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ABSTRACT. Spider silk has attracted the attention of many scientists because of its desirable physical
properties. Most of this attention has been devoted to dragline silk, a thread that has high tensile strength,
high strain and ultra-low weight. To help understand structure-property relationships in spider silks, the
tensile behavior of egg sac (cylindrical gland) silk of Araneus diadematus Clerck 1757 was compared
with dragline (major ampullate gland) and silkworm silks. In addition, stress-strain curves of egg sac silk
were simulated by a spring-dashpot model, specifically a Standard Linear Solid (SLS) model. The SLS
model consists of a spring in series with a dashpot and in parallel with another spring, resulting in three
unknown parameters. The average stress-strain curve of fibers from five different egg sacs could be
accurately described by the model. Closer examination of the individual stress-strain curves revealed that
in each egg sac two populations of fibers could be distinguished based on the parameters of the SLS
model. The stress-strain curves of the two populations clearly differed in their behavior beyond the yield
point and were probably derived from two different layers within the egg sac. This indicates that silks in

the two layers of A. diadematus egg sacs probably have different tensile behavior.

Keywords:

Spider silk has attracted considerable atten-
tion as a natural fiber in the last 10 years be-
cause spider silk, especially dragline silk,
shows a unique combination of high strength,
high strain and extreme fineness. The silk pro-
duced by orb-web-weaving araneid spiders
provides ideal material for studying the rela-
tionships between molecular structure and me-
chanical properties for protein-based structur-
al materials. Araneid spiders have seven
different gland-spinneret complexes, each of
which synthesizes a unique blend of structural
polymers and produces a fiber with a unique
set of functional properties. An overview of
the different spider silks of Araneus diade-
matus Clerck 1757, their glands, their function
and amino-acid composition is provided in Ta-
ble 1.

Spider silk, tensile behavior, cocoon, cylindrical gland, tubuliform gland, Araneidae

Spiders produce silks that range from Ly-
cra-like elastic fibers to Kevlar-like superfi-
bers, but it is not known how spiders modulate
the mechanical properties of silks. Table 2
gives an overview of the tensile properties of
spider silks and some other biological and en-
gineering materials.

The spider silks that have been most studied
are products of the major ampullate (MA)
glands. The tensile strength (or a measure of
the force needed to break a material) of MA
silk is clearly higher than other polymeric bio-
materials such as tendon collagen and bone as
can be seen in Table 2. Moreover, because of
its much higher strain to break value or ex-
tensibility, its toughness (as indicated by the
work to rupture value in Table 2) or the en-
ergy required to break spider silk can be ten
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Table 1.—Types and functions of spider silk for Araneus diadematus (Andersen 1970, Kaplan 1998).
Small side chains for amino acids include glycine (Gly) + alanine (Ala) + serine (Ser)—polar = aspartic
acid + threonine + serine + glutamic acid + tyrosine + lysine + histidine + arginine.

Silk Gland Function Amino-Acids
Dragline Major ampullate Orb web frame, radii, Gly (37%), Ala (18%), small side
dragline chains (62%), polar (26%)
Viscid Flagelliform Prey capture, sticky spiral ~ Gly (44%), Pro (21%), small side
chains (56%)., polar (17%)
Glue-like Aggregate Prey capture, attachment Gly (14%), Pro (11%), polar glue
to sticky spiral (49%), small side chains (27%)
Minor Minor ampullate Orb web frame, bridging Gly (43%), Ala (37%), small side
lines chains (85%), polar (26%)
Egg sac Cylindrical (tubuli-  Reproduction Ser (28%), Ala (24%), small side
form) chains (61%), polar (50%)
Wrapping Aciniform Wrapping captured prey Ser (15%), Gly (13%), Ala (11%),
small side chains (40%), polar
(47%)
Attachment Piriform Attachment to environ- Ser (15%), small side chains

mental substrates

(32%), polar (58%)

times greater than that of other biological ma-
terials. Since initial modulus (for definition
see Table 2) is a measure of stiffness, it is fair
to say that spider MA silk is amongst the stiff-
est and strongest polymeric biomaterials
known. However, the initial modulus or stiff-
ness of MA silk is well below that of Kevlar,
carbon fiber and high-tensile steel, engineer-
ing materials that are commonly employed to
transmit and support tensile forces. Note also
that the strength of MA silk is somewhat less
than that of these engineering materials. Nev-
ertheless, MA silk is still tougher than these
engineering materials because of its large ex-
tensibility. See Table 2 for a summary of def-
initions concerning mechanical properties.
The viscid silk (Gosline et al. 1994) that
forms the glue-covered catching spiral, is an-
other truly remarkable spider silk material. Tts
initial modulus or stiffness is three orders of
magnitude lower than that of MA silk and is
comparable with that of a lightly cross-linked
rubber. With a maximum strain of approxi-
mately 270%, viscid silk is not exceptionally
stretchy compared to other rubbery materials,
but its strength, at approximately 0.5 GPa,
makes viscid silk roughly ten times stronger
than any other natural or synthetic rubber.
Of all the silks, MA silk has been an object
of desire for materials engineers because of
its extreme performance properties, particu-
larly its strength. Investigators have already
been searching for more than 15 years to pro-

duce ‘“‘synthetic’’ dragline silk in quantities
sufficient for applications such as bullet-proof
vests, parachute cords, surgical sutures and
substitutes for ligaments. However, commer-
cial production of “‘synthetic’” MA silk is still
not possible. We have focused on the me-
chanical and structural properties of spider
silk of the egg sac, which to this point, is not
well studied. We believe that it is precisely
through correlating chemical, microstructural
and consequent property differences between
silks that knowledge of how the spider con-
trols the fiber function will be acquired.

Egg sac silk is secreted by the cylindrical
(= tubuliform) glands. At any point along its
length, the egg sac fiber must be able to bend
easily in one plane but otherwise resist bend-
ing and stretching. As reported by Barghout
et al. (2001), these mechanical properties are
imparted by a multiaxial anisotropic micro-
structure that is not observed for MA silk.
Barghout et al. (1999) also observed the pres-
ence of non-periodic lattice crystals identified
previously in the MA silk of Nephila clavipes
Linnaeus 1767 (Thiel et al. 1997). Moreover,
they found that these crystals in A. diadema-
tus Clerck 1757 egg sac silk are twisted par-
allel to the chain direction in contrast to what
is found for MA silk. This is suggested to be
the reason for the lower stiffness that is found
for A. diadematus egg sac silk compared to
MA silk (Stauffer et al. 1994).

Stauffer et al. (1994) compared the physical
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Figure 1.—The standard linear solid model that
was used to simulate the stress-strain behavior of
egg sac silk of Araneus diadematus.

properties of three silks (secreted by the major
ampullate, minor ampullate and cylindrical
glands) from N. clavipes and Araneus gem-
moides Chamberlin & Ivie 1935. Comparing
silks within each species, they concluded that
major ampullate silk is substantially stronger
than either of the other two silks. Egg sac silk
is next, followed closely by minor ampullate
silk. The strain of these different silks seemed
comparable.

The dominant, repeated crystallizable mo-
tifs in egg sac silk of A. diadematus are sim-
ilar to the motifs that form B-sheet crystals in
MA silk spun by N. ciavipes (Guerette et al.
1996; Thiel et al. 1997). The number of times
these motifs are repeated for Araneus egg sac
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silk are however somewhat smaller than the
corresponding values for Nephila MA silk.
From the materials science viewpoint it is ex-
pected that similar primary structures at the
molecular level will lead to similar ordering
schemes at microstructural scales. This view-
point is axiomatic in our use of egg sac silk
to obtain further insights into the structure of
MA silk. Working with Araneus egg sac silk
offers a significant advantage relative to work-
ing with MA silk: useful amounts are pro-
duced in a convenient (compact) form.

In a previous study (Van Nimmen et al.
2003), the effects of UV-light and humidity
on the stress-strain properties of egg sac silk
of A. diadematus were demonstrated. Another
study (Van Nimmen et al. 2004) considered
the effect of strain-rate on the tensile proper-
ties of egg sac silk of A. diadematus.

The aim of the present study was to inves-
tigate how the stress-strain behavior of egg
sac silk compared with the behavior of drag-
line silk and cocoon silk obtained from silk-
worms. We expected that spider egg sac and
silkworm cocoon silks would have similar
tensile properties because they serve similar
functions (providing shelter and protection).
Attention was focused on the shape of the
stress-strain curves.

Mechanical properties are often character-
ized only by breaking force, breaking strain

Table 2.—Tensile mechanical properties of spider silks and other materials as derived from the literature
(Gosline et al. 1999; Denny 1976). Initial modulus is defined as the modulus in the elastic range of the
diagram in which strain changes are still reversible, it is usually calculated from the slope of the initial
elastic region of the force-strain curve, also the term stiffness is used; strength (or tensile strength) is a
measure for the breaking force or the force required to break the material; strain to break is the increase
in length of a specimen produced by the breaking force, usually expressed as a percentage of the original
length; toughness is a measure of the required energy to break a material and is calculated as the area
contained by the force-strain curve up to the breaking point, often indicated as the work to rupturevalue.

Initial modulus Strength Strain to Work to rupture
Material (GPa) (GPa) break (%) (MJ m™3)
Araneus MA silk 10 1.1 27 160
Araneus viscid silk 0.003 0.5 270 150
Bombyx mori silk 7 0.6 18 70
Tendon collagen 1.5 0.15 12 7.5
Bone 20 0.16 3 4
Elastin 0.001 0.002 150 2
Resilin 0.002 0.003 190 4
Synthetic rubber 0.001 0.05 850 100
Kevlar 49 130 3.6 2.7 50
Carbon 300 4 1.3 25
High-tensile steel 200 1.5 0.8 6
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Figure 2.—The average stress-strain curves of different silks as measured by a single-strength tester
(gauge length 20 mm, testing speed 20 mm/min) based on 169 tests of Araneus diadematus dragline silk,
403 tests of A. diadematus egg sac silk, and 49 tests each of Bombyx mori and Antheraea pernyi silk.

and initial modulus. However, we are also in-
terested in the time-dependent behavior that is
also partly included in the stress-strain curves.
In this study, visco-elastic models, based on
spring-dashpots, are used to simulate the
stress-strain behavior for spider egg sac silk.
This will help to relate the mechanical and
visco-elastic characteristics to the structural
properties that will be investigated in further
research. Finally, because of the high vari-
ability that was noted for the tensile properties
within each egg sac, a cluster analysis was
performed in order to find out if different fiber
populations or layers could exist within an egg
sac.

METHODS

General methods.—Five egg sacs of Ara-
neus diadematus Clerck 1757 were collected
in a bower in Belgium (Merelbeke, 51° north
latitude and 3° east longitude) in autumn. One
of these A. diadematus spiders with her egg
sac is deposited as a voucher specimen in the
“Zoology Museum” (UGMD 104091), Ghent
University in Belgium.

Since the egg sacs were collected in their
natural habitat, we expected that the measured
mechanical behavior would better represent
the real characteristics than if they were pro-
duced by lab-reared spiders. The egg sacs

were removed shortly after oviposition. After
removing the clearly visible outer cover, one
hundred fibers were gently removed at ran-
dom from the inside of each egg sac, with care
taken to stress the fibers as little as possible.

For the dragline samples, some A. diade-
matus were reared in the laboratory and from
thirty spiders a sample of dragline thread was
manually reeled off as spiders hung freely sus-
pended in space. From every sample, ten fi-
bers were prepared and tested.

Fibers were also tested from cocoons of the
silkworms Bombyx mori and Antheraea pernyi
(Tussah silk), grown at the Silk Museum of
Meliskerke (The Netherlands). Since the sam-
ples we obtained were already a thorough
blend of fibers of different cocoons, we decid-
ed to reduce the number of tests to 50 for both
silks. All samples were kept in a conditioned
laboratory of 20 °C = 2 °C and relative hu-
midity of 65 = 2% for at least 24 hours before
testing.

The FAVIMAT-ROBOT (Textechno) was
used to analyze the tensile properties of the
egg sac, cocoon and dragline fibers. It is a
semi-automatic single fiber strength tester,
working according to the principle of constant
rate of extension (standards: DIN 51221, DIN
53816, ISO 5079). The instrument is equipped
























