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Volume Constancy during Stretching of Spider Silk
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The characterization of silk properties requires a reliable measurement of-&tegs curves from tensile tests,

which calls for a detailed analysis of what is considered the cross section of the sample and how it varies during
the experiments. Here, spider silk fibers from the major ampullate gland (MAS)gibpe trifasciataspiders are

tensile tested, and the cross-sectional area is measured under different strained configurations. It has been found
that the fiber volume remains practically constant during stretching, and deformation proceeds homogeneously in
all the fibers. The conservation of volume is validated independently of the type of fiber and the strain level. This
result, applied to compute true strestrain curves for different MAS fibers, shows that the description of their
properties depends noticeably on which set of tensile parameters is chosen (true or engineering), and that engineering
values could lead to misinterpretation of experiments that combine results from different strain ranges.

1. Introduction _F _do
o=+ Ode=-F

A 3 (2)
Spider silks spun by orb-weaving spiders have evolved to
absorb and dissipate mechanical energy in structures that require The conversion of engineering strain into true strain is simply
a minimum amount of materidf This ability depends on a  given by the expression
combination of tensile properties rarely found in other materi-
als: spider silk combines a tensile strength comparable to that €= In(L) =In(1+e (3)
of high-performance fibefsvith a large deformation at breaking. Ly
The interest in mimicking these properties is driving an
increasing effort to understand the basis of this behavior and to!n contrast, the conversion of engineering stress into true stress
reproduce it in artificial fibers inspired by spider sfik. requires a determination of the changes of the cross-sectional
However, the peculiarities of spider silk have contributed area during the tensile test. A usual hypothesis assumes that
toward making the analysis of its microstructure and properties the volume remains constant during the tensile test
an elusive task. For instance, the reliable characterization of its AL, = AL 4)
mechanical behavior in a tensile test, which is considered a 0
routine technique for most materials, has requir(_ed considerableIn this case, true and engineering stresses are related by the
effort for several decades. The small cross-sectional area of the .
. . : ; expression
fiber complicates the rescaling of force into stress, and
consequently, initial works presented the results of tensile tests
as force vs displacement curv&swhich prevented a precise 0= SL_ (®)
comparison of the properties of silk and those of other materials. 0
The reliable calculation of stresstrain curves from tensile tests ~ As seen from eq 5, the hypothesis of constant volume yields a
became a standard procedure with the use of scanning electrosimple relationship between engineering and true stresses. It
microscopy to measure the diameter of the filféts. should be noted, however, that the conservation of volume
Rescaling force and displacement into stress and strainduring tensile testing is not a general law valid for any material
requires careful consideration of what is considered the crossactually, it is not applicable in most of therand requires
section of the sample. The most obvious choice is to use thecareful checking in each case.

initial cross-sectional ared,, and initial length,L,, of the A distinction between engineering and true magnitudes is not
sample, so that stress and strain (labedadineeringstresss, relevant in the range of small deformations, sinee=dde/(1
andengineeringstrain, €) are defined as + €) ~ de, but the two sets of magnitudes may differ appreciably

in the range of large deformations. Since the excellent mechan-
. 1 1 ical behavior of spider silk is the result of its ability to sustain

S= KO € Lo |__O B 1) large deformations, the description of the tensile properties of

spider silk will depend on which set of parameters is chosen.

with F being the applied force aridthe length of the sample. Besides, it has been found that changes in the initial length
referred to the instantaneous values of cross-sectional Area, l€ngth of spider silk fibers when submerged in water with the

and lengthL. Stress and strain defined in this way are labeled €nds unrestrainéylor stretching® induce large changes in the
true stress o, andtrue strain, e. tensile properties of silk, especially in the stresses and strains

at breaking. Figure 1 shows that the tensile behavior of spider
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1000 . ; Table 1. Mean Silking Stresses of the Four Silking Processes and
Diameters (mean =+ standard error) as Calculated from the Control
Samples
900
FS silking number of silking stress diameter
800l Fg[ﬂ%y f process  control samples (MPa) (mean + s.e.)
I.f 1 3 290 45+0.1
700 f 2 6 274 28+0.1
| NS 3 19 148 33+0.1
f Naturally spun 4 10 25 31+01
600 '

forced silking developed by the authdfst® Silk samples were
tensile tested, and the cross-sectional area measured under
different strained configurations and compared with that of
control samples. It was found that the hypothesis of constant
volume applies with good accuracy. This was used to recalculate
the true stresstrue strain curves of spider silk samples, so that
the tensile properties of forcibly silked (FS), maximum super-
contracted (MS), and naturally spun (NS) fibers could be
compared consistently.
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2. Experimental Methods

0 02 0.4 ols 08 10 1.2 Argiope trifasciataspiders have been used as a source of major
ENGINEERING STRAIN, e ampullat_e gland (MAS) sHkA. trlqumatals a Medlterran_ean spider
whose size allows easy manipulation. MAS silk was obtained by forced

Figure 1. Engineering stress—strain curves of major ampullate gland silking.1” The details of the silking procedure are given elsewhere.
sﬂk(MAS) frpm A tnfasctata. FS:‘ forcibly silked fibers. NS: naturally Briefly, the spider is immobilized in a self-zipping bag, in which a
spun fibers, L€ fibers retrieved either fr_om th? Web. or from the safety hole has been perforated to make the spinneret accessible. Silk samples
line. MS: maximum supercontracted fibers, i.e., fibers subjected to , . . ot )
supercontraction and subsequent drying. All tests were performed at were retrleygd from four different monitored silking procesSesn
20 °C, 35% RH, and strain rate 0.0002 s that the silking force of each process could be measured. The
measurement of the diameter of the fibers allowed the calculation of
silking stress and the sorting of them according to their tensile
properties. Following this rationale, the silking processes presented in
this work were chosen to span the whole range of properties from NS
to FS fibers. The silking stresses of the four processes are indicated in
Table 1. Forced silking processes proceeded at 20 mm/s.

The silk samples (25 mm gauge length) were secured on perforated

mum supercontracted fibers, MS), including the whole range
of tensile properties displayed by fibers naturally spun (NS) by
the spider either in the web or as a safety line. An adequate
comparison of tensile curves has to account for changes in fiber
geometry during stretching, and consequently, it would be very
convenient either to prove the hypothesis of constant volume aluminum foil frames?® Adjacent samples were used to ensure the

for S_plder silk or find a_ relationship between the initial Cross', reproducibility of the results. One out of two samples was chosen as a
sectional area and the instantaneous cross-sectional area duringynirol and its diameter was measufeit least five sections of each

tensile testing. fiber were analyzed, so that a micrograph was taken every 5 mm along
Unfortunately, testing the hypothesis of constant volume in the sample, as illustrated in Figure 2. The mean diameter and the
spider silk has proven a difficult task, mainly due to the low standard error of the control samples measured from every silking
reproducibility of silk fibers. The large variability observed in  process are shown in Table 1. From these data, it is apparent that the
spider silk fibers is thought to endow the spider with the ability diameter of the fiber remains almost constant along its whole length.
of adapting its properties to its immediate requireméhtst The diameter of any tested sample was compared with the mean value
this has been a major drawback in the experimental study of of the diameters of the adjacent control samples. The precision of the
spider silk!? The large scattering observed in control samples measurements from SEM micrographs has been determined from the
does not allow one to draw any firm conclusion from testing size of a pixel as 0.0am.
fibers under different conditions of interest. As to the hypothesis ~ Tensile tests were performed in an Instron 33682/8501 tensile
of constant volume, the large variability of the diameter of con- testing machine appended to an environmental chamber (Dycometal
trol samples allows no observation of a clear trend when analyz- CCK-25/300). Forces were measured by a 100 mN load cell with 0.1
ing the diameters of fibers subjected to different degrees of MN resolution (HBM 1-Q11). The tests were performed af@tand
stretching. 35% relative humidity a‘t a loading speed of 1 mm/mm. _
Despite this drawback, the hypothesis of constant volume has In each case, the tens"? test was stopped on reaching a prede.termmd
been applied to spider silk mainly on account of its simpliéity, strain. The end.s of the silk Sample.were glueq ona stff F.’IaSt'C tape
and it has been shown to yield consistent results even underpnor. to uploadlng, o] thgt the strain was maintained dl_mng furt_her
combined processes of stretching and controlled supercontrac-mampmatlon' Then, the fiber was removed from the testing machine.

10 di fth i - f spid The range of strains for each class of fibers was chosen to include
tion.”” However, most studies of the tensile properties of spider information of the conservation of volume for strains before the yield

silk are conventionally presented in terms of engineering ,int e = 0.02) and to ensure that a negligible number of fibers could
magnitudes;-#in part because the validity of the hypothesis preak during testinge(= 0.15; 0 ~ 600 MPa).

of constant volume does not rest on a sound experimental basis. The samples were sputtered with gold (distance from the sample to
In this study, spider silk fibers of reproducible properties were the cathode 50 mm, sputtering time 5 min) and examined in a JEOL

retrieved in sufficient quantities by applying the initial observa- 6300 scanning electron microscope (observation conditiors 10

tion of Worl® that adjacent samples show comparable tensile kv; | = 0.06 nA). At least four micrographs were taken of each sample,

properties, and also with some advances in the methodology ofand two diameters were measured from each micrograph. Diam&s@
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Figure 2. lllustration of the distribution of micrographs taken along a silk sample to measure its diameter. The two micrographs of region 3
correspond to rotating the fiber 50° around its long axis.'® The length of each micrograph is 17.2 um.

600 of 27 tests were performed at 6 different engineering strain
levels, ranging from 0.02 to 0.45.

Tensile curves in Figure 3 show different types of behavior,
from stiff—typical of most FS fibersto compliant ones,
spanning the whole range of natural fibers, though all of the
fibers were obtained by the forced silking procedure described
in the section above. The possibility of obtaining different kinds
of fiber by forced silking-even resembling natural onewas
demonstrated in previous papers by the autHot¥n this work,
four silking processes with differergpinning stressesvere
considered, aiming at obtaining silk fibers with different tensile
properties. The color code and markers in Figure 3 identify fibers
from the same silking process.

Strained fibers were metallized and observed by scanning
electron microscopy to measure their diameter. All the samples
showed homogeneous deformation regardless of the strain they
were subjected to. The strained volurivewas then computed
as the product of the actual fiber length, times the actual

500

400

ENGINEERING STRESS, s (MPa)
] g
o (=]

100§

cross sectiond, calculated from the diameter measured on the
strained fiber
V=AL (6)
0 |
0 0.1 0.2 03 0.4 0.5 To deduce the initial volume, both the initial fiber lengtt,

ENGINEERING STRAIN, e
Figure 3. Engineering stress—strain curves for the four groups of

and the initial cross-sectional aret&, were considered

fibers used in this study. Symbols indicate the points at which tests Vo= Al (7)
were stopped. All tests were performed at 20 °C, 35% RH, and strain

rate 0.0002 s™%. FS and NS ranges from Figure 1 are also shown as The initial areal; was obtained from the averaged diameter,
references.

¢o, of the two control samples adjacent to both ends of the fiber

. , , tested. The volume ratio was calculated as
measured from micrographs of the same section of the fiber taken at

two different orientations differed at most by 5%Consequently, the _ _ 2
mean value of the diameters was used to calculate the cross-sectional V/VO (A/AO)(L/LO) (¢/¢°) 1+e (8)

area of the fiber, assuming a circular cross secfion. with ¢ being the fiber diameter at the engineering stmin

Figure 4 shows the plot oW/Vy as a function of the
3. Results and Discussion engineering straire. Each point corresponds to théV ratio
of 1 of the 27 fibers tested in this work. Different symbols are
Figure 3 plots the engineering strestrain curves considered  used for points of the same silking process, in accordance with
in this work. The points at which the tensile tests were stopped Figure 3. Although some scatter appears, all the experimental
are marked with open symbols. To serve as a reference, thispoints lie around the horizontal line that indicates the volume
figure also shows the typical range of FS and NS fibers. A total constancy conditioV = V,. Table 2 shows the values ¥fV, CDV
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Figure 5. Engineering (dashed lines) and true stress—strain (solid
lines) curves for silk fibers with different alignment parameters o
(defined in the text). Symbols indicate the points of rupture. All tests
were performed at 20 °C, 35% RH, and strain rate 0.0002 s~1.

Figure 4. Ratio between the volume of strained fibers and the
initial volume as a function of engineering strain in the fibers shown
in Figure 3.

as a function of strain level, grouped according to the silking
process. The mean value and standard error of all the measuredeformation at constant volume up to fiber rupture~&t0%
ments is 0.993+ 0.013, so the stretching of silk fibers can be strain2! Within this framework, the tensile behavior of silk
considered to proceed at constant volume. would correspond to that of an elastomeric material whose
The effect of the type of fiber testedvhether stiff or properties are controlled by a double network of hydrogen bonds
compliant-seems to be irrelevant to volume constancy, as and protein chaind'
deduced from Figure 4 and Table 2, and this is true also of the By extension, the increment of volume beyond yielding
strain level (from 0.02 to 0.45), since individual and aggregated observed in several polymers under tensile testing has been
values for different silking processes and at different strain levels commonly associated with the presence of crazing and other
are comparable within the experimental scatter. irreversible damage proces3&$° that have not been observed
Since all the types of fiber in Figure 3 share the same pro- in spider silk fibers. In this context, the volume constancy
tein composition, the differences in stresdrain curves are the  gpserved in spider silk agrees well with the fact that permanent
result of changes in processing, which results in different de- geformation of these fibers is fully reversible, with the possibility
grees of molecular alignmefit.?* Consequently, strain levels 5 recover the properties of silk fibers once strained, as was
are not blulnlvocally associated with a partlcullar molecular con- yemonstrated by the authors in a previous wérkhe chains
formation in all the samples: the same strain level can corre- j, ihe amorphous fraction extend during a tensile test in air,

spond in one fiber to the plateau region (usually associated with j o 4ing hydrogen bonds and developing new ones, but these
a strong disoriented and coiled molecular struéf#®, whereas conformational changes are reversible if the hydrogen bond

n snother :‘lberl, this strglr] 'S placgd tlndthe Sard;nlngt r?grllqn network is “melted” by increasing humidity, and the fiber is
(where molecules are being reoriented under the stretching completely restrained,

stress). . !
Despite the experimental scatter, the data in Figure 4 and An interesting consequence of volume constancy upon

Table 2 suggest that with a good approximation the volume of stretching i's the possibility of calcylating true stresses by means
silk fibers remains constant throughout the stretching process,f €d 5, without resort to a continuous measurement of fiber

independently of the degree of alignment and the molecular diameter throughout the test.

configuration reached by the fiber. This hypothesis is supported Figure 5 shows the stresstrain curves of silk fibers

by experimental data on crystal orientation of forcibly silked classified according to their degree of molecular orientation,

Nephila claiipes silk fibers, which is consistent with affine  measured through thalignment parametea. The alignment

Table 2. VIV, Values (mean =+ standard error) of Four Silking Processes at Different Strain Levels

silking process e=0.02 e=0.10 e=0.15 e=0.20 e=0.25 e=0.45 mean
1 1.030 1.030 + 0.008
2 0.946 0.924 0.965 0.945 + 0.021
3 0.932 1.009 0.970 + 0.038
4 0.981 1.008 0.993 1.051 1.006 + 0.020
mean 0.988 +£0.017  0.924 £ 0.075 0.980 + 0.016 1.008 0.993 + 0.025 1.051+ 0.056  0.993 £ 0.013
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Table 3. True (0y) and Engineering (s,) Breaking Strength (mean
+ standard error) of Fibers with Four Different Alignment
Parameters?

alignment
parameter, o sy (MPa) oy (MPa)
0 407 + 28 932 + 40
0.45 589 + 78 930 + 160
0.90 gszrgs | [ 00003 jpg6 .4 10g [ P 00200
1.10 1090 + 51 1281 + 82
mean 744 £ 79 1053 + 64

2 Unpaired student’s T probability level is given for the two extremes.

parameter is defined as = Lo/Lsc —1, wherel, is the initial
length of the fiber and_sc the length when it is supercon-
tracted?*

Four sets of curves are shown in Figure 5, witkqual to 0,
0.45, 0.90, and 1.10. A value of zero for the alignment parameter
corresponds to supercontracted fibers (MS), that represent th
lowest limit of the tensile properties. Fibers with = 0.45
behave like compliant NS fibers (see Figure 1). Alignment
parameters above 0.9 yield fibers with stresgain curves
similar to those of forcibly silked fibers (FS).

As deduced from Figure 5, the use of true streggin curves

does not change the deformational trends observed in engineer-

ing variables, since stiffness increases monotonically, as ex-
pected, with the alignment parameter in both sets of variables.

Even so, despite the experimental scatter, the interpretatio
of breaking stress values can be rather biased if only engi-

Biomacromolecules, Vol. 7, No. 7, 2006 2177

resonance can be suitably explained if deformation proceeds at
constant volumé?!

The hypothesis of constant volume is applied to the rescaling
of tensile tests of four groups of fibers with different degree of
alignment, from MS to FS, to show that the distinction between
engineering and true stresses is important when large deforma-
tions are involved, typically ovee = 0.30. The description of
the tensile properties of spider silk depend on which set of
parameters is chosen, since engineering values could lead to a
misinterpretation of experiments that combine results from
different strain ranges.
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