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the structure, surface morphology and mechanical properties of the snapping
© Springer Science+Business claw are unreported. We used a combination of techniques including scanning
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stand how the microstructure contributes to drag reduction. We found that
cone-shaped micropapillae, rhombic dents and short straight stripes were
hierarchically distributed on the surface of the claw. CFD simulation showed
that the micropapillae units changed the interaction between the turbulent and
the wall from sliding friction to rolling friction, resulting in tire-shaped vortices.
This also reduced the turbulent kinetic energy in the near-wall region, thereby
contributing to drag reduction. The cross section of the claw revealed four layers
comprising an epicuticle, exocuticle, endocuticle and a membranous layer. The
exocuticle is composed of chitin fibres arranged vertically in a lamellar fashion
and the endocuticle has a Bouligand-type structure. This special structure pro-
vides the snapping shrimp with good mechanical resistance during rapid clo-
sure. Both modulus and hardness decreased from the outermost epicuticle to the
innermost membranous layer. The gradient modulus and hardness may help to
suppress microcracks at the interfaces between different layers. The findings
improve our understanding of the unique mechanism of the snapping claw and
may lead to the development of novel biomimetic materials with enhanced drag
reduction, impact and crack resistance properties.
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Introduction

The snapping shrimp (Alpheus heterochaelis), com-
monly known as the pistol shrimp, has two claws, a
small pincer and an enormous snapper. The spe-
cialised snapper, which may be on either the right or
the left and can grow up to half of the shrimp’s body
length, has a protruding plunger on the dactyl (mo-
bile) and a matching socket in the propus (immobile)
side [1]. Extremely rapid closure of the snapper claw
can produce a fast, well-focused water jet in about
600-750 ps [1-3]. During the closure, the protruding
plunger is driven into the propus socket, displacing
water that escapes through a narrow anterior groove
[2]. The high-velocity water jet resulting from the
rapid closure first loses and then gains pressure,
causing a large air cavitation bubble that swells and
collapses with a loud crackling noise [1-3]. The
imploding bubble generates shock waves that can
easily stun or even kill nearby small prey and ward
off other shrimps and small crabs [2—4]. These unique
properties have attracted great interest in studying
the snapping shrimp claw [1-10].

Over past decades, many experimental studies
have investigated how the snapping shrimp claw
functions [1-5]. Prior to snapping, the dactyl of the
shrimp is first cocked at about 100° by co-contracting
both the opening and closing muscles of the snapping
claw. This generates tension until a second closer
muscle contracts, setting the dactyl off with incredi-
ble force [6]. Then, the plunger is slammed into the
socket with a high velocity of 108 km/h, resulting in
a fast water jet [7]. To gain more insight into the
biophysical characteristics of the water jet, the jets of
tethered snapping shrimp have been visualised and
analysed using standard and high-speed video
recording [2]. The water jet distances, width, veloci-
ties and their correlations with claw cock duration,
snapper claw length and volume have been well
illustrated [2]. During the rapid claw closure, a short
and intense sound as high as 190-210 dB is emitted,
which originates from the collapse of cavitation
bubbles [1]. The frequency spectrum of the snap
sound is broad, ranging from tens of hertz to > 200
kHz [8]. The snapping noise was therefore used as a
source for creating pictorial images of objects in the
ocean by ensonification [9] and was also used to
drown out submarine-detecting sonar [7]. In addition
to the snapping sound, measurements have shown
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that the collapse of cavitation bubbles generates an
intense flash of light and temperature of at least
5000 K, which is nearly as hot as the surface of the
sun (about 5770 K) at the point of collapse [5, 10]. The
resulting shockwave bombards the nearby prey and
other shrimp [11], which means that the snapping
shrimp skeleton, especially the claw, needs to be
impact resistant. A recent evolutionary analysis
based on observation of the structure and muscula-
ture of the claw joint found two new joint configu-
rations, a slip joint and a torque reversal joint, that
contribute to ultrafast movement of the snapping
claw [12].

Although previous studies have greatly improved
our understanding of the closure motion pattern,
snapping sound and shrimpoluminescence of the
snapping claw, little is known about its microstruc-
ture, mechanical properties and surface morphology
and their potential biological functions, which may
provide important information for the development
of novel biomimetic materials with superior proper-
ties such as impact and crack resistance and drag
reduction.

The objective of this study was to investigate the
microstructural, surface morphological, material and
mechanical properties of the snapping claw using
field emission scanning electron microscope
(FESEM), energy-dispersive X-ray spectroscopy
(EDS), nanoindentation and computational fluid
dynamics (CFD) simulation, and to relate these
structural and material properties to the biological
function of the claw.

Materials and methods
Preparation of snapping shrimp

Five living adult snapping shrimps were obtained
from a local seafood market in Changchun, China. The
snapping shrimps were housed in separate glass
containers with a constant circulation of fresh sea
water and were fed until the specimens were required.

Microstructure, material composition
and surface morphology measurement

The microstructure, material composition and surface
morphology of the snapping claws were charac-
terised using FESEM (XL-30, FEI Company, USA),
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which was equipped with EDS (Genesis 2000, EDAX
Company). Prior to measurement, the intact snap-
ping claws were first taken off the shrimp’s body. The
soft tissue was then carefully removed.

The snapping claws were cleaned for 30 min in an
ultrasonic cleaner (KQ-50DA, Kunshan ultrasonic
instruments CO., LTD.) and then put in a vacuum
freeze drying machine (FD-1C-50, Beijing Bo Kang
laboratory instruments Medical Co., Ltd, China) for
24 h. Separate samples were cut from the snapping
claw to observe the surface morphology and cross-
sectional microstructure. For surface morphology
measurements, the size of samples was approxi-
mately 5 mm x 5 mm x 0.5 mm (length x width x
thickness). For cross-sectional observations, samples
were obtained by immediately fracturing the snap-
ping claw before examination. All samples were
mounted on aluminium sample holders and coated
with 20 nm of gold in a sputter coater (JFC-1600,
JEOL Ltd.). Samples were measured with the sec-
ondary electron mode at 10, and 20 kV accelerating
voltage. The material composition of the samples was
also analysed by the EDS module of the FESEM.

Measurement of mechanical properties

Whereas traditional uniaxial measurement can only
provide overall mechanical property information,
nanoindentation can provide site-specific data on the
modulus and hardness of samples at the nano- or
microscale. Therefore, 10 samples were prepared for
nanoindentation measurement: 9 samples were cut
from the dorsal surface of the immobile propus and 1
sample was cut from the mobile dactyl. Seven of the
nine samples derived from the propus (labelled
samples 1-7) were obtained along the longitudinal
direction at 5-mm intervals. The other two were
obtained from region B (samples B; and B,, respec-
tively), as shown in Fig. 1. The sample cut from the
dactyl was located in region A (sample A), also
shown in Fig. 1. The seven longitudinal samples
(samples 1-7) were used to investigate the distribu-
tion of surface hardness and elastic modulus from the
tip of the propus to the end. Ten indentations were
performed at each point. Sample B; was used to
analyse the variation in hardness and modulus from
the outer layer to the innermost layer of the claw.
Samples A and B, were used to compare the local
surface modulus of the dactyl and propus, respec-
tively. Each sample was approximately 5 mm x 5
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Figure 1 Location of samples used for mechanical property
measurements with nanoindentation. Region A is the mobile
dactyl whereas the other samples (1-7 and B; and B,) are from the
immobile propus.

mm x 0.5 mm (length x width x thickness). Prior
to the nanoindentation measurement, sample B; was
mounted in epoxy with the cross-sectional area
exposed and then finely polished (MP-2, Shanghai
Aidu Energy Technology Co., Ltd) [13]. All samples
were cleaned for 30 min in an ultrasonic cleaner (KQ-
50DA, Kunshan ultrasonic instruments Co. Ltd.) and
dried at room temperature. A Keysight Nanoindenter
(G200, Chandler, AZ, USA) was used for the
nanoindentation measurements. A three-sided dia-
mond pyramidal Berkovich tip was used for all
experiments. The indentation data were analysed by
the Oliver and Pharr method [14, 15].

Computational fluid dynamics simulation

CFD models were built to understand how the sur-
face morphology of the claw revealed by SEM con-
tributes to drag reduction. The observed morphology
is described in detail in Results in “Surface mor-
phology” section. However, to describe the CFD
approach clearly, it is noteworthy that cone-shaped
micropapillae were observed on the surface of the
dactyl and propus (see Fig. 3). The purpose of the
CFD simulation was to investigate the effect of these
micropapillae on water drag. To save computational
costs, two 2D models, a micropapillae model and a
smooth model, were constructed, as shown in Fig. 2a.
The computational domains, A and B, are shown in
Fig. 2a. The micropapillae model and smooth model
were placed in domain B in the CFD simulations. The
Integrated Computer Engineering and Manufactur-
ing code for Computational Fluid Dynamics (version



J Mater Sci (2018) 53:10666—10678

16.0) was then used to generate mixed meshes of
triangles and quadrangles for the computational
domains. To capture more details of the fluid motion
around the model, the meshes in the near-wall region
of the two models were refined, as shown in Fig. 2b.
Finally, 61,227 and 72,815 meshes were determined
for domain B of the micropapillae model and smooth
model, respectively (Fig. 2b). The Fluent software
package (version 16.0) was used for the CFD simu-
lation. In the simulation, the re-normalisation group
k-¢ turbulent model and pressure-based solver were
selected [15]. The model constants were all derived
from previous studies [16-18]. Combined with the
momentum equation and energy equation, Navier—
Stokes equations can be solved [19]. The selected
solvers and predefined parameters in the simulation
are listed in Table 1.

Results
Surface morphology

Observations of the surface morphology characteris-
tics of the dactyl and propus of the snapping claw
were conducted using FESEM. Alongside the setae,
which were mainly at the tip of the propus and dactyl
(as shown in Fig. 3a—c), densely distributed cone-
shaped micropapillae were found on the dorsal sur-
face of snapping claw with a tilt angle of 30° & 5°, as
shown in Fig. 3. The basal diameter at the bottom and
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Table 1 The parameters used in the CFD simulations

Parameters Predefined value

Pressure-based
RNG k-¢ model

Solver
Turbulent model

Inlet Velocity inlet (30 ms™")
Outlet Outflow
Pressure—velocity coupling PISO

Transient formulation Bounded second-order implicit
Second-order upwind
0.0001 s

2000

Other term spatial discretisation
Time step size
Number of time steps

the height of the papilla were approximately 68-103
and 33 pm, respectively. Alongside the cone-shaped
micropapillae, rhombic dents and short straight
stripes were present on the surface of the claw at a
different length scale, as shown in Fig. 3d, e. The
acute angle and the side length of the rhombic dents
were approximately 30° and 6-9 um, respectively.
The length and interval of the straight stripes were
approximately 2.7-6.5 and 1-2 um, respectively.

Characterisation of structure

As shown in Fig. 4, from the exterior to the interior,
the exoskeleton of the snapping claw consists of four
distinct layers. The outermost layer is the epicuticle,
which is about 2 pm thick and covered by a thin
waxy layer. Following the epicuticle, the middle

Figure 2 Schematic of
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a computational domains of
CFD models and
b computational meshes. Infet A e
_—> Domain B
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Figure 3 SEM images of the surface morphology of a snapping
claw at different magnifications. a Cone-shaped micropapillae are
densely distributed on the dorsal surface of claw. Scale bar
represents 100 um; b, ¢ magnified view of the micropapillae.

second layer (with a thickness of about 75-130 pm) is
the exocuticle, which comprises a distal smooth layer
(Fig. 4a, b). The exocuticle mainly consists of chitin
fibres arranged vertically in a lamellar fashion (as
shown in Fig. 4c, d). The length of each lamella fibre
is about 14 pm, and the spacing between two fibre
lamellas is about 0.6-1 um. Just below the exocuticle
layer lies a 70-120-pm-thick endocuticle, which con-
sists of bundles of chitin fibres. The diameter of each
bundle is about 300-900 nm. The fibres are arranged
parallel to each other and form horizontal planes.
These planes are stacked in a helicoid fashion,
forming a twisted plywood or Bouligand structure
(Fig. 4e, f). The fourth layer is the innermost mem-
branous layer with a thickness ranging from 10 to
25 pm. As shown in Fig. 4g, h, the innermost mem-
branous layer consists of many densely stacked sub-
layers, each approximately 450 nm thick.
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(c)
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Scale bar represents 50 pm; d rhombic dents and short straight
stripes on the surface of claw at a different length scales. Scale bar
represents 1 pum; e, f different views of rhombic dents and short
straight stripes. Scale bar represents 1 pm.

Material composition

EDS measurements were conducted to analyse the
material composition of the snapping claw cuticle.
Figure 5 shows the EDS spectra of surface samples
derived from the dactyl and propus, respectively.
Strong signals for calcium, oxygen and carbon were
detected, indicating that these three elements are the
main components of the surface of the cuticle in both
the dactyl and propus, while sulphur, magnesium
and phosphorus are present in minor amounts. The
weight percentage of calcium in the dactyl was
higher than that in the propus, which indicates that
the surface of the former is more highly calcified than
the latter. Figure 6 shows the qualitative EDS analysis
of a cross-sectional sample derived from a propus. As
shown in Fig. 6, calcium, oxygen and carbon are the
main components of each layer, with smaller
amounts of sulphur, magnesium and phosphorus,
which is similar to the element distributions in the
surface samples in Fig. 5. The weight percentage of



Figure 4 Cross-sectional SEM image showing the microstructure
of the snapping claw (dactyl and propus). On the left (A) is a thin
epicuticle (ep) and an exocuticle layer (ex) that comprise a distal
smooth layer (sl), an endocuticle (en) and a membranous layer
(ml), and the scale bar is 1 pum; a shows the distal smooth layer of
the exocuticle (sl) with the scale bar of 1 um, and b shows the
distal smooth layer at larger magnifications; ¢ and d are the SEM
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graphs of the exocuticle, except for the distal smooth layer, at
different magnifications. The endocuticle layer consists of bundles
of chitin fibres, which can be seen in (e) and (f), where the scale
baris 1 pm; g and h show the innermost membranous layer, which
consists of many densely stacked sub-layers, and the scale bar is
1 pm.
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Figure 5 EDS spectra of surface samples of cuticle derived from a the dactyl and b the propus.
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Figure 6 Qualitative EDS analysis of the cross section of samples derived from the propus. EDS spectra of four different layers.

carbon increases from the outermost epicuticle to the
innermost membranous layer, whereas that of cal-
cium decreases, especially in the innermost mem-
branous layer. These results reveal a gradient in the
calcium and carbon contents between these four dif-
ferent layers and suggest that the outermost epicuti-
cle layer is mainly impregnated with calcium salts,
while the innermost membranous layer is less calci-
fied. There was no difference in the weight percent-
ages of oxygen, sulphur, magnesium and phosphorus
among the layers.

Mechanical properties

The local surface hardness and modulus of sample A
(derived from the dactyl) and sample B, (derived
from the propus) were obtained and compared. As
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shown in Fig. 7a, the average local surface hardness
of the dactyl and propus was 1.26 £ 0.81 and
0.41 & 0.47 GPa, respectively. Figure 7b shows that
the average modulus value of the dactyl was
15.74 + 6.13 GPa, while that of the propus was
5.86 & 4.84 GPa. The modulus and hardness of the
dactyl surface were almost three times those of the
propus. Hence, the dorsal surface of the dactyl is
stronger and more able to resist external loads. This
design (higher hardness and wear resistance on the
surface) is widely found in nature [17]. Figure 8
shows the surface hardness and modulus of seven
samples cut from the propus (as shown in Fig. 1)
along the longitudinal direction. It can be seen that
from the tip of the propus to the end, the hardness
and modulus (in the locations of sample 1 and sam-
ple 6) are relatively low. The hardness peaks in the
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Figure 8 Averages and standard deviations of the surface hardness (a) and modulus (b) of the propus along the longitudinal direction.

middle region (in the locations of samples 2, 3 and 4)
and then decreases at the end. The largest average
modulus value, 18 GPa, was found in the location of
sample 2, and the modulus in the locations of sam-
ples 3, 4, 5 and 7 was around 8 GPa.

The cross section was investigated in addition to
the nanoindentation measurement on the dorsal
surface of the snapping claw. Due to the low thick-
ness of the epicuticle and the membranous layer, only
a limited number of indents could be performed in
these regions. The mechanical properties including

the hardness and modulus were measured through-
out the four layers (epicutile, exocuticle, endocuticle
and membranous layer) and compared, as shown in
Fig. 9. The epicuticle was observed to be the hardest
part of the skeleton with a modulus of
19.73 + 6.59 GPa and hardness of 0.79 &+ 0.36 GPa.
The modulus was 14.22 £+ 0.57, 9.22 + 2.04 and
4.16 + 2.36 GPa for the exocuticle, endocuticle and
membranous layer, respectively. The hardness was
0.42 £+ 0.04, 0.33 & 0.05 and 0.21 &+ 0.17 GPa for the
exocuticle, endocuticle and membranous layer,

@ Springer



20 -

Modulus(GPa)
o
T
-
—a—

Py
o

T
-

0 R 1 . 1 A 1 \ 1 N
0 50 100 150 200 250

Distance from surface (um)
(a)

Figure 9 Averages and standard deviations of the hardness
(a) and modulus (b) with respect to the distance from the surface.
a Microindentation hardness showing a discontinuity through the
thickness of the shrimp claws. The SEM micrograph on the top

respectively. The measurement results showed that
both the modulus and hardness along the cross sec-
tion decrease progressively from the outermost layer
to the innermost layer.

Computational fluid dynamics simulation

The simulation results of the micropapillae model
and the smooth model are shown in Fig. 10. The near-
wall velocity distribution of water was calculated in
the simulation. The near-wall velocity of the turbu-
lent in the micropapillae model was obviously lower
than that in the smooth model, as shown in Fig. 10a,
b. It was also found that tire-shaped vortices were
formed around the surface of the micropapillae
model. Compared with the smooth model, the vor-
tices appeared to drastically alter the turbulent near
the wall, from sliding friction (seen in the smooth
model) to rolling friction, thereby decreasing the wall
frictional drag (Fig. 10b). Turbulent kinetic energy,
defined as the mean kinetic energy per unit mass
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indicates the locations where the indentations were taken; b the
changes in the modulus with respect to the distance from the
surface.

associated with eddies in a turbulent flow, was also
calculated. The turbulent kinetic energy distributions
generated by the micropapillae model and the
smooth model are shown in Fig. 10c. The turbulent
kinetic energy on the top surface was higher for the
micropapillae model than that of the smooth model.
However, the turbulent kinetic energy in the near-
wall region of the micropapillae unit was lower than
that of the smooth model, which suggests that the
micropapillae units contribute to drag reduction.

Discussion

Previous investigations have mainly focused on the
rapid closure motion pattern, snapping sound and
shrimpoluminescence of snapping shrimp. The
snapping shrimp preys by rapidly closing its snap-
ping claw to generate a fast water jet, creating
shockwaves that bombard the nearby prey and other
shrimp. Therefore, the snapping shrimp claw
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Figure 10 CFD simulation results generated by the micropapillae

model and smooth model. a The velocity and dimensionless
distance diagram of two different models; b simulation results of

requires impact resistance and drag reduction
properties.

In this study, experimental measurements of the
microstructure, surface morphology, material com-
position and mechanical properties of the snapping
shrimp claw were conducted. The surface of the
dactyl and propus was found to consist of cone-
shaped micropapillae, rhombic dents and short
straight stripes with a hierarchical structure across
different scales. This specific morphology has
received relatively little attention in previous inves-
tigations of crustaceans’ claws, yet it determines the
boundaries and interactions between the snapping
claw surface and the water. The surface morphology
may contribute to the rapid closure of the snapping
claw in a manner similar to the skins of sharks and
dolphins, which facilitate fast swimming by reducing
drag. Previous experimental and modelling investi-
gations have shown that a shark’s high swimming
velocity arises not only from its body, which is per-
fectly streamlined for minimising resistance, but also
from the rough microstructure or the interlocked 3D
dermal denticles on the surface of its skin [20-22]. It
has already been demonstrated that these features of
shark skin effectively lift vortices and decrease
transverse shear stress and drag [23-27]. In contrast
to the shark, the dolphin’s skin surface is very smooth
but is embedded with sinusoidal grooves [28]. It has
been shown that the compliant dolphin skin can

the near-wall velocity distribution of water for the micropapillae
model and smooth model; ¢ turbulent kinetic energy distributions
produced by the micropapillae model and smooth model.

respond to water flow during swimming, and a non-
smooth morphology resulting from the embedded
grooves appears on the surface to reduce drag
[29-32]. Therefore, to verify the possible drag
reduction function of the cone-shaped micropapillae
morphology distributed on the surface of the dactyl
and propus, CFD simulations of the micropapillae
model and the smooth model were conducted in the
current study. The CFD results suggested that the
cone-shaped micropapillae units play a role in the
rapid closure motion of the snapping claw by
reducing drag under water. Due to the smaller scales
of the rhombic dents and short straight stripes com-
pared with the cone-shaped micropapillae, only the
surface model with micropapillae units was anal-
ysed. Future work will investigate the effects of the
whole hierarchical morphology on claw motion.

The microstructures of the cross section of the
snapping claw were obtained in the study. The
lamellar fibre-stacked exocuticle and Bouligand-
structured endocuticle are the main structural parts
of the snapping claw. The exocuticle (except the
distal smooth layer) consists of chitin fibres arranged
vertically in a lamellar fashion. To the best of our
knowledge, this structure has not been reported in
the exocuticle layer of other crustacean exoskeletons.
The Bouligand-type structure has been found in other
biological materials such as the skeletons of crus-
taceans and beetles, collagen networks of compact
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bone and cellulose fibres in plant cell walls
[17, 33-35]. Extensive studies have highlighted that
this helicoidal structure plays an important role in
supporting the animal’s body weight, enhancing
ductility and toughness and resisting predator
attacks and environmental damage [33, 36-38].
Therefore, these lightweight and special structures in
the exocuticle and endocuticle could provide the
snapping shrimp claw with enhanced mechanical or
even heat-impact resistance that protects it during the
claw’s rapid closure and collapse of the cavitation
bubbles.

Nanoindentation measurements of the different
layers in the cross section of the snapping claw
showed that both the modulus and hardness
decrease progressively from the distal smooth layer
of the exocuticle to the innermost membranous layer.
This pattern is similar to that of the sheep crab claw
[39]. However, the calcium content of the exocuticle is
lower than that of the endocuticle (Fig. 6). Both layers
are composed of stacked chitin—protein fibres. The
modulus and hardness gradients of the exocuticle
and endocuticle layers may arise from the gradations
in different fibre orientations and the stack density
[40]. The exocuticle has a lamellar structure and is
stacked more densely than the endocuticle layer, as
shown in Fig. 4. The discontinuity in the modulus
and hardness across different layers has also been
found in the crab claw [17] and American lobster [41].
This gradient modulus can effectively suppress
microcracks at the interfaces when subjected to
external loads [42].

A recent work reported that the ratio between the
indentation hardness (H;y) and modulus (E;) of bio-
logical material is a key parameter that serves as a
proxy for the ratio between irreversible and rever-
sible deformation in the contact zone during inden-
tation and the material’s yield strength [43] and
hence facilitates the quantitative comparison and
evaluation of structural biological materials. In this
work [43], the elastic index (Ig) was determined as

Ig = Hy/E (1)

and the yield strength (oy) of the material was
obtained by the following equations,

oy =Hi/y (2)

2A: 1
r= tan(f3) fe atanh[2/ tan(f)Ig] (3)
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where A; is a constant depending on the indenter
geometry and the yield criterion (for a Berkovich tip
and the von Mises yield criterion, A; ~ 2.75;
B =19.7° [43, 44]). Based on the indentation hardness
and modulus data, we calculated the elastic index Ig
and yield strength oy of the surface of the dactyl and
propus, and different layers of the cross section of the
claw, respectively. From the distal smooth layer of
the exocuticle to the innermost membranous layer,
the elastic index Ig was 0.04, 0.03, 0.037 and 0.05,
respectively, and for the surface of the dactyl and
propus it was 0.08 and 0.07, respectively. All of the
obtained Iy values were within the range of 0.01-0.1,
which has previously been determined for biological
material [43]. The calculated yield strength of the
surface of the dactyl and propus and the four layers
from the epicuticle to the membranous was 492, 157
and 292 MPa (epicuticle layer), 151 MPa (exocuticle
layer), 129 MPa (endocuticle layer) and 78 MPa
(membranous layer), respectively. This implies that
the material of the snapping claw becomes much
stronger towards the outer surface, thus helping the
snapping claw to resist external damage. Therefore, it
can be concluded that by combining a few compo-
nents with differing properties and structuring them
in several hierarchical levels, the snapping shrimp
has managed to build its snapping claw with mate-
rials that are tailored to fulfil specific biological
functions. The findings are important for materials
scientists and engineers to better understand the
material design of the snapping claw and thus
develop novel biomimetic materials with enhanced
properties, such as drag reduction and impact and
crack resistance.

Conclusions

This study conducted an experimental observation of
surface morphology, structure and mechanical
properties of the snapping shrimp claw. Cone-shaped
micropapillae, rhombic dents and short straight
stripes were hierarchically distributed on the surface
of the snapping claw. The cone-shaped micropapillae
units change the interaction between the turbulent
around the wall from sliding friction to rolling fric-
tion, resulting in tire-shaped vortices. This reduces
the turbulent kinetic energy in the near-wall region,
thereby contributing to drag reduction. Four layers,
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an epictucle, exocuticle, endocuticle and membra-
nous layer, were observed in the cross section of the
snapping claw. The exocuticle is composed of chitin
fibres arranged vertically in a lamellar fashion and
the endocuticle has a Bouligand-type structure. This
lightweight and unique structure helps the snapping
shrimp to mechanically protect the claw during rapid
closure. Both the modulus and hardness decrease
progressively from the outermost epicuticle to the
innermost membranous layer. These modulus and
hardness gradients may play key roles in suppressing
microcracks at the interfaces between different layers
when subjected to external loads.
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