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The physical and mechanical properties of spider silk have
been the subject of analysis and much speculation over the
past 40 years [1-8]. Their study has been complicated by
the fact that the mechanical properties of these fibres have
evolved over evolutionary times and thus respond in a
complex way to both external (e.g. temperature and
hydration [4]) and internal (e.g. pH environment, extrusion
speed [8]) conditions during ‘spinning’. However, modern
spectroscopic methods are rapidly changing our views of
silks and their internal structures. This article sets out to
examine the role of Raman Spectroscopy (RS) [6, 7] and
the information it provides about the effect of mechanical
deformation on the molecular strains and stresses in silks
produced at different processing speeds.

Spider dragline silk combines great strength with
unmatched elasticity. It has extensions to failure of up to
35% [1, 9] at tensile strengths up to 3 GPa and with moduli
up to 10 GPa; all of which compares favourably to the
corresponding values for Kevlar 49 of 3%, 3.6 GPa and
130 GPa, or natural rubber of 600%, 0.1 GPa and
0.001 Gpa, respectively [1].

Spider dragline tensile properties vary from species to
species and from individual to individual within a species
reflecting its use. Thus, different parts of an orb web spun
may be spun at different speeds and have different tensile
properties [10]. Indeed, with increasing reeling speed spi-
der dragline silk has increased orientation of both
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crystalline and amorphous fractions [11, 12]. At the same
time both the breaking stress and modulus increase whilst
breaking strain decreases [8]. Similar effects of spinning
rates on silk structure property relations were found for
Bombyx silkworm silks, suggesting a generic relationship
[13].

Raman Spectroscopy has become a key technique to
study polymer materials as it is versatile as well as non-
destructive. The vibrational analysis it yields provides
important information about the chemical and morpho-
logical structure of polymers. Thus, not surprisingly, RS
has been a key feature of structural studies of silks origi-
nating from both spider [14] and silkworm [15-17]. RS has
been used as a characterization technique and a tool to
study differences in secondary conformation between
films, powders and fibres [18—20], the denaturation process
[21] and the effect of solvent on fibres [22].

Raman Spectroscopy is a valuable technique for ana-
lyzing the mechanical properties of a material because
Raman bands shift wavenumber position in response to
the application of stress or strain to a sample [23]. The
magnitude of this Raman shift depends on the chemical
structure and morphology as well as the microstructure of
fibres. Young et al. followed both Bombyx mori and
Nephila edulis silk deformation using RS [6, 7]. They
found that the 1095 cm™' peak in spider silk and the
1085 cm™' band in silkworm silk each behave in a
manner similar to bands in other high performance poly-
mer fibres assigned to the C-C backbone vibrations
[24-26]. Further, they also found that the amide III band
at approximately 1230 cm™' shifts linearly with stress
[6, 7]. This suggests the deformation behaviour to be
consistent with a uniform stress model [27]; and that it
may be the polypeptide backbone that is the reinforcing
unit when the fibre is loaded.
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Previous studies had been concerned only with silk
produced under natural spinning conditions. In this present
study, we have produced silk with different microstructures
and mechanical properties from spiders by spinning at
different speeds ranging from 0.5 mms™' to 128 mms™".
This has enabled a systematic study to be made of the
effect of fibre structure upon the micromechanics of
deformation of spider major ampullate MAA silk.

The Nephila senegalensis spiders were reared in con-
trolled conditions in a greenhouse. Webs were sprayed with
water every few days, and spiders were fed with flies. The
silk samples were obtained from the spiders by natural
spinning at around 10 mms~' and by forced reeling at
speeds 0.5, 1.9, 10.7, 23.1 and 128 mms~! from fully
awake restrained spiders. The major and minor ampullate
silk was collected from the spinneret using tweezers and
then separated and collected on a motorized bobbin. The
diameter of the individual fibres was measured using a
Philips Scanning Electron Microscope (FEG-SEM) X130
system operated at 2 kV.

The mechanical properties of the fibres were determined
in controlled conditions of 23 £+ 1 °C and 50 + 5% rela-
tive humidity upon individual fibres mounted across
cardboard windows using an Instron 1121 universal testing
machine fitted with a 10 N load cell. The stress was cal-
culated using the diameter of the fibre determined using the
SEM. Raman spectra were obtained using a Renishaw 1000
Raman microprobe system fitted with a near-infrared,
785 nm laser. Spectra were obtained during deformation
using the single fibres on cards. These were mounted onto a
deformation stress rig that was connected to a transducer
for reading the applied load in grams. The fibres were
deformed stepwise up to failure by moving the block with
the attached micrometer, accurate to within +0.005 mm.
Strain was calculated from the change in fibre length
divided by the original gauge length.

The initial Raman deformation experiments were
undertaken using Nephila senegalensis MAA silk, pro-
duced under reeling conditions that mimic natural spinning
speeds (Table 1). The Raman band shift of the 1095 cm™!
peak is seen in Fig. 1(a) and the dependence of the peak
position upon stress is shown in Fig. 1(b). Note that, on
stressing these fibres, the band seen at 1095 cm™! shifts
position and shows a broadening, which together indicate
that local stress distributions occur within the molecules
whilst the fibre is being stressed [28].

Silk fibres produced using different reeling speeds were
found to have different values of initial Young’s modulus
as well as different rates of band shift at 1095 cm™'
(Table 1). Thus the fibres with the highest level of modulus
tended to have the lowest shift rate and vice versa. This
observation gives special insight into the micromechanics
of fibre deformation. In this context we first consider the

Table 1 Initial fibre modulus and 1095 cm™' Raman band shift rate
dAv/doy as a function of reeling speed

Reeling speed Initial modulus dAv/da,
(mms™") (GPa) (em™' GPa™")
0.5 74 +0.3 —6.9 + 0.2
1.9 11.0 £ 0.5 —6.1 £2.6
10.7 9.0 £ 0.1 —44+£03
23.1 9.6 £ 0.5 —43+£09
128.6 47+ 1.6 —93+£29
~10* 8.4+ 1.7 —5.0 £ 09
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Fig. 1 Behaviour of the 1095 cm™' Raman band of spider silk. (a)
Shift with stress. (b) Dependence of the peak position upon stress

stress-induced Raman bands shifts of conventional high-
performance polymer fibres.

High-performance fibres such as PPTA [24-26] and
poly(ethylene terephthalate) PET [28, 29] have micro-
structures in which the stress-bearing units are in series as
shown in Fig. 2. The fibres undergo deformation such that
the stress on the different units in the fibre microstructure is
the same as the overall stress on the fibre. This is known as
the uniform-stress series model; and it has been suggested
[27] that the behaviour of silk fibres follows this model
based upon the linearity of the shift of band position
against stress (c.f. Fig. 2).
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Fig. 2 Schematic representation of the uniform stress series model of
the microstructure of a high-performance polymer fibre

It appears [23] that the changes in Raman wavenumber,
Av, which take place during the deformation of high-per-
formance fibres, are a result of chain stretching and can be
related directly to the stress on the crystalline reinforcing
units, o,, such that for an increment of stress

dAv x da,. (1)

Since in this case the stress in the microstructure is
uniform then o, equals o5 the fibre stress, and so Eq. 1
becomes, by dividing by an increment of fibre strain, &

dAv do

T <@y C B 2)
where E,is the Young’s modulus of the fibre. Figure 3(a)
shows the dependence of dAv/des upon fibre modulus for
the Raman bands at around 1610 cm™' due to the
stretching of the p-phenylene groups in a series of PPTA
and PET high-performance polymer fibres processed in
different ways to give different values of Young’s modu-
lus. It can be seen that the data follow the prediction of
Eq. 2. As a consequence of this uniform stress series
model, the Raman band shift per unit stress, dAv/doy, is

@ Springer
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Fig. 3 Raman bands shift rates for different fibres with different
microstructures and mechanical properties. (a) Shift per unit strain for
the 1610 cm™' Raman band of a series of different PPTA and PET
fibres [25, 29]. (b) Shift per unit stress for the spider silk fibres reeled
at different speeds

constant for the 1610 cm™' band in all fibres containing
p-phenylene groups in their main chain at around
—4.0 cm™'/GPa, regardless of their microstructure and
Young’s modulus [23].

Inspection of the Raman band shift data for the spider
silk fibres in Table 1 shows that dAv/dg, for the Raman
band varies with reeling speed, implying that the uniform
stress series model (Eq. 2) is not appropriate in the case of
the spider silk. This interpretation supports conclusions
drawn from Bombyx mori fibre deformation analyzed with
simultaneous X-ray diffraction [30] showing that crystal
modulus varied with the degree of crystallinity of the
fibres. In addition, the descriptive model of Termonia [31]
for the silk properties is not a uniform stress model.

An alternative composite model that can be employed to
model the behaviour of silk is the uniform strain parallel
model in which the strain on the reinforcing units, ¢,, is the
same as the overall fibre strain, ¢, which leads to
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(% af

3
F=5 3)

where E, is the Young’s modulus of the reinforcing units.
Rearranging and using Eq. 1 gives

dAv x E . 4)
do f Ef

It can assumed that the modulus of the reinforcement,
E,, is constant, which leads to the prediction [27] that
whenever the uniform strain model can be applied to the
fibre, dAv/do; should be proportional to the reciprocal of
the fibre modulus, 1/E.. Indeed this behaviour is shown in
Fig. 3(b) using the data from Table 1 for the 1095 cm™'
Raman band, assigned to the C—C backbone in the ff-sheets
and thought to be the main reinforcing units in the silk
structure [31].

A model of the microstructure of the spider silk fibre,
consistent with the Termonia model [31] and compatible
with the behaviour observed in this study, is shown in
Fig. 4. The main feature that sets it apart from the uniform
stress model (Fig. 2) is the positioning of the reinforcing
units, which here are not lined up in series. This would
explain why the stress/strain curves of the spider silk are
quite different from those of high-performance fibres, such
as PPTA. Silks have a lower Young’s modulus while being
very much more extensible, which lead to their outstanding
levels of toughness [32]. The parallel arrangement of the

Fig. 4 Schematic diagram of the possible microstructure of spider
silk consistent with the uniform strain model

crystals reduces the Young’s modulus of the fibres signif-
icantly while allowing the fibres to have much higher levels
of extensibility through deformation of the softer amor-
phous phase. Since the stress on the crystal is not the same
as the stress on the amorphous regions, such a structural
arrangement would also explain why crystal modulus val-
ues determined from simultaneous X-ray diffraction and
deformation experiments on different types of silk do not
agree well with computed values [30, 33], unlike the results
from similar experiments on PPTA [34].

Finally, we must point out that the analysis provided in
this article accounts only for the elastic deformation of the
material up to the yield stress. The post-yield behaviour is
more complex and the strain probably becomes non-uni-
form leading to features such as band broadening and the
band shifts becoming non-linear with stress (Fig. 1).

Previous studies upon stress-induced Raman band shifts
suggested that the uniform stress model would be appli-
cable to spider silk. This interpretation was based upon
observation that the band shifts of one type of silk were
linear when plotted against stress, but not when plotted
against strain. This observation alone, however, cannot be
sufficient to allow us to distinguish between the different
models for the deformation micromechanics of spider silks
in general. The present study shows that, before the
mechanical behaviour can be fully understood, it is nec-
essary to study a range of spider silk fibres—ideally
processed in different ways (e.g. by varying reeling speed)
in such a way that the fibres have different microstructures
and mechanical properties. Only when a model can
describe the material in all its breadth, as well as depth, can
it be considered comprehensive.
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