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The bioengineering design principles evolved in silkworm cocoons make them ideal natural prototypes and
models for structural composites. Cocoons depend for their stiffness and strength on the connectivity of
bonding between their constituent materials of silk fibers and sericin binder. Strain-activated mechanisms for
loss of bonding connectivity in cocoons can be translated directly into a surprisingly simple yet universal set
of physically realistic as well as predictive quantitative structure-property relations for a wide range of tech-
nologically important fiber and particulate composite materials.
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I. INTRODUCTION

The outstanding mechanical properties of strength and
toughness in silks have coevolved with the bioengineering
structures in which they serve, such as spider’s webs as su-
perb models of light-weight engineering. Silkworm cocoons
have evolved over millions of years by a process of natural
selection to nurture and protect moths and butterflies in a
wide range of different environments and exposed to many
different threats and predators �1�. A cocoon is a natural pro-
tein polymer composite shell with a nonwoven structure con-
structed by the animal from a continuous semicrystalline fi-
broin silk strand with a length of about 1000 m and
diameters of 10–30 �m, which is bonded together by about
25% amorphous sericin �2,3�. It has a similar microstructure
to other stochastic fibrous materials such as paper, nonwoven
textiles, and electrospun polymer mats. Quantitative models
for the mechanical properties of cocoons could not be found
in the literature. However, since nonwoven fiber materials
are technologically very important, there are a number of
models for these similar structure materials, particularly pa-
per.

For paper, the semiempirical theory of Page �4� and the
mechanistic theory of Kallmes �5� separate the bonding con-
tributions to tensile strength into the influence of the area of
interfiber bonds that is bonded to other fibers and that of the
shear bond strength per unit area acting in these regions. In a
network under strain, the bonded regions of the fiber surfaces
facilitate the transfer of stress between fiber segments, and
this is the basis of shear-lag theory �6�. Favorable compari-
sons between Cox’s theory and experimental observation
have been reported �7–10�, but shortcomings of the shear-lag
model have been voiced by Raisanen et al. �12,13� that the
transfer of axial stress in random fiber networks could not be
accounted for by the shear-lag approach. Eichhorn and
Young �14� observed significant strains at the ends of fibers
within the network, contrary to the prediction of Cox that
strain would be zero at the fiber ends. I’Anson and Sampson
�11� suggested that when a network in which the number of
fibers per unit area is just above the percolation threshold
fails under a tensile stress, the dominant mechanism of fail-

ure will be that of bonds breaking rather than fibers because
the number of contacts per fiber is typically insufficient to
transfer enough stress to a fiber for it to fail. The strength of
paper has also been modeled by scaling test results from
small samples using classic Weibull’s theory �15–17�, which
suggests an exponential decrease in the specific strength of a
sample with increasing volume as the probability of a “weak
link” in the material under investigation increases with in-
creasing volume.

We tried to apply these models to our experimental obser-
vations on the mechanical properties of silkworm cocoons
but found that the models were mathematically complex and
also required numbers of fitting parameters to reproduce the
data rather than to predict properties using a limited number
of parameters that can be calculated directly from the com-
ponent material properties and composite morphology. We
therefore used our experimental observations on silkworm
cocoons, with a first priority to develop a physically realistic
model �namely, including all the observed structural effects
under deformation� that can quantitatively calculate cocoon
properties using a minimum number of material parameters,
which themselves can be calculated independently. Our
model takes the simple hypothesis that stiffness reduces as
the number of bonding sites in a cocoon reduces under in-
creasing load and quantifies this process as loss of connec-
tivity in the composite due to strain-activated bond breaking.

In itself, such a model for silkworm cocoons has limited
technological value, and such a bioinspired model needs to
be able to predict �rather than just reproduce� the properties
of a range of other “synthetic” materials with similar char-
acteristics. The first obvious set of materials to consider were
nonwoven random fiber networks for which previous models
had been developed but have been found to have the short-
comings outlined above. We then noticed that the simplest
form of our model has remarkable similarity to stress-strain
profiles of particulate composites. Both of these types of
composite can be linked to our model through the loss of
connectivity of bonding under load, and so we used a num-
ber of such composites as examples to both illustrate and
validate our bioinspired model in materials of great techno-
logical and economic importance.

II. COCOON STRUCTURE AND PROPERTIES

A cocoon contains a single continuous silk strand with a
length of about 1000 m, which is laid down in loops into*Corresponding author. david.porter@zoo.ox.ac.uk
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layers by the gyrating motion of the silkworm head. Each
fiber is composed of two fibroin brins conglutinated by a
layer of sericin, which can be washed off by different de-
gumming methods in order to reel the silk in the textile in-
dustry. Importantly for the argument of “Learning from Na-
ture” �18–21�, lepidopteran cocoons look and behave very
much like synthetic nonwoven composite materials with me-
chanical properties that change systematically with features
such as porosity and amount of sericin matrix binder.

A multilayer structure has been found in the cocoon. Zhao
et al. measured the mechanical properties of the cocoon
�2,3�. They divided a cocoon into three main layers—
innermost layer �pelade�, middle layer, and outmost layer—
and found that the innermost layer was superior to the cor-
responding thickness-averaged values of the complete
cocoon.

Figure 1 shows overall cocoon structure as well as the
central nonwoven network layer morphology of three differ-
ent moth species �Bombyx mori, Antheraea pernyi, and Opo-
diphthera eucalypti collected from Worldwide Butterflies,
U.K.� alongside measured stress-strain plots �solid lines� for
the full cocoon walls, which are good examples of properties
at the lower, middle, and upper limits of mechanical proper-
ties across a wide range of cocoon types, respectively, from
our database of about 35 diverse silkworm types. Stress rises
with a reducing modulus as strain increases and the binding
points between fibers are observed to break progressively.
After a peak stress, there is a rapid fall in stress, indicating a
state without a continuous bonded pathway through the
sample, which by now is held together simply by entangled
fibers. An Instron 5542 instrument was used for the tensile
and creep tests. Strips of cocoon wall were cut with dimen-
sions of 5�15 mm with a gauge length of 5 mm and tensile
tests were carried out at a speed of 2 mm/min.

Figure 2 shows the stress-strain characteristics of the
component silk fiber and sericin materials and the overall
cocoons. The component material properties can be mea-
sured experimentally or calculated using published structure-

property relations �22–24�. For our model, the key generic
material parameters are a silk fiber initial tensile modulus
Yf �9 GPa and strength of about 400 MPa as well as a
sericin matrix modulus of 3.5 GPa and a failure stress of 130
MPa.

We now show that a physically realistic model for non-
linear mechanical properties of the cocoon walls in terms of
the component materials and the composite morphology can
be derived from those data.

III. CONNECTIVITY MODEL FOR COCOON
PROPERTIES

The initial elastic modulus of the cocoon walls, Y, is sig-
nificantly lower than that of the fibers and binder due to
bending of the circular arcs of fiber with a radius of about 2
mm spun by the gyrating silkworms �2,25� and was found to
follow the open cell foam model of Zhu et al. �26�. This is an
extension of the simpler Gibson-Ashby �27� proportionality
in density squared and shows how the elastic modulus of the
composite is controlled by porosity, where � is composite
density relative to that of the solid, �s�1300 kg m−3. Here,
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Our observations suggest that damage through loss of
connectivity of bonding between fibers gradually reduces the
stiffness of the composite with increasing strain. Accord-
ingly, we adopt a pragmatic fracture mechanics approach and
scale modulus linearly with the active fraction of bonded
fibers that sustains load. In this radically simple connectivity
model, we quantify the fraction of broken bonds by using an
Arrhenius activation function in mechanical energy of defor-
mation in strain, �, relative to an activation strain, �a,
squared, since elastic energy density is proportional to elastic
strain squared.

Assuming a number of different activation effects, i.e.,
with fractional contribution f i the relation for stress, �, with
initial composite modulus, Y, becomes
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FIG. 1. �Color online� �a� The cocoons of Bombyx mori, Anther-
aea pernyi, and Opodiphthera eucalypti �scale bar: 10 mm�. �b�
Typically bonded nonwoven structure of the middle layers of the
cocoons �scale bar: 200 �m�. �c� Stress-strain profiles for the co-
coon walls, with solid lines showing experimental measurements
and dashed lines as model calculations, with failure conditions
shown as arrows in either stress ��p� or strain ��p�.
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FIG. 2. �Color online� Comparison of the stress-strain profile of
the component materials and the example cocoons as labeled.
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and the normalized ��a=1, Y =1� stress contribution of a
single fraction is shown in Fig. 3 to illustrate the relation.

The typical three-layer morphology of cocoons of outer,
central, and inner �2,3� first led us to expect three different
activated bond breaking effects to be associated with the dif-
ferent binder concentrations in layers. However, a more de-
tailed analysis of further cocoon types and their component
layers demonstrated that the three different activated pro-
cesses are associated with the component materials and
bonding morphology.

The model parameters used to fit the cocoons and the
example composite materials of the paper are given in Table
I.

The first two sets of mechanical parameters, i=1 and 2,
are the same for all the cocoons and are the activation strains,
�ai, and the “modulus” Yi of the sericin and the fiber contri-
butions, respectively: �a1=0.06, �a2=0.16, Y1=130 MPa,
and Y2=425 MPa. Rather than being a classical elastic

modulus, Yi is identical with the failure stress of each mate-
rial as it degrades under increasing strain effectively at con-
stant load and �ai is characteristic of the breaking strain of
each material. The third parameter set, i=3, is associated
with the uncoiling of the morphology as the interfiber bond-
ing is broken. The activation strain for uncoiling or straight-
ening of a semicircular arc is �a3�0.6 for all the cocoons.
Since models such as that of Zhu in Eq. �1� allow calculation
of the initial cocoon modulus and Y1 and Y2 are known, the
final model parameter Y3=Y − �Y1+Y2�.

Thus, all the parameters for Eq. �2� can be calculated
directly from the cocoon structure and model predictions
�dashed lines� are compared with observation �solid lines� in
Fig. 1. The important differentiating parameter is M3, which
increases to the limiting value of fiber strength of about 400
MPa as the amount of interfiber bonding increases and more
fiber sustains load directly.

The model provides important insights into how structural
changes with increasing strain control properties. Equation
�2� gives us the fraction of elastically active material �in
parenthesis� at any strain relative to �a, which gives the re-
coverable strain, �r, as the material relaxes back from any
applied total strain, �. Ignoring nonlinear viscoelastic relax-
ation rate effects in this initial treatment, we can thus calcu-
late the cyclical loading of cocoon wall for A. pernyi �shown
in Fig. 4�a��, where applied strain is increased in 10% incre-
ments and then relaxed back to zero stress through �r. The
recoverable stress and strain is taken here to be linear with a
modulus Yr given by �r /�r at any point below an applied
total strain. Once that strain has been exceeded and more
cumulative damage develops, the recoverable strain again
follows the overall envelop. The observed cyclical response
is shown in Fig. 4�b� for comparison and includes more com-
plex viscoelastic relaxation effects. However, the trends are
well reproduced by the model.

Importantly, we see that failure is rapid after a critical
strain, above which there appears to be no continuous bond-
ing path to sustain load. This condition was found to corre-
spond to the stress-strain point where Yr�Y /2 as a bond
percolation condition �28� or �for O. eucalypti, for example�
the failure stress of the weaker sericin binder component at
about 130 MPa, whichever is the lower. This condition is
marked in Fig. 1 as �p or �p for the three cocoons and agrees
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FIG. 3. �Color online� Simplest model normalized stress-strain
profile for a single-component contribution of Eq. �2� with an acti-
vation strain, �a=1, and initial modulus, Y =1, showing how dam-
age to the materials and bonding through �a lead to loss of stiffness.

TABLE I. Parameters for the cocoon model and other examples.

Material �ai

Yi

�MPa�

i 1 2 3 1 2 3

Bombyx mori 0.05 0.16 0.6 130 425 10

Antheraea pernyi 0.05 0.16 0.6 130 425 240

Opodiphthera eucalypti 0.05 0.16 0.6 130 425 400

Nonwoven cloth 0.06 0.23 260 260

Paper 0.025 0.077 700 700

Nanomat 0.11 0.7 40 40

PBX �at 1 s−1� 0.033 900

Concrete �compression� 0.0025 12200
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well with observation. A general plot of the predicted failure
conditions of percolation strain and failure stress are shown
in Fig. 5 as dashed lines superimposed upon the predicted
stress-strain profiles of cocoon with different values of Y3 as
marked.

That strain appears to be the dominant activation param-
eter for bond breaking and hence for mechanical properties is
shown by examination of stress relaxation and time depen-
dence of creep strain under constant load. Figure 4�c� shows
strain as a function of time under a constant stress of about
80 MPa for A. pernyi, where strain increases with an expo-
nential relaxation form from the short-time elastic value of
18% with a relaxation time of 150 s, and the sample breaks

at the same value as in the standard stress-strain curve in Fig.
1, indicating that damage is directly linked to strain.

IV. NONWOVEN AND PARTICULATE COMPOSITES

The bonding connectivity in cocoon walls provides an
excellent quantitative description of detailed nonlinear me-
chanical properties in a natural nonwoven composite. How-
ever, such a model has limited interest unless it has broader
applicability. We noted that a wide range of very different
composite materials has stress-strain profiles that have the
same form as those of our cocoons while noting also that
current models for these materials are mathematically com-
plex, quite narrow in scope, and largely empirical �4–17,29�.
Here, too, the main feature shared is the apparent control of
mechanical properties by loss of connectivity of bonding be-
tween the component materials. Such loss occurs either via
fiber-fiber bonding for random fiber or via particle-matrix
bonding for particulate composites. Here, we apply the co-
coon connectivity model to a range of nonwoven fiber and
particulate composites to illustrate how the model can be
used with other materials.

A. Nonwovens

Figure 6 compares model and observed stress-strain pro-
files for the fiber examples of a printer paper, a nonwoven
kitchen cloth, and nanomat scaffold �30,31� using physically
realistic model parameters listed in Table I.

Nonwoven cloth was purchased from a retailer and is sim-
ply a standard household cleaning cloth with a nonwoven
structure made from regenerated cellulose fibers, as shown in
Fig. 6. The “modulus” parameter values equivalent to fiber
strength are 260 MPa, with activation strains of 0.06 and
0.23. These are consistent with properties of Viscose regen-
erated cellulose fibers with a tensile strength of about 300
MPa and a failure strain of about 8% �32�. The nonwoven
structure shows less bending of the fibers relative to cocoons
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FIG. 4. �Color online� Demonstration that strain is the key acti-
vation parameter for damage effects on mechanical properties using
recoverable elastic and plastic strain effects in A. pernyi cocoons.
�a� Predicted recoverable elastic strain after deformation to a given
total strain, as labeled. �b� Measured recoverable strain to the same
series of total strains as in �a�. �c� Evolution of strain with time in a
creep experiment after an initial elastic strain of 18%, showing the
cocoon fails at a relatively constant value of strain.
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with semicircular bends, suggesting a lower value for the
upper activation strain for the uncoiling process, relative to
0.6 for cocoons.

Paper samples were taken from a standard office laser
printer with a weight of 80 g /m2 and have low values for
activation strains of 0.025 and 0.077, with modulus or com-
ponent failure stress value of 700 MPa. These strains are due
to the noncoiled morphology of the paper fibers, which does
not therefore have an upper activation strain for uncoiling.
The strength of processed cellulose fibers in the paper could
be compared with that for more crystalline Lyocell regener-
ated cellulose fibers, with a tensile strength of 700 MPa at a
failure strain of about 8% �32�. The lower activation strain of
0.025 would then simply be that of the cellulosic binding
matrix between the fibers, analogous to the sericin binder
matrix in the cocoons.

The nanomat properties were taken from the literature
�30,31�, and the specific nanomat scaffold was made from
dry electrospun poly�lactic-co-glycoic acid� PLGA fibers
with fiber diameters in the range of 500–800 nm with a high
porosity �92%� structure of highly coiled fibers, which give
an upper activation strain comparable with the cocoons at
0.7. The strength of the PLGA polymer fibers is observed to
be about 45 MPa �33�, in good agreement with the modulus
parameter value. The high modulus at very low strain is
probably due to strong interfiber hydrogen bonding but has
not been included here.

B. Particulate composites

Figure 7 plots stress-strain relations for two important ex-
amples of particulate composites as polymer bonded explo-
sive �PBX� �34� and concrete �35,36� under compression.
The particulate composites are notably simple in that they
have only one activation process for particle-matrix debond-
ing. These composites also show the same form of cyclical
loading response as outlined for cocoons above.

For the particulate composites studied in this work so far,
they appear to follow a very simple form of the connectivity
model with a single-component effect that follows the model
equation form very well. In general, particulate composites

should follow the standard additivity rules to calculate the
composite elastic modulus from their component properties.
The main problem comes in calculating the activation strain,
�a. For the two examples in Fig. 7, we do not know the exact
composite composition, so simply demonstrating the form of
the model with realistic parameter values is all we can do at
this stage. We suggest that debonding between the particles
and matrix components follows a fracture mechanics form of
debonding stress or strain being dependent upon the size of
the particles or, more specifically, the distance between the
particles, d. Using an energy equivalence of elastic energy
density of modulus, M, inside a cube of side length d with
the energy to create six free surfaces with an energy per unit
area of ��0.15 J m−2, we can write an expression for the
local strain to cavitation, �c, with a form �37�

�c �
12�

Md
. �3�

If the volume fraction of rigid particles is �, then the active
fraction of matrix in any axis can be approximated as � /3,
such that the tensile strain on the composite to generate the
local strain �c will be �c=� /3, which we then equate to the
activation strain for loss of bond connectivity in the model as
a compressive strain scaled by 1 /�, where � is Poisson’s
ratio

�a �
�

3�

12�

Md
. �4�

PBX stress-strain curves were taken from literature in the
form of experimental data for a standard mock composition
900-21 used at LANL to simulate PBX 9501 �34�. The pa-
rameters can be taken in two ways: either they are simply
seen as best fit parameters for an excellent fitting function
with a modulus of 900 MPa and an activation strain of 3.3%
under compression or they can be considered at a more fun-
damental level as design parameters that need to be quanti-
fied in terms of their chemical and morphological composi-
tion. By way of illustration for a nonspecific PBX, if we
consider 100 �m particles of energetic material with a vol-
ume fraction of 0.1 of a binder matrix with a tensile modulus
of 2 MPa and a Poisson’s ration of 0.5, we can estimate the
distance between particles, d�3.3 �m, to give an activation
strain from Eq. �2� of �a=0.035. The activation strain is in
good agreement with the experimental example as a reason-
able parameter value with physical relevance.

Concrete is a particulate composite of sand bonded by
cement, which is in turn the matrix binder for larger aggre-
gate particles �35�. We again see in Fig. 7 that the model
function gives an excellent fit to concrete properties, which
are taken from literature �36�. The modulus value of 12 GPa
is slightly low for cement and silica materials �20–30 GPa
might be expected for silica materials� and the small activa-
tion strain of 0.0025 under compression is characteristic of
highly brittle silica materials.

Again as a hypothetical example for illustration, consider
the concrete example with a modulus of 12 GPa that is a
concrete with 25% cement paste with filler modulus of about
30 GPa comprising sand particles with a medium grade par-
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FIG. 7. �Color online� Particulate composites of polymer
bonded explosives �34� and concrete �35,36� under compression,
which show a single activated process like that in Fig. 2�b�. Solid
lines for experimental data; dashed lines for model calculations.
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ticle size of about 0.2 mm and average separation distance
therefore of about 17 �m. The inverse fraction additivity
rule for modulus suggests a cement matrix modulus of about
4 GPa. Poisson’s ratio of these materials is low at about 0.2.
Equation �4� then suggests a compressive activation strain
for this model concrete of about �a�0.0022, which is a re-
alistic estimate for concrete.

V. CONCLUSION

We conclude that the bioinspired model developed using
the highly evolved natural composites of silkworm cocoons
provides a physically realistic and quantitative predictive
model framework that can be used for analysis, design, or
optimization of important new composite materials. The ob-
served mechanism for the loss of stiffness in cocoons is a
gradual loss of connectivity of the sericin bonding between

load bearing silk fibers. This loss of connectivity can be
quantified as a strain-activated fission of the interfiber bonds
up to a failure criterion where either a percolation threshold
of about 50% of these bonds �quantified as modulus reaching
half of its initial value� or the failure stress of the sericin
binder is reached, whichever is lower. The connectivity
model can be applied to other nonwoven fiber and particulate
composites using a small number of physically realistic
model parameters.
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