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Otoliths are calcium carbonate structures in the inner ear of verte-
brates. They have a function in balance, movement, and sound detec-
tion. They are located in the membrane labyrinth of the inner ear.
There are three pairs of otoliths: lapillus, sagitta and asteriscus.
They are located in the utriculus, sacculus and lagena of fish inner
ear, respectively. In our previous work [1], it is established that the
fresh water carp otoliths, lapillus and sagitta, are composed of pure
aragonite crystals and organic matrices; the asteriscus is composed
of pure vaterite crystals and organic matrix. The hierarchical struc-
tures of these otoliths were established [2,3]. The existence of differ-
ent calcium carbonate polymorphs in a single organism, also in pure
crystal phase state provides ideal research material for the study
of biomineralization, such as the effect of organic mediation on
inorganic crystal formation and stability.

The study of the mechanical properties of calcium carbonate
biominerals has focused primarily on large specimens, such as shells,
that can be easily subjected to conventional mechanical tests. There is
a large number of studies on shells, which date back to the late 70s [4]
and 80s [5]. A comprehensive tabulation is provided by Yang et al. [6].
The mechanical properties of shell or nacre still fascinate researchers,
because of their excellent strength compared with mineral phase of
calcium carbonate [6-9]. There is an unequivocal effect of the struc-
ture hierarchy and organic phase on mechanical properties of shells
[10-14]. Different mechanisms for toughening have been proposed.
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For instance, the asperities in the tile surfaces have been proposed
to be the major factor [15,16]. These mechanisms have been recently
discussed and compared [17,18]. There have also been a more limited
number of studies on pearls [19,20].

Since the size of otoliths in the carp grown in our laboratory is too
small for conventional mechanical tests, their mechanical properties
have not yet been reported. For this reason the current study focuses
on nano and micro-indentation hardness. It was also the goal of this
research to establish the effect of crystal polymorph on the mechani-
cal response.

2. Experimental procedures

The laboratory-cultured fresh water carp (Fig. 1) was dissected and
a pair of lapilli and asterisci were extracted. Because of the size and
shape of sagittae, it was impossible to remove them (carp length of
about 17 cm). The lapillus and asteriscus samples were then immersed
in alcohol for 24 h for cleaning, and subsequently dried and stored. In
order to eliminate effects from different samples, one lapillus and one
asteriscus were used for nano-indentation, and the other lapillus and
asteriscus from the same fish were used for micro-indentation,

The otolith samples were embedded in epoxy resin, ground with
sand paper (#180 to #4000) with water, and then polished with
Al,05 (0.3 um and 0.05 pm). During the polishing process, the micro-
scope was used to observe the sample surface until a clear ring struc-
ture appeared in asteriscus sample (Fig. 2b).

The indentations were made along two directions, shown in
Fig. 3(a): in Group 1, three indentation orientations are defined. Two
lines were made in the ring structure zone, the indentations were
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Fig. 1. Experimental materials: laboratory-cultured fresh water carp, body length of 17 cm; a pair of lapilli and a pair of asterisci.

made between the rings (Fig. 3a, lines 1 and 2); a third line was made
between the ring zones, fully composed of calcium carbonate (Fig. 3a,
line 3). This method was chosen to establish the effect of organic matrix
(bright rings) on the nano-mechanical properties of asteriscus. In Group
2, an “indentation line” was made from the asteriscus core to the edge
to compare the nano-mechanical properties of asteriscus in different
positions (Fig. 3c, line 4). For the lapillus, the growth ring structure
did not show after polish; hence, two “indentation lines” were made
perpendicular to each other, both from the edge to the other end,
both crossing the lapillus core (Fig. 3d, lines 5 and 6).

A CSM Instrument Nano-indentation Tester (NHTX S/N: 01-00005)
with an indenter of Berkovich geometry (S/N B-L09) was used to
perform the indentation tests. For the micro hardness tests, LECO
M-400-H1 hardness testing machine was used [18]. The testing method
was ASTM E384 micro hardness, (Vickers Hardness Test). A diamond
cone with an apical angle of 136° was used; the loading force was
300 gf, about 2943 mN.

A field emission environmental scanning electron microscope
(ESEM) was used to characterize the sample surface after indentation
testing. The Phillips XL30 ESEM provides extremely high resolution
(2 nm) images in high vacuum mode using the Secondary Electron
detector at 30 kV, and the low kV imaging, down to 0.5 kV, allows
the user to view very sensitive and delicate specimens.

3. Results and discussion

The growth ring structure can be seen after polishing the asteriscus
sample. In Group 1, for all three orientations, the measured hardness
and elastic modulus are fairly consistent (Fig. 5a). In Group 2, the hard-
ness and modulus do not vary much from the core to edge (Fig. 5b),
which indicates a fairly uniform distribution of composition and struc-
ture on asteriscus.

For the lapillus, the hardness and modulus did not vary much from
one end to the core, then to the opposite end in lines 5 and 6 (Fig. 3d),
which also showed a uniform composition of organic matrix and
inorganic crystals of lapillus. Fig. 4 shows the load/displacement curves
of asteriscus of Group 1 (Fig. 4a) and Group 2 (Fig. 4b), and lapillus
(Fig. 4c). The load/displacement curves of each figure have the same
shape and position, which means that the hardness and modulus (slope
of the displacement curve of the maximum point) are similar. These re-
sults demonstrate the well-distributed calcium carbonate/organic matrix
composition and hierarchical structure of lapillus and asteriscus.

Fig. 5(a) shows the comparison between nano- and micro-
indentation hardness of lapillus and asteriscus. The abscissa is a nor-
malized distance, since the spacing between micro-indentations is
necessarily much larger than between nano-indentations. It can be
seen that the nano-indentation of lapillus displays the highest value
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Fig. 2. Micrograph of asteriscus surface after polishing, showing the ring structure and spacing between them.


image of Fig.�2

1878 D. Ren et al. / Materials Science and Engineering C 33 (2013) 1876-1881

Fig. 3. a) Indentation lines of Group 1 on asteriscus: 1 and 2 within the ring structure region, 3 outside the ring structure region; b) nano-indentations of Group 1 on asteriscus;
¢) indentation direction of Group 2 on asteriscus (line 4); and d) nano-indentation lines 5 and 6 on lapillus.

of about 4.9 GPa. The nano-indentation hardness of asteriscus is signifi-
cantly lower, about 3.2 GPa. Consistently, the micro-hardness of lapillus,
about 2.8 GPa, is higher than that of asteriscus, about 2.2 GPa. The means
and standard deviations are shown in Table 1. The nano-hardness is sig-
nificantly higher than the micro hardness. This is consistent with other
investigations and is connected to the scale of the indentation. Thus,
fewer crystal defects affect the testing results in nano-indentation.

The elastic modulus and creep rate are plotted in Fig. 5(b) and (c),
respectively. There is no systematic variation along the lines. The
modulus is higher for lapillus because of the stronger bonding; the
creep rate is lower and this is attributed to a smaller fraction of the
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organic phase. It is known that biopolymers are prone, due to their
viscoelasticity, to creep and stress relaxation.

In the one-way ANOVA, the method of Least-Significant Difference
(LSD), multiple comparisons (Table 2), the p-value of each group is
less than 0.05, there are significant differences between each group.
And for both the nano- and micro-hardness tests, the hardness and
modulus of lapillus are higher than those of asteriscus, which is due
to the different crystal polymorph.

Fig. 6a is the ESEM of a micro-indentation in lapillus; the surface
maintains the shape of the quadrangular pyramid base, which is approx-
imately 40 pum. Fig. 6b shows the ESEM figure of a microindentation in
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Fig. 4. Nanoindentation load-penetration curves on otoliths. a) asteriscus Group 1, purple for line 1, gold for line 2 and teal for line 3; b) asteriscus Group 2; and c) lapillus.
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Fig. 5. (a) Nano-indentation hardness of asteriscus (Group 1, lines 1, 2 and 3); (b) comparison of hardness in micro- and nano-indentation of asteriscus (group 2) and lapillus
(straight lines in the plot represent average value); (c) elastic modulus (from nano-indentation); and (d) extent of creep (from nano-indentation). The abscissa of the three
plots represents a normalized distance.

Table 1
Hardness of lapillus and asteriscus in micro and nanoindentation tests.
Lapillus Asteriscus
Average microindentation hardness (GPa) 2.8 2.1
Standard deviation 0.196 0.201
Average nanoindentation hardness (GPa) 49 32
Standard deviation 0.322 0.185

Table 2

Multiple comparisons.

asteriscus. Since this vaterite biomineral is more brittle, the shape of the
tip is not maintained, and the size of the indentation is larger than that of
lapillus, about 80 um. Cracks extending from the indentation vertices
show that both lapillus and asteriscus are brittle. The size of the
micro-indentation (40 um) is smaller than the size of a domain in the la-
pillus hierarchical structure, about 100 pm [2], if the indentation fell into
a domain where all the “aragonite sticks” with a same orientation, the
cracks have a tendency to form along the same direction with the sticks,
as showed in Fig. 6a. The cracks emanating from points 1 and 3 are much

ANOVA Sum of squares df Mean square F Sig.

Between groups 662251.915 3 220,750.638 398.307 .000

Within groups 33807.555 61 554.222

Total 696059.470 64

LSD (J) VAR0O0001 Mean difference (I-]) Std. error Sig. 95% confidence interval

(I) VARO0001 Lower bound Upper bound

Asteriscus micro Lapillus micro — 65.12500i5 9.61095 .000 —84.3433 —45.9067
Asteriscus nano —98.87940" 8.99022 .000 —116.8565 —80.9023
Lapillus nano —255.68013" 8.26765 .000 —272.2123 —239.1479

Lapillus micro Asteriscus micro 65.12500" 9.61095 .000 45.9067 84.3433
Asteriscus nano — 33.75440i“ 8.99022 .000 —51.7315 —15.7773
Lapillus nano —190.55513" 8.26765 .000 —207.0873 —174.0229

Asteriscus nano Asteriscus micro 98.87940" 8.99022 .000 80.9023 116.8565
Lapillus micro 33.75440’:F 8.99022 .000 15.7773 51.7315
Lapillus nano —156.80074" 7.53709 .000 —171.8721 —141.7294

Lapillus nano Asteriscus micro 255.68013" 8.26765 .000 239.1479 2722123
Lapillus micro 190.5551 3i‘ 8.26765 .000 174.0229 207.0873
Asteriscus nano 156.80074" 7.53709 .000 141.7294 171.8721

* The mean difference is significant at the 0.05 level.
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Fig. 7. Schematic representation of the cracks emanating from micro-indentations in otolith: a) lapillus; and b) asteriscus.

longer than those from points 2 and 4, in the perpendicular direction. The
arrows in the figure point out the direction of the “aragonite crystals”. In
Fig. 2b, the measurement of the ring structure size in asteriscus, the aver-
age gap length of the rings is 15.14 £2.59 um, the indentation crosses
several rings on the surface; the irregular directions of the cracks may
follow the directions of the rings. A schematic representation of the
cracks is shown in Figs. 7a and b. Wen et al. also interpreted the cracks
occurring after micro indentation in another biomineral: Saxidomus
purpuratus shell [6].

The difference in Young's modulus and hardness can be rational-
ized on the basis of the structural differences. In lapillus, that is arago-
nitic, the structure is rhombic. The Ca?* and CO% ions form in an
alternate layered structure; these layers are perpendicular to the
c-axis. The Ca%™ ions are hexagonal close packed, and the space be-
tween them is about 0.497 nm. The CO3 ™~ triangle is parallel to the
ab-face, similar to the structure of NaCl. However, in aragonite crys-
tals the COZ~ group rotates 30°; so, some of the COZ~ ions rise
0.96 nm along the c-axis. Thus two kinds of CO3~ layers are formed,
with different orientations.

In asteriscus, the inorganic CaCOs crystal is vaterite, which is the
metastable phase of CaCOs; belonging to the hexagonal system. The
positions of CO3 ™ ions in the crystal are uncertain (disorder displace-
ment); also the Ca®* and COZ~ ions are not packed as closely as those
in the aragonite crystals, and thus the mechanical properties of
vaterites are not as high as aragonites [21].

4. Conclusions
The hardness of the of two carp otoliths, lapillus and asteriscus,

was measured and compared. The asteriscus possesses rather consis-
tent mechanical properties, with nano-indentation hardness around

3.2 GPa, and modulus close to 57 GPa, whereas the lapillus has a
mean hardness of 4.9 GPa, and modulus of 67 GPa. The differences
are due to the crystal structures of asteriscus (vaterite) and lapillus
(aragonite). Both asteriscus and lapillus exhibit certain degree of
creep, which indicates some time dependence of mechanical behavior
due to the presence of organic interlayers.
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