Tensile Properties of Argiope trifasciata Drag Line Silk
Obtained from the Spider’s Web
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ABSTRACT: The tensile properties of Argiope trifasciata (Argiopidae) drag line silk
retrieved from mooring threads in the web were characterized. Scanning electron
microscope images were used to determine the cross-sectional area of the samples,
allowing force-displacement plots to be rescaled as stress—strain curves and to charac-
terize fracture surfaces. Twenty-eight samples were tested to obtain statistically sig-
nificant values of the mechanical parameters (elastic modulus, stress and strain at the
proportional limit, and tensile strength). The tensile strength of the material was
subjected to a Weibull analysis—the first time that this has been attempted with a
spider silk. A low value of the Weibull modulus, m = 3.4, was obtained, demonstrating
that drag line monofilament does not have a sufficiently reliable tensile strength to
function as an engineering material on its own. © 2001 John Wiley & Sons, Inc. J Appl Polym

Sci 82: 2245-2251, 2001
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INTRODUCTION

It has long been recognized that spider silks ex-
hibit unique combinations of strength, stiffness,
and toughness which are unrivaled by either
man-made or other natural fibers.!? This view is
supported by a diffuse literature of experimental
data generated over the last 40 years.>~'? The
measured strength values reported in previous
articles suggest a wide experimental scatter,
which can be attributed, in part, to the intrinsic
variability of biological materials. However, this
variability is exacerbated in the case of silk by the
experimental difficulties of characterizing the ir-
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regular and small (2-5-um diameter) sample
cross sections accurately. Early studies®” relied
on light microscopy to determine the fiber diam-
eter, but the intrinsic limitation of this technique
led to uncertainties of up to 60% in the actual
values of the fiber cross-sectional area.’*® More-
over, the variability in the cross-sectional area
along the length of the fiber was not considered.

More recent investigations used a scanning
electron microscope®?11~!3 or laser diffraction'®
to measure the diameter along the fiber and com-
puted an average value from which to determine
the area. These approaches provided accurate
data on the strength and stiffness of various spi-
der silks, revealing large differences in the tensile
properties of silk from different spiders. Large
variations were also found among silks obtained
from different individuals of the same species and
from the same individual.'* The highest average
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strength (1.7 GPa) was measured for Nephila
clavipes major ampullate silk,'® whereas the low-
est (around 0.8 GPa) was obtained from Araneus
diadematus major ampullate silk.'® All these
studies were limited by the tedious procedure of
characterizing the sample diameter. The number
of samples analyzed was therefore small (in the
range of 1-6 for each silk studied),® 2 restricting
the statistical significance of these data.

It is not surprising that silk from different
spider species exhibit diverse mechanical proper-
ties, since the material must behave reliably un-
der a range of in-service conditions. To develop
our overall understanding of silk behavior, it is
necessary to characterize the mechanical proper-
ties in a way that reveals clearly the differences
and similarities among various silks. To distin-
guish interspecies differences from the intrinsic
variability of this material, an appropriately large
number of tests must be performed under care-
fully controlled conditions on silk samples that
have been collected so as to minimize scatter. It is
also necessary to use appropriate statistical tools
when interpreting the results (especially the
strength values, which tend to be more variable
than the other tensile parameters). Among the
different types of spider silk, drag line achieves
the highest tensile strength and has been the
most widely studied. Our present work focused on
the tensile properties of drag line silk collected
directly from the web of Argiope trifasciata (Argi-
opidae). The tensile behavior of 28 fibers was
characterized. Force-displacement data from the
tests were rescaled as stress—strain curves, using
the fiber cross section as determined by scanning
electron microscopy (SEM). This information was
sufficient to obtain statistically significant data
on the fiber properties and, in particular, to com-
pute the Weibull parameters for the fiber break-
ing strength.

EXPERIMENTAL

An A. trifasciata spider was kept in a box 70 X 70
X 20 cm and fed a diet of crickets. A wooden frame
was placed in the box, so that the spider could
build webs. All the silk used in this study was
collected from a single web to reduce the possible
sources of variability. Drag line silk is used to
produce the mooring threads, framework threads,
and radials in the web (Fig. 1).15¢ The mounting
and tensile test procedures were described and
illustrated in detail elsewhere.l”'® Samples from
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Figure 1 Macrostructure of a spider web. Solid lines
denote the components that are made from drag line.

these web components were cut and, when possi-
ble, separated carefully into individual monofila-
ments. These were then glued across holes cut in
pieces of cardboard, defining a gauge length of 20
mm.

Tensile tests were performed with an Instron
4411 machine at a constant crosshead speed to
achieve an average strain rate of 2 X 10 * s 1.
The load applied to the sample was measured
with a balance (Precisa 6100 C, resolution +10
mg) attached to the lower end of the sample.'”!®
The crosshead displacement was taken as a direct
measurement of the sample deformation, since
the compliance of silk is approximately 1000
times larger than that of the equipment.'” The
tests were performed in air under nominal condi-
tions of 20°C and 60% relative humidity.

After testing, some of the samples were re-
trieved and sputtered with gold. They were exam-
ined in a JEOL 6300 scanning electron micro-
scope (observation conditions V = 10 kV, I = 0.06
nA). The images were used to confirm the pres-
ence of a single filament in each sample and to
measure the sample diameter at different posi-
tions along the gauge length. The fracture sur-
faces of the samples were also studied.

RESULTS AND DISCUSSION

Selection of Material for Testing

The harvesting of naturally spun material from
webs was preferred to forced silking so that the
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Figure 2 Force-displacement curves of two radials
from an A. ¢rifasciata web, illustrating the significant
variability of this material.

results of this work might reflect the properties of
natural material as closely as possible. Therefore,
the initial task was to select the material to be
tested from among the different elements of the
web: mooring threads, framework threads, and
radials (see Fig. 1). Preliminary tests revealed
significant variability in the behavior of radials,
as illustrated in Figure 2. These differences arise
because the spider introduces new filaments
alongside the existing ones as it rebuilds the
web,'? so the number of filaments in any radial is
not constant along its length. It would be helpful
if individual monofilaments could be tested; how-
ever, the presence of viscid thread residue im-
pedes the separation of the radials into their con-
stituent monofilaments. Similarly, it was not pos-
sible to isolate monofilaments from framework
threads, due to the adhesive protein that is
present at the points where the framework and
radial threads intersect. In contrast, mooring
threads are easy to collect and divide into individ-
ual monofilaments, so we conducted our study on
this material.

The force-displacement curves of three adja-
cent samples cut from a monofilament were com-
pared (Fig. 3) to check whether the mechanical
properties vary along the monofilament. The
force-displacement curves of such adjacent sam-
ples follow closely similar paths, but the loads and
extensions which they can sustain before break-

ing are highly variable. Similar tensile deforma-
tion characteristics of adjacent samples cut from
a thread was recognized previously for silkworm
cocoon silk!” and for drag line obtained by forced
silking of spiders.2°

The possibility of altering the properties of silk
during manipulation must be considered, since
monofilaments are extremely delicate and prone
to stretching while being handled. We are careful
to minimize the loading on samples as they are
prepared for testing. Also, the existence of a true
elastic region and recognizable yield point in the
mechanical response (Fig. 3) means that small
deformations can be tolerated without a perma-
nent effect on the tensile properties.’”

Sample Geometry

After tensile testing, the geometry of 13 samples,
each from a different monofilament, was studied
by SEM. To representatively characterize the
variability of this material, we specifically chose
nonadjacent samples for this study. To allow for
variations in the cross-sectional area and shape,
micrographs were recorded at two different posi-
tions along the sample, in each case at two differ-
ent orientations (0°-50°).1"'® The orientation was
changed by rotating the sample about its long
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Figure 3 Force-displacement curves of three samples
cut successively from a single monofilament of mooring
thread. The curves superimpose closely, but the loads
and extensions sustained by the samples before break-
ing are highly variable.
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Figure 4 Scanning electron microscopy images of A.
trifasciata drag line monofilament. The two orienta-
tions are related by a 50° rotation about the long axis of
the sample.

axis in the microscope. Ideally, the two orienta-
tions would have differed by 90°, but we were
limited by the geometrical specifications of the
microscope. An example of a pair of micrographs
recorded at 0° and 50° is shown in Figure 4.
Results are summarized in Table I, where the
average monofilament diameter, D, maximum di-
ameter, D, .., minimum diameter, D, ;,, and av-
erage shape anisotropy are presented. The shape
anisotropy is calculated as the ratio of D, (or D5,
whichever number is greater) to Dj, (or D,
whichever number is smaller); subscripts denote
the sample orientation. For each monofilament,
the four measurements of the diameter differed
by less than 5%. This relative uniformity of the
cross-sectional geometry contrasts with the
highly variable cross section of the drag line ob-
tained by forced silking of spiders.”° If the com-

parison is made with silkworm (Bombyx mori)
monofilament silk (brin),'® we find that A. trifas-
ciata drag line exhibits a similar variability of D
along the monofilaments and its cross section ap-
proaches a circular geometry more closely (shape
anisotropy = 1.05 for A. trifasciata drag line and
1.16 for silkworm silk). The circular cross-section
of A. trifasciata drag line is also observed in frac-
ture surfaces (see below), in comparison with the
more ellipsoidal cross section of B. mori fracture
surfaces.!”

Stress—Strain Response

The average diameter of each sample character-
ized by SEM was used to calculate its area, as-
suming a circular cross section. Since the samples
were observed in the microscope after tensile test-
ing, we assumed that the measured area of the
fractured sample was related to the initial area
through the equation

Equation (1) implies that the volume of the sam-
ple remains constant during the tensile test and
is used consistently with previous work on silk-
worm silk.'”!® The initial cross-sectional area is
needed to obtain stress—strain curves from the
force-displacement data.

Because we demonstrated that (a) adjacent
samples cut from a given monofilament exhibit
very similar behavior in tensile tests (Fig. 3) and
(b) cross-sectional geometry does not vary signif-
icantly along each monofilament, we are able to
use the measured sample areas to also character-
ize the cross-sectional area of adjacent samples
cut from the same monofilament. In this way, we
obtained stress—strain curves from a total of 28
samples.

Some representative stress—strain curves are
shown in Figure 5. It is apparent that the A.
trifasciata web drag line is highly variable when
samples from different monofilaments are consid-

Table I Geometrical Parameters of
A. trifasciata Drag Line Monofilament
Harvested from the Web

D Dmax Dmin Shape
(um) (pum) (um) Anisotropy
6.6 = 0.2 8.5 5.0 1.05 + 0.01
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Figure 5 Representative stress—strain curves of A.
trifasciata drag line silk harvested from the web, show-
ing the behavior of samples obtained from several
monofilaments.

ered. Tensile parameters collated from the
stress—strain curves are presented in Table II,
alongside the corresponding values for B. mori
silkworm silk. Stress and strain at the propor-
tional limit are denoted by o, and ¢, respectively.
(The proportional limit is defined as the point
where a force-displacement curve intersects a
straight line which passes through the origin and
has a slope equal to 95% of the initial slope of the
curve.?!) The energy required to deform a unit
volume of the material to failure can be calculated
from the area under the stress—strain curve and
is denoted by W,

If the properties of A. trifasciata drag line are
compared with those of silkworm silk, it is evident
that the drag line has a lower elastic modulus and
a lower stress at the proportional limit. The strain
at the proportional limit is very similar in both
silks. Both materials exhibit similar average val-

ues of tensile strength, but the drag line sustains
a significantly greater elongation to break. The
value of W, obtained for the drag line is almost
double the value found for silkworm silk (com-
puted from the stress—strain curves presented in
ref. 18). Overall, therefore, the drag line is more
able to accommodate large deflections. This find-
ing is not unexpected when the materials are
considered in their natural context, since the bi-
ological functions of drag line and silkworm silk
are very different. Even though most of the en-
ergy transferred from a captured prey is dissi-
pated by the viscid thread in the web, the drag
line must also be able to absorb energy if stretched
past its proportional limit—otherwise, the integ-
rity of the web would be easily destroyed. Silk-
worm silk, on the other hand, is used in the form
of a dense composite mat which acts as a shelter
for the pupa. It is important that this structure
should resist large deflections, so that the con-
tents are not easily bruised or crushed.

Fracture Surface Characterization

Figure 6 shows a scanning electron micrograph of
a typical fracture surface. The surface is trans-
verse to the fiber and exhibits roughness on a
scale of approximately 1 wm. No significant
change in the sample diameter was observed
when the fracture surfaces were compared with
other regions of the sample, which suggests that
deformation occurred uniformly along the fiber
rather than being localized in a neck. The fea-
tures of the fracture surface are similar to those
reported by Cunniff et al.? for drag line silk ob-
tained from Nephila clavipes spiders by forced
silking and tested at 10 %/s. Work” also presented
a similarly rough fracture surface for Nephila
clavipes drag line (again obtained by forced silk-
ing, but tested at a rate of 1.6 %/s). However, he
indicated (without elaboration) that different fea-
tures were observed in silk harvested directly
from the web. Because we observed fracture sur-
faces after testing the silk at a significantly lower

Table II Tensile Properties of A. trifasciata Drag Line Silk Harvested from the Web

E (GPa) o, (MPa) o, (MPa) €, W, (MJ/m?)
A. trifasciata 6.9+ 04 80 £ 10 0.013 = 0.001 600 + 50 0.30 = 0.02 90 £ 10
B. mori 16 £1 230 = 10 0.011 = 0.001 650 = 40 0.12 = 0.01 50 £ 10

Corresponding properties of B. mori silkworm silk'® are shown for comparison. E, elastic modulus; o, stress at proportional
limit; €, strain at proportional limit; o, tensile strength; ¢, strain at breaking; W, energy to break unit volume of material. The

proporéonal limit is defined in the text.
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strain rate than either of these previous studies
(albeit using drag line from a different spider
genus), we can be confident that there was more
opportunity for viscous flow to occur in our sam-
ples. Conservation of volume dictates that inher-
ently weak regions in the microstructure will
more readily open into detectable voids if viscous
flow can occur to a greater extent. We therefore
suggest that the “mosaic” appearance of the frac-
ture surfaces may point to a microfibrillar struc-
ture for this material, which would be consistent
with the fibrillar nature of many other types of
silk.22 However, we must also recognize the pos-
sibility that this structure is an artifact—in the
present case due to shrinkage as the sample dries
out in the low-pressure environment required for
sputter-coating and SEM imaging, and in previ-
ous research due to degumming, swelling, infil-
tration, or desiccation treatments involved in the
specimen preparation process.

A significant opportunity for viscous flow is
also likely to accentuate any skin—core micro-
structural differences in the sample. The fracture
surfaces of our A. trifasciata monofilament, as
exemplified in Figure 6, do show clear evidence of
a skin—core microstructure, supporting other ob-
servations of such segregation in selected drag
line?®2* and silkworm silks.?® However, this does
not resolve the issue of whether the skin—core
microstructure is chemical (due to compositional
segregation) or physical (due to expected differ-
ences in molecular alignment of silk nearer the
edge and nearer the middle of the flow cross sec-
tion). The fact that fracture does not appear to
nucleate at the skin—core interface suggests that

Figure 6 Scanning electron micrograph of a typical
fracture surface. Imaging conditions were the same as
those for sample diameter characterization.
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Figure 7 Weibull plot constructed from tensile-
strength measurements performed on 28 samples of A.
trifasciata drag line monofilament.

there is no abrupt discontinuity here and points
to a process-based origin of the microstructural
gradient.

Weibull Modulus

Stress—strain data of 28 samples were used to
explore the Weibull statistics of the A. ¢rifasciata
drag line. The computational details can be found
elsewhere,?® but the analysis is based on the con-
struction of an Ln[Ln(1/1 — F)] versus Ln o, plot,
where F'is a measure of the probability of fracture
of a sample and o, is its tensile strength.

If the samples follow Weibull statistics, the
result of this plot is a straight line. The slope, m,
is an indicator of the reproducibility of the tensile
strength of the material and is known as the
Weibull modulus. A high value (e.g., m = 200-
300, as typically exhibited by ductile metals)
characterizes a highly reproducible strength and
provides reassurance that a material will behave
reliably in an engineering context. A low value
(e.g., m = 5, glass, or m = 5-25, common ceram-
ics) characterizes materials with a poorly repro-
ducible tensile strength. The point where an ex-
trapolated Weibull plot intersects the y-axis, — m
Ln oy, is a measurement of the average tensile
strength of the samples.

The Weibull plot constructed from our data is
presented in Figure 7 and yields values of m = 3.4
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+ 0.1 and o, = 609 = 1 MPa. It may seem sur-
prising that a web can rely on a low Weibull
modulus material when it performs such a critical
function. However, we have already noted that
the web is not constructed from monofilament
silk. Also, a spider web is a labile structure which
must be functional for only a few days. It there-
fore is likely that the failure statistics of silk
reflect a compromise that takes into account the
required functionality and durability of the web
and the metabolic cost of silk synthesis and spin-
ning.

CONCLUSIONS

The tensile properties of drag line silk of A. ¢ri-
fasciata obtained directly from the web were de-
termined. From the several elements of the web,
the mooring threads are especially well suited for
this study, because it is relatively easy to sepa-
rate them into their constituent monofilaments.
Adjacent samples (successive samples cut from
the same monofilament) show similar tensile
properties, consistently with previous data for
spider silk obtained by forced silking. Scanning
electron microscopy reveals that the cross-sec-
tional geometry of the drag line monofilament
retrieved from the web is significantly more uni-
form than that of forced silk. The cross section is
approximately circular.

In comparison to B. mori (silkworm) silk, the
drag line monofilament has a lower elastic mod-
ulus, a lower stress at the proportional limit, a
similar strain at the proportional limit, a similar
tensile strength, and a twofold greater energy
requirement to deform a unit volume of material
to the point of fracture. Fracture surfaces suggest
that the material has a skin—core microstructure
and that the core may consist of microfibrils. The
tensile strength follows a Weibull distribution;
the low value of the Weibull modulus, m = 3.4,
implies that drag line monofilament does not
have a sufficiently reliable tensile strength to be
used as an engineering material on its own.
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