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As protective shells for their biological functions against environmental damage
and attack by natural predators, the silkworm (Bombyx mori) cocoon and its wild
partner have distinctive multi-layer structures, which are systematically studied
in this paper by the SEM, the thermogravimetric analyzer, and the Fourier trans-
form infrared spectroscopy. Their mechanical properties are also investigated for
the whole hierarchy and each cascade as well. In order to better demonstrate the
superior survivability of cocoons in harsh environments, air permeability and
moisture vapor transmission rate of the silkworm cocoon are tested. The results
show the silkworm cocoons have excellent air permeability and moisture vapor
transmission rate. A better understanding of different cocoons’ bio-functions will
be of particular importance to design thermal textiles and provide better comfort
and safety for clothing in future.
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Introduction

Many insect larvae spin silky cocoons for pupation. Cocoons protect pupae from
predation and microbial degradation and prevent dehydration during metamorphosis [1-3].
Silkworms spin cocoons at the final larval stage. After finding a suitable place, silkworm lar-
vae construct a loose scaffold silk and then spin cocoons that are firmly attached to a substrate
by scaffold silk [4, 5].

Silkworm fibers are outstanding natural materials that have long been used for tex-
tiles. Silk-based materials have recently found applications in a growing number of areas in-
cluding biodegradable medical scaffolds, implantable functional devices and tissue products.
While the properties of silk fibers and silk proteins have been extensively studied [6, 7], there
are substantial knowledge gaps in understanding how a wild silkworm cocoon provides the
essential survival utility for the pupa residing inside. In the wild environment, a thin and light-
weight cocoon can protect the silkworm from predator attacks and extreme weather condi-
tions, while supporting its metabolic activity. As a fine product of these fully developed pro-
cesses, silkworm cocoon provides strong protection against both natural predators, environ-
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mental and physical adversaries, including extreme environmental temperature, during the
immobile phase of life cycle when the silkworm enters diapause and metamorphosis [8].
Compared with domestic species, wild cocoons reared in an open environment require much
higher level of protection. Understanding the relations between structure, property and func-
tion of this important biological material will provide a conceptual platform to design and de-
velop novel bio-inspired textiles for thermal regulation applications. Our previous work has
shown that a new fractional derivative model was suitable for explaining the excellent thermal
protection of insulation clothings with cocoon-like porous structure [9, 10]. In addition, we al-
so developed a thermal model to explain cocoon thermal regulation for pupa [11]. Now fractal
calculus is widely used to deal with discontinuous problems in engineering [12-16].

Here we present our investigation of silkworm cocoons and wild cocoons in terms of
their multiple layer structure and their performance characterization. We believe that a solid
understanding of such highly selected cocoons will be of particular importance to future de-
sign of thermal textiles and provide better comfort and safety for fabrics and clothing.

Experimental

Materials

Silkworm cocoons and wild cocoons were collected separately, and put in beakers at
room temperature.

Scanning electron microscope observation

The morphology of silkworm cocoons and wild cocoons was characterized by SEM
(Hitachi S-4800, Tokyo, Japan) instrument. The samples were sputter coated with a gold film
before measurements.

Thermogravimetric analysis

The thermogravimetric analyzer (TGA) was measured by the American Company
Diamond Corporation's thermo differential thermal analyzer (TG/DTA). The samples were
heated at 10 °C per minute in a nitrogen atmosphere with a temperature control range from
room temperature to 600 °C.

Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) was measured using the United
States NicoLET5700 infrared spectrometer. In this test, we needed to collect 1-2 mg cocoon
samples, and cut them into powder which was mixed with about 200 mg KBr powder. The
mixture was fully ground and then became thin slices through the compression method, and it
was necessary to dry the sample again for reducing the interference of water vapor absorption.
Finally, the drying tablets were put into the infrared spectrometer for testing.

Mechanical property tests of cocoons and layers

The mechanical properties were carried out by equilibrating the cocoons for 24
hours at constant temperature and humidity (temperature 20+2 °C, relative humidity 65+£2%)
and then performed on the Instron 3365 Universal Power Meter (Instron, USA). The test con-
ditions were a clamping length of 10 mm, a pre-tension of 0.2 cN and a tensile rate of 10 mm
per minute, respectively.
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Air permeability test

Air permeability (AP) of the cocoons was performed using a SDL Atlas M021A AP
tester. The test conditions were kept at the pressure of 100 Pa and the area of 20 cm’, sepa-
rately.

Moisture vapor transmission rate test

Moisture vapor transmission rate (MVTR) of the samples was carried out by a SDL
Atlas M261 water vapor permeability tester. The test conditions were sample surface area of
28.3 cmz, temperature of 37.6 °C, humidity of 50%, air flow rate of 0.3 m/s, air pressure of
1013.9 mbar, separately.

Results and discussion

Morphology

Figure 1 shows the appearance of a wild cocoon and a silkworm cocoon. The wild
cocoon displays a light-yellow color. The silkworm cocoon shows white. The size of the wild
cocoon is smaller. In addition, the cocoon
thickness is thinner than that of the silkworm |(a)
cocoon.

In order to observe the micro-structures,
we performed stratification on the cocoons.
However, we found that it was difficult to sepa- Figure 1. The pictures of a wild cocoon (a)
rate the wild cocoons, so we only peeled the and a silkworm cocoon (b)
silkworm cocoon wall. Although it has a 3-D
non-woven structure that is made from a single continuous strand, silkworm cocoon also pos-
sesses a multi-layer structure. The inter-layer bonding is much weaker than the intra-layer
bonding, which makes it easy to separate individual cocoon layers. Figure 2 exhibits the grad-
ed morphologies of cocoon in different layers throughout the thickness of a cocoon wall.
From the inner to outer surface, the porosity increases while the amount of bonding between
fibers decreases. The closer to the inner layer, the more significant the bonded network
formed among the fibers due to the sericin coverage. The SEM micrographs of wild cocoon
layers for the innermost and outermost are displayed in fig. 3. It is found that the outer layer
of the cocoon has less fiber bonding than the inner layer, which is the same as that of the
silkworm cocoon.

Thermogravimetric analysis

The wild cocoon and silkworm cocoon were characterized using TGA, curves (1)
and (2) in fig. 4. From fig. 4, it can be seen that the weight loss curves of these two kinds of
cocoons are basically the same, indicating that the chemical composition of these two kinds of
cocoons are very similar.

Fourier-transform infrared spectroscopy

Figure 5 exhibits the infrared spectra of a wild cocoon (1) and a silkworm cocoon
(2). From fig. 5 we find that there is no obvious difference in peak position and peak intensity,
which shows again that the chemical composition of these two cocoons is similar. This result
is consistent with that of the previous TGA.
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Figure 2. The SEM micrographs (x100) of silkworm cocoon layers from inner (1) to outer (15)

Mechanical properties

Due to the small number of wild cocoons and the difficulty in making test samples,
we only performed mechanical properties, AP, and MVTR for silkworm cocoons. Although
the silkworm cocoon was peeled into 15 layers, as shown in fig. 2, it was very difficult to
test the mechanical property of each layer. Therefore, we tested the mechanical property in
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every three layers from the inside to the outside. Because the porosity ranged from being
highest at the outer surface and decreased into the interior, we would have expected a gen-
eral modulus and strength decrease from the inside to outside layers. Figure 6 shows that a
simple comparison of the stress-strain curves of every three layers from inner to outer side
of cocoon. It is observed that layer 1-3 exhibits the highest Young’s modulus and layer
13-15 the lowest compared to the other layers. In addition, layer 1-3 has a much higher frac-
ture stress (33.8 MPa) and lower elongation at break (11.8%) than which layer 13-15 has
(fracture stress is 12.6 MPa, and elongation at break is 26.3%). Furthermore, the fracture
stress and elongation at break of the middle silkworm layers are found between the outer
layers and the inner ones.

Figure 3. The SEM micrographs (x1000) of wild cocoon layers
for the innermost (a) and outermost (b)
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Figure 4. The TGA profiles of a wild cocoon (1) Figure 5. The FTIR spectra of a wild cocoon (1)
and a silkworm cocoon (2) and a silkworm cocoon (2)

The general shape of stress-strain curves of samples taken from a whole cocoon wall
is similar to that of samples taken from every three layers, as shown in fig. 7. Due to individ-
ual differences, there is a clear difference in fracture stress and elongation at break of individ-
ual silkworm cocoon.
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Air permeability analysis

We selected three groups of silkworm cocoons for AP. The five different locations
of each group were tested and then averaged as shown in tab. 1. It is found that silkworm co-
coon has excellent AP compared with the electrospinning membranes [17].
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Figure 6. Mechanical properties of silkworm Figure 7. Mechanical properties of silkworm
cocoon layers with different split numbers: stress cocoons without split: stress vs. strain curves of
vs. strain curves of every three layers from inner to  five individual cocoon walls (for colour image see
outer side of cocoon (for colour image see journal journal web site)
web site)
Table 1. The AP of silkworm cocoon [mms™]
Times
S 1 2 3 4 5 Average value
amples
232 213 234 209 206 218.8
B 222 236 212 195 209 214.8
205 213 217 212 203 210

Moisture vapor transmission rate

Based on the previous results of AP, we expect that the moisture vapor transmission
of silkworm cocoons is also very good. Figure 8 illustrates the moisture vapor transmission
curves of silkworm cocoons. Three cocoons were measured under the same test conditions.
From fig. 8 we find that the three moisture-permeable curves have basically the same trend
and the data are similar. As time goes by, the silk can also absorb moisture besides the mois-
ture vapor transmission of silkworm cocoons. Therefore, in order to make the results more ac-
curate, only the first three points of each sample are selected to study and take the average.
The values of MVTR are obtained to be 1270.80, 1311.85, and 1322.13 g/m’ per day, sepa-
rately. This result shows the moisture vapor transmission of silkworm cocoons is excellent,
which is better than that of electrospinning membranes [18].

Conclusions

In this work, we investigated the morphological structure and component contents,
mechanical properties, air permeability, and moisture vapor transmission rate of silkworm co-
coons and wild cocoons. It shows that the porosity increases while the amount of bonding be-
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Figure 8. Moisture vapor transmission curves of silkworm cocoons

tween fibers decreases from the inner to the outer surface. The chemical composition of the
two kinds of cocoons are very similar. In addition, the inner layers have a much higher frac-
ture stress and lower elongation at break than that of outer layers for silkworm cocoons. Air
permeability and moisture vapor transmission rate of silkworm cocoons are shown to be more
excellent compared with that of electrospinning membranes [19-25], a math-biomimicking
method was proposed in [25], and the new macromolecular electrospinning [25-27] is a prom-
ising technology to mimic cocoon structure to fabricate nanoscale artificial hierarchy in fu-
ture, which has some special properties, for example, extremely high permeability, due to ex-
tremely high geometrical potential or surface energy [28-31].
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