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The exoskeletons of crustacean species in the form of thin films have been
investigated by several researchers to better understand the role played by the
exoskeletal structure in affecting the functioning of species such as shrimps,
crabs, and lobsters. These species exhibit similar designs in their exoskeleton
microstructure, such as a Bouligand pattern (twisted plywood structure),
layers of different thickness across cross section, change in mineral content
through the layers, etc. Different parts of crustaceans exhibit a significant
variation in mechanical properties based on the variation in the above-men-
tioned parameters. This change in mechanical properties has been analyzed
by using imaging techniques such as scanning electron microscopy and
energy-dispersive x-ray spectroscopy, and by using mechanical characteriza-
tion techniques such as nanoindentation and atomic force microscopy. In this
article, the design principles of these biological composites are discussed based

on two shrimp species: Rimicaris exoculata and Pandalus platyceros.

INTRODUCTION

Natural materials that have developed through
millions of years have a hierarchical assembly of its
constituent materials. Such assembly provides them
exceptional strength, toughness, and stiffness com-
pared with their counterparts.'® Most recent
studies on natural material includes shrim
exoskeleton,®* crab exoskeletons,® 2 lobsters,"*1%
ganoid scale of an ancient fish,'® toucan beak,'”
and sea shells such as nacre and mollusk.!®2®
These studies have revealed interesting features in
the design of such biocomposites that makes them
much stronger than the constitutive materials. The
exoskeleton of crustaceans such as shrimps, lob-
sters, and crabs is in the form of multiple thin films
stacked in a Bouligand pattern with a well-defined
hierarchical structure.’'®12-15:2629 1t congists of
chitin-based fibrils coated in proteins at the
nanometer level. Such fibrils bind together to form
fibers. These fibers are then woven together to form
chitin-protein thin-film layers. These layers are
stacked in a twisted plywood structure known as the
Bouligand  pattern.’'%12-15:26:29  The  gpacing
between such woven layers is filled with proteins
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and biominerals. Studies by Seki et al.'”!® have
concentrated on a similar kind of exoskeleton found
in the beak of toucan. It was found to be a sandwich
structure with the exterior of keratin and a closed
cell fibrous network made of calcium rich proteins.
Raabe et al."'* have studied the structure and
mechanical properties of lobster and crab exoskele-
tons. They reported that hardness and reduced
stiffness change with the depth of examination in
the exoskeleton of lobster. The exoskeleton features
a graded design with different stacking density of
chitin-based Bouligand structure. Boflelmann
et al.’® have shown a direct correlation between the
increase in mineral content and the hardness of
lobster claws. Chen et al.'® compared the
mechanical properties of the crab shell in dry and
wet conditions. Exocuticle was found to be more
dense and harder than endocuticle; the presence of
water leads to increased toughness. Melnick et al.>°
investigated the effect of dark pigment of stone crab
claws on its mechanical properties. Lian and
Wang'! reported the mechanical properties of dun-
geon crab exoskeleton. Our previous experimental
work on shrimp exoskeletons has been focused on
understanding the temperature effect.®* Studies

(Published online March 7, 2015)
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focusing on biomimetic materials include the
development of biomimetic scaffolds for tissue
growth and fabrication of tissues from biocom-
patible, biodegradable polymers;*'*? the develop-
ment of the honeycomb plates with design from
beetle forewings to eliminate problems of edge
sealing and molding process by thoroughly investi-
gating the beetle forewing to be able to mimic its
design for better sandwich panel structures;33¢
and the development of high-performance func-
tional nanocomposites from graphene sheets with
enhanced thermal conductivity and mechanical
stiffness.?”38

Many mechanistic studies have been performed to
study the influence of biological microstructures on
biomaterial strength. Feng et al.?® found that the
crack deflection, fiber pullout, and organic matrix
bridging are the three main toughening mechan-
isms acting on nacre. It was found that the organic
matrix also plays an important role in the tough-
ening of this biological composite. This principle
that structure and property affect the synthesis of
structural ceramic materials can be applied to im-
prove the toughness of ceramics.?® Chen et al.??
investigated the structure of the natural ceramic
mollusk shell for fracture strength and fracture
toughness. It has different shapes and arrange-
ments of laminated aragonites and organic layers.
The arrangements of aragonites have also various
forms, which include parallel, crossed, and inclined.
The size, shape, and arrangement adopted depend
strongly on the state of local stress.?? Ji and Gao?!
showed that the aspect ratio and the staggered
alignment of mineral crystals are the key factors
contributing to the high stiffness of biocomposites
despite the extremely soft protein constituent. The
mineral aspect ratio should have an optimum value
to balance the stiffness, the strength of mineral
crystals, the strength of protein, the strength of
interface, the fracture energ%/, and the viscoelastic
properties of biocomposites.”' Bechtle et al.” devel-
oped models that are capable of predicting the
strength values for real biomaterials up to five
hierarchical levels by extracting information about
the mechanical properties at different hierarchical
levels from these experimental data. Mayer® studied
the mechanisms underlying the toughening in rigid
natural composites exhibited by the concentric
cylindrical composites of spicules of sponges, and by
the nacre (brick-and-mortar) structure of mollusks.
Kumar et al. performed structural characterization
studies to understand the construction of the
exoskeleton of barnacles.?®

In this article, the basic design principles of the
crustaceans and deformation mechanisms responsi-
ble for higher strength, stiffness, toughness are
highlighted at different hierarchical levels based on
the information obtained by using imaging techniques
such as scanning electron microscopy (SEM) as ener-
gy-dispersive x-ray spectroscopy (EDX), as well as by
using mechanical characterization techniques such as
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Fig. 1. Indentation curve showing parts of curve used for stiffness,
creep, and thermal drift calculations.

nanoindentation and atomic force microscopy (AFM)
using example of two shrimp species Rimicaris ex-
oculata and Pandalus platyceros.

METHODS

Nanoindentation is a preferred method for char-
acterization of the mechanical properties of mate-
rials at the microscale and nanoscale. The material
being investigated (shrimp exoskeleton) is very thin
and heterogeneous. In this material, the traditional
uniaxial mechanical loading tests will only provide
overall mechanical information, whereas nanoin-
dentation has the capability to give site specific data
with minimal sample preparation. This makes
nanoindentation a convenient experimental tech-
nique to measure elastic modulus and hardness at
the nanoscale and microscale.

Nanoindentation

Figure 1 shows a standard indentation curve and
parts of curve used for material property calcula-
tions. The experimental procedure involves indent-
ing the surface of material being tested by
increasing force in small steps until peak load (Pp,.x)
or peak depth (hAn..) is achieved. The Berkovich
indenter was used in the current work. The
unloading part was used for predicting the material
properties using a framework based on contact
mechanics.?”*° During the experiments, the max-
imum indentation load P,,,, and maximum area of
indentation A is measured. The hardness H is given
by

(D

The parameter A for an ideal Berkovich indenter
used in the current work as a function of contact
depth A, is given as

A = 3V3h?tan?65.3° ~ 24.5h%. (2)
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The reduced Young’s modulus E, is related to the
slope of the upper part of the unloading curve by

dr
S = T = 1.17E,VA. (3)

Here, S is the stiffness measured experimentally
from the slope of unloading curve. Based on known
S and A values, E, can be calculated. E, can be used
to find the true modulus of the material by the
relation

1 (1—v2)  (1-2)

E—'r - E + Ei . (4)

Here, E and v are the Young’s modulus and
Poisson’s ratio of the specimen under test. E; and v;
are the Young’s modulus and Poisson’s ratio of the
indenter.

Experimental Setup

The experiments were performed at room tem-
perature in a multimodule mechanical tester
(NanoTest, platform 2; Micro Materials Ltd.,
Wrexham, U.K.),>**! shown in Fig. 2. The instru-
ment consists of a vertical pendulum pivoted on a
frictionless spring. An indenter is attached to the
pendulum that indents sample horizontally. The
force on pendulum was applied through magnetic
coils, which allows for a very high sensitivity during
experiments. The depth of indents during
experiments was measured by the capacitor plates
located behind the indenter. Before the
experiments, calibrations were performed to obtain
accurate measurements of load and depth. Depth
calibration, load calibration, and frame compliance
experiments were performed before conducting
actual experiments. The tip radius of the Berkovich
indenter was 20 nm.

Verma, Qu, and Tomar

During indents, the samples were mounted on the
stage firmly to avoid any movement during
experiments. The indentations were performed on
different samples at the chosen surface as shown in
Fig. 3. It was ensured that the sample surface is
free of defects before mounting the samples. The
indentation locations were chosen randomly, and a
series of indents at around ten points were per-
formed. The experiments were performed on ten
different samples to capture statistical property
differences possibly due to biological changes in
samples. The experiments were performed at room
temperatures (25°C). The nanoindentation used for
the experiments incorporates a feedback mechan-
ism to accurately stabilize the temperature during
experiments. It is always a challenge to simulate
exactly the same experimental condition while per-
forming experiments for long time intervals. To
avoid discrepancies in the collected data, the best
approach used by most researchers is to do all
experiments using identical experimental setup. In
the current experiments, all measurements were
performed using the same indenter, mounting
technique, and samples at given temperatures. This
gives us much more confidence in our data for
comparison purposes. For each data point,
approximately 50 indentations were performed.

Scanning Electron Microscopy and Energy
Dispersive X-Ray Spectroscopy

The SEM images were obtained by FEI Nova
nanoSEM (FEI Company, Hillsboro, OR). All sam-
ples were coated with a platinum layer of 10 nm. It
is important to coat biosamples with a metallic layer
to discharge the accumulated charge from the sur-
face of sample and to have a clear image. The
working distance for Nova SEM was 5 mm with
5.00 kV accelerating voltage in a high vacuum
chamber. EDX analysis was performed using FEI
Quanta 3D field-emission gun dual-beam SEM. It is
difficult to obtain enough counts per second for the

Fig. 2. Instrument setup, NanoTest, Micro Materials Ltd.

Nanoindentation
indenter
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biological samples while performing an elemental
analysis at the normal settings used for metals.
Therefore, SEM aperture was increased to get
higher counts per second to collect the elemental
spectrum. The working distance for Quanta SEM
was 10 mm with 20.00 kV accelerating voltage in
high vacuum chamber and cryogenic environment.

(b)

Fig. 3. Analyzed samples of (a) Rimicaris exoculata and (b) Pan-
dalus platyceros.

Sample Preparation

The samples of R. exoculata shrimps were pro-
vided by Dr. Juliette Ravaux from the mission Mo-
mardream in 2007 from a depth of 2300 m. The
shrimps were maintained for 10 h at 10°C with 1 h
heat shock at 30°C in pressurized aquaria on board.
These shrimp samples were further stored in liquid
nitrogen in our laboratory. The P. platyceros
shrimps were obtained in fresh unfrozen conditions
to prepare the samples. The shrimps were immedi-
ately stored in frozen conditions after procurement.
The samples for mechanical testing were prepared
from these shrimps specimens. Figure 3 shows
whole shrimps and prepared samples for R.
exoculata and P. platyceros. To prepare the samples,
the shrimps were taken out and carapace was
removed carefully without mechanically straining
or producing any fracture in it. The samples were
cut from carapace. Carapace is the exoskeleton of
the shrimp that protects the cephalothoracic region
of the shrimp. Cephalothoracic is the front part
of the shrimp that contains vital parts of shrimp

Fig. 4. Full cross section in the middle and zoomed sections of the cross section labeled from 1 to 10 around it for Pandalus platyceros. Scale
bars: Full cross section—20 um, (1) 100 um, (2) 50 um, (3) 2 um, (4)10 um, (5) 3 um, (6) 5 um, (7) 1 pm, (8) 500 nm, (9) 500 nm, and (10)

500 nm.
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Fig. 5. Full cross section in the middle and zoomed sections of the cross section labeled from 1 to 8 around it for Rimicaris exoculata. Scale bars:
Full cross section—5 um, (1) 20 um, (2) 2 gm, (3) 1 um, (4) 1 um, (5) 1 um, (6) 1 um, (7) 2 um, and (8) 500 nm.

including mouth, eyes, antennas, etc. Carapace will
be referred to as shrimp exoskeleton further in this
article. The shrimp exoskeletons were then dried in
open air for 3 days to prepare the samples for
indentation tests.

Substrate Effects

Substrate could play a major role in the mea-
surement of reduced modulus values of thin sam-
ples. The general rule is that the indentation depth
should be less than 10% of the total thickness of
sample.**** The thickness of R. exoculata samples
was 20 = 1 yum and the indentation depth was
300 nm. The thickness of the P. platyceros samples
was 110 + 10 ym and the indentation depth was
1 yum, which satisfies the 10% rule. This verifies that
substrate effect has been taken into account during
indentations.

RESULTS

Two different shrimp species, R. exoculata and P.
platyceros, were analyzed in the current study. The
reduced modulus and hardness were measured by
nanoindentation. There was a clear difference in the
reduced modulus and hardness properties, which
occurs because of the difference in the design of the
shrimp exoskeleton. As shown in Figs. 4 and 5,
there is a clear nonuniformity in the stacking den-
sity and thickness of layers across the cross section.
The figures show the inner side of the exoskeleton at
the bottom of figure and the outer side of the
exoskeleton at the top of the figure. Each visible

layer is a layer of woven a-chitin-protein fiber net-
work, which is the characteristic feature of
exoskeleton of crustaceans.™'*! It consists of dif-
ferent kinds of proteins and minerals. Both shrimp
exoskeletons does have the similar features such as
the Bouligand structure, and the layered structure
with thicker layers on the top and thinner layers at
the bottom that can be visualized from Figs. 4 and 5.
There is a difference in the length scale, however. P.
platyceros in Fig. 4 shows thicker layers and overall
higher thickness than the R. exoculata shown in
Fig. 5. Figure 4 also shows zoomed-in images from
different parts of the cross section of P. platyceros
labeled from 1 to 10 on the full cross section. The
surface of the exoskeleton shows hairy features,
Fig. 4(1 and 2). The topmost layers are more closely
knit together, making them a fairly homogeneous
structure, Fig. 4(3). Different layers just below the
top surface are visible, Fig. 4(4). A close-up image
on a layer shows the Bouligand pattern, Fig. 4(5).
The layers in this region of the shrimp are thicker
than the lower part. As we go down and around
middle section, the thickness of the layers changes
to almost half of the original thickness, Fig. 4(6).
After this point, the layer thickness keeps on
decreasing, Fig. 4(7-9) with the minimum thickness
layers at the bottom, Fig. 4(10) of the cross section
of the exoskeleton.

Similarly, Fig. 5 shows zoomed-in images from
different parts of the cross section of R. exoculata
labeled from 1 to 8 on the full cross section.
The surface of the exoskeleton shows no hairs,
Fig. 5(1). The topmost layers, Fig. 5(2) are not as
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Fig. 7. Images showing failures and fractures in the cross section of Pandalus platyceros (a) in top layer, (b) delamination, and (c) bending of

layers around hairs. Scale bars: (a) 15 um, (b) 6 um, and (c) 10 um.

homogeneous as we observed in Fig. 4. Different
layers just below the top surface are visible in
Fig. 5(3 and 4). A close-up image on a layer shows
the Bouligand pattern Fig. 5(3). The layers in this
region of the shrimp are thicker than the lower part.
The thickness of the layers is not changing into a
uniform fashion, however. The topmost layers are
thicker, Fig. 5(2 and 3), following layers of lower
thickness, Fig. 5(4) that further increase in thick-
ness, Fig. 5(5) until the half of total thickness of
cross section is reached. As we go down, we observe
around the middle section that the thickness of
layers changes again to much thinner layers,
Fig. 5(6). After this point, the layer thickness keeps
on decreasing, Fig. 5(7), with the minimum thick-
ness layers at the bottom, Fig. 5(8) of the cross
section of the exoskeleton.

The maximum thickness of a layer in the
P. platyceros is 2 um as opposed to 1 ym in the
R. exoculata exoskeleton. R. exoculata shows a
nonuniform change of the thickness of the layers as
compared with P. platyceros. The minimum thick-
ness at bottom most regions is in the range of
20-30 nm for R. exoculata, whereas in P. platyceros
it is in the range of 50-100 nm. The similarity in the
individual layers of both shrimps can be exhibited
from the Bouligand pattern as shown in Fig. 6.

Further analysis of the SEM images shows the
failure patterns in both species exoskeletons.
Figure 7(1) shows the layers of cross section in the
P. platyceros upper section with the bend layers in
Fig. 7(3). A closer picture showing the delamination
of layers is shown in Fig. 7(2). It shows the cross-
linked pattern between the two layers at the edges
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Fig. 8. Images showing failures and fractures in the cross section of Pandalus platyceros: (a) delaminated layer, (b) interlayer delamination, (c)
fracture in the layers, and (d) zoomed image of fiber pullout from fracture in layers. Scale bars: (a) 3 um, (b) 5 um, (c) 10 ym, and (d) 3 pum.

Table I. Comparison of quantitative data by EDX
analysis on cross section of shrimp exoskeleton for
Rimicaris exoculata and Pandalus platyceros

Rimicaris Pandalus
Element exoculata (at.%) platyceros (at.%)
C 42.89 + 0.97 46.20 + 1.19
¢ 27.76 + 1.89 42.41 + 1.79
P 3.14 + 1.12 -
Ca 26.2 + 1.73 9.86 + 2.20

of the two layers. These interconnected layers
enhance the flexibility and robustness of these
exoskeletons. Similar delamination in the R.
exoculata exoskeleton can be seen from, Fig. 8(1 and
2). In this exoskeleton, the individual layers are
more closely packed. The layers are much thinner
with the fracture of layers accompanied by fiber out,
Fig. 4(3 and 4). These layers shows bending at even
smaller length scales, Fig. 8(2).

In addition to the difference in the structure,
these species also show differences in the chemical
composition of the exoskeleton. The chemical com-
position at the top layers at the sites of indention
was compared by taking EDX spectrums. Both
spectrum were collected using same QUANTA 3D
SEM at Purdue University. The elemental compo-
sition calculated from the spectrums is given in
Table 1.

Table II. Reduced modulus and hardness of shrimp
exoskeleton for Rimicaris exoculata and Pandalus
platyceros

Rimicaris Pandalus
Property exoculata platyceros
Reduced modulus 8.27 £+ 0.89 27.38 + 2.3
Hardness 0.31 £+ 0.07 1.52 +0.16

This result is comparable with the chemical
composition obtained by several researchers on
coastal shrimps.**! R. exoculata shows some var-
iations in composition with noticeable phosphorus.
Table I gives a relative quantitative analysis of the
individual elements present in the exoskeleton of
both shrimps. The presence of Ca supports the fact
that R. exoculata survives at very high pressures
and needs to have more structural strength to sur-
vive. Phosphorus is one of the materials from vol-
canic vents in nearby habitat of R. exoculata. It also
became part of the shrimp exoskeleton with the
evolution of shrimps near deep sea vents possibly
via food sources. A combination of observations from
Figs. 4, 5, 6, 7, 8 and Table I reveals that the
Rimicaris exoskeleton has a higher content of min-
eral and reduced protein layer thicknesses than P.
platyceros. The reduced modulus and hardness of
both species is given in Table II. The difference in
these properties can be attributed to the changes at
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Table III. Creep compliance fitting parameters from Eq. 5 on experimental dwell data

Co (Pa™)

1.45e—6 + 8.21e—8
1.08e—6 + 8.16e—8

Species

Rimicaris exoculata
Pandalus platyceros

C, Pa™) 71(8)
4.60e—7 £+ 4.97e—9 86.33 + 1.24
1.38e—7 + 4.80e—9 68.00 £ 1.63
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Fig. 9. Creep compliance functions J(f) for Rimicaris exoculata and
Pandalus platyceros from Eq. 6.

the structural and chemical composition as men-
tioned in the previous discussion. Figure 4(3) shows
the closely packed layers in P. platyceros at the top,
whereas Fig. 5(2) indicates that the layers on the
top of R. exoculata show some porosity. This is also
one reason for the reduced mechanical properties.

Further analysis was performed on the creep data
obtained from the nanoindentation experiments. A
hold period was applied at the maximum load to
collect dwell data. The hardness of a material is its
ability to resist deformation under applied stress. In
the current material, creep compliance follows the
trend of hardness. There are several formulations to
fit the nanoindentation creep given by Oyen
et al.’?* and Lu et al.”® The model chosen in the
current article is the best fit for the nanoindentation
data of the creep. It uses the dwell data over time for
the holding period to calculate creep compliance
parameters. To model the load-deformation behav-
ior exhibited by examined shrimp exoskeletons, the
creep data are fitted with the creep function given
for viscoelastic materials by Oyen®* as

2 _
hazm;w{cmm—Ejamm@(g)Fq(%>_q}
(5)

where A is the indentation depth during the dwell
period, ¥ is the indenter included angle, 7 is a con-
stant relating contact displacement to total dis-
placement, & is the loading rate, ¢z is the start time
of dwell period, C; and t; are the creep compliance
coefficients, and ¢ is the time period of loading. One
term approximation of Eq.5 is fitted to the
experimental creep data to find coefficients C; andr;.
The respective coefficients for both R. exoculata and
P. platyceros are tabulated in Table III.

The creep compliance parameters obtained from
Eq. 5 were then used to plot the creep compliance
given in Fig. 9 from Eq. 6,

j _
J@:%—qu%;) ©6)

i=1

where C; and 1; are creep compliance coefficients,
and ¢ the is time period of loading. As shown in
Fig. 9, the creep compliance for R. exoculata is
higher than P. platyceros because of the lower
hardness of R. exoculata exoskeleton. The basic
building blocks of the R. exoculata and the P.
platyceros exoskeleton are polymer chains made up
of chitin proteins and calcium-based biominerals.
The matrix material is made up of chitin-protein
fibers woven together in a planar structure. The
spacing between woven fibers is filled with biomin-
erals, mostly of CaCOs;. These layers are then
arranged to form a twisted plywood structure
known as Bouligand pattern.’'* Such hierarchy in
this structure makes it similar to polymer compos-
ites. The creep compliance functions fit nicely to the
creep data of the shrimp exoskeletons.

The other reasons for the changes in structure
that leads to changes in the mechanical properties
can be found in the habitat of both species. The R.
exoculata lives at high temperature and pressure at
depths of 2300 m and near high temperature deep
sea vents®®%® (~500°C). P. platyceros lives at sea
level and does not need to sustain high pressures
and temperatures. R. exoculata has a higher min-
eral content for toughness but maintains porosity in
the structural design to keep its structure flexible.
At sea level, P. platyceros needs to encounter sev-
eral animals that are above it in the food chain, so it
needs to maintain higher structural strength, thus
having higher modulus and hardness. These two
species provide a good example that exhibits chan-
ges in its microstructure to develop its exoskeleton
according to the requirements of their habitats.

CONCLUSION

A series of experiments were performed at room
temperature on the exoskeletons of R. exoculata and
P. platyceros to understand structure-dependent
mechanical strength. The structures were also
studied extensively by using the SEM and EDX
analyses. A comparison is drawn between the prop-
erties of the exoskeletons of R. exoculata and P.
platyceros based on their microstructure and chemi-
cal compositions. The differences in the reduced
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modulus and hardness for both shrimp species are
attributed to their habitat and subsequent changes
in the microstructural design, such as changes in the
individual layer thicknesses, pattern of layer thick-
nesses, and chemical composition. The results are
also fitted with viscoelastic creep compliance func-
tions, which further shows Rimicaris to have higher
creep than P. platyceros due to its lower hardness.
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