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a b s t r a c t

Turtle shells comprising of cortical and trabecular bones exhibit intriguing mechanical properties. In this
work, compression tests were performed using specimens made from the carapace of Kinixys erosa turtle.
A combination of imaging techniques and mechanical testing were employed to examine the responses of
hierarchical microstructures of turtle shell under compression. Finite element models produced from
microCT-scanned microstructures and analytical foam structure models were then used to elucidate local
responses of trabecular bones deformed under compression. The results reveal the contributions from
micro-strut bending and stress concentrations to the fractural mechanisms of trabecular bone structures.
The porous structures of turtle shells could be an excellent prototype for the bioinspired design of
deformation-resistant structures.

Statement of Significance

In this study, a combination of analytical, computational models and experiments is used to study the
underlying mechanisms that contribute to the compressive deformation of a Kinixys erosa turtle shell
between the nano-, micro- and macro-scales. The proposed work shows that the turtle shell structures
can be analyzed as sandwich structures that have the capacity to concentrate deformation and stresses
within the trabecular bones, which enables significant energy absorption during compressive deforma-
tion. Then, the trends in the deformation characteristics and the strengths of the trabecular bone seg-
ments are well predicted by the four-strut model, which captures the effects of variations in strut
length, thickness and orientation that are related to microstructural uncertainties of the turtle shells.
The above results also suggest that the model may be used to guide the bioinspired design of sandwich
porous structures that mimic the properties of the cortical and trabecular bone segments of turtle shells
under a range of loading conditions.

1. Introduction

Turtle shells are natural materials with excellent mechanical
properties that shield turtles from predators over thousands of
years [1]. They also regulate the temperature, and serve as a reser-
voir of fats and water [1–5]. Recent work has suggested that the
turtle shell might have evolved as an adaption to life underground
[4]. In any case, the attractive combinations of different functions
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have stimulated recent studies of the mechanical performance of
structures [6–9] or components of turtle shells [5,10–13].

The turtle shell comprises a bi-layered skin that consists of ker-
atin and collagen [10], a sandwiched bone structure including
external cortical bones and an internal trabecular bone structure
[1,11]. Shelef and Bar-On [10] have used nanoindentation tech-
niques to measure the graded elastic moduli of the red ear turtle
skin (Trachemys elegans) [2,14]. Finite element results show that
the bi-layered skin structure protects the inner bones from local-
ized impact by reducing the stress concentrations via structural
gradients and extensive near surface plasticity. Chen et al. [15]
have used Atomic Force Microscopy (AFM) experiments to charac-
terize the elastic moduli and morphologies of the epidermal skin of
red ear turtle shell. They reported that the excellent mechanical
properties of the skin are due to ordered hierarchical composites
formed by nanoplatelets comprising calcium phosphate and cal-
cium sulfate polycrystals dispersed in the keratin. Balani et al.
[16] have used similar laminate models to study the fractural prop-
erties of a dry turtle shell (Chelydra serpentina), which includes
both the epidermal skin and sandwiched bone structures. The
studies have identified lamellae pullout and carbonaceous fiber
bridging as the primary toughening mechanisms. The elastic mod-
uli and hardnesses of the epidermal skin or bone layers were found
to vary between different turtles [1].

Magwene and Socha have studied [17] the mechanical proper-
ties of carapaces, isolated bones and sutures of four types of turtles,
i.e., Trachemys scripta, Malaclemys terrapin, Chrysemys picta, and
Terrapene Carolina. The entire carapaces were loaded under com-
pression using surface and point loads, whereas the bones and
sutures were loaded under three-point bending. In the case of
the carapaces, small grooves were introduced into the bone by
the sulci (margins of the epidermal scutes), resulting in weakness
points within the shell. However, although the sutures were
weaker than bones on the flexural strength, they absorbed similar
amounts of energy due to the higher failure strains. Achrai and
Wagner [11] have measured the elastic moduli and hardnesses of
the skin, and the carapace bones of red ear turtles. They reported
that the epidermal skin served as the initial shock absorbing layer
during impact, while the sandwiched bone structure worked
together to further resist impact [18]. Further studies [19,20] have
also been carried out to investigate the static and cyclic bending
behavior of turtle shells at different locations and orientations.
Under static bending, sutures were weaker, but tougher than ribs.
Under cyclic bending, sutures were less durable than ribs. The
respective alternation of soft and hard rib-and-suture structures
resulted in the fatigue resistance of carapace were better than that
of individual ribs or sutures.

Damiens et al. [21] and Rhee et al. [5] have studied the com-
pressive behavior of the box turtle shell (Terrapene Carolina). The
resulting stress-strain curves exhibited three distinctive stages:
(i) a linear elastic regime, (ii) a perfectively inelastic regime, and
(iii) a densification regime in which micro-buckling and com-
paction occurred in the trabecular bone structures [22–24]. Jong-
pairojcosi and Jearanaisilawong [25] have studied the mechanical
properties of the sulcate tortoise (Centrochelys sulcata) carapace
under quasi-static compression or bending loads. Their work
showed that porosity and structural compositions are essential to
the deformation characteristics and strengths of the sandwiched
layered structures. Zhang et al. [26] have investigated the deforma-
tion under tension, bending and impact wear behavior of a fresh
water turtle shell at different hydration levels. As the hydration
period increased, the absorbed energy during impact increased.
As the number of impact cycles increased, the damage size
increased. They concluded that the water molecules inside the por-
ous structures acted as a buffer to reduce the influence from the
impact loads.

Despite prior efforts, there is still a need of using multi-scale
experiments and models to provide integrated insights into the
deformation and fracture of turtle shell structures between the
nano-, micro- and macro-scales. The objective of this study is to
study the underlying mechanisms that contribute to the compres-
sive deformation of a Kinixys erosa turtle shell using a combination
of analytical/computational models and experiments at different
physical scales. First, we performed X-ray diffraction (XRD), scan-
ning electron microscopy (SEM) and nanoindentation experiments
to study the structural and mechanical properties of the bone
layers in the Kinixys erosa turtle shell. A combination of
micro-computed tomography (microCT) observations and scan-
ning electron microscopy was then used to study the turtle shell
structures consisting of layers with cortical and trabecular bone
structures. The insights from the observation and the multi-scale
measurements of strut, foam and sandwich properties were used
to guide the analytical and finite element models for the prediction
of deformation, stress distributions and failure in Kinixys erosa tur-
tle shells. The implications of the results are then discussed for the
bioinspired design of cellular materials.

2. Materials and methods

2.1. Sample preparations

A Kinixys erosa tortoise shell was obtained from Department of
Botany and Zoology at the University of Ibadan, Ibadan, Nigeria.
The carapace was cleaned from soft tissues before specimens were
prepared for compression tests. Specimens with dimensions of
7 mm ! 9 mm ! 8 mmwere cut from different locations of the tur-
tle shell, including the external cortical bone, a foam-like trabecu-
lar bone, and an internal cortical bone. Specimens with trabecular
sections between 0.63, 0.83, 1.32 and 2.00 mm were prepared for
the compression tests.

2.2. Nanoindentation

A Hysitron TriboIndenter! (Hysitron, Minneapolis, MN, USA)
was used to measure the elastic moduli of cortical and trabecular
bones through nanoindentations [27,28], in which specimens with
the same thickness were used. A Berkovich diamond tip, i.e., a
three-sided pyramid with the angle of 142.3" and the radius of
"150 nm, was used to indent the bone specimens. The standard
diamond tip has an elastic modulus of 1140 GPa and a Poisson’s
ratio of 0.07. The tip was calibrated using a standard fused quartz
sample for required depths. Indentation tests were performed at a
loading rate of 200 mN per second up to a maximum load of
5000 mN, and the indented depth was "850 nm. The Oliver-Pharr
method was used in the software to calculate the elastic moduli
from the unloading curves.

2.3. X-ray diffraction

X-ray diffraction analysis was also performed for turtle bones
using an Empyrean multipurpose diffractometer (PANanalytical,
Royston, UK). Turtle bone powders were pulverized using mortar
and pestle. Powder diffraction patterns were collected at 45 kV
and 40 mA using a copper anode material. Scans were carried out
with the 2h angle ranging from 10" to 110" at 0.0167" per second.

2.4. Scanning electron microscopy

The surfaces of the turtle shell specimens before compression
were examined using a FEI Quanta 200 Environmental Scanning
Electronic Microscope (FEI, Hillsboro, OR, USA). The SEM images
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were obtained at operating voltages �15 to 20 kV, and at pressures
between 8.3 and 9.8 Torr. Energy Dispersive Spectroscopy (EDS)
analyses were then used to characterize the distributions of ele-
ments within the turtle shell specimens.

2.5. X-ray microtomography

X-ray microtomography (microCT) was used to examine the
microstructure of the turtle bones before and after failure. The
microCT scans were performed using a Skycan 1173 X-ray micro-
tomographer (Microphotonics, Allentown, PA, USA) that was oper-
ated at a voltage of 45 kV and a current of 160 mA without any
filters. Each scan was performed with a resolution of �6.0 mm for
13.5 h. Microstructural images obtained from the microCT scans
were digitized for subsequent use in the finite element models.

2.6. Compression tests

The deformation characteristics and mechanical properties of
the turtle shell specimens were studied under monotonic loading
[28,29] using a TIRA test-2810 Universal testing machine (TIRA
GmbH, Schalkau, Germany). Three replicas were tested for speci-
mens with similar lengths of trabecular sections. The specimens
were placed between two smooth and flattened plates by aligning
the load direction perpendicular to the laminates of sandwiched
bones. Quasi-static compression tests were conducted at the dis-
placement rate of 0.1 mm per minute, until the densification stage
was reached.

3. Modeling

3.1. Finite element modeling

Mathematical modeling was carried out using the ABAQUSTM

software package (Dassault Systems, Pawtucket, RI, USA). Models
of the porous cortical and trabecular bone structures were created
using digitized images of microCT scans (Fig. 4a). The CT images
were first processed by SolidWorks software (Dassault Systems,
MA, USA) to generate geometrical models, which were then con-
verted into finite element meshes for ABAQUSTM software. Each
finite element model was meshed using �400,000 four-node linear
tetrahedral elements (C3D4). The elastic moduli measured in the
nanoindentation tests were assigned to the cortical and trabecular
bones, respectively. The Poisson’s ratio of 0.3 was assigned to both
cortical and trabecular bones of the turtle shell. For boundary con-
ditions, the bottom surface was fixed, whereas the top surface was
applied with the compression. In the static module of ABAQUSTM,
the direct solver based on the full Newton technique was used with
a maximum of 100 increments.

3.2. Four-strut foam model

A four-strut model [22,30,31] has been proposed to simulate
the compressive deformation of foam structures. In this four-
strut unit (Fig. 5a–d), strut 1 (AB) stands on node B, which is con-
nected by three struts 2 (BC), 3 (BD) and 4 (BE) in the base. Each
strut is characterized by three parameters, i.e., the length, li, cross
section area, Ai, and the orientation of each strut ai, which is
defined by the angle between each strut and z-axis, while the
angles between each of the two struts in the base is bi. It is
assumed that the length of strut 1 is l1, while the three struts in
the base have the same length l2. Strut 1 is, therefore oriented at
an angle of a1, to the z-axis. The three struts in the base have the
same angles with respect to z-axis, i.e., a2 = a3 = a4 = a. The angles
between each two struts in the base are the same, i.e., b1 = b2 = b3.

The edge length of each square cross section is the same, i.e., t. Each
strut (2, 3, 4) in the base sustains one third of the compression of
strut 1. The effective compressive stiffness of the structure unit,
Ef, is obtained from [22]:

Ef ¼ 27
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where f is the fraction constant, rYS is the yield strength of the solid,
and a1 is the angle between strut 1 and the z-axis [22]. The actual
spectrum of collapse strengths is defined by the critical strengths
obtained from by Eqs. (2) and (3) for the plastic bending of struts
2, 3, 4 in the base, or calculated from Eq. (1) for the plastic bending
of strut 1.

3.3. Gibson-Ashby model

Gibson and Ashby [32,33] have used the cubic models to esti-
mate the stiffnesses and strengths of three-dimensional cellular
foams. In open-cell foams, the cell edges deform primarily by
bending. The Young’s moduli, Ef, of the foams are given by [32]:

Ef ¼ C1q2Es ð5Þ
where C1 is a constant (C1 � 1), q is the density and ES is the Young’s
modulus of the dense solid.

In the case of elastic-plastic materials, the plateau stresses of
the foams occur when the cells begin to collapse plastically. For
open-cell foams, the plastic collapse strength, rf , is given by
[32,33]:

rf ¼ C2q
3
2rYS ð6Þ

where C2 is a constant that is related to the cell geometry (C2 � 0.3).

4. Results and discussion

4.1. The turtle structure

A Kinixys erosa tortoise shell was shown in Fig. 1a and b. The
microstructures of the turtle shell structures were revealed by
the microCT scans in Fig. 1c–f, in which images are presented for
undeformed cortical and trabecular structures (Fig. 1c and e) and
deformed trabecular structures (Fig. 1d and f). The microCT analy-
sis disclosed that the porosities of the external and internal cortical
bones were �3.2% and �3.1%, respectively. The porosity of the



trabecular bones was !55.7%. The images reveal porous structures
with large intertrabecular space in trabecular bones, and small
micro-scale pores in cortical bones. Before compression, the porous
structures in trabecular bones smoothly connected the top and
bottom cortical bones. Fibrous struts extended both vertically
and horizontally to generate a foam-like structure with substantial
amount of pores in between. A detailed view (Fig. 1e) of the micro-
struts (labelled by arrow 1 in Fig. 1c) shows that the tiny columns
are aligned to resist compression. Four-strut units were also found
within the porous network (Fig. 1c). These correspond to the unit
cells that were used to model the deformation of the trabecular
bone structures (Fig. 5). Furthermore, some rough surface regimes
(labelled by arrow 2 in Fig. 1c) were also observed in trabecular
bone.

Typical SEM images of the undeformed struts in the porous
structures are presented in Fig. 1g–i. Away from the top surface,
the solid cortical bones gradually transformed into porous trabec-
ular bones with isolated or interconnected holes (Fig. 1g and h). A
detail view showed that the rough inner surface of a trabecular
hole was covered by angular and packed particles (Fig. 1i). After
compression, the micro-struts in the trabecular bone segments
were no longer stretched vertically as they were before. Instead,
collapsed trabecular micro-struts were observed to form pores
around the fracture surfaces (Fig. 1d). Furthermore, small and dis-
tributed pores remained open in the cortical bones (Fig. 1d). Hence,
the microCT characterization revealed that the final failure of the

sandwich bone structures was associated with the collapse of
micro-struts inside trabecular bones in the turtle shell structure.

4.2. Material characterization

The X-ray diffraction analysis revealed phases in the carapace
bone (Fig. 2a). The carapace bone exhibited a widened peak for
2h between 31! and 33!, resulting from the superposition of the
highest (2 1 1) peak of hydroxyapatite (HA) at 31.61!, the second
highest (3 0 0) peak at 32.72! and another prominent (1 1 2) peak
at 32.22! [34–36]. Lower intensity peaks of HA were also detected
based on the small humps between 46! and 54! [36]. These results
confirmed the presence of hydroxyapatite in the carapace, which is
a major component of bone. Semi-quantitative Energy Dispersive
Spectroscopic maps of the structural compositions (Fig. 2b–e) also
revealed that the surfaces contained calcium, phosphorous, carbon,
and oxygen. These are mostly elements that are found in the bone
of the turtle carapace.

4.3. Compressive deformation and failure

The Young’s moduli measured corresponding to the actual
unloading segment of the load-deflection curves [34] were
13.9 ± 0.9 GPa for the external cortical bone, 12.1 ± 1.0 GPa for
the internal cortical bone, and 4.0 ± 2.1 GPa for the trabecular bone.
These are consistent with prior reports in the literature [1]. Hence,

Fig. 1. Photographs of the Kinixys erosa tortoise shell (a) Top view. (b) Bottom view. MicroCT images of the sandwiched cortical-trabecular bone structure in the turtle shell
(c) Before compression. (d) After compression. (e) Detailed view of the micro-struts around regions pointed by arrow 1. (f) Detailed view of the collapsed micro-struts in
trabecular bones pointed by arrow 2. SEM images of the turtle shell regions pointed by the empty arrow (g) Overview of the cross-section exhibits the transition from cortical
bones to trabecular bones. (h) and (i) Detailed views of a hole in the trabecular bone.
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the trabecular bone components are more compliant than the cor-
tical bone segments.

Typical compressive stress-strain curves of the specimen under
monotonic loading are presented in Fig. 3a and b. The curves were
from specimens with trabecular bones thickness between 0.63 and
2.00 mm. The specimens containing the thicker trabeculae exhib-
ited a three-stage deformation behavior that included a linear elas-
tic regime, a plateau regime in which the stress remounted almost
constant, and a final densification regime in which the stress
increased monotonically as the porous structure was crushed
[32,33]. In the case of the foams with 0.63 mm thick struts, the
slope of the stress-strain curves was not flat in the intermediate
regime probably due to the small trabecular bone section (Fig. 3a).

In all cases, the deformation in regime 1 was associated with
the elastic bending of the struts in the trabecular structures
(Fig. 3b). This was followed by regime 2 in which plastic hinges
were formed along localized slip bands that propagated along the
specimen. Finally, deformation in regime 3 occurred by the plastic
collapse and densification of the porous trabecular structure.

Fig. 3d shows that the toughness of turtle specimens varies at differ-
ent thickness of the trabecular structure. ANOVA analyses with 95%
confidence have been performed to compare the elastic moduli, plas-
tic collapse strengths and toughnesses for specimens with different
trabecular bone sections. Results showed that there were clear dif-
ferences of elastic moduli and toughness between these groups,
whereas the collapse strengths were similar among these groups.

4.4. Stress contours

The finite element models of the porous structures (Fig. 4a–d)
provided insights into the stress distributions within the turtle
shell bone structures. The stress distributions in the top and bot-
tom cortical bones were relatively uniform compare to those in
the trabecular bones. Furthermore, at the joints between the corti-
cal bones and the trabecular bones (labelled by arrow 1 in Fig. 4b),
the stresses increased gradually from lower to higher levels, with
clear gradients (Fig. 4c). In contrast, the stress distributions in
the trabecular bones varied significantly within the different struts,

Fig. 2. (a) XRD results of the turtle bone. Element distributions of the turtle shell (b) Ca. (c) P. (d) C. (e) O.



Fig. 3. (a) Compressive stress-strain curves of sandwiched bone specimens with different thicknesses of trabecular bones. The solid lines represent the average, whereas the
shaded spectrums represent the standard deviations. (b) The linear regime enclosed in the dash box was magnified. Limits predicted from the finite element models were
compared with the elastic stages of stress-strain curves during monotonic compression tests. (c) Comparison between predicted elastic moduli and the experimental
measurements of trabecular bones at different thicknesses. (d) Toughness of trabecular bones at different thicknesses.

Fig. 4. (a) A microCT image shows the external (top) cortical bone (3.2% porosity), the middle trabecular bone (55.7% porosity) and the internal (bottom) cortical bone (3.1%
porosity) in the turtle shell. (b) Overview of von Mises stress distributions within the sandwiched cortical-trabecular bone predicted by the microCT-based finite element
models. (c) Detailed view of the stress gradients from the cortical bone to trabecular bone. (d) Stress concentrations around the trabecular micro-struts.
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Fig. 3. (a) Compressive stress-strain curves of sandwiched bone specimens with different thicknesses of trabecular bones. The solid lines represent the average, whereas the
shaded spectrums represent the standard deviations. (b) The linear regime enclosed in the dash box was magnified. Limits predicted from the finite element models were
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Fig. 4. (a) A microCT image shows the external (top) cortical bone (3.2% porosity), the middle trabecular bone (55.7% porosity) and the internal (bottom) cortical bone (3.1%
porosity) in the turtle shell. (b) Overview of von Mises stress distributions within the sandwiched cortical-trabecular bone predicted by the microCT-based finite element
models. (c) Detailed view of the stress gradients from the cortical bone to trabecular bone. (d) Stress concentrations around the trabecular micro-struts.
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as shown in Fig. 4b. The magnitudes of the plastic collapse
strengths (Fig. 3a and b) were also found to be consistent with esti-
mations (Fig. 5f) from four-struts unit cells that can induce elastic
bending and plastic hinges during axial loading along the vertical
axis. Furthermore, the Young’s moduli of the composite obtained
through the stress-strain curves predicted by the finite element
models were comparable with the experimental measurements
obtained from the compression tests (Fig. 3c). Hence, good agree-
ment was observed between the predicted results and the experi-
ment stress-strain curves in the linear elastic regime (regime 1)
(Fig. 3b). The Young’s moduli of the sandwiched cortical-
trabecular bones decreased with increasing thicknesses of the tra-
becular bone. This was attributed to the increased porosities of the
sandwich structures with thicker trabecular segments.

4.5. Plastic bending mechanisms

The elastic deformation of foams under compression consists of
elastic compression and elastic bending of struts with different ori-
entations. In the four-strut model [22], the compression stiffness is
estimated from the elastic bending of struts in the base because

bending of these struts dominates the elastic deformation of the
foam. To calculate bending of struts in the base, strut 1 is assumed
straight so the its elastic bending is not considered. Eq. (1) shows
that the foam structural parameters and the relative density are
critical to the compressive stiffness of open cell foams, whereas
the Young’s modulus of the solid is the only material property that
involved. In these models, j was between 1.2 and 1.8; s was 1.8; f
was 5/12; a was 45!. The yield strength rYS was 150 MPa [37,38],
whereas the Young’s modulus of trabecula bone was 2.5 GPa.

Predictions obtained from Eq. (1) captured the trends in the
measured Young’s moduli of the turtle shell (Fig. 5e). For compar-
ison, Young’s moduli predicted by the Gibson-Ashby model are
also included. These were generally lower than the measured data.
By assuming that the bending of struts occurred orthogonally to
the loading axis, the Gibson and Ashby model is likely to have a
lower-bound stiffness of the open cell foam. In contrast, when
we account for the variations in strut length, thickness and orien-
tation, the four-strut model captures the trends in the experimen-
tal data, as shown in Fig. 5.

Model predictions of foam strengths are presented in Fig. 5f. In
the case of plastic bending of strut 2 in the base, the upper and

Fig. 5. Schematics of the four-strut foam model: (a) The unit structure with the solid struts; (b) The orientation angles between the struts and the z-axis; (c) Angles between
each two struts in the base; and (d) Cross sectional area of each strut. Comparison between predictions from the foam structure models and the experimental measurements
(e) Stiffness (f) Plastic collapse strength with the length ratio j ranging from 1.2 to 1.8.
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lower bounds were estimated using Eqs. (2) and (3), respectively.
For the plastic bending of strut 1, predictions from Eq. (4) were
plotted with three inclined angles of strut 1, i.e., 7!, 10! and 13!.
When the inclined angle was less than 7!, the foam strength was
determined by plastic bending of struts in the base. In contrast,
when the initial including angle was greater than 13!, the foam
strength was determined by plastic bending of strut 1. When the
inclined angle of strut 1 was between 7! and 13!, the stress needed
to bend strut 1 fell in the range between the lower and upper
bounds of the plastic bending of struts in the base.

Hence, a foam block consisting a large number of structural
units, in which there are uncertainties in the orientation of struts
will result in a spectrum of foam strengths. The upper and lower
bounds were also dependent on the competition between the plas-
tic bending mechanisms in the struts on the base or on top. Fur-
thermore, the model predictions of foam strength with different
length ratios were comparable to the measured data (Fig. 5f). Sim-
ilarly, the strengths predicted by the Gibson-Ashby model [32,33]
were lower than the measured strengths (Fig. 5f).

4.6. Implications

The implications of the above results are quite significant. First,
they show that the turtle shell structures can be idealized as sand-
wich structures with cortical bone structures on the outside and
trabecular bone structures on the inside. Such structures have
the capacity to concentrate deformation and stresses within the
trabecular section, which enables significant energy absorption
during compressive deformation. Subsequently, the mathematical
models based on microCT images could be used to understand
the mechanical behavior of the sandwiched composites of different
biomaterials, such as grass [39,40], beaks [41,42], the snapping
shrimp dactyl plunger [43,44] and the whale skeletons [45,46].
Findings from these studies might shed essential light into the
design and creation of bioinspired composites [47,48]. Further-
more, the trends in the deformation characteristics and the
strengths of the trabecular bone segments are well predicted by
the four-strut model, which captures the effects of variations in
strut length, thickness and orientation that are related to
microstructural uncertainties of the turtle shells. The above results
also suggest that the four-strut model may be used to guide the
design of sandwich porous structures that mimic the properties
of the cortical and trabecular bone segments of turtle shells. Such
bioinspired structures may enable the design of porous materials
that can mimic the energy absorbing capacity of turtle shells under
a range of loading conditions.

5. Conclusions

This paper presents the results of an integrated experimental,
analytical and computational study of the deformation characteris-
tics of turtle shell structures. The sandwiched turtle shell structure
is shown to consist of an outer cortical bone, a trabecular bone, and
an inner cortical bone structure. The compressive deformation is
shown to exhibit three characteristic regimes that includes: an ini-
tial linear-elastic regime in which deformation by strut bending; a
second deformation regime in which deformation occurs via the
propagations of plastic hinges, and a third deformation regime in
which densification occurs by plastic collapse prior to final frac-
ture. Finite element simulations of digitized microstructures
(obtained via microCT analyses) were found to provide good esti-
mates of the stress-strain behavior and the Young’s moduli of
sandwich structures consisting of cortical and trabecular bone
layers. Furthermore, an analytical four-strut model was found to

provide reasonable estimates of the trends in the Young’s moduli
and the plastic collapse strengths of turtle shell bone structures.
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lower bounds were estimated using Eqs. (2) and (3), respectively.
For the plastic bending of strut 1, predictions from Eq. (4) were
plotted with three inclined angles of strut 1, i.e., 7!, 10! and 13!.
When the inclined angle was less than 7!, the foam strength was
determined by plastic bending of struts in the base. In contrast,
when the initial including angle was greater than 13!, the foam
strength was determined by plastic bending of strut 1. When the
inclined angle of strut 1 was between 7! and 13!, the stress needed
to bend strut 1 fell in the range between the lower and upper
bounds of the plastic bending of struts in the base.

Hence, a foam block consisting a large number of structural
units, in which there are uncertainties in the orientation of struts
will result in a spectrum of foam strengths. The upper and lower
bounds were also dependent on the competition between the plas-
tic bending mechanisms in the struts on the base or on top. Fur-
thermore, the model predictions of foam strength with different
length ratios were comparable to the measured data (Fig. 5f). Sim-
ilarly, the strengths predicted by the Gibson-Ashby model [32,33]
were lower than the measured strengths (Fig. 5f).

4.6. Implications

The implications of the above results are quite significant. First,
they show that the turtle shell structures can be idealized as sand-
wich structures with cortical bone structures on the outside and
trabecular bone structures on the inside. Such structures have
the capacity to concentrate deformation and stresses within the
trabecular section, which enables significant energy absorption
during compressive deformation. Subsequently, the mathematical
models based on microCT images could be used to understand
the mechanical behavior of the sandwiched composites of different
biomaterials, such as grass [39,40], beaks [41,42], the snapping
shrimp dactyl plunger [43,44] and the whale skeletons [45,46].
Findings from these studies might shed essential light into the
design and creation of bioinspired composites [47,48]. Further-
more, the trends in the deformation characteristics and the
strengths of the trabecular bone segments are well predicted by
the four-strut model, which captures the effects of variations in
strut length, thickness and orientation that are related to
microstructural uncertainties of the turtle shells. The above results
also suggest that the four-strut model may be used to guide the
design of sandwich porous structures that mimic the properties
of the cortical and trabecular bone segments of turtle shells. Such
bioinspired structures may enable the design of porous materials
that can mimic the energy absorbing capacity of turtle shells under
a range of loading conditions.

5. Conclusions

This paper presents the results of an integrated experimental,
analytical and computational study of the deformation characteris-
tics of turtle shell structures. The sandwiched turtle shell structure
is shown to consist of an outer cortical bone, a trabecular bone, and
an inner cortical bone structure. The compressive deformation is
shown to exhibit three characteristic regimes that includes: an ini-
tial linear-elastic regime in which deformation by strut bending; a
second deformation regime in which deformation occurs via the
propagations of plastic hinges, and a third deformation regime in
which densification occurs by plastic collapse prior to final frac-
ture. Finite element simulations of digitized microstructures
(obtained via microCT analyses) were found to provide good esti-
mates of the stress-strain behavior and the Young’s moduli of
sandwich structures consisting of cortical and trabecular bone
layers. Furthermore, an analytical four-strut model was found to

provide reasonable estimates of the trends in the Young’s moduli
and the plastic collapse strengths of turtle shell bone structures.
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