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Abstract

Insect cuticle as a natural biocomposite includes many favored microstructures which have been refined over
centuries and endow the cuticle eminent mechanical properties. This paper first studies the microstructures of chafer
cuticle through SEM observations. Several peculiar fiber configurations and fiber-ply arrangements such as branched
fiber, acanth-fiber and helicoid plies are observed. These microstructures are useful for man-made fiber-reinforced
composites to improve their mechanical properties. Then, a special configuration of the branched fiber found in chafer
cuticle is in details analyzed through a mechanical model and experimental verification. The pullout force of fibers as
an index is firstly studied through parameter study. The factors, which can improve the pullout forces, are identified.
Finally, the maximal pullout force of the branched fiber is experimentally tested and compared with that of plain
straight fiber. It is proved that the maximal pullout force of branched fibers is obviously greater than that of the plain
straight fibers.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Biocomposite; Fiber configuration; Branched fiber; Pullout force

1. Introduction

Insect cuticle is a typical natural biomaterial
which is composed of chitin fiber (a high-molecu-
lar weight polysaccharide, called as bio-fiber) and
proteinaceous matrix (called as bio-matrix) [1,2].

* Corresponding author. Tel./fax: +86-023-65102980.
E-mail address: bchen@cqu.edu.cn (B. Chen).

The bio-fibers embed in the bio-matrix to reinforce
the cuticle in layer forms. Study on the micro-
structures of insect cuticle can provide beneficial
information to composite material design, thus
improving the mechanical properties of man-made
fiber-reinforced composites.

As shown in Fig. 1, the insect cuticle can be
divided into two primary sections [1]: epicuticle
and procuticle. Epicuticle is the outermost layer of
the cuticle and consists primarily of waxes, lipids,
and proteins without chitin fibers. This layer is

0927-0256/$ - see front matter © 2004 Elsevier B.V. All rights reserved.

doi:10.1016/j.commatsci.2004.02.044


mail to: bchen@cqu.edu.cn

512 B. Chen et al. | Computational Materials Science 30 (2004) 511-516

Pore canal

Epicuticle

A

3 . va? Zi

//&
i
{

/]
i

Fxocuticle

vl

i
11l

i
I
SRR

ViR

RN

procuticle
{7

g
ik

7]
(7
A
SEAN)

e

é?’
T
i

iﬁ

75
I1EE
z
N
B,

X

P

Vos-ed.

Fig. 1. A cross-section of a generic insect cuticle.

about 0.1-3 pum thick and contributes little to
shape or strength, but acts as an environmental
barrier. Procuticle, the largest structural division
of the cuticle, with thickness about 10-100 pum,
enables the cuticle shape and mechanical stability
[2]- The procuticle can be divided into exocuticle
and endocuticle, both contain chitin fibers and
protein matrix [3].

In this paper, the microstructures of chafer
cuticle are observed with scanning electron
microscope (SEM). Several peculiar fiber configu-
rations and fiber-ply arrangements such as bran-
ched fiber, acanth-fiber and helicoid plies were
discovered. Based on this microscopic observation,
the branched fiber structure is theoretically and
experimentally studied for its maximum pullout
force. It is found that the pullout force of the
branched fiber is greater than that of the plain
straight fiber.

2. SEM observation

Chafer beetle as shown Fig. 2 is studied in this
paper. Their different structural sections were se-
lected for observation and analysis. These sections
include the pronotum (a protective covering for the
prothoractic, or upper body section) and the elytra
(a pair of hard outer “wings” which protect the

Pronotum

Elytra

Fig. 2. Two different sections in a chafer used for observation.

inner wings and body of the insect). Each section is
examined with SEM and light microscope.

The SEM specimens are prepared as follows:
Remove the cuticle from the chafer, clean it with
95% alcohol, and cut or crack the cuticle along
different directions and sections with a scalpel or
forceps. The specimens are then fixed on a little
metal tray using gummy fabric. A coating of gold-
powder about 12 nm is put on the specimens using
a sputter coater. The specimens are then observed
using an Amray KYKY-1000B scanning electron
microscope. A voltage of 25 kV is applied. Mag-
nifications ranged from 20 to 12,000x. The SEM
photomicrographs are taken to analyze the various
microstructures in the cuticle.

The SEM observations reveal several typical
microstructures of the insect cuticle as shown in
Fig. 3. They are similar to man-made advanced
composites. The elytra and pronotum are com-
prised of highly ordered unidirectional plies of fi-
bers embedded in sclerotized proteinaceous
matrixes. These plies are arranged parallel to the
cuticle surface in various orientations. There is still
some difference from man-made advanced com-
posite. For example, there are some particular
layups, each layer in the layup is in different
directions as shown in Fig. 3(a), and any two
contiguous layers of fibers keep almost changeless
angle (helicoidal angle), which can be called as
helicoidal layup [4]. In Fig. 3(a) the helicoidal
angle is about 20°. These fiber layers along differ-
ent directions can increase their pullout forces
which are favorable to the improvement of the
fracture toughness of the cuticle. The fiber plies in
the cuticle are discontinuous and interruptive in
some place, namely, the fiber plies in the insect
cuticle do not always spread whole layer. Some
queer micrograins were also found in the matrix of
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Fig. 3. Microstructures in chafer cuticle: (a) fiber plies, (b) micrograins, (c) branched fibers, (d) spinous fiber.

the insect cuticle as shown in Fig. 3(b). More
careful observation shows that these micrograins’
surfaces are not slick but look like pinecones. The
functions and mechanisms of these micrograins
will not be explored here. In the exocuticle of the
elytra some particular fibers are also found, some
of which looks like branch as shown in Fig. 3(c).
These branched fibers are regularly arranged and
the branched micro-fibers join the adjacent fibers
as indicated in Fig. 3(c). These branched fibers
may be useful to increase the pullout forces of the
fibers and improve the fracture roughness of the
cuticle. The fibers joined each other may enhance
the capability of the load transfer of material.
Another kind of particular fiber, acanth fiber as
shown in Fig. 3(d), is also found in the cuticle. The
stem of the fibers grows many times, which in-
crease the interface between fibers and matrix. We
will study the pullout force of branched fibers from
mechanical model and experimental test in next
section.

3. Maximal pullout force of branched fiber
3.1. Mechanical model

The branched fiber in Fig. 3(c) is not common
in man-made fiber-reinforced composites. This
section proposes a mechanical model as shown in
Fig. 4 for the pullout force analysis of branched
fiber. The maximal pullout force is analyzed as
follows. The branched fiber includes main-stem
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Fig. 4. Branched fiber and inclined fiber models: (a) model for
branched fiber, (b) model for inclined fiber.
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fiber and many sub-stem fibers. The perimeter of
the main-stem fiber is r;, and the length is /;. The
radius of the sub-stem fiber is r,, and the length is
;. The branched number and angle of the sub-
stem fiber are n and ¢, respectively. The branched
fiber is embedded in a matrix, and a pullout force
P acts at the end of the fiber. The maximal pull-
out force of the branched fiber can be obtained
from the maximal pullout force of the main-stem
fiber (Po1),,, and that of all sub-stem fibers
(Po2)max- The interfacial shear stress on the fiber is
assumed to be uniform along the embedded part
of the fiber and increase continuously with the
applied load. The maximum pullout force is
achieved when the interfacial shear stress reaches
its interfacial shear strength, t;. Therefore, the
maximal pullout force of the main-stem fiber can
be expressed as:

(Pbl)max = 2nr 1y (1)

Each sub-stem fiber is an inclined fiber embedded
in the matrix as indicated in Fig. 4(b). When the
fiber is pulled out from the matrix at an angle ¢,
the matrix wedge at the fiber exit point exerts a
normal force, N, on the fiber to allow the axial
force in the fiber to change its direction. A fric-
tional force, F, contributing to the load increase is
caused by this normal force and the relative
movement between the fiber and the matrix [5].
These N and F are calculated as follows, respec-
tively:

N =Ftg¢p = 2nrlht,tgd (2)
F =2nrylhg (3)

The maximal pullout force of each sub-stem fiber
can be obtained:

(Po2)max = VF2 + N2 = /(1 + g’ §)F?
= 27ry 151 sec ¢ (4)

If the branched fiber has »n sub-stems, its maximal
pullout force can be expressed as:

(Pb)max = (Pbl)max + n(sz)max
= 2mryl1ts + 2mnry hTg sec ¢ (5)

If a straight fiber with the same perimeter and
length as the main-stem of the branched fiber is

embedded in the same matrix, the maximal pullout
force along the fiber direction can be expressed as
follows:

(Po) s = 2711 1175 (6)

A change ratio is defined as follows to express the
relationship of pullout forces between the bran-
ched fiber and the plain straight fiber:

P= (Pb)max/(PS)max (7)
From Egs. (5) and (6) we have:
P = (Py) ) (P)ax = 1 + nfisec ¢ (8)

where o = 7‘2/1"1, ﬁ = lz/ll.
3.2. Parameter study

Let « = 0.5 and = 0.1. Fig. 5 gives the effects
of parameter changes on the pullout forces of the
branched fiber. Fig. 5(a) shows the P with bran-
ched angle ¢. It shows that the larger the branched
angle ¢ is, the larger of the pullout force is. Fig.
5(b) shows the effect of branched number n on the
P. Tt shows that the more the branched number 7,
the larger of the pullout force. Fig. 5(c) and (d)
show the variations of the P with length /, and
radius r, of sub-stem fiber, respectively. The pull-
out forces increase with the length and radius of
the sub-stem fiber.

3.3. Experimental test

An experiment test is conducted to verify the
findings from above mechanical model. The
maximal pullout forces of the branched fiber are
compared with those of plain straight fibers. As
shown in Fig. 6, branched fibers with different
numbers of branches are fabricated by welding
some short steel threads (10 mm in length) with
long steel thread (110 mm in length). The steel
thread is 0.8 mm in diameter. The plain straight
fiber is also fabricated for comparison. These fi-
bers are embedded in the matrix of ethoxyline.
One end of these fibers remains outside the ma-
trix for pullout experiments. The experimental
ratio is given in Fig. 7 and the pullout force and
the increase ratio are given in Table 1. It can
be seen that considerable increase is observed
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Fig. 5. Model analysis and parameter study on pullout force: (a) influence of ¢ on B, /P (aff = 0.05), (b) influence of n on B, /P
(afp = 0.05), (c) effect of 1,/1; on P,/P; (n =50, o = 0.5), (d) effect of r,/r; on P, /P (n =50, =0.01).

Fig. 6. Specimens of the straight and branched fibers.

compared with plain straight fiber specimens.
These results also show that the more number
of the branched fiber in the branched fiber speci-
mens, the greater the increase value of the
pullout force of the branched fibers specimens.
This is in good agreement with the result ob-
tained from the foregoing analysis of mechanical
model.
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Fig. 7. The relationship between P, /P, and n.

Table 1
Experimental results for the increase of pullout forces with
branch number

Number of Maximal pullout Increase of maximal
branch n force (kN) pullout force (%)

0 0.42 1.0

2 0.51 21.4

4 0.64 52.3

6 0.73 73.8
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4. Conclusion

The insect cuticle is a natural composite which
is composed of unidirectional plies of chitin fibers
embedded in a protein matrix. Their microstruc-
tures are very similar to man-made advanced
composites. The SEM observation reveals several
unique microstructures of the chafer cuticle, which
include particular helicoidal plies, micrograins,
branched fiber and spinous fiber. These micro-
structures can provide some new idea for the
manufacture methods of man-made composites,
fiber orientation and fiber structural design.

The maximal pullout force of branched fibers
was theoretically analyzed, and experiment was
conducted to verify the increase when compared
with plain straight fiber. Several pullout specimens
with different branched fiber and the plain straight
fiber was fabricated and investigated for the
maximal pullout force of fibers, which is related to
the fracture roughness of the composite reinforced
by fiber. The experimental results indicate that
significant increases in maximal pullout force for
specimens of the branched fiber, and the more the
numbers of the branched fiber of the branched
fiber specimen, the greater the increase value of the

maximal pullout force of the branched fiber spec-
imen than the plain straight fiber specimen. These
results are in good agreement with that of the
model analysis.
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