Silkworm Silk as an Engineering Material
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ABSTRACT: While silk exhibits high values of tensile strength and stiffness, these
properties are compromised by their poor reproducibility. We present the results of
experiments aimed at characterizing the variability of tensile properties exhibited by
cocoon silk from Bombyx mori silkworms. Scanning electron microscopy is used to
measure an average diameter for individual test specimens; the interspecimen vari-
ability of diameter is quantified and found to be inadequately represented by standard
deviation. When load-extension data are converted into stress-strain curves, a marked
improvement in reproducibility is realized if each specimen cross-section is calculated
from diameter measurements specific to that specimen. Nevertheless, a significant
variability in fracture stress remains; a Weibull analysis reveals that silkworm silk has
a failure predictability comparable with that of glass and nonengineering ceramics.
Unloading/reloading tests demonstrate that stiffness is not significantly affected by
cumulative deformation, and the stress—strain relationship is not sensitive to strain

rate. © 1998 John Wiley & Sons, Inc. J Appl Polym Sci 70: 2439-2447, 1998
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INTRODUCTION

Biological materials often show a combination of
properties that cannot be reproduced by artificial
means. Silks, produced either by spiders or moth
larvae, are a good example when compared with
artificial organic fibers. Although it is possible to
produce high-performance fibers (i.e., Kevlar 49)
with a breaking strength above 3 GPa,' these
fibers show an elongation to failure below 5%. On
the other hand, natural silks have a lower
strength (= 1 GPa) but a higher elongation to
failure (30%) (ref. 2 and references cited therein).

The principles that underlie these excellent
properties are still largely unknown. It has long
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been recognized that silkworm silk is made up of
crystalline and noncrystalline regions,® and even
more sophisticated models have been proposed for
spider drag line silk (Nephila clavipes).*~® These
models provide a qualitative basis for under-
standing the mechanical properties of the silk:
the interconnected ordered regions would account
for the stiffness of the material, whereas the dis-
ordered regions would account for the large elon-
gation to failure. Meanwhile, reliable quantita-
tive results have remained elusive, for two prin-
cipal reasons: (1) silks are complex materials,
whose detailed hierarchical microstructure is not
easy to observe experimentally; and (2) silks show
a large variability from sample to sample, so it is
difficult to assign typical values even to common
tensile properties.

The aim of this article is to address how vari-
able the mechanical and geometrical features of
silkworm (Bombyx mori) silk are, including vari-
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ations that could appear during our manipulation
of the silk when preparing the samples. Although
data on the mechanical properties of silkworm
silk have already been published,”® the present
work focuses on the statistical aspects of this ma-
terial’s behavior. In particular, we demonstrate
that silkworm silk has a Weibull modulus similar
to that of glass. All the mechanical tests have
been made with monofilament samples. In this
context, monofilament means a bave, which itself
consists of two parallel fibroin subfilaments or
brins. The two brins originate as solubilized fi-
broin within the worm’s two silk glands. As fi-
broin leaves the glands, it is coated with another
protein, sericin. The ducts leading from the
glands merge before the silk reaches the single
spinneret, so that a single bave is spun. In addi-
tion to joining the brins, sericin sticks the bave to
already-spun material, ensuring the integrity of
the cocoon.

The correct description of the geometry of the
silk is not trivial.'® Therefore, a statistical anal-
ysis has been made to determine how variable
the fiber diameter is. This result is used later to
convert force-displacement measurements into
stress-strain curves.

Loading-unloading tests have been performed
to explore how the tensile properties of the fibers
are modified by cold drawing. Finally, because
strain rate can influence the mechanical proper-
ties due to the viscoelastic properties of silk,!!
tests have been performed to determine its effect.

EXPERIMENTAL

Silkworm cocoons (Bombyx mori) were boiled for
20 min in distilled water with no detergent or
other additive. Fibers 15-25 c¢m long were ob-
tained by pulling gently, taking care that they
were not stressed plastically during this process.
The fibers were allowed to dry overnight in air
before performing any mechanical test. Typical
relative humidity of the air in the laboratory
was 50%.

The original fibers were cut into shorter
lengths (6 cm) to prepare samples for the mechan-
ical tests. The fibers were glued (Loctite 401) onto
cardboard supports as shown in Figure 1. The
cardboard was fixed in an Instron 4411 mechan-
ical testing machine; cuts were made along the
discontinuous lines shown in Figure 1, so that the
load was transmitted through the fiber. Because
the compliance of the fiber has been estimated as
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Figure 1 Experimental setup for the tensile tests.
The cardboard is cut with scissors through the discon-
tinuous line before starting the experiment. The hole is
50 mm long.

3 orders of magnitude lower than that of any
other part of the system, the displacement of the
crosshead (resolution =10 um) can be considered
an accurate measurement of strain. Instead of a
conventional load cell, a balance (Precisa 6100 C,
resolution =10 mg) was placed below the lower
grip, and the force exerted on the fiber was deter-
mined from the decrease of initial weight mea-
sured. A strain rate of 0.00017 s~! (0.01 min~ 1)
has been used unless otherwise stated.

The fibers were recovered after the test for
the measurement of their diameter. Three small
pieces (5 mm long) were cut from different parts
of the tested fiber and metallized with gold before
their introduction in the scanning electron micro-
scope (JEOL 6300). The samples were observed at
10 kV, with a current of 0.6 nA. It has been
assumed that neither the metallization nor the
observation conditions in the microscope influ-
ences the geometry of the fibers.'° Images were
recorded on Polaroid film.

RESULTS AND DISCUSSION

Geometry of the Silk

Measurement of the geometrical parameters that
describe the silk is a difficult task for three rea-
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Figure 2 Cross-section of Bombyx mori cocoon fiber is
not always circular, as demonstrated by the approxi-
mately triangular cross-section shown in this micro-
graph of a single brin.

sons. First, the cross-section of neither brin nor
bave is necessarily circular. Triangular and oval
cross-sections have been found with a similar fre-
quency as circular ones. An example of a triangu-
lar section is shown in Figure 2. Second, there is
a significant variation of the fiber diameter along
the fiber, due to the way in which the silk is
produced through an active spinneret. Finally,
the two-brin structure of native silk renders dif-
ficult the interpretation of data obtained by laser
diffractometry as a measure of the diameter.!%2
This last point has important practical conse-
quences, because the alternative approach of us-
ing scanning electron microscopy is much slower,
and the acquisition of enough data becomes a
time-consuming process.

Nevertheless, the determination of stress-
strain plots does require a value for the cross-
sectional area. Faced with the difficulty of mea-
suring a variable cross-sectional area directly, we
make the significant simplification of treating
each brin as a cylinder. We calculate mean bave
area from measurements of brin diameter, recog-
nizing that this will introduce a systematic error
(but not a random error) into our estimates of

stress. This consistent method of obtaining sam-
ple cross-sections is not then itself a source of the
variability in our results. We also recognize that
the conversion of brin diameter to bave cross-
sectional area ignores any possible contribution of
residual sericin to the mechanical properties of
the bave; however, this is consistent with stan-
dard practice. The mean brin diameter was esti-
mated from micrographs taken of different parts
of the fiber. At least three different regions in
each fiber were photographed to sample the vari-
ation along it. Two different orientations (0-50°),
obtained by rotating the sample around its axis in
the microscope, were used to estimate an appar-
ent diameter. (Ideally 0-90° should have been
used, but this was beyond the geometrical capa-
bilities of the microscope.) Over 80 photographs
were taken in our study of 14 samples. The re-
sults of this study are presented in Table I.

The mean diameter obtained from these data is
11.5 um. A variation of ~ 18% (2.1 wm) can result
from observing the same section of the brin at 0°
and 50°. The greater D, — Dy, standard deviation
compared with the diameter standard deviation is
a consequence of having twice as many data for
the determination of the diameter than for the
determination of D, — Dj,. Instead of using the
standard deviation as a measurement of the vari-
ation of the diameter, Figure 3 shows the cumu-
lative probability of finding a brin with a mean
diameter smaller than or equal to D. If the stan-
dard deviation in Table I is considered naively, it
could appear that the mean diameters of brins
group very close to the central value (11.5 um).
Figure 3, however, shows how a significant
number of brins are several microns thicker or
thinner than this central value. Even worse,
there is a >100% difference between the mini-
mum and maximum value. Consequently, prop-
erties that depend on details rather than on
mean values of specimen cross-section (i.e., ul-
timate tensile strength) must show a large
spread of values.

Table I Statistics of the Apparent Diameter of Bombyx mori Silk Brin

Mean Difference

Mean Brin of the Diameter Standard Deviation

Diameter Standard Deviation |D, — Dgo| |D, — Djo Max D Min D
(um) (um) (um) (um) (um) (pum)
11.5 0.2 2.1 0.4 16.7 6.8
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Figure 3 Cumulative probability of finding a fiber
with a diameter smaller than or equal to D.

Tensile Tests on Silk

The force-strain results of the tensile tests per-
formed on 11 different fibers are showed in Figure
4. The original length of the fibers was L, = 50
mm, and the nominal strain has been calculated,
using the original length, as ¢ = AL/L,. The large
spread of the data is evident, not only concerning
the ultimate tensile strength, but also the overall
force-strain plot.

The spread of the data is reduced drastically
when adjacent samples cut from the same origi-
nal fiber are compared. In this case, the force at
any plastic strain shows <10% variation (as illus-
trated in Figure 5, where four tests on adjacent
samples are shown), compared with the >200%
difference across all the samples. The relatively
good reproducibility of the mechanical properties
of adjacent samples has long been recognized in
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Figure 4 Force-strain characteristics of silkworm
silk. The designations “high E,” “medium E,” and “low
E” refer to the classification of these results that is
possible after force has been rescaled as stress (Fig. 6).
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Figure 5 Comparison of force-strain plots of four ad-
jacent specimens obtained from the same original fiber.
Observe the decrease of data scatter compared with
Figure 4.

the context of spider dragline silk,'® where adja-
cent samples are more easily prepared. The dif-
ference in ultimate tensile strength of adjacent
samples is not usually >10%, although some dif-
fer by > 50%. Both results can be explained from
a statistical point of view: the force-strain plots
depend on mean values (i.e., mean diameter),
which are likely to be similar in adjacent samples,
whereas tensile strength is greatly influenced by
the presence of defects.

Although the use of the overall mean diameter
would provide a working basis for rescaling force
as stress, no improvement would be obtained in
reducing the spread of the data. Therefore, a
mean diameter has been calculated for each indi-
vidual fiber, and the corresponding stress-strain
plots are shown in Figure 6. It is worth remarking
that the apparent bave area calculated from the
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Figure 6 Stress-strain characteristics of silkworm
silk (stress calculated using average brin diameter in
each sample).
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Table II Elastic Modulus and Yield Stress of Bombyx mori Silk

“Low” Elastic “Medium” “High” Elastic
Modulus Elastic Modulus Modulus
Elastic modulus (GPa) 89+0.5 12.8 = 0.7 174+ 04
Yield stress (MPa) 126 = 9 142 + 9 231 + 14

mean brin diameter does not correspond to the
initial area, because the geometrical measure-
ments have been obtained from plastically de-
formed samples. The initial area is needed to
determine the nominal stress, and it can be cal-
culated assuming that the sample volume re-
mains constant throughout the test. In this case,
the initial area is given approximately by:

Ayl

A, 3

(D)

where A, is the initial area, A, is the final area
(calculated from the apparent diameter), [, is the
initial length, and /is the final length of the fiber.

The spread of the data is reduced from 200%
for the raw force-strain curves (Fig. 4) to 70% for
the stress-strain curves (Fig. 6). This indicates
that the procedure used to obtain the mean diam-
eter can improve the reproducibility of the re-
sults. From the plots presented in Figure 6, it is
possible to obtain the mechanical properties of
the silk, such as the elastic modulus and the yield
stress, with the latter being calculated conven-
tionally as the stress at 0.2% deformation. The
elastic modulus can be used to classify all the
tests in three different groups, which are indi-
cated in the plot. The mechanical properties for
each group are shown in Table II.

We believe that the condition of the sericin
coating is responsible for these differences, as will
be explained in greater detail in a subsequent
publication.’* Our choice of three distinct catego-
ries for classifying fibers according to their mod-
ulus is justified by two considerations. The differ-
ences between the corresponding values of mean
elastic modulus are large, compared with the val-
ues of standard deviation. Also, the same group-
ing of results can be achieved by considering yield
stress instead of initial modulus, so we are confi-
dent that the classification reflects real material
differences. Literature values of modulus,’ for
samples of Bombyx mori silk tested at a compa-
rable strain rate and also assumed to be cylindri-

cal, are close to 5 GPa. The fact that our values for
modulus are consistently higher than these must
reflect our efforts to obtain a representative cross-
sectional area for each individual sample tested,
because our ability to measure loads and displace-
ments accurately is comparable to that of previ-
ous researchers.

As an alternative to using the mean diameter
to calculate a representative cross-sectional area,
we also explored the consequences of calculating
final area from the minimum diameter of each
sample. We were motivated by the possibility that
thinner regions of the sample might also be where
the deformation is localized—in other words, the
possibility that the thinner regions might domi-
nate the overall response of the fiber to loading.
However, Figure 7 shows a marked increase in
the spread of the data relative to the original
force-strain curves (Fig. 4). The implication is
that stress concentration at microstructural
flaws, rather than at geometrically thinner re-
gions, dominates the deformation and eventual
failure of the silk. This conclusion is borne out by
the low Weibull modulus of this material, as mea-
sured below.

From the previous discussion, an even larger
scatter in the data is expected when studying the
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Figure 7 Stress-strain characteristics of silkworm
silk (stress calculated using smallest measured brin
diameter in each sample).
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Figure 8 Determination of the Weibull parameters of
silk.

ultimate tensile strength of the fibers. Over 25
tests on 50-mm-long fibers have been done to
obtain statistically significant results. The scatter
of the data was just below 300%, and no difference
could be observed between fibers with low and
medium elastic modulus.

These large variations are very often found
when studying artificial fibers, such as carbon or
silicon cabide (Nicalon), and the usual way to
analyze them is through Weibull statistics.!®'¢ In
Weibull’s theory, the probability of fracture in a
fiber is given by:

L m
F=1- exp( — LO(ZO) ) (2)

where m, o,, and L, are parameters characteris-
tic of the material. In this case, because all of the
tested fibers had the same length, eq. (1) becomes:

F=1- exp( —Z) 3)

0

or equivalently:

1 )_ a\™
Ln(l_F —<0_0> (4)

If Ln(Ln (1/1 — F)) is plotted versus Ln o, a
straight line is obtained, with slope m and extrap-
olated intercept — m Ln oy. The result of apply-
ing this analysis to the silk fibers is shown in
Figure 8. Tests of the high elastic modulus fibers
are not included because they seem to lie on a
different line; this observation can also be as-
cribed to the presence of sericin.'* The data have

been fitted using a least-squares method with a
correlation r = 0.989. From this plot, it can be
concluded that Bombyx mori silk fibers obey
Weibull statistics with values of m = 5.76 = 0.01
and o, = 403 = 1 MPa. The low value of its
Weibull modulus ranks silk alongside glass (m
~ 4.8) and common ceramics (5 <m < 25)7in
regard to the poor reproducibility of its breaking
strength. Therefore, although silkworm silk ex-
hibits a unique combination of high strength,
stiffness, and toughness as previously noted, the
poor reproducibility of its tensile properties may
limit the engineering applicability of single fibers.
An improvement in reproducibility can be ex-
pected from fiber that is spun at a fixed rate from
solutions of recombinant silk-like protein under
controlled conditions through a passive spinneret.
We also note that Weibull modulus and reproduc-
ibility are of little consequence to the silkworm,
because the fiber is laid down to build up a dense
mat in which the sericin binder promotes load
transfer across the entire structure. It will be
interesting to determine whether spider drag
line, where dependable properties are required
from single fibers, has a higher Weibull modulus
for fracture than silkworm silk.

Unloading/Reloading Tests

Given the difficulty of handling single silk fibers
without accidentally introducing deformation,
we performed unloading/reloading tests to see
whether mechanical properties are sensitive to
previous stretching. The experimental setup was
similar to that used for the simple tensile tests.
Figure 9 corresponds to an unloading/reloading

3 /// ]
© ] :
o 25
y—

» i
% LSk T
@ ,
2 .
=] L
A 1F f 3
0.5 ¢ / .
0 %‘ L P ' P LA PRI N S ]
0 0.02 0.04 0.06 0.08 0.1 0.12

Strain
Figure 9 Tensile test with four unloading/reloading
steps (the first unloading/reloading step is superim-

posed on the initial elastic zone and marked with sym-
bols).
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Table IIT Elastic Modulus of the Initial
Loading Step and Subsequent
Reloading Steps

Initial 1st 2nd 3rd 4th
Load Reload Reload Reload Reload

E (GPa) 8.2 8.2 8.6 8.7 8.9

test with four unloading/reloading steps. The
steps were chosen so that the first was performed
before the yield point was reached and the rest
after passing it. The last step was performed just
below the ultimate tensile strength. From these
data, it is evident that there is a true elastic zone
before reaching a yield point, at least at and
around the strain rate of 0.00017 s~ ! considered
(see herein); the fiber can be stretched up to this
point during manipulation without introducing
permanent deformation or changing the elastic
modulus.

Permanent deformation is introduced if the fi-
ber is stretched beyond the apparent yield point,
confirming that yield has indeed occurred. Hys-
teresis effects due to the viscoelastic properties of
silk are now evident during the unloading/reload-
ing process. The nonlinear stress—strain relation-
ship during unloading precludes accurate mea-
surement of elastic modulus; the viscoelastic ef-
fects are more apparent during unloading than
during reloading. The elastic modulus for reload-
ing can be measured directly from the plot. As can
be seen in Figure 9 and Table III, the elastic
modulus on loading/reloading is not sensitive to
plastic deformation; in other words, stretching
the fiber beyond its yield point and unloading is
simply equivalent to expanding the elastic range
of the fiber up to the new yield point, but neither
the elastic modulus nor the overall shape of the
plot up to its ultimate tensile strength are af-
fected. If samples were to be stretched acciden-
tally during handling (e.g., while being removed
from the cocoon or mounted on the tensometer), it
is likely that such deformation would occur at
rates far greater than those studied herein, pro-
viding even less opportunity for viscous flow. Be-
cause the tensile modulus shows no sensitivity to
significant plastic deformation, or to strain rate
(see below), we are confident that measurement of
cross-sectional area does indeed represent the
greatest source of error in modulus characteriza-
tion.

At microstructural and molecular scales,
changes that occur upon deformation and in-

crease tensile modulus must be offset by changes
that decrease the modulus. For example, both
increased chain alignment in amorphous regions
and enhanced relative alignment of crystalline
regions would lead to a higher modulus, but si-
multaneous destruction of crystalline regions
would lead to a lower modulus. Detailed modeling
and microstructural studies are needed to char-
acterize the competition between these processes.

Influence of the Strain Rate

The viscoelastic behavior of silk!! implies that the
measured mechanical properties should depend
on the strain rate; therefore, it is necessary to
check whether a result obtained at a given strain
rate is valid at a different strain rate. Necessarily,
tests performed at different rates have to be per-
formed on different specimens. The observed vari-
ability in the mechanical properties of silk may
therefore not allow us to obtain clear conclusions
when comparing tests on different specimens, be-
cause the intrinsic scatter of the data is so large.
Fortunately, the comparative reproducibility of
measurements made on adjacent samples cut
from a given thread, as noted previously, allows
us to obtain some information on how strain rate
influences the behavior of silk.

Tests at strain rates of 0.000017 s~ 1, 0.00017
s~1 (the strain rate chosen for all the previous
tensile tests) and 0.00090 s~ ! were performed,
and the results of these tests on adjacent samples
from an original thread are shown in Figure 10.
From these results, it seems that the mechanical
properties are insensitive to the strain rate in a
range of nearly 2 orders of magnitude. This ob-
servation is consistent with results obtained from
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Figure 10 Strain rate does not significantly influence
the stress-strain characteristics in the range studied.
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spider drag line,'® which exhibits little difference
in stress-strain behavior at quasistatic and bal-
listic strain rates. The absence of significant vis-
cous creep in the response of both materials is
consistent with the tests being conducted at tem-
peratures far below the principal glass transition
(~ 175°C for Bombyx mori silk'® and 160°C for
spider drag line°).

SUMMARY AND CONCLUSIONS

Diameter

We demonstrate that the brin produced by Bom-
byx mori silkworms has a highly nonuniform
cross-sectional geometry, with respect to both
shape and absolute dimensions. Standard devia-
tion is not necessarily the best indicator of the
large variability in mean diameter. The spread is
more effectively represented by considering the
cumulative success of finding samples with a
mean diameter less than or equal to a given
value.

Elastic Modulus

The variability in data obtained from tensile tests
can be reduced by (1) testing adjacent samples cut
from the same original fiber and (2) calculating an
average cross-sectional area for each individual
sample tested. Samples can be classified into
three distinct groups according to the value of
their initial elastic modulus. The same classifica-
tion can be achieved with reference to yield stress.
We believe that these differences result from dif-
ferences in the condition of the sericin coating.

Tensile Strength

The scatter in tensile fracture strength is even
more pronounced than the scatter in elastic mod-
ulus, depending not only on the variability in
cross-sectional area, but also on the distribution
of microstructural flaws. The fracture strength of
low- and medium-stiffness fibers follows the same
Weibull plot. The Weibull modulus of Bombyx
mori silk is similar to that of glass and common
ceramic materials. Despite its attractive combina-
tion of strength, stiffness, and toughness, natural
silk has the failure predictability of a brittle ma-
terial. It is expected that silk synthesized by ge-
netically modified bacteria and spun under con-
trolled conditions through an artificial spinneret
will have a more uniform cross-sectional area,

reproducible molecular alignment, and fewer mi-
crostructural flaws; such material should exhibit
improved reliability as an engineering material.

Unloading/Reloading Tests and Effect
of Strain Rate

In tensile tests (0.00017 s~ !) where the experi-
ment is interrupted by unload/reload steps, the
tensile modulus on reloading is insensitive to the
cumulative deformation experienced by the spec-
imen. The stress—strain relationship is also found
to be insensitive to strain rate. Measurements of
tensile modulus should therefore not be preju-
diced by accidental stretching introduced during
specimen handling. Microstructurally, deforma-
tion mechanisms that increase tensile modulus
(e.g., increased alignment of chains) must be bal-
anced by at least one mechanism that decreases
tensile modulus (e.g., breakup of crystalline re-
gions).

We are indebted to Dr. Marion Goldsmith (University
of Rhode Island) for kindly providing a supply of Bom-
byx mori cocoons.
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