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Abstract

We investigated the friction and wear behavior as well as the mechanical properties of the
periostracum of Mytilus sp. Tribological properties were determined with a reciprocal sliding
microtribometer, while mechanical characterization was done using a nanoindenter. Measurements
were performed in dry and wet conditions. On the dry periostracum we found a low friction coefficient
of 0.078+/-0.007 on the young parts and a higher one of 0.63+/-0.02 on the old parts of the shell.
Under wet, saline, conditions we only observed one average coefficient of friction of 0.37+/-0.01.
Microscopic ex situ analysis indicated that dry periostracum wore rather rapidly by plowing and
fatigue, while it exhibited a high wear resistance when immersed in salt water. The Young’s modulus
and hardness of the periostracum were also investigated in both, dry and wet conditions. Under dry
conditions the Young’s modulus of the periostracum was 8+/-3 GPa, while under wet conditions it was
0.21+/-0.05 GPa, respectively. The hardness of dry periostracum samples was 353+/-127 MPa
whereas of wet samples it was 5+/-2 MPa. It was found that, in wet state, viscous behavior plays a
significant role in the mechanical response of the periostracum. Our results strongly indicate that the
periostracum can provide an important contribution to the Mytilus sp. shell’s overall wear resistance.

1 Introduction

The common blue mussel of the genus Mytilus is highly adaptable to distinct habitats. It inhabits
freshwater [1, 2, 3] as well as brackish [4] and marine environments ranging from the shallow
temperate to boreal waters [5]. The shells of species within the genus of Mytilus are composed of three
layers: the outer, organic periostracum and the two inner, calcified layers. The periostracum, the
outmost organic layer is a quinone-tanned sclerotinized protein cap [6] that covers the exterior of the
shell of almost all mollusks [7]. It has a variable thickness and microstructure, such that in some
bivalve species it is very prominent while in others it is hardly visible [7]. While scientific aspects of
the calcareous part of bivalve shells have been investigated extensively (e.g. [8, 9, 10, 11, 12, 13])
little attention was given to the periostracum. The periostracum is an integral part of the shell and
serves several, distinct and major roles. It not only protects the carbonate hard tissue against
environmental stress and dissolution, it also seals extrapallial space where supersaturation conditions



required for shell mineralization have to be maintained [14]. The periostracum consists of distinct
layers that serve as templates for carbonate crystal nucleation and thus shell formation [6, 7, 15, 16,
17,18, 19, 20].
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Fig. 1: SEM images of the periostracum and the fibrous calcitic shell layers of Mytilus edulis. Well
visible in (a) and (b) is the encasement of the hard tissue by the periostracum. Within the inserts of (a)
stars mark the location of the periostracum at the seaward (upper insert) and at the innermost shell
portion (lower insert). (c) Interface between the periostracum and the stacks of calcite fibers. Figures
1b and 1d show the prominent vacuolized central periostracum layer.

In a developing mollusc embryo and at shell repair [21, 22] the periostracum is the first-formed tissue.
It develops in the periostracal groove that is located between the outer and middle folds of the mantle
tissue [17, 18, 19, 20, 23, 24]. At the start of secretion it is formed by cells that border the shell gland
[7]. At a later developmental stage, it is formed by the mantle tissue. In the course of its movement
from the periostracal groove the periostracum thickens and, at a certain stage, spans from the edge of
the mantle lobe to the extreme edge of the valve [7, 19]. At this position it is not influenced by mantle
cells any more. It is differentiated into distinct layers and does not increase in thickness. On its inner
surface, it is in contact with extrapallial fluid, while its outer surface is in touch with sea water. Just
beyond the edge of the carbonate shell the periostracum doubles back on itself [7, 19] (Figure 1a) and
covers the outside of the mantle lobe and the secreted shell. Checa [19] showed for Unionidae that at
the shell margin the middle layer of the periostracum becomes vacuolized. These cavities get filled
with aragonite and eventually form (in the case of Unionidae) the outer prismatic shell layer. At the
inner periostracum sheet the nacreous layer of the shell is formed [19].

Kessel [25, 26], Dunachie [21], Bubel [22] as well as Waite and Anderson [27] investigated in great
detail periostracum formation, development and repair of Mytiloidae. This genus has a thick, tri-



layered periostracum with the central periostracum layer being often vacuolated (Figure 1b).
Mytiloidae need a thick and protective periostracum since their habitat is mainly the intertidal region.
They are exposed to harsh and highly varying environments that range from direct insolation at low
tide to high energy surges at high tide.

Resistance to impact and fracture of the calcified shell has been well studied for bivalves and
gastropods, however, friction behavior and wear resistance is only little investigated. Even though
external forces hit first the periostracum, studies dealing with friction and wear of mollusk shells
investigate the carbonate shell portions only and disregard the periostracum [28]. Often, macroscopic
tribometers like a block-on-ring tribometer [29] are used, where, by omitting the initial phase of
running-in, the role of the periostracum is not considered. In an initial experiment concerning the wear
behavior of the periostracum Tong et al. [30] performed an experiment where bivalve shells were
pressed through sand. The wear rate was measured by means of weight loss. Abrasive wear was found
to be higher when the sliding direction was parallel to the valve corrugation. It was also increased for
larger abrasive particles and higher sliding velocities. All experiments known to us were performed
only in dry conditions, and, thus, do not reflect natural living conditions.

Mytilus sp. lives in shallow waters, thus in a surf environment. The shell is permanently exposed to
friction by contact to differently sized sand particles and pebbles that are driven by wave motion.
Thus, protection against periostracum abrasion is of major and lifelong importance to the animal. The
major aim of our study is to investigate the contribution of the periostracum of Mytilus sp. to the
shell’s overall friction and wear resistance. Mytilus sp. were chosen due to their highly varying and
partly extreme habitat conditions. For a profound understanding we conducted all experiments in both,
dry and wet states. In order to resolve the mechanical and structural contributions of the different
layers of the periostracum, we applied a multi-analytical approach, focusing on measurements with a
very high spatial resolution.

2 Materials and methods

Live bivalve specimens of M. galloprovincialis and M. edulis were obtained and investigated. As no
mechanical differences were found, we refer to them as Mytilus sp. The valves were opened, cleaned
with tap water, and stored dry under laboratory conditions. The valves of ten different animals were
tested. Tribological tests were performed on seven animals while nanoindentation measurements were
done on three Mytilus sp. samples. Since friction measurements reveal local variations of mechanical
properties of the periostracum larger than variation between different valves, the detailed investigation
of one bivalve specimen was considered to be appropriate.

For SEM imaging the shells were sectioned along their median plane and about 1 mm thick shell
wafers were cut out. The wafers were embedded into a cold mounting epoxy-based resin and were
treated with eight sequential mechanical polishing steps down to a grain size of 1 pum. For the final
step, etch-polishing with colloidal silica (particle size ~ 0.06 um) in a vibratory polisher was applied.

For friction, wear resistance and nanoindentation measurements, one valve was glued onto a
petrographic glass slide with UHU Repair All Powerkit (UHU GmbH & Co KG, Germany) such that
the flattest part of the shell, the plane part at the commissure was roughly parallel to the plane of the
glass slide.

Artificial sea water was used for the generation of wet conditions and was produced using 37.00 g
Tropic Marin® sea salt (Dr. Bienet GmbH, Germany) and 950 ml MilliQ water. The pH was adjusted
to 8.0 - 8.2 and the density to 1.022 kg/l — 1.024 kg/1. Evaporation was quantified using an Osmomat
030 (Gonotec, Germany) and found to be insignificant over the duration of one set of measurements.

The linear reciprocal sliding experiments were carried out using a home-built microtribometer. It
consists of a dual double leaf spring with a normal stiffness of 2809 N/m and a lateral stiffness of
3722 N/m, whose deflections in both directions were measured by means of fiber optical sensors as
described in [31, 32]. The counter body, also referred to as probe, was a 500 pm diameter stainless
steel sphere, glued with H21D (Epoxy Technologies Inc., USA) to a M 1.6 stainless steel screw, where
the extension of the threaded rod allowed for measurements in water without immersing the whole
tribometer. For each experiment, a flat part of the shell was approached to the counter body to a pre-



set normal load. For the measurement, the shell was moved in a reciprocal manner for at least 512
cycles with a linear speed of 1 mm/s over a distance of 1 mm. The motor position and the signals of
the fiber optical sensors are recorded at 512 (or more) time equidistant points along each half cycle.
Data evaluation procedures are described in [33]. Essentially, friction was evaluated as average of full
cycles of forward and backward probe movement, thereby minimizing effects of topography on
friction signals. In figure 2(a) the microtribometer in the filled water tub is shown. Furthermore, the
commissure of the shell can be seen. We refer to areas towards the center of the shell as the older shell
portion and areas close to the rim (the commissure) as the young parts of the shell, as depicted in
figure 2(b). We performed standard and long term friction experiments in wet and dry conditions. All
experiments were conducted under laboratory conditions, being 21°C +/1°C.
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Fig. 2: The microtribometer measurement setup. (a) the mollusk is immersed in sea water that is
covered with parafilm that prevents evaporation. The parafilm is removed for the presented image. (b)
Mytilus sp. valve depicting the commissure and the hinge of the shell and highlighting regions that are
of interest for this study.

Both, the young and the older parts of the shell were investigated. In standard experiments we
conducted 512 friction cycles, while long term experiments lasted for several thousand cycles. The
longest experiment with 16000 cycles was performed in wet condition and lasted for about 9 h (see
Figure Slc). We designed three types of experiments: (a) in entirely dry condition, (b) in wet
condition, where the sample was immersed in salt water prior to the start of the first cycle, and (c)
experiments where the periostracum was wetted while the cycles were taken, thus, the experiment
started in dry condition and finished in the wet state. The conditions used in the tests were a first order
estimate of natural habitat conditions of Mytilus sp. In addition, care was taken to apply analytical
conditions to factors that were significant to the investigated mechanical properties.

Load-controlled nanoindentation experiments were performed with a Triboindenter TI 950 (Hysitron
Inc., USA) using a standard diamond Berkovich probe. For dry measurements, each measurement
consisted of a 10 s loading, 10 s holding and a 10 s unloading part. On each position three maximum
loads (0.5 mN, 5.0 mN and 13.0 mN) were tested consecutively in the same spot. To adapt to the
viscous creep behavior of the periostracum in water, the measurement procedure was changed. After a
10 s loading to 2 mN, the load was kept constant for 60 s in order to omit most of the creep during the
initial unloading within 10 s. Data were evaluated using Hysitron software, according to the well-
established method of Oliver and Pharr [34]. Dry indents were implemented along a line from the
older part of the shell up to the commissure; wet indents were performed in a millimeter-sized 10x10
matrix on an old part of the shell. Dry indents caused plastic deformation.

Modulus maps were taken over a cross-section of the wet and dry periostracum, also using the
Triboindenter TI950 equipped with a dynamic force transducer (nanoDMAIII) ), and either a standard
or a fluid cell Berkovich tip depending on the measurements conditions; i. e. dry or wet, as described
above. In order to acquire a modulus map, the indenter tip is raster-scanned over the surface of the
sample in a similar manner to an atomic force microscope. In our experiments we applied a constant



contact force of 6 uN and recorded a surface topography map. Simultaneously, the local elastic
modulus was measured by adding a small sinusoidal modulation force with an amplitude of 0.2 uN
and a frequency of 220 Hz to the constant force. The amplitude of the modulated displacement is in
the range of one nanometer in both measurements conditions. The material response causes a phase
lag between modulation force and the resulting modulated indenter displacement. From the phase lag,
displacement amplitude, frequency, and the tip area function, the storage modulus £ and the loss
modulus £’ [35, 36] can be determined. In order to emphasize their physical meaning we will refer to
storage modulus as stiffness and to loss modulus as viscosity synonymously within this paper.

SEM imaging was performed on fractured and highly polished surfaces. For this purpose 300 um thick
wafers were cut out along the longest axis of the shell from the hinge to the commissure. The wafers
were embedded and were treated with several mechanical polishing steps. For the final step, chemical
mechanical polishing with colloidal silica in a vibratory polisher was applied. The samples were
coated with 15-20 nm of carbon. Images were obtained at 20 kV on an FEG-SEM (JEOL JSM 6400).

Fig.3: SEM image of the periostracum plating the calcite fibers of the shell. Well visible is the layered
nature of the periostracum, the dominant central vacuolized part that is bordered by two dense layers.

3 Results

3.1 Periostracum structure and microstructure

Figures 1, 3 and 4 highlight for Mytilus edulis the microstructure of the periostracum that covers the
carbonate hard tissue from the commissure to the hinge. Its thickness along the exterior of the
carbonate shell is quite uniform and varies in the specimen shown in Figure 1d between 8 to 9
micrometers. As it is well visible in Figure lc, there is a thin interface layer between the periostracum
and the calcite fibers of the carbonate mineral tissue. The periostracum of Mytilus sp. is structured and
consists of three layers. The central layer is highly vacuolized (Figures 1b, 1d, 3, 4) in general
consisting of parallel, elongated vacuoles (Figures 3 and 4). However, as it is observable in the lower
image of Figure 1d, the vacuolized layer can also exhibit a slightly different fabric. The vacuoles can
also be round shaped and might accumulate along the seaward pointing part of the periostracum
(lower image of Figure 1b). Vacuolization of the periostracum increases as the hinge is approached
(Figure 3). The band of vacuoles is not as continuous at the hinge as it is at the tip of the valve
(Figures 3 and 4). It is interrupted at regular intervals of 60-70 micrometers by 10-20 micrometers
wide solid inlays (Figure 4). SEM imaging was done with both, an environmental as well as a high-
resolution FEG-SEM. In both cases we observed the prominent vacuolized layer within the
periostracum of Mpytilus sp. In our opinion the vacuoles are not created by shrinkage of the
periostracum due to dehydration. If this were the case, the vacuoles would be randomly distributed
within the periostracum and would not be limited to its central portion.



Fig. 4: SEM image of the periostracum close to the hinge of the shell. In these shell segments the
vacuolized layer is interrupted by more or less equidistant solid sections (inlays), highlighted in the
image by white squares.

3.2 Friction and wear in dry and wet conditions

Figures 5, S1, and S3 show friction data obtained for dry and wet conditions on young and old parts of
the periostracum of Mytilus sp. In dry conditions we detected two distinct friction states for the
periostracum (Figure 5a, b): a low friction state with a remarkably low coefficient of pu = 0.078+/-
0.007 measured only on the young parts of the shell and a high friction state with a significantly higher
coefficient of u = 0.63+/-0.02 detected on both, the young and the older parts of the shell. The data in
Fig. 5b represent 25 experiments for the low friction state and 70 experiments for the high friction
state, recorded at varying load. Friction coefficients were determined by least-square linear fits to the
data, following Amontons’ law F; = uFy.

The coefficient of friction of the calcite fibers below the periostracum was p = 0.81+/-0.02 in dry
conditions (see Figure 5a). This coefficient was determined from three friction experiments at equal
load on a patch where the periostracum was chemically removed with perchloric acid; exemplary
results are shown for both dry and wet state in Figure S1. A typical evolution of the local coefficient of
friction from young (low friction) to old parts (high friction) of the shell in dry state is presented in
Figure S3. The left part of the image shows the commissure of the shell with the positions of the
experiments highlighted. On the right part, the corresponding coefficient of friction is plotted. During
standard experiments (512 cycles) the periostracum always withstood the tribological load while it
usually failed during long term experiments conducted on dry shells. This is highlighted by Figure
S2a, which shows wear tracks after long experiments under dry conditions. Wear particles are visible
along the wear track and at the turning points. Measurements on the calcite fibers of an etched shell
where the periostracum was removed with acid also produced wear particles (Figure S1b).

On wet shells even in very long term experiments that lasted for several thousand cycles the
periostracum was never destroyed entirely: Thus, the calcite fibers were never reached. Periostracum
wear behavior in dry conditions on the other hand varied between an occasional early failure and
fatigue failure which is shown in Figure S1. All long term experiments as well as some standard
experiments in dry state that initially exhibited the low friction state with a friction coefficient around
0.078 featured a transition to the higher friction state with friction coefficients around 0.63.

When water was added to an initially dry experiment a rapid change within 10 cycles in the coefficient
of friction occurred. Unlike in dry state, an average coefficient of friction of p =0.37+/-0.01 was
found (Figure 5¢ and d, determined from 74 experiments) irrespective of the position on the shell.
Lateral force fluctuations were larger in wet than in dry experiments, as observed when comparing
Figure 5a and c.
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Fig. 5: Results of tribological experiments. (a) Example curves for the coefficient of friction as
function of time (cycle number) recorded in dry conditions. On the periostracum, either a low friction
state (lowest set of curves) is found on younger parts or a high friction state (middle set of curves) is
found predominantly on older parts, see text for details. On calcite fibers, exposed by etching of the
periostracum, the highest friction is found (uppermost curve). (b) Evaluation of the friction
coefficients from sets of experiments in dry conditions (circles low friction state, squares high friction
state). Lateral force values are the average of the last 20 cycles of each experiment. (c) Example
curves for the coefficient of friction as function of time (cycle number) recorded in wet conditions on
the periostracum, found to be independent of position on the shell. (d) Evaluation of the friction
coefficient from sets of experiments for wet conditions on the periostracum.

Microtribological measurements conducted in wet conditions were followed by careful inspection in a
light microscope. We did not find any wear scars on the wet periostracum surfaces by light
microscopy, even after a measurement with 16000 friction cycles. A profilometric analysis of the
tested area revealed a dimple of only 10 pm depth (see supplementary Figure S2b).

Wet state measurements performed directly on the fibrous layer below the periostracum showed a
similar coefficient of friction value as obtained on the wet periostracum, i.e. of the order of pu = 0.4.
However, in contrast to the wet periostracum, we observed wear scars in the wet fibrous layer and
corrosive wear of the counter body, indicated by flattening and rust formation at the sphere. In all
experiments conducted on the wet periostracum we did not observe any corrosion or wear of the
counter body. Instead, some material was transferred to the sliding sphere in both wet and dry friction
experiments. Comparative measurements exhibited no friction difference between cleaned counter
bodies and those with transferred material. Thus, we assumed that the transferred material has only a
minor effect on the frictional response.

3.3 The Young’s modulus and hardness of the periostracum in dry
and wet conditions

Mechanical properties were determined for both, the dry and the wet periostracum states. In the dry
condition, indentation scans started in the old shell portions and ended at the commissure, thus within
young shell regions. Nanoindentation testing of the periostracum in wet condition was only performed
in one region, as friction was observed not to differ between different regions on the wet periostracum.
Typical force-displacement and displacement-time curves are presented in supplementary Figure S4.
The indents performed on the dry periostracum exhibit no changes in stiffness with indentation depth,
nor do they feature significant creep like for a polymer, the deformation is mostly plastic. The
measurements on wet samples on the other hand, are dominated by viscous creep and the material is
much less stiff. In order to evaluate Young’s modulus, we discarded all measurements which did not



reach the load setpoint or creeped out of the displacement range of the force transducer. All remaining
measurements had an identical stress history, allowing for determination of comparable values.
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Fig. 6: Topography and modulus maps for Mytilus sp. determined in dry (a), (b), (c) and in wet (c),
(d), (e) conditions. A denotes the seaward pointing part of the periostracum, while C is its part next to
the calcite fibers. The images do not show modulus mapping results of the calcite fibers. A distinct
change in viscoelastic properties can be seen when the areas A and C are compared to each other.

The mean Young’s modulus of the dry periostracum is (8 £ 3) GPa while for the wet periostracum it is
only (0.21 £ 0.05) GPa. The mean hardness of the dry periostracum is (353 £+ 127) MPa, while for the
wet periostracum it is as low as (5 + 2) MPa. Considering the significant natural corrugation of the
shell’s surface there is little scatter in the material properties data. A difference between old and young
shell portions under dry conditions is found neither for the hardness nor for Young’s modulus, in
contrast to the tribological tests.

3.4 Modulus mapping in dry and wet condition

The periostracum of Mytilus sp. is structured and is composed of at least three layers. In order to gain
a deeper understanding about the protective function of the periostracum, the mechanical properties of
each of these three layers had to be resolved. This was done by modulus mapping experiments
performed on a cross-section of the periostracum in wet and dry conditions. Modulus mapping
requires flat sample surfaces that were achieved by polishing with a root-mean-square roughness of 40
nm for the periostracum layer between the vacuoles and the underlying calcite fibers (Figure 6, area C)
and a root-mean-square roughness of 74 nm for the outermost, the seaward pointing periostracum
layer (area A).

On the basis of the height image (Figure 6a) one can only distinguish between the central, highly
vacuolized (area B) and the solid, bordering layers (areas A, C). However, the storage- (Figure 6b) and
the loss-modulus (Figure 6¢) images illustrate the difference between the seaward and the innermost
periostracum layers. All three images highlight the presence of the vacuolized band within the central
part of the periostracum (area B). Furthermore, a network of topographic trenches is highlighted in the
modulus map. However, topographic features with dimensions comparable to the tip size are known to
always produce a contrast in modulus maps. This effect is due to a local change in the contact area
between tip and surface, which is an important parameter for the measured phase lag. Therefore,
modulus contrast at steep topographic features is mostly a measurement artifact rather than a real
change in modulus. Vacuole depths were in the range of several hundred nanometers, even though
precise depths were difficult to determine, as the pyramidal indenter tip often did not reach the very
bottom of each cavity. A further topographic feature, a depression, is well visible at the very right end



of topography image. It corresponds to a crack present between the fibrous calcite layer and the
periostracum which has most probably been introduced during preparation.

Starting with a low storage modulus of about 0.5 GPa at the seawards pointing area A, it increases to a
higher modulus of about 1.75 GPa at the inner part close to the calcitic fibers, area C. The loss
modulus also exhibits a contrast between outer and inner part of the periostracum, a higher loss
modulus of about 0.25 GPa is measured at the outer (area A) and a lower of about 0.15 GPa at its inner
part (area C) next to the fibrous calcite layer. Thus, the storage and loss modulus maps reveal a
significant variation of mechanical properties across the cross-section of the periostracum, such that
the innermost periostracum layer, the layer next to the calcite fibers (area C) is the most elastic
portion, while the seaward pointing part of the periostracum (area A) is significantly less elastic but
more viscous. We attribute these observations to a different swelling behavior of layer A and C, which
consequently cannot be observed in dry state. An artifact due to a local contamination of the layer can
be excluded, because the chemical composition of the periostracum does not vary significantly and no
variation of possible contamination across the periostracum is expected.

4 Discussion

4.1 Structural characteristics of a layered periostracum

In Mytilus sp. a thick organic periostracum forms the cover of the mineralized part of the shell. The
interlinked entity of these two materials, the organic periostracum and the underlying mineralized hard
tissue, yield the desired protection of the soft tissue of the animal. The periostracum is a unique
material and is of profound importance. It not only plays an integral role in shell mineralization but it
also protects the shell from (a) dissolution in acidic environments, (b) shell damage caused by harsh
habitats and (c) shell destruction induced by predators. Because our intent was to understand the role
of the periostracum in the protection of the hard carbonate and the soft tissue parts of the shell, we did
not investigate its role in shell mineralization.

The complete coverage of the shell from the commissure to the hinge by the periostracum of uniform
thickness and structure indicates its well defined function in shell protection. In addition,
nanoindentation testing performed on the seaward pointing surface of the periostracum also shows its
uniformity and thus protective nature, since there seem to be no major differences in hardness and
Young’s modulus between differently aged shell portions.

However, the examination of the cross-section of the periostracum reveals its highly structured nature
not only concerning its ultrastructure but also its mechanical properties. The periostracum of Mytilus
sp. is laminated and is composed of an extended vacuolized central layer that is bordered by two dense
layers. While SEM imaging did not resolve any difference between the two dense layers, modulus
mapping enabled us to demonstrate gradients in stiffness and viscosity across the cross-section of the
periostracum. We also detected that these two properties have a reverse effect. Thus, taking the
periostracum and the underlying calcite fibrous shell layer together we find a highly structured shell
entity. Protection is ensured by the interplay of several specific material property characteristics such
as elasticity (area A), combined with damping capabilities (area B), viscosity (area C) and hardness
provided by the uppermost stacks of calcite fibres of the mineralized shell.

4.2 Advantages of a layered periostracum and its protective nature

On the dry periostracum, friction in most measurements either evolves from low to high values, or is
high from the very beginning of the measurement. We consider the low friction state as a precursor of
the high friction state. As the low friction state is found almost exclusively on the young parts of the
shell, we assume that, at this portion of the shell, friction is reduced by a thin coating [21]. As we
never observe the low friction state on older shell portions we assume that this thin coating wears off
with time. However, as nanoindentation results show, the thin coating does not influence the hardness
or the Young’s modulus of the shell. Other possible explanations, like a sub-surface delamination
process or plastic deformation of the underlying calcitic fibers might be considered. However, it
should be noted that as long as the low friction state is maintained, almost no wear track is observed



on the surface of the sample. Once high friction conditions are reached, a distinct track is formed by
either fatigue and plowing until the periostracum is destroyed.

In wet conditions, the coefficient of friction is neither particularly low nor high, but it stays constant
under prolonged testing. Due to the low sliding speed we can disregard lubrication in the
hydrodynamic regime. We assign the change in friction to changes not only in the interfacial
interactions, but also to changes in viscoelastic response to the sliding tip, taking into account the
nanoindentation results.

In contrast to the dry state, the wear resistance in wet conditions is excellent. We have clear
indications that, even under prolonged testing, the periostracum remains intact: no wear tracks have
been found by light microscopy after wet experiments, and no signs of corrosive wear at the counter
body are observed, which are readily present when the calcitic fiber layer has been tested directly in
wet condition. Nanoindentation experiments carried out in wet conditions reveal a highly viscous
behavior of the periostracum. However, even though quantitative viscoelastic material properties are
rather challenging to extract from indentation measurements [37, 38], their contribution towards wear
resistance can easily be understood in a qualitative manner. A viscoelastic material behaves load rate
dependent, such that it is hard when a sudden change in load (impact) is applied and behaves soft if the
change is slow. Thus, the contact area during the sliding experiment will change with the velocity of
the probe. Experiments and simulations for open pored hydrogels have demonstrated these features
[39], and Mytilus sp. might show a similar behavior utilizing the vacuoles in the periostracum as a
water reservoir that, on demand, might be squeezed out. Thus, prior to plastic deformation of the entire
periostracum, the role of the vacuoles is that of a damper, being useful for contacts that are comparable
in size to the thickness of the periostracum. Smaller contacts, however, interact with the outmost layer
of the periostracum as demonstrated by nanoindentation. With its reduced Young’s modulus in water,
the periostracum cannot be considered a classical hard anti-scratch coating. Instead, the periostracum’s
wear resistance probably originates in viscous effects. As these only come into operation when
immersed in water, the wear resistance is only present when actually needed.

4.3 Experimental tribology and the biological system

The major habitat of Mytiloidae is the intertidal region, a high energy marine environment where all
sorts of differently shaped particles impact and abrade the shell. The counter body that we used in our
experiments is a sphere made of steel, different in material and shape from sand grains. The arbitrary
shape of ‘natural’ counter bodies hampers analysis based on contact mechanics. ‘Laboratory’ counter
bodies on the other hand, enable meaningful evaluations as they are well defined and furthermore
allow for comparison between experiments. As the observed material transfer to the sphere had no
influence on the results, we believe that the material of the counter body plays a minor role in these
experiments. In addition, corrosive wear of the steel sphere in contact with the calcitic fibers was
discovered to be an excellent indicator for the complete wear off of the periostracum (see Figure S1).

In nature the shells are exposed to abrasive particles in breaking waves and the question arises whether
sliding friction is the appropriate friction process that models natural conditions. The low Young’s
modulus actually favors rolling friction over sliding friction [40]. Microtribological rolling friction
experiments on rough surfaces are experimentally challenging and have not yet been implemented by
anyone, yet. Abrasion of the shell using a water jet with sand would mimic the natural conditions but
would not allow for examinations normal and lateral forces. Considering that sliding friction usually
leads to more severe wear than rolling friction, our experiments emphasize the remarkable wear
resistance of the periostracum.

The mechanical properties of the periostracum derived from modulus mapping on its cross-section
show a gradual increase of the storage modulus from outer (seaward pointing) to the inner part of the
periostracum and a step-like decrease of the loss modulus from the layer above into the vacuolized
periostracum region. In general, the periostracum’s material is more compliant and viscous on the
outside and rather stiff and more elastic on its inner parts next to the calcite fibers. At present, we do
not know the mechanisms or the microstructures that create the gradient in storage modulus and we
can also only speculate on the role of the vacuoles in the step-wise increase of loss modulus across the
periostracum. We observe that the material is not fully homogeneous and the possible advantages of a



softer, viscoelastic surface in the defense against mechanical impact from the mollusk’s environment
should be addressed on future studies.

5 Conclusions

The main goal of this study is to investigate mechanical properties of the periostracum of Mytilus sp.
in order to understand its protective nature for the hard and soft tissues of the animal. This has been
done in a multi-analytical approach utilizing tribology and nanoindentation testing.

1.

2.

This is the first study that presents friction and wear experiments together with Young’s
modulus and hardness results of the periostracum of the modern bivalve Mytilus sp.
Nanoindentation testing carried out on the shell’s outer surface does not show a difference in
Young’s modulus and hardness between differently aged shell portions. SEM imaging of the
cross-section of the periostracum documents its even thickness from the commissure to the
hinge. It also highlights its layered nature consisting of a highly vacuolized central and two
bordering dense layers. The vacuolized layer in the periostracum of Mytilus sp. is highly
prominent and forms a major part of the periostracum.

In dry condition a low and a high friction state were observed, while in wet condition only one
intermediate coefficient of friction was measured. Wear resistance is low in dry condition,
while it is high in wet condition. Even under prolonged testing in wet condition the
periostracum remains intact and can hardly be destroyed.

Storage und loss modulus results resolve further the different layers and the structured nature
of the periostracum. Viscosity and stiffness is graded across its cross-section such that an
increased viscosity is coupled to a decreased stiffness and vice versa.

Taking all material property results together we can posit that the outermost dense
periostracum layer is capable of repelling small impact events. In the case of prolonged or
large impact events the outer dense and inner vacuolized layers interact and behave as one
unit. In addition to the viscous behavior of the outermost dense periostracum layer the
vacuolized layer behaves as a damper. This ensures that the effect of large impacts is averted
and that little shell material is destroyed.
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S1:  Long term measurements in dry (a) and wet (c) state, compared with the coefficient of friction
determined on the bare calcite fibers. The red lines in (a) and (c) correspond to measurements on the
calcite fibers. Figures (b) and (d) show the corresponding wear tracks of the measurements on calcite
fibers in dry and wet conditions. The brown colored portions in Figure Sld denote rust from the tribo-
chemical wear of the counter body in wet condition.



S2:  Images of exemplary wear tracks obtained from long term experiments in dry (a) and in wet
state (b). Figure S2a is an optical image, while Figure S2b is a profilometric measurement showing on

the left the initial surface of the sample (undamaged and without any wear tracks). The box in the
right image in Figure S2b shows the worn surface and wear scar after the long term friction

measurement with 16000 cycles in wet condition.

coefficient of friction

S3:  Measurement areas on a shell and corresponding measurement data. The measurement areas on
a shell in dry condition are depicted on the left side. They are selected by the curvature of the area,
which must not be too high. The color coded lines correspond to the waterfall plot of the coefficient of
friction versus cycle and local offset in one direction on the sample. As can be seen here, the
coefficient of friction is usually low on the young parts and increases as the shell parts get older.
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S4:  Selected indentation curves of the load controlled experiments on the periostracum in dry (a),
(b) and wet (c), (d) states. While Figure S4a and c show the typical graph of load versus penetration

depth, the latter graphs (b), (d) plot the penetration depth versus the time in order to highlight the
viscoelastic behavior of the periostracum.
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