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loads.” In addition to the helicoidal structure, there are
additional structural arrangements, such as the cross-ply
pattern’>'7 and a pattern in which fibers are orientated
perpendicular to the surface,”” that contribute and influ-
ence the overall mechanical response. The transverse
pore canal fibers that we found in lobsters and crabs have
been shown to increase the interlaminar strength of the
layered exoskeletons.’

The objective of this study is to investigate the unique
hierarchical microstructure and its implications on the
mechanical behavior of the exoskeleton of Popillia
Japonica. Although this is now a common insect in the
United States, to the knowledge of the authors, its mi-
crostructure has not been investigated previously. We
ultimately strive to understand nature’s structural design
principles and to use these designs in creating and fabri-
cating bioinspired man-made materials and structures.
In the following sections, we first examine the micro-
structure of the P. japonica exoskeletons at three loca-
tions of the arthropod body (pronotum, leg, and elytron)
by using scanning and transmission electron micro-
scopes (SEM and TEM). The detailed microstructure of
the P. japonica is established by analyzing the images,
augmenting the current knowledge on the exoskeletal
microstructure of insect exoskeleton (see for example
Refs. 4, 14, 17, and 22). Based on the image analyses,
mechanics-based modeling, using the finite element
analysis and analytical methods. is then performed. The
mechanics-based simulations and parametric studies re-
veal the importance of the morphology on the mechan-
ical behavior of the exoskeleton. With our ultimate goal
being to develop a man-made, bioinspired structure, the
mechanics-based evaluation is presented in general,
nondimensionalized terms and does not focus on captur-
ing the exact mechanical properties of the P. japonica.

Il. IMAGE ANALYSIS
A. Sample preparations

The exoskeletons investigated are from species of the
P. japonica (Japanese beetle) that were collected during
July and August 2008 in local gardens and parks in New-
ark, Delaware, and stored in 70% ethanol alcohol
(ETOH) at 4 “C. Representative samples of exoskeletons
were obtained from three locations of the P. japonica
body: pronotum (back cover) and leg and elytron (wing
cover) (Fig. 1). The samples were divided into two
groups (10 samples per group) for each location and
prepared for either SEM or TEM:

(i) SEM: cuticles from the first group were placed in
95% ETOH immediately after being dissected from the
investigated locations. The cuticles were then dehy-
drated in 100% ETOH and 100% anhydrous ETOH for
30 min each, followed by critical point dehydration
(Autosamdri 815B, Seris A; Tousimis Research Corpo-
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FIG. 1. Schematics of the hierarchical structure of the exoskeleton of
a P. japonica. The outer layer (epicuticle) acts as a diffusion barrier.
The exocuticle, mesocuticle, and endocuticle are the main load-
bearing structures composed of fibrous chitin-protein fibers organized
as either helicoidal (exo- and mesocuticle) or pseudo-orthogonal
(endocuticle) structures.

ration, Rockville, MD),* before the samples were frac-
tured by using forceps and single-edge razor blades. Due
to the difficulty in fracturing the small samples, oblique
sections were commonly obtained. The fractured sam-
ples were mounted onto aluminum stubs with conductive
silver paint (Electron Microscopy Sciences, Hatfield,
PA), coated with Gold/Palladium (Denton Bench top
Turbo III sputter-coater; Denton Vacuum LLC, Moores-
town, NJ), and observed by using a SEM (Hitachi 4700
FESEM; Hitachi Ltd., Tokyo, Japan).

(ii) TEM: following the method of Lindley,* cuticles
from the second group were placed in 80% ETOH imme-
diately after dissection. The cuticles were then left in 80%
ETOH with 1% vy-glycidoxypropyltrimethoxysilane over-
night as an adhesion promoter between the specimen outer
surface and the embedding resin. The treated samples
were placed in 100% LR White resin at 4 °C for three
consecutive days and polymerized at 60 “C for 48 h in an
oxygen-free environment in a standard incubator (Barn-
stead Thermolyne, Type 19200; H&C Thermal Systems,
Columbia, MD). Blocks of resin containing the samples
were trimmed and microwaved for 2 min in 60 mL of
water to ensure cross-polymerization of the resin within
the samples.” The samples were then sectioned by using a
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FIG. 3. The helicoidal structure (Bouligand-structure) as observed in TEM images of the P. japonica elytron. (a) The parabolic pattern of
the chitin-protein fibers from the oblique sections of the exocuticle; (b) the parabolic pattern of the pore canals from the oblique sections of the
mesocuticle; (¢) oblique section of the exo- and mesocuticle, characterized by parabolic patterns, but with larger spans of parabolic profiles in the
mesocuticle compared to those in the exocuticle (the size of each parabola is larger than the true thickness of corresponding 180” stack since it is
observed from an oblique section); (d) a schematic representation of the twisted ribbon morphology” of the pore canal and the parabolic pattern of

pore canals as observed from the oblique section [seen in (b)].

TABLE I. Summary and comparison of exoskeleton structure of samples from three positions of the P. japonica: pronotum, elytron, and leg.
Note: pore canals extend throughout the structure, excluding the epicuticle.

Pronotum Leg Elytron
Epicuticle Thickness [um] 0.3-0.7 0.1-0.2 0.1-0.2
Exocuticle Thickness [um] 6.5-7 4-5 1.5-2
Structural pattern Helicoidal ~0.1 pm per 180° stack Helicoidal ~0.1 pm per 180" stack Helicoidal ~0.15 um per 180
stack
Mesocuticle Thickness [um] 7-8 5 7-7.5
Structural pattern Helicoidal ~0.15 pum per 180° Helicoidal ~0.15-0.2 pm per 180° Helicoidal ~0.25 pm per 180°
stack stack stack
Endocuticle Thickness [pum] 14-16 10-13 10-11

Pseudo-orthogonal ~2 pm per
unidirectional layer

Structural pattern

Pseudo-orthogonal ~1 um per
unidirectional layer

Pseudo-orthogonal ~2 um per
unidirectional layer

parallel within each layer, similar to the multiple layered
exoskeletons of H. americanus and C. sapidus that we
investigated in our previous study.” In this structure, the
layers stack successively on each other, with each layer
rotated unidirectionally by a small angle about its nor-
mal direction relative to the adjacent layer. The repeat-
ing unit is termed “180°-stack™ in Fig. 1. The stacking
sequence results in an apparent parabolic pattern in the
oblique sections of the cuticles. Series of parabolic
curves can be observed under TEM from oblique sec-
tons [Fig. 3(a)], with each “full parabola” corresponding
to an 180°-degree accumulated rotation of layers. ">

Despite sharing the same structural patterns, the heli-
coidal 1807 stacks in the exocuticle are denser and thin-
ner than those in the mesocuticle (Table I). For example,
in the elytron the thickness of an 180° stack in the ex-
ocuticle is approximately 0.15 pm, compared to 0.25 pm
in the mesocuticle [see Figs. 2 and 3(c) and Table I.

2. Pseudo-orthogonal structure

The endocuticle is the thickest region, constituting
more than half of the total thickness of the exoskeletons
for the three studied locations [Fig. 2(a)]. It is interesting
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observed under TEM from the oblique sections of the
cuticle. This feature is particularly evident in the meso-
cuticle region [Figs. 3(b) and 3(d)].

lll. THE STRUCTURES’ IMPLICATIONS ON
MECHANICAL BEHAVIOR

As described above. P. japonica exoskeletons are
natural biocomposites constructed by a protein matrix
reinforced with chitin fibers. The most distinctive
structural feature found in the exoskeletons is that the
chitin-protein layers (lamina) are organized in either
helicoidal or pseudo-orthogonal patterns, as described
in the previous section. The mechanical response of the
helicoidal structure and of the pore canal system was
discussed in our previous study.’ In summary, a heli-
coidal structure containing a relatively large number
of layers results in a high level of in-plane isotropy,
providing isotropic structural responses in the plane of
loading. Furthermore, the pore canal system increases
the interlaminar strength of the layered structure con-
stituting the exoskeleton.’

In the following text, we focus our modeling effort on
the pseudo-orthogonal structure found in the endocuticle
of the P. japonica exoskeleton. Models for the mechan-
ical analysis are based on our understanding of the micro-
structure derived from our image analysis and from
literature. The distinctive pseudo-orthogonal pattern is
incorporated into the models to explore its implications
on the mechanical behavior of the functional structure. It
is well established that the material properties of biocom-
posites are influenced by many factors. Besides the com-
plex hierarchical structures, the composition, and spatial
distribution of the materials.>?”** interactions among
different components (e.g.. extent of chitin-protein in-
teraction, strength of interphase bonding),”*’*” and hy-
dration status™>***! all directly influence the material
properties. More elaborate multiscale modeling involv-
ing nonlinear mechanism and interfacial molecular in-
teractions,”>** as well as experimental characterization
of the material composition and spatial distribution
along with measuring the mechanical properties”’>**7+!
are needed to fully characterize the material structure-
property relationship of the investigated exoskeleton.
However, to elucidate how the microstructure influences
the mechanical response, we use the assumptions of line-
ar elasticity and continuum mechanics. In this approach,
all factors that affect the material properties are condensed
into the “apparent” material properties and do not have
to be modeled explicitly. The elastic material parameters
are derived from available data based on classic continu-
um mechanics and laminate composite theory, which
satisfactorily represent the structure’s mechanical char-
acteristics at lamina scale.’ Moreover, our results are
presented in the nondimensionalized forms to emphasize

the coherent structure-property relationship rather than
the absolute values of individual parameters. This ap-
proach highlights the effect the microstructure has on
the overall mechanical response and will provide impor-
tant guidelines when developing man-made, bioinspired
structures.

A. Models and model parameters

The major difference between the conventional cross-
ply pattern and pseudo-orthogonal pattern is the thin
helicoidal transitional region that joins two adjacent or-
thogonally stacked unidirectional layers. We construct
two models to compare the two structures:

(i) A “conventional™ cross-ply configuration, charac-
terized by successive unidirectional fiber-reinforced
laminae stacked together with 90° directional change
about the normal direction. For simplicity, only two
layers (0 and 90° orientation) of equal thickness are
included in the model [Fig. 5(a)].

(i1) A pseudo-orthogonal configuration, where a heli-
coidal transitional region is inserted between the two
orthogonal (0 and 907 orientation) layers [Fig. 5(b)].
Two sets of submodels are used:

(a) constant thickness of the transitional region (the
same thickness as the orthogonal layer), where the num-
ber of transitional lamina are varied from 1 to 50 lamina.
discussed below (the thickness of each individual lamina
changes), and

(b) variable thicknesses of the transitional region,
where the number of transitional lamina is constant (we
selected 10 lamina, discussed below). The thickness of
the transitional region corresponding to 10, 20, and 33%
of the overall thickness is investigated.

Each submodel assumes a uniform lamina thickness
and rotation angle between adjacent laminae in the heli-
coidal transitional region. The number of laminae in the
transitional region cannot be directly identified from our
TEM images. Based on the thickness of the transitional
region (approximately 0.1-0.2 pm in the elytron) and the
thickness of a single lamina (approximately 2040 nm,
assuming a lamina consists of one layer of macrofibrils),
we estimate the number of lamina to approximately 10.
The number of transitional lamina corresponds to a spe-
cific angle of rotation between adjacent laminae. To
predict the influence of the transitional region on the
mechanical response of the structure, the number of the
laminae is varied from | to 50 in the transitional region
(model iia above). The thickness of the helicoidal re-
gion is enlarged from the original biolaminate config-
uration [Fig. S5(b)] to (i) highlight and focus on the
mechanical response of the transitional region, which
distinguishes the pseudo-orthogonal from the traditional
cross-ply configuration. and (ii) possibly extend the in-
terpretation to potential engineering applications. with
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