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ABSTRACT

Spider silk fibers are of scientific and industrial interest because of their extraordinary mechanical properties. These properties are
normally determined by tensile tests, but the values obtained are dependent on the morphology of the fibers, the test conditions, and the
methods by which stress and strain are calculated. Because of this, results from many studies are not directly comparable, which has led
to widespread misconceptions in the field. Here, we critically review most of the reports from the past 50 years on spider silk mechanical
performance and use artificial spider silk and native silks as models to highlight the effect that different experimental setups have on
the fibers’ mechanical properties. The results clearly illustrate the importance of carefully evaluating the tensile test methods
when comparing the results from different studies. Finally, we suggest a protocol for how to perform tensile tests on silk and biobased
fibers.
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FIG. 1. (a) Ashby plot of a selection of natural and artificial fibers. Data obtained from
the following references: natural silk'“’ (this work for bridge spider, Larinioides
sclopetarius), hair,”'~** other natural materials,”**° artificial spider silk"** (this work
for NT2RepCT), and synthetic commercial fibers.””**° MA stands for Major
Ampullate. These data represent the results from engineering stress and strain
curves. (b) Typical setup to perform a tensile test on a silk fiber. The fiber is mounted
on a frame that is clamped by two grips. One grip moves, applying a strain, and the
elastic response (force) is measured by a load cell connected to one of the grips. The
obtained raw data are load and displacement, which are converted into stress and
strain. (c) Typical stress—strain graph for a spider silk fiber in which the main mechan-
ical properties commonly reported in the silk field are highlighted. The Young's modu-
lus is the slope of the linear fit in the first elastic region before the yield point. The
toughness modulus is the area under the stress—strain curve. The extension at break,
or extensibility is the ultimate strain value before fiber fracture, and the fracture
strength is the maximal (here last) stress point before the fracture.

have been the main focus areas in the materials science field. Since the
mechanical properties of the pristine fibers are one of the most attrac-
tive features of the material, and since these properties are sought in
artificial replicas, reported values must be comparable between differ-
ent studies.

To determine the mechanical properties of natural and artifi-
cial silk fibers, a static tensile test analyzer is commonly used. The
fiber is placed in the instrument that applies a strain and records
the elastic response of the fiber through a load cell [Fig. 1(b)]. In
this way, a load-displacement curve is obtained, which is converted
into a stress— strain curve [Fig. 1(c)]. To calculate the stress () that
is applied to the fiber, the recorded force (F) is divided by the cross-
sectional area (A),
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o=—. (1)

The strain (e) is the measure of the relative deformation and is
obtained by the following equation:

AL
=T
where AL is the fiber elongation, and L is the gauge length of the fiber
sample.

From the stress—strain curve, the following parameters can be
extracted: (1) the fracture strength, i.e., the maximal stress that the
material is able to sustain before fracture; (2) the extensibility, i.e.,
the maximal strain (or strain at break) of the material at fracture; (3)
the Young’s modulus, i.e., the initial slope of the stress—strain curve;
and (4) the toughness modulus, i.e., the energy per unit of volume that
the material absorbs before fracture, calculated as the area under the
stress—strain curve.

Today’s tensile test instruments are easily operated and very pre-
cise, but several factors need to be considered when comparing the
mechanical properties of different materials, including the extrusion
speed, collecting speed, and strain rate, as well as choice of methods
for determining fiber diameter and for calculating of the mechanical
properties. These parameters may appear as minor differences in the
experimental protocols, but as we will show in the following para-
graphs, they have a profound impact on fiber mechanics. On the other
hand, if the field has reached a consensus on which methodological
approach to use, the choice of method would be less important since
all results would be obtained in the same manner and thereby compa-
rable. A survey of the literature on silk fiber mechanics, however,
shows that the field is far from uniform, and strikingly, in many cases,
experimental details are not even reported (Fig. 2, Fig. S1, supplemen-
tary material Sec. S1). Below we address each of these parameters one
by one and illustrate their respective impact on the fibers’ mechanical
properties using both published and original data. Finally, we propose
guidelines in the design of tensile tests and list critical aspects for
assessing the validity of reported silk fiber mechanical properties.

DETERMINATION OF THE DIAMETER

An important source of error in calculating the mechanical prop-
erties of silk fibers is the measurement of the fiber diameter, which is
used for calculating the cross-sectional area and the stress defined in
Eq. (1). This may seem like a simple task, but as described below, it
can be difficult to do in a precise manner, and the choice of method
will substantially impact the obtained stress values. For silk fibers with
a circular cross section, the dimension of the diameter is obtained with
either light microscopy (LM) or Scanning Electron Microscopy (SEM)
[Fig. 2(c)]. Both techniques have advantages and disadvantages with
respect to ease of use, resolution, and risk of artifacts.

Light microscopy allows a fairly accurate measure of micrometric
dimensions by using visible light,”* but it is limited by the resolution
for a specific wavelength (1), as described by the Abbe diffraction limit

2
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Thus, objects that in one or several dimensions are smaller than
around 0.25 um cannot be accurately measured by light microscopy.””
Most major ampullate silk fibers have a diameter between 3 and
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FIG. 2. Fraction of studies in which the mechanical properties have been obtained using (a) different collecting fibers speed (‘web” means that the fibers were collected either
from the web or the natural strands spun by the spiders obtained without forced silking), (b) tensile testing at different strain rates, and (c) light microscopy or scanning electron
microscopy (SEM) to determine the diameter. Panel (d) illustrates the fraction of studies reporting the mechanical properties of silk fibers using engineering stress and strain,

true stress and true strain, or not declared, respectively.

6 um, > which makes it possible to measure the diameter by light
microscopy. On the other hand, natural spider silk spun by the spiders
of the Mygalomorphae family”>*’ and silk spun from the aciniform
and piriform glands*"** have diameters below 1 um and are thus diffi-
cult to be accurately measured with this technique. However, an
important advantage of light microscopy is that the sample does not
require any pretreatment and that the technique is noninvasive, which
implies that the observed sample can be recovered after the analysis
without compromising its properties. Thereby, the average diameter
for each fiber to be tensile tested can be obtained and then used when
calculating the mechanical properties.

The other available technique to determine the diameter of silk
fibers is SEM. With SEM, it is possible to obtain high-resolution
images of details that under ideal conditions may reach nanometric
dimensions.”” During the measurement, the fiber is placed in a vac-
uum and must be pre-coated with conductive materials, both of which
can lead to altered morphology of the fiber. ** Furthermore, the
experimental procedure makes it impossible to investigate the same
fiber before the tensile testing, which is why the method only can be
used to determine the average diameter of a particular fiber type.

The differences in diameters of silk fibers obtained by these two
methods have been described by Blackledge et al.’” who showed that
using SEM will result in an underestimation of fiber diameter by about
10% compared to light microscopy. Considering that the diameter is
used to calculate the circular cross-sectional area and that the area is
the denominator in the stress calculation, using SEM for determining
fiber dimensions may increase the calculated stress by up to 24%

compared to light microscopy. A comparison between SEM and light
microscopy for obtaining artificial spider silk diameters has not been
reported in the literature, but herein we show that the same differences
are also found for NT2RepCT fibers (Fig. 3, Fig. S2). Despite that the
method for determining the fiber diameter has such a large impact on
the calculated tensile strength, the field has not settled on a common
practice; 40% of studies reporting on silk fiber mechanical properties
used SEM to evaluate the diameter, 49% used light microscopy, and

~10% decrease
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Light SEM
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FIG. 3. The overall average and standard deviation of the diameters measured with
the light microscopy (LM) and scanning electron microscopy (SEM) of n=100
NT2RepCT fibers, respectively. Representative light microscopy and SEM images
of these fibers are shown on the right, where the scale bars are 10 um. Stars indi-
cate that the difference is significant (p < 0.0005). The error bars are standard
deviations.
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the remaining 11% omitted this information [Fig. 2(c)]. Since the use
of light microscopy makes it possible to determine the average diame-
ter of individual fibers that subsequently can be tensile tested (thus tak-
ing into account fiber-to-fiber variability’”) and since this piece of
equipment is commonly available, we suggest that light microscopy
should be used when determining the silk fiber diameter.

STRAIN RATE

When comparing the mechanical properties of different fibers, it
is important to consider how the test was performed, i.e., the instru-
ment settings. Testing spider silk fibers at different strain rates will
result in different mechanical properties because of their viscoelastic
nature’” >” [Fig. 2(b)]. The viscoelastic properties of silk are a result
of the two-phase composition of the fiber in which tightly packed
[B-sheet crystals are embedded in a more amorphous matrix.” *°

The mechanical behavior of viscoelastic materials can in many
cases be adequately approximated with the Kelvin—-Voigt model,

a:EeH%, (3)

in which E is the elastic modulus, and # is the viscosity of the material.
The expression de/dt is a measure of the strain rate, i.e., how fast the
strain level of the material changes. From Eq. (3) is thus clear that,
given a specific viscosity, the faster the material is pulled, the faster the
stress increases. This has been confirmed to hold true for spider major
ampullate silk in the earliest studies on its mechanical properties. In
the work of Denny,”” the silk was tested at different strain rates of 1 up
to 35 mm/min, which led to an increase in ~70%, ~200%, and ~70%
in strength, Young’s modulus, and toughness modulus, respectively.
No significant changes were reported for the strain at break. These
results were recently confirmed by Yazawa et al.,”” who tested major
ampullate silk fibers at strain rates between 0.01 and 1000 mm/min.
The increase in the mechanical properties due to higher strain rates

REVIEW pubs.aip.org/aip/bpr

was also confirmed by Cheng et al.,” in which the mechanical proper-
ties of Araneus ventricosus major ampullate silk were determined
between 0.03 and 60 mm/min. In this range, the increase in the
strength, Young’s modulus, and toughness modulus were ~60%,
~60%, and ~250%, respectively. These results are also in agreement
with our experiments performed on Bombyx mori silk (Fig. S3).

The dependence on the strain rate for artificial silk fibers has not
been studied to a great extent, and it is plausible that the effect of differ-
ent strain rates could differ between different artificial spider silk types,
in line with what is observed for natural silks. Therefore, we tested
NT2RepCT fibers at different strain rates and could detect a significant
increase in the strength (~100%) and Young’s modulus (~75%) when
increasing the strain rate from 0.6 to 600 mm/min (Fig. 4). The strain at
break initially increased when the strain rate was increased to 6 mm/
min but decreased at higher values. Thus, using higher strain rates will
apparently increase the values for stress and Young’s modulus for
NT2RepCT fibers, similar to what is observed for native silk.

The most commonly used strain rates are 1, 6, and 10 mm/min
[Fig. 2(b)], which are within a range where there is little effect on
the mechanical properties. Noticeable differences occur at strain
rates higher than 10 mm/min and lower than 1 mm/min.”>”""% Stll,
Fig. 4 highlights the importance of explicitly declaring the strain rate,
which in at least one experimental setup should be in the range
5-10 mm/min to be comparable to most scientific literature related to
silk (Fig. 2) and other polymeric materials.””*” ** However, this should
not be interpreted as a recommendation to avoid using higher strain
rates as such settings would more closely reflect conditions that the
fibers would experience in real world applications. Notably, the strain
rate was not stated in 16% of the studies reviewed herein [Fig. 2(b)].

COLLECTING SPEED

The mechanical properties of fibers made from the same feed-
stock (starting material) can vary since they are influenced by the
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extrusion and the collection process.” In particular, when spinning
polymeric materials, it is expected that increased shear forces during
fiber formation lead to an increased orientation of the polymer chains,
positively affecting the tensile strength and Young’s modulus of the
spun fiber.”” > Collecting a polymeric fiber faster would in principle
increase such shear forces. This is expected to be valid also for native
silk, since it is a polymeric material, and some reports also align with
this expectation.

Vollrath et al.”® and Young et al®" presented data on silk col-
lected between 0.01 and 12.8cm/s from the species Trichonephila
edulis and Trichonephila senegalensis, respectively, and showed that
the fiber diameter and strain at break were reduced at increased col-
lecting speeds, while Young’s modulus and the strength increased with
higher collecting speed until 2.5cm/s, after which they decreased.
However, a contradictory report was published by Cunnif et al.,”* in
which the silk of Trichonephila clavipes was collected at a speed rang-
ing from 1.5 to 12.2 cm/s without significant changes in mechanical
properties. In addition, Yazawa and coauthors studied the effect of col-
lecting speed on both Trichonephila clavata® and different silk-
worms,’ again concluding that the mechanical properties are not
affected by this parameter. To further complicate the issue, higher col-
lecting speed does not necessarily correspond to higher collecting
stress, and both these parameters can affect the mechanical properties
of the fibers.”"”” Thus, more research is needed to understand the
effects of collecting speed on the mechanical properties of natural
silks.

When considering artificial spider silk, the effect of collecting
speed on the fibers’ mechanical properties is not easy to understand
from the literature. This is due to that collecting speed is an imprecise
parameter whose effects are influenced also by dope viscosity, extru-
sion speed, nozzle dimensions, and post-spin stretch, which differ in
different spinning setups and are seldom fully reported in the literature
[Table I, Fig. 2(a)]. However, Schmuck et al.”” found that increased
collecting speed in a system where all other parameters were kept con-
stant indeed resulted in a significant stiffening and strengthening of
artificial silk fibers, in line with what is known from synthetic fiber
spinning. Consequently, despite the questionable value of considering
collecting speed as such when comparing the mechanical properties of
artificial silk fibers, we argue that it is important to report the collecting
speed as precisely as possible (along with the other spinning parame-
ters) to aid the assessment, comparison, and reproducibility of the
data in the literature.

HUMIDITY AND AGING

An important factor that must be considered when testing bio-
based fibers is the relative humidity (RH). This is because water mole-
cules that enter the fibers will break or weaken hydrogen bonds, which
leads to structural reorganization and altered mechanical properties.”*
For native and artificial spider silk, testing fibers at RH higher than
70% (60% for recombinant spider silk) results in significantly lower
values of Young’s modulus and strength, but higher strain at
break.”” ”® For artificial silk fibers, the sensitivity of the fibers to RH
strongly depends on the amino acid residue sequence of the protein
used to spin the fibers,"”””">" which is the reason why the tests
should be done in dry conditions (15% < RH < 50%) if the effects of
the humidity are not known. The effects that humid conditions have
on the structure and mechanical performance of the fiber are not

REVIEW pubs.aip.org/aip/bpr

completely reversible, which makes it crucial to also consider the stor-
age conditions of the fibers in the interim between spinning and tensile
testing. Despite this, the RH is seldom considered, which is why we
solicitate future studies to report the RH both during storage and ten-
sile testing.

Another crucial aspect to consider when evaluating fiber
mechanical properties is the aging process that the fibers will
undergo. In polymer science, aging is a phenomenon for which the
properties of a polymer change over time due to that the polymeric
chain network is in a non-equilibrium thermodynamical state.”’
Because of this, the polymeric chains tend to change conformation
toward a more stable thermodynamical state over time,””> which
results in altered properties of the material.”> Unfortunately, the
changes in the properties strongly depend on the polymer type,”
and aging effects must therefore be studied individually for each
polymer fiber type. Aging of natural and artificial silk fiber has
been notoriously ignored, but a single report shows that over time,
native spider silk undergoes an increase in Young’s modulus and a
decrease in strain at break.®” For these reasons, it is important that
the time between spinning and tensile testing is reported, and,
preferably, it should be kept constant in different experimental
setups.

FIBER MORPHOLOGY

Since the stress calculation is dependent upon the precise deter-
mination of the cross-sectional area, knowledge about the morphology
of the fiber is crucial, but calculating the cross-sectional area of fibers
with an imperfect cylindrical shape is challenging. The shape of com-
mercially available fibers and natural silks fibers is consistent and
homogeneous over the entire length of a fiber, even though they do
not necessarily possess a round cross-section.'”**"* On the other
hand, synthetic fibers produced for research purpose often suffer from
major shape inhomogeneities.”” °* This is valid also for artificial silk,
but this aspect is seldom discussed when the mechanical properties are
reported.”*>”7**"1% Since the cross-sectional area of such fibers is
difficult to determine, the calculation of the tensile strength and tough-
ness modulus is not precise.

When the shape of a silk fiber cross-section deviates from a circle,
the commonly accepted procedure to estimate the cross-sectional area
is to measure the diameter at several randomly selected locations along
the fiber’s length and compute the average. The average diameter is
then used to calculate the cross-sectional area assuming a circular
shape. In doing so, the true cross-sectional area is likely to be overesti-
mated, thereby underestimating the stress and other properties that
depend on it (strength, Young’s modulus, and toughness modulus).'”
To illustrate how drastically the computed mechanical properties can
differ when the cross-sectional area is not carefully determined, we
used NT2RepCT fibers that harbored a longitudinal groove alternating
with a roundish cross section [Fig. 5(a), Fig. S4] which is a shape also
commonly reported for other artificial silk fibers, #4100~ 102108110
As depicted in Figs. S5(a) and S5(b), a circle with the same “diameter”
as a fiber exhibiting a longitudinal groove would have a larger esti-
mated cross-sectional area. In the case of NT2RepCT fibers, measuring
the “diameter” when observing the face of a fiber with the longitudinal
groove means that the true cross-sectional area is overestimated by a
factor of ~1.81 [Figs. S5(c)-S5(e)], if a circular cross-section is
assumed.
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TABLE I. The mechanical properties of natural and artificial spider silk and the experimental setup used. LM = fiber diameter measured with light microscopy; E = Engineering stress and strain;

SEM = diameter measured with scanning electron microscopy; T = True stress and true strain. ND means that it was not either declared which method that was used to calculate the stress and strain.

Diameter
measured Strain True or Eng.
Silk collection prior or after Cross-section Gauge rate Stress—strain
Reference Year Spider species speed (cm/s) Diameter fracture? evaluation length (mm) (mm/min) curve
Wilson'*! 1962 Araneus 18 LM Prior dry and silk Circle E
diadematus stained in shirlas-
tain A (I.C.I.) and
mounted in de
Faure’s aqueous
medium.
Denny”’ 1976 L. sclopetarius Web LM Prior Circle 25 0.75 T
3.5
35.25
Work'*? 1976 Trichonephila Web; forcibly LM Prior -+ - (used textile 12.5 12.5 Units of textile
madagascariensis;  extracted (anaes- units) measurement
A. diadematus;  thetized and silked
Argiope aurantia;  with not declared
Argiope argentata; speed)
Eriophora fuliginea
Work™”!'* 1977,1985 L. sclopetarius; A. ~ Web; Forcibly LM Prior Circle 6.5-12.5 125 T
diadematus; silked (spiders fell
Araneus gemma down) with not
declared speed
Gosline et al.'** 1986 L. sclopetarius Web LM Prior Circle 25 3.5 T
Cunnif et al.®® 1994 T. clavipes 1.1; 1.5; 3.1; 6.1; SEM ND Circle 50.8 304.8 ND
12.2
Shao et al.'” 1999 A. diadematus 2 SEM ND Circle ND 50%-gauge ND
length per min
Shao and 1999 A. diadematus; T. 2 SEM ND Circle 7 50%-gauge ND
Vollrath'*® edulis; Latrodectus length per min
mactans;
Euprosthenops sp.
Madsen 1999 Euprosthenops sp; ND; 0.4; 1;2; 8,10  SEM ND Circle 6.9 3 E
etal'”’ Cyrtophora citri-
cola; L. mactans; A.
diadematus; T.
edulis
PérézI—Rigueiro 2001 Argiope trifasciata From web SEM After Circle 20 0.24 T
etal'”
Vollrath et al.”® 2001 A. diadematus; T. 0.005 - 95.0 SEM ND Circle 12 6 E
edulis
Lazaris et al.'”’ 2002 Araneus sp.; ND LM Prior Circle ~10 ND ND
Artificial
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TABLE 1. (Continued.)

Diameter
measured Strain True or Eng.
Silk collection prior or after Cross-section Gauge rate Stress—strain
Reference Year Spider species speed (cm/s) Diameter fracture? evaluation length (mm) (mm/min) curve
Guinea etal.”® 2003 A. trifasciata 1 SEM ND Circle 20 1 T
Ko and 2004 T. clavipes as Cunnif et al.”” ND ND Not declared 12.5 12.5 ND
]ovicicl il
Blackledge 2005 A. trifasciata; A. Not declared, but LM; SEM Prior Circle ND 1% of the gauge E
etal™ argentata; Uloborus  declared to be length per s
diversus; obtained during
Gasteracantha can- prey attack, directly
criformis; from webs, through
Latrodectus hes-  forcible silking of
perus; G. cancrifor- restrained spiders,
mis; Peucetia and from egg sacs.
viridans; L. hes-
perus; Araneus
gemmoides
Blackledge 2005 L. hesperus From web and LM Prior Circle 21 1% of the gauge T
etal™ forcibly extracted length per s
as explained in
Work'*
Guinea'”” 2005 A. trifasciata 1 SEM Not declared Circle 20 0.24 E
Liu et al.”” 2005 T. edulis 0.2; 1; 2; 10; 20 SEM Not declared Circle ND ND E
Ruigeiro et al.”> 2005 A. trifasciata 0.1;1 SEM Not declared Circle 20 0.24 E
Yang et al.'*’ 2005 T. edulis 2 SEM After Measured sur- 10 3.6 ND
face area with
SEM
Blackledge and 2006 A. argentata From web and LM Prior Circle 21; 10 1%-gauge T
Hayashi'** forcibly extracted length per s
as explained in
Work'**
Swanson 2006 T. clavipes; A. From web and LM Prior Circle ND 1%-gauge T; E
etal'” argentata; A. gem-  forcibly extracted length per s
moides; L. hesperus;  as explained in
Leucauge venusta; Work'*
Kukulcania hiber-
nalis; Plectreurys
tristis
Guinea et al.'"® 2006 A. trifasciata 2 SEM  Prior and after (not Circle 25 1 T; E
clear)
Pérez-Rigueiro 2007 A. trifasciata 2 SEM Prior (not clear) Circle 20 0.24 T
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TABLE . (Continued.)

Diameter
measured Strain True or Eng.
Silk collection prior or after Cross-section Gauge rate Stress—strain

Reference Year Spider species speed (cm/s)  Diameter fracture? evaluation length (mm) (mm/min) curve
Agnarsson 2008 A. gemmoides; From web and LM Prior Circle 20.7 12.4 T
etal"”’ Parasteatoda tepid- forcibly extracted

ariorum; A. argen-  as explained in

tata; A. trifasciata; Work'*

Deinopis spinosa;

G. cancriformis;

Latrodectus geome-

tricus; L. hesperus;

Mastophora hutch-

insoni; Mastophora

phrynosoma; P.
viridans;
Savage and 2008 T. clavipes; A. From dragline LM Prior Circle 50 10 E
Gosline' ™ diadematus spun by the walk-
ing spider
Ortlepp and 2008  Salticus scenicus; A.  From dragline LM Prior Circle 60 20 ND
Gosline' diadematus spun by the walk-
ing spider

Lee et al.""’ 2009 Areneus sp. 1 LM Prior Circle 4 2 E
Sensenig 2010 A. diadematus; A. From web LM Prior Geometrical 11-16 66-96 T
et al'*! marmoreus; A. tri- average of

folium; A. aurantia;
A. trifasciata;
Caerostris darwini;
Cyclosa conica;
Eustala sp.; G. can-
criformis;
Larinioides cornu-
tus; L. venusta;
Mangora gibberosa;
Metepeira labyrin-
thea; Micrathena
gracilis; Neoscona
arabesca; N. cruci-
fera; N. domicilio-
rum; T. clavipes;
Nuctenea umbra-
tica; Tetragnatha
versicolor;
Verrucosa arenata;
Zygiella x-notata

the diameter

dy = 24/2r
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TABLE I. (Continued.)

Diameter
measured Strain True or Eng.
Silk collection prior or after Cross-section Gauge rate Stress—strain
Reference Year Spider species speed (cm/s) Diameter fracture? evaluation length (mm) (mm/min) curve
Agnarsson 2010 C. darwini From the weband LM Prior Circle 16 96 T
etal' forcibly as
described in Pérez-
Rigueiro et al.'**
Guinea et al.'"” 2010 A. trifasciata Web SEM Prior (not clear) Circle 5-9 1 T
Sensenig 2011 N. arabesca Web SEM Prior Geometrical 11-16 66-96 T
etal'” average
of the diameter
dyn = 2¢/2r
Pogozelski 2011 Steatoda Web SEM Not declared Circle 25-26 12 ND
etal'™ triangulosa
Hudspeth 2012 T. clavipes 20 SEM Not declared Circle 5-3 0.3-306 (high ND
etal'™” speed)
Guinea et al.'"’ 2012 A. trifasciara; ND SEM After Circle 20 1 T
Trichonephila
inaurata
Blamires 2012 Argiope aethereal; 1.7 LM Prior Circle 20 12 T
et al'*® A. aemula; Cyclosa
mulmeinensis, C.
confuse;
Cyrtophora uni-
color; C. moluccen-
sis; Leucauge
blanda; L. tesselata;
Trichonephila clav-
ata; Trichonephila
pilipes.
Blackledge 2012 Aphonopelma see- 2 SEM Prior Circle 15 1.2 T
etal'"’ manni; K. hiberna-

lis; Scytodes sp.;
Phidippus regius; P.
viridans; Tengella
radiata; Hogna hel-
luo; Dolomedes ten-
ebrosus; Pisaurina
mirabilis; D. spi-
nosa; Meta ovalis;
L. hesperus;
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TABLE I. (Continued.)

Diameter
measured Strain True or Eng.
Silk collection prior or after Cross-section Gauge rate Stress—strain
Reference Year Spider species speed (cm/s) Diameter fracture? evaluation length (mm) (mm/min) curve
C. darwini; A. dia-
dematus; Argiope
lobata; A. trifas-
ciata; A. argentata;
A. aurantia; A.
bruennichi
Blamires 2012 A. aethereal; 1.7 LM Prior Circle 20 12 E
etal '’ Cyrtophora moluc-
censis; L. blanda
Stevenetal.'”” 2013 T. clavipes ND LM Prior Circle ND 2% (gauge ND
length) min—
Porter et al.'”’ 2013 T. edulis ND ND Not declared Not declared ND ND ND
Marhabaie 2014 A. trifasciata ND LM Prior Circle 15.7 94.4 T
etal””’
Xuetal'” 2014 T. pilipes 25 ND Not declared Not declared 20 10 ND
Heidebrecht 2015 A. diadematus 16.5 for native silk LM Prior Circle 2 2.4 T
etal’
Blamires 2015 T. pilipes 1.7 LM Prior Circle 20 6 T
etal'”’
Perea et al.'™* 2015 A. trifasciata; T. 0.1-1 SEM Prior Circle 20 1.2 T
inaurata
Madurga 2016 A. trifasciata; A. ND SEM Prior Circle 20 1.2 T
etal'> aurantia; A. lobata;
A. bruennichi; A.
diadematus; C. dar-
wini; D. spinosa; L.
hesperus; D. tene-
brosus; T. radiata;
P. regius
Lepore et al.” 2016 L. cornutus Web SEM Prior Circle 20 12 E
Benamu 2017 Parawixia audax 1.7 LM Prior Circle 10 6 T
etal.'™®
Lepore et al.'”’ 2017 Holocnemus sp.; Web SEM Prior Circle 15 0.9 E
Pholcus sp.;
Steatoda sp.
Koebley 2017 Loxosceles laeta 0.1-1 AFM Not declared 5 1 ND
etal'™®
You et al.'” 2018 Silkworms Cocoon LM Prior Circle 30 2 E
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TABLE I. (Continued.)

Diameter
measured Strain True or Eng.
Silk collection prior or after Cross-section Gauge rate Stress—strain
Reference Year Spider species speed (cm/s) Diameter fracture? evaluation length (mm) (mm/min) curve
(genetically modi-
fied to express
major ampullate
spidroin)
Xu et al.'”’ 2018 Silkworms (geneti- Cocoon SEM Not declared Circle 10 5 E
cally modified to
express major
ampullate spidroin)
Kerr et al.'® 2018 T. pilipes; Web ND Prior Circle ND 60 ND
Trichonephila
plumipes
Piorkowski 2018 Hickmania Web LM Prior Circle 10 9 T
etal'® troglodytes
Blamires 2018  Argiope keyserlingi; 1.7 LM Prior Circle 10 6 T
etal'” Eriophora trans-
marina;
Latrodectus has-
selti; T. plumipes;
Phonognatha
graeffei
Yazawa et al.' 2018 T. clavata 2.1 ND Not declared Not declared 5 10 E
Dellaquila 2019 Cupiennius salei Web LM Prior Circle 10 6 E
etal'
Viera et al.'* 2019 Badumna 1.7 LM Prior Circle 10 6 T
longinqua
Kong et al.*® 2020 T. pilipes ND SEM Not declared Measured 20 2 E
(cubic)
Pan et al." 2020 T. pilipes ND SEM Prior Measured ND ND ND
Garrote 2020 Frigga crocuta; Web; and forcibly SEM Prior Circle ND 1 T
etal'® Argyrodes elevatus; silked as Work and
Tetragnatha sp.; Emerson'*°
Leucauge longi- (~1cm/s)
mana; Neoscona
moreli; G. cancri-
formis; A.
argentata
Pantano 2020 Meta menardi ND ND Not declared Not declared 10 0.6 E
etal'”
Wu et al.'*® 2020 T. pilipes; Artificial 3-7; 1 (for artificial ND Not declared Not declared ND ND ND

silk

silk)
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TABLE I. (Continued.)

Diameter
measured Strain True or Eng.
Silk collection prior or after Cross-section Gauge rate Stress—strain
Reference Year Spider species speed (cm/s) Diameter fracture? evaluation length (mm) (mm/min) curve
Kelly et al.'"” 2020 T. pilipes 1.7 LM Prior Circle 10 6 T
Greco and 2020 A. diadematus; 1 LM Prior Circle 10 6 E
Pugno' "’ Ancylometes sp.;
Ceratogyrus mar-
shalli; C. salei,
Grammostola
rosea; Linothele fal-
lax; N. umbratical;
Phoneutria fera;
Zygiella x-notata.
Yazawa et al.”® 2020 T. clavata 2.1 SEM Not clear Circle 5 0.01-1000 E
Cheng et al.”” 2020 A. ventricosus Web LM Prior Circle 20 0.3-60 E
Greco et al.'”’ 2020 C. salei 1 LM Prior Circle 10 6 E
Huetal'”” 2020 T. edulis 2 SEM Not declared Circle 10 5 ND
Dugger etal.'”” 2020 T. clavipes 1 SEM Prior Circle 2 1.2 E
Htut et al."’ 2021 C. darwini; A. tri- 0.2; 6.5 (for C. SEM Not declared Circle 12.58 11.25 T
fasciata; L. cornu- darwini)
tus; Parasteatoda
tepidariorum; T.
clavipes
Kono et al.'* 2021 C. darwini 2.1 SEM Prior Circle 5 10 E
Yazawa and 2021 T. clavata 1-7 SEM Prior Circle 5 10 E
Sasaki®’
Greco and 2021 S. triangulosa; S. 1 LM Prior Circle 10 6 E
Pugno”’ paykulliana
Saric et al.'”* 2021 A. diadematus 1.2 LM Prior Circle 2 0.3 T
Piorkowski 2021 Heteropoda 0.1 LM Prior Circle 10 9 T
etal'” venatoria
Young et al.”’ 2021 T. senegalensis 0.05-12.8 SEM Prior Circle 20, 50, 100 2,5,10 E
Greco et al.'” 2022 S. triangulosa; 1; 29 (for artificial LM Prior Circle 10 6 E
Artificial spider silk silk)
Yaawa et al.'”° 2022 T. clavata 1.7 SEM After Measured 5 10 E
Spizzo et al.** 2022 C. salei 1 LM Prior Circle 10 6 E
Arakawa 2022 Natural spider silks 1 SEM Prior Circle 5 10 E
etal” from more than
440 species
Teule et al.'"* 2007 Artificial silk 0.001 LM Prior Circle 15 5 E
Brooks etal'”” 2008 Artificial silk 0.003 LM Prior Circle 25-55 2 ND
Xia et al.'"” 2010 Artificial silk ND SEM After Measured 20 10 ND
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TABLE I. (Continued.)

Diameter
measured Strain True or Eng.
Silk collection prior or after Cross-section Gauge rate Stress—strain
Reference Year Spider species speed (cm/s) Diameter fracture? evaluation length (mm) (mm/min) curve
cross-section
Linetal'”® 2012 Artificial silk ND LM Prior Circle 20 10 ND
Xu et al.'” 2012 Artificial silk 0.6 LM Prior Circle ND 1% (gauge E
length) s~

Albertson 2014 Artificial silk 0.05 LM Prior Circle 19 10 E
etal'”
Jiang et al."”’ 2014 Artificial silk 0.02-0.13 ND Not clearly Circle 30 1 T

declared
Heidebrecht 2015 Artificial silk ND LM Prior Circle 2 2.4 T
etal™
Copeland 2015 Artificial silk 0.001 LM Prior Circle 19.1 5 ND
etal.'™
Jones et al.” 2015 Artificial silk ND LM Prior Circle 19 250 ND
Lin et al.'" 2015 Artificial silk ND LM Not declared Circle ND 1% (gauge E

length) s !
Perea et al."™ 2015 Artificial silk Artificial silk pro- ~ SEM Prior Circle 20 1.2 T
duced by a
company
Weatherbee- 2016 Artificial silk ND LM Prior Circle 10 6 E
Martin et al.”*
Peng et al.” 2016 Artificial silk 3 LM Prior Circle 10 2 E
Andersson 2017 Artificial silk ND LM Prior Not declared 20 1 E
etal'®
Madurga 2017 Artificial silk 5 LM Prior Circle 20 1 T
etal'®
Thamm and 2017 Artificial silk ND LM Prior Circle 2 24 T
Scheibel*”
Madurga 2018 Artificial silk 5.8 LM Prior Circle 10 1 T
etal'™
Bowen et al.”’ 2018 Artificial silk 1 LM Prior Circle 5 10 E
Venkatesan 2019 Artificial silk ND AFM  Prior (breaking the =~ Measured 20 0.5 E
etal’”® fiber and embed-
ding it in resin)

Xu et al.'®’ 2019 Artificial silk ND ND Not declared Circle 10 6 E
Yuan et al."® 2019 Artificial silk ND LM Not declared Not declared ND ND ND
Wen et al."®’ 2020 Artificial silk ND LM Prior Circle 10 18 E
Zhang et al.'** 2020 Artificial silk ND SEM Prior Circle 10 0.01 E
Tian et al.'®’ 2020 Artificial silk 0.3 LM Prior Circle ND 0.05% (gauge E
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TABLE I. (Continued.)

Diameter
measured Strain True or Eng.
Silk collection prior or after Cross-section Gauge rate Stress—strain
Reference Year Spider species speed (cm/s) Diameter fracture? evaluation length (mm) (mm/min) curve
length) s
Greco et al.'” 2020 Artificial silk ND LM Prior Circle 10 6 E
Gonska et al.'"’ 2020 Artificial silk ND LM Prior Circle 20 1 T
Zhu et al."” 2020 Artificial silk 5-105 LM Prior Circle ND 1% (gauge E
length) s~
Fan et al.”® 2021 Artificial silk ND SEM After Measured 20 10 ND
Li et al.”” 2021 Artificial silk 1 LM Prior Circle 10 ND T
Saric et al.'”* 2021 Artificial silk ND LM Prior Circle 2 0.3 T
Kono et al.”® 2021 Artificial silk ND SEM Prior Measured 5 10 E
Greco et al.”’ 2021 Artificial silk ND LM Prior Circle 10 6 E
Hu et al.” 2021 Artificial silk ND SEM Prior Measured 10 2 E
Asakura 2022 Artificial silk ND LM Prior Circle 20 3 E
et al.'””
Backlund 2022 Artificial silk 29-69 LM Prior Circle 10 6 E
et al. 100
Jin et al.'”? 2022 Artificial silk ND SEM Prior Measured 10 4 E
Arndt et al.” 2022 Artificial silk ND LM Prior Circle 10 6 E
He et al.'™* 2022 Artificial silk 4 ND ND ND 20 ND ND
Asakura 2022 Artificial silk ND LM Prior Circle 20 3 E
etal'”
Schmuck 2022 Artificial silk 17-69 LM Prior Circle 10 6 E
etal”
Chengetal'™ 2022 Artificial silk ND SEM Prior Circle ND 2 E

@
o
o
=
<
=
0
(7]
X
®
s
®
3
@

M3IN3H

adq/die/6a0-die'sqnd

¥2:90:81 €202 AInr L1


pubs.aip.org/aip/bpr

Biophysics Reviews

b) Geometry

100 MPa 241 MPa

Unfortunately, evaluating the exact morphology of soft polymeric
fibers is difficult. Light microscopy does not provide enough depth in
focus to safely assess the morphological features of micrometric fibers
(Fig. S6). Instead, SEM can be used to precisely evaluate the morphol-
ogy of the samples,”” but as mentioned above, the specific fiber sample
that is used for SEM cannot be subsequentially tensile tested. This
means that the fiber population investigated needs to be large and
homogeneous to ensure that the fibers that are tensile tested have the
same shape and morphology as the one used for SEM.''" When com-
paring data from different studies, is it therefore important to evaluate
also the differences in the fibers’ morphology.

The importance of having a uniform cross-section is not solely
related to the calculation of the cross-sectional area, but also to the
mechanical performance of the fiber. Indeed, the geometry of the
structure strongly affects the local stress distribution if the fiber experi-
ences strain.''> A more homogeneous distribution of the stress is gen-
erally achieved in the absence of defects and in fibers with round cross
sections.””'”* To illustrate the impact of stress distribution, we have
used NT2RepCT fibers. A computational study on the tensile traction
of these fibers was performed (Fig. 5, supplementary material Sec. S2)
in which we applied a nominal stress of about 100 MPa. The results of
the simulation [Fig. 5(c)] show that there is a concentration of stress
along the longitudinal groove, especially on the upper ridge. This local
concentration of stress is around 2.4 times higher than the nominal
stress and will result in a premature fracture of the fiber compared to a
fiber with a circular cross-section of the same diameter.

The concentration of stress strongly depends on the geometry of
the longitudinal groove. The local increase in stress in a section is
defined by the stress concentration factor (K) and is defined as'!”

Omax = Ko'avev

where 7, is the average/nominal applied stress.

Through simulations, the magnitude of this concentration factor
could be estimated by changing the geometry of the longitudinal
groove. In this example, the sharpness of the groove is governed by its
tip diameter of the tangential circumference (d; the smaller d is, the
sharper is the groove), whereas the length of the groove is L (Fig. 6).
The apparent diameter of the fiber (D) is measured assuming the cir-
cular cross-section by means of either light microscopy or SEM. From
this, it is possible to investigate the effect of the ratio L/D, as well as d/
D, on the stress intensity factor [Figs. 6(b) and 6(c)]. In general, K

c) Stress distribution

REVIEW pubs.aip.org/aip/bpr

FIG. 5. (a) Representative SEM image of
NT2RepCT fibers, which present a fairly
consistent non-uniform shape, with fre-
7 quent longitudinal groove regions, (b) geo-
metrical model of these grooved regions,
and (c) the consequent concentration of
the stress (obtained using simulations),
which is about 2.4 times the stress in the
circular region/cross section, and mostly
concentrated on the groove regions of
high curvatures.

Applied Stress

increases with the sharpness of the groove and results in a much
higher local stress concentration in the fiber under traction. Moreover,
the shorter the length of the groove L, the higher the concentration
factor. Notably, the Poisson’s ratio has little effect on the concentration
of the stress when in the range between 0.1 and 0.3, which is typical
for most of the solids'"* [Fig. 6(b), solid vs dashed lines; see also sup-
plementary material Sec. S2 for further details].

The morphological analysis presented herein is not intended to
apply to all artificial fibers, but it is used to highlight the importance of
properly describing the morphology of the fibers because of its impact
on fibers mechanical properties.

METHOD FOR CALCULATING STRESS AND STRAIN

Another important factor to be considered when calculating the
mechanical properties and comparing data found in the literature is
how the stress and the strain were calculated. In Egs. (1) and (2), if
A=A, and L =L, are considered constant (initial values of the sam-
ple, i.e., nominal values) ¢ and € are commonly called engineering
stress and engineering strain, respectively. Engineering stress and
strain do not take into account that a fiber’s cross-section is deformed
during tensile testing.''” In fact, during the deformation imposed by
tensile strain, most materials display a secondary deformation perpen-
dicular to the direction of loading, which is ruled by the Poisson ratio.
In practice, for most materials, an applied strain on the axial direction
will lead to a contraction in the transversal one. In other words, during
the tensile test, the fibers are subjected to a tensile strain that will
induce a reduction of their cross-sectional area.

Engineering stress and strain are defined by using the initial
specimen geometry and do not consider the change in morphology,
which is large in the case of silks. In contrast, true stress (1) and true
strain (e7) take into account the deformation of the sample during the
test, which allows the calculation of the stress and the strain with the
following equations:

or =a(l+e), (4)
er = In(1 +¢), (5)

where ¢ and ¢ are the engineering stress and engineering strain,
respectively. This way of calculating stress and strain is commonly
used in the silk field [Table I, Fig. 2(d)].

Biophysics Rev. 4, 031301 (2023); doi: 10.1063/5.0155552
Published under an exclusive license by AIP Publishing
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FIG. 6. (a) Geometrical parameters used in the simulation analysis. (b) and (c) Stress intensity factor vs the different lengths of the longitudinal groove normalized by the nomi-
nal diameter obtained with different sharpness values of such a groove. The Poisson ratios (v) of the fibers have been assumed to be either 0.1 (dashed lines) or 0.3 (solid

lines).

The use of such expressions for the calculation of the mechanical
properties of spider silk was proposed for the first time by Guinea
et al.'"” A potential problem related to this method is the assumption
that the volume of the fiber is constant during the deformation, ie.,
the Poisson’s ratio is considered v = 0.5 (see the supporting discussion
in supplementary material Sec. S3), and that such deformation occurs
homogeneously.* In Guinea et al,'"” this assumption is supported
by SEM measurements on the diameter of the stretched fibers.
Nonetheless, SEM does not provide wide-length scale information, but
instead only permits the analysis of precise locations that may not be
representative.”® Thus, the use of Eqs. (4) and (5) are not appropriate
for Poisson’s ratios that are different from 0.5 and when the deforma-
tion involved (i.e., strain) is large and not homogeneous. In particular,
Eq. (4) should be substituted with a7 = ¢ /(1 — ve)® if the deforma-
tion is homogeneous (see supplementary material Sec. S3). In this con-
text, a major problem that prevents the use of true stress and strain in
silk mechanics is the necking phenomenon, which commonly occurs
after the yield point and introduces strong non-uniform deformations.

Necking is commonly referred to as plastic instability and is best
explained by a local growth of a thinned portion in a material on
which stresses are applied.''® This occurs in an unforeseeable location
of the sample that is being tensile tested and is related to the presence
of alocal mechanical weakness that generates a concentration of stress.
In solid polymers, these weaknesses can be structural defects (e.g.,

impurities) or cross-section reductions.''” The necking is also visible
in the stress—strain curve, where a conspicuous reduction in stress is
observed after the yield point (Fig. S7). Only the data obtained from
the calculation of true stress and strain before the yield point are valid
and can be used directly.''® After the yield point, the deformation is
localized in the necking region and the stress will no longer be homo-
geneously distributed, causing a reduction in the load registered by the
machine'"® [Fig. S7(b)]. Thus, when necking occurs, the deformation
is non-homogeneous, and Egs. (4) and (5) cannot be applied to calcu-
late true stress and strain.''® In order to precisely calculate the stress
concentration while necking occurs, one should measure the minimal
cross-section of the material during the test. Such measurements are
extremely challenging and not practical for silk fibers where fracture
location is unpredictable. Although engineering stress and strain do
not consider the eventual reduction in cross-section due to traction,
and thus are imprecise, they still represent a valid way to present data,
are more easily obtained, and reduce the risk in overestimating the
strength values.

Compared to the use of engineering stress and strain, the use of
true stress and true strain defined in Egs. (4) and (5) does not affect
the toughness modulus and the Young’s modulus, but it reduces the
strain at break (Figs. 7 and S8). In addition, Eq. (4) may induce large
overestimations in the stress values. To illustrate this, we generated
stress—strain curves of NT2RepCT and L. sclopetarius fibers that are

Biophysics Rev. 4, 031301 (2023); doi: 10.1063/5.0155552
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obtained using different accepted methods (Figs. 7 and S9). This shows
that if true stress/strain is calculated (we assume here v= 0.5 for the
sake of comparison), the stress is increased by almost 250% for
NT2RepCT fibers and up to 80% for native silk compared to when the
diameter is determined by light microscopy and engineering stress is
calculated (Fig. 7). Moreover, regarding artificial spider silk with non-
circular cross-sectional areas, Figs. 7(c) and 7(d) show that using the
true cross-sectional area (explained in the morphology section) would
increase the strength and toughness modulus by ~80%.

In addition, we used the silk of L. sclopetarius (an orb weaving
spider) and determined its mechanical properties using these com-
monly accepted methods, as well as compared these to the mechanical
properties of spider silks from the literature [Figs. 7(e) and 7(f)]. The
results show that L. sclopetarius silk is as strong and tough as the silk
from C. darwini and T. inaurata, whose silk fibers are the toughest
known,' " ">'** when the mechanical properties are calculated using
the same methods. We speculate that if the major ampullate silk
from several spider species is investigated using true stress and strain,
and the diameters would be determined by SEM, the properties of
C. darwini and T. inaurata would not be outstanding,

700 | sclopetarius

from Refs. 11, 52, 119, and 120.

T. inaurata*

A. ventricosus™

s C. darwini*
I C. darwini*

Hence, caution must be used when comparing the mechanical
properties of different artificial and natural silk fibers in the literature.
Based on that true stress and strain entail the risk of overestimating
the mechanical properties, and since the constancy in volume under
different degrees of deformation is not investigated for all different silk
types, engineering stress and strain seems to be the best choice when
reporting the properties of silk fibers.

CONCLUSIONS

Studies of natural and artificial spider silk fibers often rely on the
fibers’ mechanical properties, but as shown herein, data from different
studies are frequently non-comparable due to differences in the meth-
odological approach. We have highlighted several key parameters that
greatly affect the silk fiber’s mechanical properties. Based on a thor-
ough investigation of the so-far published literature and illustrative
examples, we propose that light microscopy should be used to obtain
the diameter of the fibers and their cross-sectional area assumed to be
circular and that the morphology should be investigated by SEM and
reported. Tensile tests should be performed using a gauge length of
5-20 mm and a strain rate of 5-10 mm/min, and the data should be
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processed considering engineering stress and strain. This standardized
way of determining the mechanical properties of silk fibers will allow
the community to produce more reproducible and comparable data.
Finally, this work will also help the researchers and editors that are not
experts in mechanical properties to evaluate the works where these are
reported.

MATERIALS AND METHODS
Spinning artificial spider silk

The minispidroin NT2RepCT was obtained by recombinant pro-
tein expression with Escherichia coli grown in a fed-batch culture
using a benchtop bioreactor as previously described.'’" After expres-
sion, NT2RepCT was purified under native conditions using affinity
chromatography, also as described earlier.'”" To prepare the biomi-
metic spinning dope, NT2RepCT stored in a 20 mM Tris-HCI buffer
at pH 8 was concentrated to 300mg/ml with a centrifugal filter
(Amicon Ultra 15) unit with 10 kDa cutoff at 4000 x g and 4 °C. Then,
an optimized spinning protocol was used to manufacture artificial silk
fibers from NT2RepCT.”” To this end, the spinning dope was extruded
at a temperature of 22°C and relative humidity of 30% with a flow
rate of 17 ul/min into an 80 cm long spinning bath containing a 0.75M
acetate buffer at pH 5. In the spinning bath, the liquid spinning dope
formed solid fiber, which was continuously collected with a collecting
speed of 58 cm/s using a rotating wheel with a circumference of 35 cm,
located at the end of the spinning bath.

Native major ampullate silk

Native major ampullate silk fibers were extracted from three
adult females (mass 0.2 g) of L. sclopetarius at the speed of 1 cm/s. The
fibers were collected into a frame and subsequentially mounted on ten-
sile tests sample holder. The fibers were by one week after they have
been collected.

Degummed B. mori silk

B. mori silk cocoons were provided by Chul Thai Silk Co., Ltd.
(Phetchabun province, Thailand). For the degumming process,
degumming, cocoons were cut into pieces and then boiled in two
98 °C distilled water baths of Na,CO; (Sigma, USA, 1.1 and 0.4 g/l
respectively), 1.5 h each, 10g/l. Then, they were rinsed thoroughly
with warm distilled water to remove the salt and completely dried at
room temperature in a laminar flow hood.

Tensile tests

All the silk fibers were mounted on carboard frames with a
square window of 1 x 1cm” (gauge length 1cm ca). The diameters
were measured by means of light microscopy and also SEM. For the
latter, representative fibers were selected, and the average diameter
was then used. For the former, the diameter was measured at five loca-
tions along the fiber, and the average value was then computed. In this
way, each fiber possessed its mean diameter.

The samples were mounted on a 5943-Instron machine, USA,
equipped with a 5N load cell. The standard used strain rate is
6 mm/min, but for the sake of the study, we also used 0.6, 60, 300,
and 600 mm/min. For this work, we calculated both the true and
engineering stress and strain. The Young’s modulus was calculated
in the initial linear elastic regime, as the slope of the fitting linear

pubs.aip.org/aip/bpr

curve. The toughness modulus was calculated as described in the
paper. The fibers were tested by two weeks after they have been
spun.

Light microscopy

To investigate the fibers, two light microscopes were used.
Images were collected using a Nikon Eclipse Ts2R-FL inverted micro-
scope equipped with a DFKNME33UX264 5 MP camera and a CFI
Plan Fluor DL-10X objective. Image capture was done using the
Nikon NIS-Elements BR software. The other microscope was an
Olympus BX61 equipped with the Olympus Steam Image Analysis
software.

Scanning electron microscopy

A Zeiss Supra-40 Field-Emission Scanning Electron Microscope
was used to investigate the morphology of the fibers with the second-
ary electron detectors. The samples were coated with an alloy Pt: Pd
(80:20) utilizing a Quora Q150 and mounted on a standard Zeiss stab.

Statistical analysis

One-wa(g pairwise ANOVA analysis was performed with the sup-
port of Excel™. The differences were considered significant if the two-
tailed p-value was lower than 5%. The depicted error bars are standard
deviations.

Simulations

A set of numerical simulations based on finite element analysis
using COMSOL Multiphysics® software was performed to find the
stress concentration factor, K, as a function of geometric parameters
of the imperfection. More details on the simulations can be found in
supplementary material Sec. S1.

SUPPLEMENTARY MATERIAL

In the supplementary material one can find more discussion of
the methodology, as well as the analytical model regarding true stress
and strain. Furthermore, in the supplementary material one can find
more figures that support the findings of this paper.
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Supplementary section 1 (S1): why we do not consider here the gauge length

The sample dimension (i.e., fiber length, gauge length) is a further element to take into
account when comparing the mechanical properties of different fibers. In principle, the
occurrence of defects is positively correlated to fiber length?°°-292, hence shorter gauge
lengths will result in higher strength compared to longer ones. Different gauge lengths are
used in the silk field, and 12.5% of the studies herein considered (Table 1) did not even
mention them (Figure S1). On the other hand, the majority of the studies in the silk field use
gauge lengths between 5-20 mm, which do not give large differences®”:73125172 For this
reason, fiber length will not be further discussed here.
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Figure S1: Gauge length values of the fibers tested mechanically in literature. Percentages calculated based on Table 1.
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31 Figure S2: Diameters values measured along the same fibers first with LM and then with SEM, which constantly displays
32 lower values.
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33

34 Figure S3: Mechanical properties of Bombyx mori silk fibers measured at different strain rates. a) Strain at break, b)
35 strength, c) Young’s modulus, and d) toughness modulus. Stars indicate that the difference is significative (p-value
36 <0.05). The error bars are standard deviations.



37

38 Figure S4: Representative SEM images of the cross-sections of the NT2RepCT fibers, in which is possible to observe
39 the non-circular cross-section. Scale bars are 10 ym.
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43 Figure S5: a) Measurement of the “diameter” and the cross-sectional area are usually performed assuming the fibers as
44 circular in cross section. b) Many artificial silk fibers are not circular in cross section, as shown here for a NT2RepCT




45 fiber. The fibers’ diameter is usually measured as depicted in red. c) A simple geometrical model showing how the true
46 cross-sectional area of a fiber with the morphology shown in ¢) could be calculated, d) the ratio between the area of the

47 circle and the real cross section assuming same “diameter”, €) and the measured values of this ratio (coming from 100
48 measurements).
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49

50 Figure S6: Some specific details of the fibers (e.g., longitudinal groove) may be not easily detectable by using Light
51 Microscopy, where a slight change in Z position (focus) could impede the correct evaluation of a feature.
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55 Figure S7: a) Schematic of the necking region, with the reduced radius “a” and the instant radius of curvature R. b)
56 Necking phenomenon observed in the stress strain curve.
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Figure S8: a) Young’s modulus and b) strain at break of the same set of NT2RepCT fibers calculated with different
accepted methods. c) young’s modulus and d) strain at break of the same set of L. sclopetarius fibers calculated with
different method compared with the values taken from literature with similar methods. LM = diameter measured with
Light Microscopy; E = Engineering stress and strain; SEM = diameter measured with Scanning Electron Microscopy; T =
True stress and true strain calculation. The error bars are standard deviations.
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or True stress and strain (T), and by measuring the diameter with Scanning Electron Microscopy (SEM) or Light
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Supplementary section 2 (S2): Stress concentration factor for imperfected spider silk

In this section, the stress concentration raised from the observed imperfection in the artificially
manufactured spider silk is evaluated implementing finite element analysis. The schematic of the
geometric model is illustrated in Fig. 1. Consider a spider silk fiber of the nominal diameter of D, and
the nominal cross section area of A, = nD§/4, whose cross section is affected by a longitudinal
imperfection along a total length of L resulting in a symmetrical tapering. The cross section is
continuously reduced from A, to a minimum area, A., at the center of imperfection by lofting, see
section A-A in Fig. 1. To regulate the sharpness of the groove along the fiber, a filet of diameter d is
introduced.
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Fig. 1. The schematic of the geometric model of the longitudinal imperfection in the artificial spider
silk.

One can obtain the ratio of the minimum cross section area at the center, A., to the nominal area,
Ay, as a function of dimensionless ratio, d/D,, as:

A, 171 3y 1 1,1 6\ 6 2 (1a)
—==(—+-=|+—_[(d/Dy)?+ (d/D ——(— —)——dD
Ao 2(7r+4)+27r\/( /Do)* +(d/D,) AR n( /D,)
were
1 (1b)

=sin~ ! ———M
f = sin (1+2(d/D0))
this area ratio, A./A,, varies slightly with respect to d/D, from a minimum of %:'1) ~ 0.534toa
maximum of @z 0.568, corresponding to d = 0 (sharp groove), and d = (no groove),
respectively.

According to the equilibrium along the axis of the fiber, the average stress at the central cross
section, a,,,., is related to the applied axial stress on the nominal cross section out of the imperfected
length, ay:

Oave = % (2a)

(AC/AO)

However, the actual distribution of the axial stress on the central cross section is not uniform as a
result of tapering, oval, and existence of the groove. The maximum stress in the central section is
related to the average one by introducing the stress concentration factor, K, as (see Fig. 2) [1]:

Omax = KOave (2b)
The maximum stress can be related to the nominal applied stress by combining Egs. (2a) and (2b):
Ka, (2c)

Tmax = (4] Aq)
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Fig. 2: Definition of stresses in the model.

A set of numerical simulations based on finite element analysis using COMSOL Multiphysics®
software is performed to find the stress concentration factor, K, as a function of geometric
parameters of the imperfection. Considering the symmetry, a quarter of the geometry is discretized
by the quadratic mesh type. An extra fine meshing in the zone of stress concentration is considered
by manually controlling the number of nodes, n, along every sensitive edge, i.e., CA, CB, and CD,
as shown in Fig. 3. A sample convergence study for validating mesh independency of results is
presented in Fig. 4. It is observed that for n = 500 the results show acceptable converged, therefore,
this value is used for all the simulations. A linear elastic material is defined and the effect of Possion’s
ratio on the stress concentration factor, K, is investigated by varying it in a wide range of -1 < v <
0.5. The Young’'s modulus is set to 2.6 GPa corresponding to the measured value for the artificial
silk fiber, however, it is noted that the obtained stress concentration factor from the linear analysis is
not sensitive to the value of young’s modulus. A uniform axial stress is applied on the reference area,
Ay, and the stress concentration factor is extracted by dividing the maximum to the average stress
on the minimum area, A., at the center of imperfection. A sample of stress contours are presented
in Fig. 5 which clearly reveals the existence of a stress concentration with a maximum at the centre
of the longitudinal groove.

Fig. 6 plots the stress concentration factor with respect to the dimensionless tapering length, L/D,,
for different dimensionless sharpness of longitudinal groove, d/D,. It is observed that tapering length
has the main impact on the stress concentration. For relatively short imperfections, L/D, < 4, even
for the case of almost removed groove with d /D, = 6, the stress concentration is higher than three,
K > 3, however, by increasing the tapering length, the stress concentration dramatically decreases
and it is seen that for L/D, > 13, even for a sharp groove with d/D, = 0.05 the stress concentration
factor is less than two, K < 2. In general, it is concluded that the observed unfavorable longitudinal
imperfection in the artificial silk fibers causes an unignorable stress concentration that will
significantly affect the tensile properties of the fibers. Since the artificial silk is not brittle, this stress
concentration results in a local yielding forming a plastic zone which grows by increasing the applied
load which alerts the stress-strain curves obtained from tensile tests on these fibers. Besides, it is
revealed that decreasing the Poisson’s ratio from v = 0.3 to v = 0.1 slightly decreases the stress
concentration. Fig. 7 focuses on the effect of Poisson’s ratio on the stress concentration factor. To
demonstrate the influence of geometry a long-grooved length with L/D, =18 and a very short groove
with L/D, =2 is considered and for every groove two different sharpness, i.e., d/D, =0.05 and 0.2
are assumed. The Poisson’s ratio has changed in the range of -0.95 to 0.49 since the exact bonds
of v = -1 and 0.5 are not accessible in the numerical simulations. Results from finite element
simulations reveal that approaching both upper and lower limits of Poisson’s ratio increase the stress
concentration especially when v — -1. It provides a specific Poisson’s ratio that minimizes the stress
concentration factor according to the geometrical parameters of the longitudinal imperfection, I.e.,
L/D,, and d/D,, which is presented in Fig. 7. One can observe that for a certain groove length,
increasing the sharpness, shifts v, to the left while decreasing the groove length results in a shift
to the right.
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141 Fig. 3: Discretization of a quarter of the model with extra fine meshing in the vicinity of high stress concentration zone.
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146 Fig. 5: A sample contour for von Mises stress of the grooved artificial spider silk fiber.
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Supplementary section 3 (S3): Calculation of true stress and strain

Equations 1 and 2 are not valid if the cross section Ao and the gauge length Lo continuously vary
with the increase of the deformation. Thus, one might consider the instantaneous cross section A
and length L. In this context, the instantaneous increase in deformation during the tensile test can

be expressed as

e dL
=71

By integrating this expression between Loand L the true strain expression is correctly obtained as
depicted in equation (4)
er=In(1+¢€)

Equation (3), on the other hand can be obtained in two different ways. In the first one, the constancy
of the volume is assumed as in Guinea et al.!!. This means that at every instant

AOLO == AL
from which it is possible to calculate the true stress as
F FL 1+6)
or =—= =0 €
T7 A4 AL,

The exact way to calculate the true stress considers the deformation ruled by the Poisson’s
effect. In particular the instantaneous area A could be calculated as
A=a(l—-ve)b(1—ve) =ab(1l —ve)? = Ay(1 — ve)?
where a and b are the two cross-sectional dimensions. For circular fibers
D3

Ay = —
07 4

where Dy is the diameter of the fiber. Thus:
F

o
S ad—ve? d—vez
This expression can be expanded in Taylor’s series for moderate strain € as

or~o(1 + 2ve)

which is equation 3 only if v=1/2. This second way of deriving the true stress remarks the
fact that the expression 3 used by the silk community is only valid for moderate deformations
and v=1/2, which is not the case for many silk-based materials, and thus must be substituted
with equation 5.
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