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The limpet tooth is widely recognized as nature’s strongest material, with reported strength values up to
6.5 GPa. Recently, microscale auxeticity has been discovered in the leading part of the tooth, providing a
possible explanation for this extreme strength. Utilizing micromechanical experiments, we find hardness
values in nanoindentation that are lower than the respective strength observed in micropillar compres-
sion tests. Using micromechanical modeling, we show that this unique behavior is a result of local tensile
strains during indentation, originating from the microscale auxeticity. As the limpet tooth lacks ductility,
these tensile strains lead to microdamage in the auxetic regions of the microstructure. Consequently, in-
dentation with a sharp indenter always probes a damaged version of the material, explaining the lower
hardness and modulus values gained from nanoindentation. Micropillar tests were found to be mostly
insensitive to such microdamage due to the lower applied strain and are therefore the suggested method
for characterizing auxetic nanocomposites.
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Statement of significance

This work explores the micromechanical properties of limpet teeth, nature’s strongest biomaterial, using
micropillar compression testing and nanoindentation. The limpet tooth microstructure consists of ceramic
nanorods embedded in a matrix of amorphous SiO, and arranged in a pattern that leads to local auxetic
behavior. We report lower values for nanoindentation hardness than for compressive strength, a unique
behavior usually not achievable in conventional materials. Utilizing micromechanical finite element sim-
ulations, we identify the reason for this behavior to be microdamage formation resultant of the auxetic
behavior, sharp indenter tip and lack of ductility of the limpet tooth microstructure. This formation of
microdamage is not expected in micropillar compression tests due to lower locally imposed strain.
© 2023 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

Introduction

Indentation hardness testing has been a staple in the evalua-
tion and quality control of metals and other engineering materi-
als for more than a century now, since Brinell, Ludwik and Vickers
suggested their spherical, conical and pyramidal indenter shapes,
respectively [1-4]. The main advantages include a fast and easy
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sample preparation and testing procedure and a relatively straight-
forward conversion from hardness to yield strength. In 1951, Tabor
[2] introduced a rule of thumb stating that the hardness of a metal
is about 3 times its yield strength under fully plastic conditions.
The factor relating hardness and yield strength, commonly referred
to as constraint factor C*, has since then be found to not be con-
stant, but to depend on indenter shape, indentation strain and on
material properties, ranging from purely elastic (C* = 1.07) to fully
plastic conditions (C* =2.91) [5-7]. For self-similar indenter ge-
ometries, such as conical or Berkovich indenters, the indentation
strain is constant and the constraint factor therefore only depen-
dent on the material behavior. While there has been work on bulk
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Fig. 1. Limpet tooth and annular dark-field STEM images of the microstructure in trailing and leading part.

metallic glasses exhibiting constraint factors higher than this up-
per bound of about 3 [8,9], to the authors’ best knowledge, values
lower than 1, i.e.,, a lower value for hardness than yield strength,
have never been reported.

The teeth of limpets (Patella vulgata) have drawn a lot of atten-
tion in past years, since their extreme tensile strength has been re-
ported [10,11], even outperforming spider silk as nature’s strongest
material [12]. These teeth consist of nanosized, defect-free goethite
(w-FeOOH) rods, embedded in a matrix of hydrated silica (SiO,
- nH,0) (see Fig. 1). Recently, it was discovered that bundles of
nanorods can perform a rotational movement, which helps the
composite to deal with high mechanical loads. Additionally, the
nanorods can also rotate individually along their principal rod axis.
The combination of these two rotational modes results in local
auxetic behavior of the rod-matrix composite, which is believed to
be the origin of the extreme strength of the leading part of the
tooth [13]. In the trailing part of the tooth, where rods are larger,
imperfect and not as closely spaced (Fig. 1), no rod rotation or aux-
etic material behavior have been observed.

In general, indentation of auxetic materials is expected to show
an increased indentation resistance and therefore a higher mea-
sured hardness due to the negative Poisson ratio. This has been
predicted in various simulations [14-16], which were conducted
either on auxetic foam structures or purely elastic model materi-
als and have since then sparked interest in the design of advanced
auxetic (composite) materials with superior mechanical and func-
tional properties [14,17-22].

On the contrary, investigating the strength and indentation
hardness of the limpet tooth and utilizing micromechanical model-
ing, the present work explains that microscale auxeticity can lead
to a constraint factor C* < 1, thus enabling materials with a hard-
ness lower than their yield strength.

Experiments

To investigate hardness and strength of the limpet tooth,
our micropillar compression tests from [13] are investigated fur-
ther and correlated to Berkovich nanoindentation experiments
performed on the leading and trailing part of related limpet
teeth. For that, individual limpet teeth were cut from the limpet
radula and mounted in an upright position on silicon plates us-
ing epoxy resin. Subsequently, the teeth were carbon coated and
the tips severed by a horizontal cut using a femtosecond laser
work station (Origami 10 XP, Onefive GmbH, Regensdorf, Switzer-
land) [23] inside a dual-beam FIB-SEM (Zeiss Auriga, Zeiss GmbH,
Oberkochen, Germany). For teeth used for nanoindentation ex-
periments, this uncovered cross-section of the tooth was subse-
quently ion-polished using a FIB-SEM (Zeiss LEO 1540XB, Zeiss
GmbH, Oberkochen, Germany). For micropillar compression testing,
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instead of the cross-section polishing, a lamella was precut using
the femtosecond laser, before subsequently pillars with dimensions
of about 3 x 3 x 10 pm?® were fabricated with the FIB-SEM (see
Fig. 2a) [13].

The micropillar compression tests were performed in-situ in a
scanning electron microscope (SEM; Zeiss LEO 982, Zeiss GmbH,
Germany) using an UNAT-SEM indenter (Zwick GmbH & Co
KG, Germany) equipped with a conductive diamond flat punch
(Synton-MDP AG, Switzerland). After the tests, the recorded force-
displacement data was corrected for sample compliance using the
recorded in-situ images and subsequently converted to stress-
strain curves using the known specimen dimensions.

Nanoindentation testing was performed on the polished tooth
cross-section using a G200 Nanoindenter (KLA Corp., USA)
equipped with a conductive diamond Berkovich tip (Synton-MDP
AG, Switzerland) and utilizing the continuous stiffness measure-
ment (CSM) option. The indents were performed to a maximum
depth of 300 nm, thus deep enough to sample a sufficient amount
of material to receive representative results and shallow enough
to place a large number of indents on top of the cross-section to
achieve a good spatial resolution without indents influencing each
other. A total of 34 indents were placed all over the cross-section,
22 in the trailing part and 12 in the leading part.

The results from the nanoindentation and microcompression
tests are depicted in Fig. 2. One can immediately see from Fig. 2¢
that the classic rule of thumb of Tabor does not hold for the con-
ducted experiments. The trailing part shows a hardness of 3.00 +
0.41 GPa and a strength of 2.55 4+ 0.34 GPa, which results in a con-
straint factor C* of 1.18. This is in good agreement with typical C*
values in literature for purely elastic materials [5-7]. When review-
ing the stress-strain curves of the tested micropillars in Fig. 2b,
one can see that pillars in the leading and trailing parts show such
a purely elastic behavior until sudden catastrophic failure. There-
fore, one would expect a similar C* value for the leading part ma-
terial. The conducted experiments, however, revealed a hardness
of 1.68 £ 0.25 GPa and a strength of 3.59 & 0.29 GPa, i.e., a sig-
nificantly lower hardness than strength and a related C* of only
0.47. A constraint factor smaller than 1 disrupts our understand-
ing of plasticity and should not be achievable in any material. Fur-
thermore, the leading part’s hardness being lower than the trailing
part’s hardness contradicts the countless theoretical works [14,15]
that predict a higher indentation resistance of auxetic materials.
While auxeticity in the leading part has only been shown locally,
the hardness is expected to be at least slightly higher than the
trailing part’s hardness which is non-auxetic. Moreover, the lead-
ing part also shows higher mineralization than the trailing part
(see Fig. 1), which should also result in a higher hardness, as
is observed for the strength values from micropillar compression
tests.
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Fig. 2. Results from micropillar compression and nanoindentation tests on limpet teeth. a) Experimental test setup. b) Stress-strain curves from micropillar compression
tests and linear elastic FEM simulations (yellow corridor; on the leading part only) (reproduced from [13]). c) Strength and hardness as well as d) elastic modulus values
gained from both microcompression and nanoindentation experiments in trailing (non-auxetic) and leading (auxetic) part of limpet tooth.

Additionally, the elastic modulus, which averaged between 35
and 40 GPa for microcompression tests in both parts and nanoin-
dentation in the trailing part, dropped to 23.5 4+ 3.4 GPa in the
indentation experiments on the leading part of the limpet tooth
(Fig. 2d).

Micromechanical finite element modeling

To explain this unique combination of hardness and strength,
we perform micromechanical simulations of the indentation pro-
cess. Micromechanical modeling has successfully been employed to
investigate the mechanics and microstructural dependences of dif-
ferent hard tissues, e.g. [13,24-27].

A representative volume element (RVE) [28] is constructed
from TEM images of the limpet tooth leading part microstruc-
ture (Fig. 3a). The structure is approximated by a subdivision
into a non-auxetic material and auxetic regions (see Supplemen-
tary Material for the material parameters). Both regions consist
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of goethite nanorods (E; =225 GPa, v, = 0.24; both values stem
from ab-initio simulations in our previous work [13]) and an
amorphous hydrated silica matrix (Epn = 8 GPa, vy = 0.12; [29]).
The difference lies in the arrangement of these nanorods: bun-
dles of parallel aligned nanorods (modelled as circular auxetic
regions; depicted in blue in Fig. 3b) are surrounded by per-
pendicularly oriented nanorods (modelled as a continuous non-
auxetic region; depicted in grey in Fig. 3b) that weave around the
bundles.

The difference in the alignment of the nanorods leads to differ-
ent material properties, even though both areas are made of the
same two constituents. The bundles are known to act as rotation
centers under loading, resulting in locally auxetic behavior [13].
Thus, its Poisson’s ratio vgx is set to -0.6 to mimic the auxetic be-
havior. As the nanorods in the auxetic region are aligned perpen-
dicularly to the loading direction, the Reuss estimate [30] of the
homogenized elastic modulus in the auxetic regions is calculated
as the weighted mean of the material properties of the goethite
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Fig. 3. Limpet tooth leading part: a) TEM image of microstructure displaying vertical bundles of nanorods that represent auxetic rotation centers. b) FEM models of two
micropillars generated based on microstructure images. The auxetic regions are modelled as circular areas (blue).
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Fig. 4. Spherical indentation on microstructure models of the limpet tooth. The indentation responses of all composites show almost no deviation, also compared to a homo-
geneous approximation of the material without any auxeticity. Thus, auxeticity cannot be the sole reason for the difference between microcompression and nanoindentation

results.

nanorods and the hydrated silica matrix:
EnE;
FEm+ 11— frIEr

From TEM images, the volume fraction of nanorods f; has been
determined to be about 50% [13].

For the non-auxetic region, a mixed Reuss-Voigt estimate
[30,31] is used for the homogenized elastic modulus to account for
the lower degree of alignment of the nanorods in this region

En-aw = 0.25[f;Er +[1 — fr]Em] +[1 — 0.25]Equ = 40.7 GPa

and the Poisson’s ratio v,_gx is predicted by the rule of mixture
Vn—aux = frvr +[1 = fr]Jvm = 0.18.

Two micropillars with a height of 3 ym and a diameter of 1 pm
(see Fig. 3b) were generated based on the RVE. Simulating com-
pression tests on these pillars, the elastic moduli are found to be
39.62 GPa and 39.58 GPa, which is in very good agreement with
the experimental results of 38.4 + 6.2 GPa (see Fig. 2), thus, ver-
ifying the calculated material parameters. The stress peaks within
the tested micropillars are found in the vicinity of the auxetic re-
gions (Supplementary Fig. S1).

In addition, indentation with a spherical indenter is simulated
on four composites with different microstructures based on rota-
tions of the RVE (see Fig. 4). The indentation is modeled displace-
ment controlled and the resulting force-per-depth of the structure
is calculated for each load step. From this force-displacement re-
sponse, the reduced elastic modulus is calculated following Oliver

= 15.5 GPa.

Eaux =
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& Pharr [7,30]. All composites show a similar mechanical behavior
to a hypothetical homogeneous case, where both regions consist
of the same material (E = 39.6 GPa, v = 0.18) (Fig. 4). Thus, local
auxeticity cannot be the sole reason for the difference in behavior
found in microcompression and nano-indentation experiments. As
will be seen in the next Section, this difference can be explained
by consideration of microdamage.

Composite 1, where an auxetic region is located directly under-
neath the indenter, results in a slightly lower modulus. If the bun-
dles are assumed to be non-auxetic (Vp_gux = 0.18) in this compos-
ite model, the modulus decreases even further, indicating that it
is an effect of the microstructure, not the auxeticity. This is con-
firmed by the stress distributions in Supplementary Fig. S5.

Nanoindentation-induced microdamage

Indentation of auxetic materials results in high local tensile
stresses in large regions below the indenter (compare Supple-
mentary Figs. S4 and S5 and Supplementary Material). In com-
bination with the inability of the limpet tooth microstructure to
deform plastically, as showcased in the stress-strain curves in
Fig. 2b, it is likely that microdamage or microcrack formation occur
in the leading part microstructure during indentation. Especially
sharp indenter tips, such as the Berkovich tip commonly used in
nanoindentation, are known to introduce a large amount of plastic
strain to the material (around 7% for the Berkovich indenter shape
[2,31]).
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Fig. 6. Results from indentation simulations with microdamaged regions. Damage in the auxetic regions leads to a decrease in modulus in all modeled microstructures.
However, only an increased amount of microdamage near the indenter can be responsible for the observed experimental modulus reduction, as seen in a comparison of the
bottom left and right figures. Thus, microdamage near the indenter leads to nanoindentation measurements that (falsely) indicate lower modulus and hardness.

An illustration of the mechanisms that can lead to such for-
mation of microdamage in the limpet tooth microstructure is
depicted in Fig. 5. The stresses and strains imposed by the
Berkovich indenter lead to a rotational response of the nanorod
bundles. Consequently, these rotations result in tensile strains be-
tween and around the auxetic rotation centers. As the limpet
tooth microstructure lacks ductility and therefore the ability to
plastically deform, these strains are expected to initiate micro-
damage and microcrack formation in the microstructure during
indentation.

While the direct experimental observation of such microdam-
age would be preferred, the expected size of the cracks on the
nanoscale renders this a challenging endeavor. All damage will oc-
cur beneath the surface and cutting FIB trenches or performing
TEM lift-outs is not feasible, as FIB debris will most likely fill up
the microcracks and lift-out thinning is very prone to tearing open
cracks or inhomogeneities in the microstructure. Therefore, a sim-
ulation approach is the method of choice for investigating the pos-
sibility of microdamage formation. Following these considerations,
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microdamage is introduced to the RVE simulations in the form of
regions with a reduced elastic modulus (10% of the original value).
Damage is simulated in the auxetic material in all four compos-
ites for (i) only the top most circular region and for (ii) multiple
regions underneath the indenter (Fig. 6). Moreover, the Poisson’s
ratios of the damaged auxetic regions are varied. It can easily be
imagined that microdamage, such as cracks, in the auxetic regions,
can severely impede their ability to perform a rotational move-
ment. Without such, they would lose their auxeticity and their
Poisson’s ratio should converge towards zero.

The reductions in the elastic moduli due to microdamage are
calculated from indentation simulations of damaged composites
compared to their undamaged counterparts (Fig. 6). The elastic
moduli decrease in all microdamaged composites. It is logical that
microstructures with more damage show a larger reduction in
elastic moduli. Additionally, a trend is visible that the modulus re-
duction is more pronounced when the Poisson’s ratio of the dam-
aged regions approaches zero, i.e. when the composites lose their
auxeticity due to microdamage.
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The composites with increased damage and reduced Poisson’s
ratio in these damaged areas approach the experimental modu-
lus reduction, i.e., the difference between moduli measured by mi-
cropillar compression and nanoindentation. Composites 1 and 4
show the highest modulus reduction due to microdamage, likely
because they both contain a larger damaged region close to the in-
denter contact point. The reason why the simulations do not match
the experimental results exactly might be due to the simplified mi-
crostructure, assumed perfect contact between the regions, or an
underestimation of the amount of microdamage. However, the re-
sults presented in Fig. 6 strongly suggest that microdamage forma-
tion is indeed the reason as to why nanoindentation measurements
on the leading part of the limpet teeth show lower hardness and
elastic modulus values than compression tests and indentation on
the (non-auxetic) trailing part.

Notably, when the same microdamage in the auxetic regions is
modeled in the two micropillars, the moduli only decrease from
39.62 GPa to 35.54 GPa and from 39.58 GPa to 36.16 GPa, respec-
tively. This comparably insignificant decrease in modulus of about
10% renders the pillars almost insensitive to microdamage. More-
over, the applied strain in microcompression tests is uniaxial and
significantly lower compared to nanoindentation with a sharp in-
denter tip, which is why such microdamage is not likely to form
within the micropillars in the first place.

The formation of microdamage due to the nanoindentation pro-
cess itself might now raise the question as how to accurately mea-
sure the intrinsic hardness of such auxetic composites. As deduced
above, the reason for the microdamage is believed to reside in
the large applied plastic strains imposed by the sharp indenter tip
that are translated to tensile strains through the auxetic rotational
movement of nanorod bundles. Utilizing indenter tips that apply
less plastic strain onto the material might therefore pose a solu-
tion. For instance, spherical indenter tips apply plastic strain pro-
portional to the indenter displacement [7]. However, due to the in-
ability of the limpet tooth microstructure to handle tensile strains,
the strain limit to avoid microdamage might be very low. In order
to impose such small strains, the spherical indenter tip can only
penetrate the surface by a very shallow amount, which could lead
to inaccurate hardness results influenced largely by surface rough-
ness effects, tip imperfections or size effects. However, such exper-
iments are planned in the future to further investigate this peculiar
behavior the limpet tooth microstructure displays.

In theory, one could also assess the hardness of the limpet
tooth from micropillar compression tests, if a value for the con-
straint factor is properly assumed. If a C* of 1.18 is considered (as
was measured for the trailing part of the limpet tooth), the hard-
ness of the leading part would be approximately 4.25 GPa.

Conclusions

This work explored why the leading part of limpet teeth shows
a lower nanoindentation hardness than strength measured in mi-
cropillar compression tests. This rather unusual behavior of a con-
straint factor smaller than 1 was studied extensively using finite el-
ement modeling. The limpet tooth microstructure consists of bun-
dles of nanorods embedded in an amorphous matrix. The arrange-
ment of these rods enables rotation under mechanical load and,
as a consequence, local auxetic behavior, as shown in previous
work [13]. By indentation of the composite with a sharp inden-
ter tip, large amounts of strain are imposed on the microstruc-
ture. The local rotational auxeticity of the composite can therefore
result in large tensile stresses around and in between the aux-
etic rotation centers, which the limpet tooth is not able to dissi-
pate through plastic deformation. Instead, microdamage formation
in these highly strained regions is likely. This behavior is in stark
contrast to other gastropod teeth, such as chiton teeth. As these
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biocomposite materials do not exhibit auxetic regions, no tensile
strains arise within the materials, making it possible to probe their
extraordinary high hardness of over 10 GPa via nanoindentation
[32].

By modeling microstructures including damaged auxetic re-
gions, we showed that the elastic modulus of the material deduced
from nanoindentation decreases significantly due to microdamage
induced during the indentation. Additionally, near the indenter,
the local auxeticity of the microstructure might get lost due to
microdamage. In contrast, modeling pre-damaged micropillars re-
sulted in negligible change of the elastic moduli compared to non-
damaged pillars. Thus, by indenting the limpet tooth microstruc-
ture with a sharp indenter tip, one measures a damaged and pos-
sibly non-auxetic area of the microstructure and, consequently, a
lower hardness and elastic modulus than the actual material pos-
sesses. As micropillars seem to be insensitive to such microdam-
age and do not impose such high strains (which would lead to mi-
crodamage) in the first place, the mechanical data and response
gained from these tests can be trusted.

Statistical analysis

For the results of nanoindentation and micropillar compression
experiments, a normal distribution was assumed. All presented ex-
perimental results are given as mean value and the calculated stan-
dard deviation as error.
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