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Abstract
Avariety of applications, spanning from structural or biomedical engineering toflexible electronics,
require the development ofmaterials able towithstand high load and, at the same time, accommodate
high strain before failure.While strength and toughness are often self-excluding properties inman-
madematerials, they can be efficiently combined by nature, which provides source of inspiration for
novelmaterials design.Herein this paper, we pursue a bio-inspired approach, based on the
introduction of amechanical sink, such as a running knot, to improve the toughnessmodulus of high-
performance polymericmicrofibres. These are then enrichedwith additional smart features, such as a
viscoelastic coating, surface roughening or a combination of those, to amplify the beneficial effect of
the knot introduction. The role played by all such features on themechanical performances of the
preparedfibre samples, namely load at failure and toughnessmodulus increase, is then evaluated
through a statistical technique, known as correspondence analysis (CA).While this exploratory
analysis is widely adopted in biology, ecology, neuroscience or genetics, applications in structural or
mechanical engineering are still rare.Here, we show that CA can be a powerful tool for the design of
materials providedwith enhanced toughness without losing strength.

Introduction

Traditional engineeringmaterials are usually capable of either accommodating high strain or sustaining high
loads and thus, for centuries, strength and toughness were considered self-excludingmechanical properties of
man-madematerials [1]. The availability ofmaterials that can combine both such properties has been
intensively sought in severalfields, ranging from structural [2] or biomedical [3] engineering to the emerging
fields of soft robotics [4] orflexible electronics [5], where they could also enable the development of newdevice
concepts.Materials’ toughness can be improved by developing functionalmechanisms capable of deviating,
bridging or trapping the front of a crack [6, 7], thus preventing its uncontrolled propagation and a following
catastrophic failure. This condition can be achieved in several ways; for example, through the incorporation of
fillers dispersed in amatrix according to specific designs. Inmany cases, these follow a bio-inspired approach [8]
and aim at reproducing complex,multiscale and hierarchical architectures that characterize naturally tough and
strongmaterials, such as nacre [9, 10], bones [11] or bamboo. In addition to the study of specificmaterials’
composition and internal patterns, toughness ofmaterials, especially 1Dmaterials, such asmicrofibers, can be
improved by amoremechanical approach, based on the introduction of a sacrificial structural element, as
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proposed in [12]. Similar to the rupture of sacrificial bonds in protein-basedmaterials, such as spider silk, a
properly designed sacrificial structure causes, upon the application of an external load, the unravelling of a
hidden length, which is accompanied by an even significant release of energy, which sums up to the energy
dissipated by themicrofiber in normal condition, under loading, with a consequent increase of its toughness
modulus [13]. The amount of the achievable toughness enhancement strongly depends on the design of the
sacrificial structure, which can take the shape of intriguing topological, smart elements, such as loops or knots
[14], as reported in past [15–17] andmore recent [18, 19] studies.

In this paper, to improve the toughnessmodulus of high-performance polymeric fibres, a slip or running
knot in the shape of a noosewas introduced as a sacrificial element. During a tensile test, the knotted fibre can
slidewithin the knot, which gradually loosens until its complete unravelling. Suchmechanismdoes not
compromise thefibre’s load bearing capability, as no stress concentration points are basically generated, yet
additional energy is dissipated by friction. In order tomaximize the friction contribution, which is limited by the
surface smoothness of thesefibres, we coupled the knotwith additional features, such as a viscoelastic coating or
surface roughening. The effectiveness of the considered strategy to enhance the fibres’ toughnessmodulus not at
the expense of the strengthwas evaluated through a statistical approach based on the correspondence analysis
(CA). This is an exploratory technique used in awide range offields, frombiology [20] or ecology [21] to
neuroscience [22], genetics [23] ormarketing [24], to study commonproperties featured by data groups (either
numerical or categorical) and to identify themost influential parameters on specific variables [25]. In contrast to
othermultivariatemethods, as the principal component analysis (PCA) [26], CA does not imply the adoption of
specific analyticalmodels to express relationships among variablesmediated by coefficients, whose values
require an initial guess. In addition, CA can describe correlations not only within a single group of data but also
across two different groups, at the same time. In the following, we apply theCA tofind correlations between
differentfibre sample preparations and observedmechanical performances.

Materials andmethods

Samples preparation andmechanical testing
The polymericmicrofibres considered in this study are ‘Spectra 2400’ polyethylene fibres byHoneywell
International Inc. These are characterized by a diameter of 33μm, a linear density equal to 0.915 g/mm, strength
of 2636±448MPa and strain at failure of 28 %±16%mm/mm. Some of thefibreswere coatedwith a 2.5μm
thick viscoelastic layermade of commercial silicone. This coating resulted from the immersion of the fibre in a
silicone bath, followed by a rapid release and then overnight drying. Some of the fibreswere tested as control
samples, with 10mmgauge length, while others were providedwith a hand-made running knot (i.e., noose), with
a distance between the fibre ends (end-to-end fibre length, l0) of 10mmand an initial total length (l) of 20mm
(accounting for both l0 and thefibre length involved in the knot). Knotswere introduced in the fibres through
manualmanipulation assisted by tweezers and the final knot loop lengthwasmeasuredwith a callipers after
tightening the knot asmuch as possible. In addition, the surface of some of the coatedfibreswas roughened by a
sand paper, before tying the knot, in order to increase the energy dissipated by friction during the knot
unravelling. Finally, in some samples a localized silicone droplet was deposited to cover the knot surface. Fibres
with the silicone droplet were left to dry overnight before testing. All the prepared samples weremounted on a
square paper frame, which provided samples with a gauge length equal to 10mm. Thefibreswere fixed to the
sample holder with a commercial rapid glue. An overview of the prepared fibre samples is reported infigure 1
and table 1. After preparation, the fibreswere loadedwith a uniaxial force by electromechanical testingmachine
MIDI10 byMessphysikMaterials Testing, with a strain rate of 0.5%/s. Each sample was subjected to one
complete cycle of loading, until the release of the knot and final failure of thefibre.

Correspondence analysis
Since a knot, a viscoelastic coating, surface roughness or a combination of those are categorical variables, also the
variables P or%Twere subdivided into categories. A contingencymatrix was compiled for either the load at
failure, P, or the percentage enhancement of toughnessmodulus,%T; eithermatrix includes I rows (i.e.,
category of testedfibre, where each category corresponds to the presence of specific features in the fibre, such as
presence of knot or coating or surface roughness or a combination of those) and J columns (each corresponding
to a categorical value ofP or%T, as obtained from the tensile tests). Each element of the contingencymatrix
reports the number of tests performed on a given fibre categorywhose load at failure or toughnessmodulus
enhancement falls within a specific interval. TheCAwas implemented through Past 4.02 free software and
provided a bi-dimensional plot, where all the rows and columns are converted into points, whose first two or
three coordinates allow to identify possible similarities. In order to performour analysis, we computed (i) the
profile of each row ri, whichwas derived by normalizing each elementwith respect to themarginal totalni (i.e.,
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sumof all the elements within a row); (ii) themasswi of a row, whichwas obtained from ni divided by the sumof
the total of each row (overall total, n). The graphical representation obtained from theCA is a cloud of points
(with coordinates fi,1, fi,2) representing all the rowprofiles in a Euclidean space, where the centre (i.e., axes origin)
corresponds to an average profile. Themore two points (i.e., row profiles) are close to each other, the higher the

Figure 1. (a) Sample 0—As-produced fibre. (b) Sample C—Fibre coveredwith a viscoelastic coating. (c) Fibrewith a rough viscoelastic
coating. (d) SampleN—As-produced fibrewith a noose. (e) Sample CN—Fibrewith a viscoelastic coating and a noose. (f)Details of
sampleN. (g)Details of sampleND—As-produced fibrewith a noose and a concentrated drop of silicone on it. (h)Details of sample
CN. (i)Details of sample CNR—Fibre with a rough viscoelastic coating and a noose. (l)Details of sample CNRD—Fibrewith a rough
viscoelastic coating, a noose and a concentrated drop of silicone on it. Scale bar: 200μm.

Table 1.Description of the prepared samples.

Sample Acronym Description Number of tests

0 -As-produced fibres 9

C Fibres coveredwith a viscoelastic coating 4

N As-produced fibres with a noose 4

ND As-produced fibres with a noose and a concentrated drop of silicone on it 7

CN Fibres with a viscoelastic coating and a noose 5

CNR Fibres with a rough viscoelastic coating and a noose 6

CNRD Fibres with a rough viscoelastic coating, a noose and a concentrated drop of silicone on it 7
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similarity between them. The sumof chi-squared distances of each point (weighted by itsmass) from the centre
is called inertiaλ; this is ameasure of howmuch the individual profiles are spread around the centre. The same
considerations could be repeated for the columns, thus obtaining a second plot with another cloud of points.
The obtained two clouds of points can be displayed together on the same Euclidean space. Distances between
points within the same cloud can be compared both qualitatively and quantitatively, since they are obtained
from chi-squared distances referred to the same coordinates, while the correspondence between different clouds
is governed by transition formulae, which cause only a qualitative comparison to be possible [25]. In the
followingwewill report some useful definitions and considerations, while a deeper description of theCA can be
found in [25].

Decomposition of inertia and evaluation of the internal stability
Once theCA is applied to a I x J contingency table, the generated Euclidean space is described byK orthogonal
dimensions, whereK=J−1 if J<I, otherwise isK=I−1 and thus the total inertia is split intoλ1,λ2,KλK
contributions. Higher the percentage of the total inertia associated to the first two axes,λ1+λ2, (called also
principal axes), more precise the correlations drawn from the representation in the 2-dimensional (2D)
subspace. Then, two quantities should be evaluated, namely the absolute contribution of a point to the inertia of a
certain axis and the relative contribution of that axis to the inertia of a point. The absolute contribution of the i-th
point to the k-th axis is computed as /lw f ;i i k k,

2 whereas the relative contribution, which is independent of the

masswi, is expressed as cos
2θi,k, where θi,k is the angle between the position vector of the i-th point and the k-th

axis in the 2D subspace [25].
All the abovementioned quantities are statistically significant if the principal axes are stable. The internal

stability can be assessed via jackknifing technique [25] and depends on the extent towhich the orientation of the
k-th axis,Φi,k, is influenced by the presence of the i-th point, upon its removal. IfΦi,k<45°, the k-th axis can be
considered stable [27]. To define the stability of one principal axis k after the removal of a point i, the following
conditionmust be satisfied [25]:

{ ( )} { ( )} ( )/ /l l- - > - -+ +w w f w w f1 1 1k i i i k k i i i k,
2
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The upper bound value forΦi,k can be estimated as [25]:
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Results

The aimof the present work is to evaluate the role played by different smart elements, namely the introduction of
(i) a noose, (ii) a viscoelastic coating, (iii) surface roughness, or a combination of those, on themechanical
properties, specifically the load at failure and toughnessmodulus, of high-performance polymericmicrofibres.
For this purpose, tensile tests were performed on 42 fibre specimens, prepared as described inMaterials and
Methods. The detailed results of themechanical properties obtained from the tensile tests are reported in the
Supplementary Information (available online at stacks.iop.org/ERX/3/025010/mmedia).

Samples with a viscoelastic coating showed an increase in thefibre diameter from33μmto 38μm, but the
coating resulted not to contribute significantly to themechanical performances, e.g., the load P and the
toughnessmodulusT, of the fibre itself. Indeed, we carried out a two-tailed t-test corresponding to the load at
break offibres with andwithout the viscoelastic coating (i.e., samples C and 0, respectively), with a standard
significance levelα=5%. The p-value resulted to be 0.36>0.05 for P and 0.89>0.05 for%T, thusmeaning
that there is no statistical difference between sample C and sample 0.

During a tensile test, the energy dissipated per unitmass (i.e., toughnessmodulus) by an unknotted fibre is
related to the area under its load–strain curve as:

( )ò òr
e= =

e
T

m
Pdx Pd

1 1
5u

x

l0 0

f f
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wherem is the fibremass, xf is the displacement at failure,P is the load, ρl is the linear density, εf is the fracture
strain.

For a knotted fibre, the toughnessmodulusT is proportional to the area under the load-apparent strain6

curve (blue area infigure 2(a)) as:

( )
/

òr
e=

-
T

k
Pd

1
6

l

x l
1

0

f 0

where the coefficient k1=(l-l0)/l accounts for the difference between the initial end-to-end distance l0 and the
totalfibre length l (10mmand 20mmrespectively).We evaluated the toughnessmodulus percentage increase%
T, due to the knot presence, as:

( ) ( )/= -T T T T% 70 0

whereT0 is proportional to the area under the load-apparent strain curve after complete knot unravelling
(markedwith solid lines infigure 2(a)).

As it emerges from the tensile tests (example load-apparent strain curves for each sample are shown in
figure 2(c), while details about themechanical properties derived from all the tensile tests are reported in the

Figure 2. (a)A typical load versus strain curve of a polymeric knotted fibre under a tensile load. The area under the curve (filled in light
blue) is directly correlated to the toughnessmodulus of thefibre,T. The presence of the knot generates a plastic-like plateau during the
unravelling. Once the knot unties completely, the curve collapses to that of an unknottedfibrewith underling areaT0 (markedwith
solid lines); the toughnessmodulus increase due to the knot can be obtained by equation (7). (b)Comparison between the distribution
of the load at failureP and the toughnessmodulus increase%T recorded for the testedfibres; contrary toP, %T does not follow a
normal distribution but depends on the sample preparation. (c)Example load–apparent strain curves of differently prepared
microfibre samples, as defined in table 1.

5
The apparent strain is evaluated as the length variation of the knotted fibrewith respect to the initial end-to-end length l0[13].
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Supplementary Information), the only presence of the noose seems not to be sufficient to improve significantly
thefibres toughness. Indeed, the toughnessmodulus increaseT%results not to bemore than 2.3%.On the
other hand, the presence or combination of additional smart structures, like knot and silicone coating or silicone
droplet or surface roughness enabled a higher toughnessmodulus increase, which in the case of samples CNR
andCNRDwas as high as 24% and 14%, respectively. A higher toughness increase in such cases can be related to
a higher amount of energy dissipated by friction during knot unravelling, which appears in the load-apparent
strain curves as local peaks and drops (partial loading and unloading events as shown in the inset offigure 2(c)).
Nevertheless, we can notice thatfibres with a rough coating (CNR) show, on average, a lower load at failure P,
which could be directly related to the surface roughening treatment.

In order to gain a deeper insight into the role played by the various features added to the polymeric fibres
(table 1) on bothP and%T, and to evaluate the contribution to thosewith a rigorous statistical approach, we
considered to apply theCA, as reported in the following subsections.

CA for the load at break P
As the load follows a normal distribution (figure 2(b))with themean value P̄, and standard deviation s ,P we
identified the following three balanced categories: (i) Low, for ¯ /s-P P 2.5,P (ii)Medium, for
¯ ¯/ /s s- < +P P P2.5 2.5P P and (iii)High, for ¯ /s> -P P 2.5.P

The resulting contingency table is then reported in table 2.
Since the table has 7 rows (plus the total) and 3 columns (plus the total), the resulting Euclidian space is a

plane (K=2), with two axes that contain the total inertia of the groups. Thefirst axis accounts for the 84.6%of
the total inertia, thus it well approximates the variation among samples. The results of the CAperformedwith
Past 4.02 are reported infigure 3with rows in principal coordinates. The points, whose coordinates are an output
of the software, are almost concentrated around the origin, with few exceptions (samples CNR andN) that are
discussed in the next section. Absolute and relative inertia contributions for each row are reported in table 3,
which shows that sample CNR contributes bymore than 50% to the principal inertiaλ1associated to thefirst
axis. Owing to this high value, it is necessary to checkwhether this point can cause internal instability to the first
axis. By applying equation (1)with k equal to 1, the relationship is satisfied (0.16>0.08), thus the axis is stable
and the upper bound ofΦ6,1 results to be 26° according to equations (2)–(4).

CA for the toughnessmodulus increase%Tof knottedfibres
Since the entire distribution of the toughness across of the samples cannot be described as a normal function, but
depends on the sample preparation (figure 2(b)), we identified for%T four balanced categories: (i) Low, for

T% 2, (ii)Medium, for < T2.1 % 8, (iii)Med-High, for < T8.1 % 13, (iv)High, for >T% 13.1.
Hence, the associated contingency table has 5 rows and 4 columns, as shown in table 4.

As for the load P, also for the toughness increase we reported the graphical representation of theCAwith
rows in principal coordinates. The resulting Euclidian space has three axes (K=3), with thefirst two axes which
account for the 84.7%of the total inertia; thus, if we refer to a 2Dplane defined by the principal axes, the
correlations that can be drawn among points reflect the reality with sufficient accuracy (figure 4).

In this second analysis, the clouds of points aremore scatteredwith respect to the origin, thusmeaning that
the sample preparation has a significant influence on the resulting toughnessmodulus increase. As before, the
stability of the principal axes has to be verified, since sampleCNR accounts for up to 47%of thefirst inertiaλ1
(results reported in table 5). However, equation (1) is still satisfied, being 0.27>0.24, and the upper bound of
Φ4,1 results to be 43° according to equations (2)–(4). A similar check can be performedwith respect to the second
axis, since the absolute contribution of point CNRD is up to 41%of the second inertiaλ2. By applying
equation (1)with k= 2, the relationship is satisfied (0.16>0.12), with an upper bound ofΦ5,2 equal to 19°. In
summary, we can infer that our analyses are stable and thus the qualitative correlations between sample

Table 2.Contingency table related to the load at break P of all the
samples.

Sample Low P MedP High P Number of tests

0 1 5 3 9

C 1 2 1 4

N 0 1 3 4

ND 3 3 1 7

CN 1 2 2 5

CNR 6 0 0 6

CNRD 4 2 1 7

Tot 16 15 11 42
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preparation and resultingmechanical properties discussed in the following section can be considered significant
from a statistical point of view.

Discussion

The extent towhich a point representing a row relates to a point representing a columnprofile depends on their
distance in theCAplot. In particular, if the points lie in the same quarter of the graph their relationship is strong
(high correspondence). Thus, from the spread of orange or blue points (corresponding to the rows profiles i.e.,
sample types and columns profiles i.e., specific P or%T values, respectively) infigures 3 and 4, we can
understand how a specific sample preparation (i.e., knot, localized silicone droplet or surface roughening or
combination of those) influences themechanical properties.

For example, infigure 3we can see that themost significant variations in terms of load bearing capability are
observed along the horizontal direction, since thefirst inertiaλ1 accounts for 84.6%of the total,meaning that

Figure 3.Correspondence analysis of the data in table 2where the points obtainedwith softwarePast 4.02 are displayed in the principal
plane. The inertiasλ1 andλ2, with their percentages, are reported on their respective axes.

Table 3.Masseswi, absolute contributions of the points to the principal axes and relative contributions of the axes to the points obtained
from theCA samples versus load at failure P.

Sample Masseswi

Absolute contribution to

axis I

Relative contribution

cos2θi,1

Absolute contribution to

axis II

Relative contribution

cos2θi,2

0 0.21 0.14 0.86 0.13 0.14

C 0.10 0.01 0.53 0.06 0.47

N 0.10 0.20 0.65 0.58 0.35

ND 0.17 0.01 0.28 0.12 0.72

CN 0.12 0.04 0.95 0.01 0.05

CNR 0.14 0.53 0.97 0.11 0.03

CNRD 0.17 0.06 1.00 0.00 0.00

Table 4.Contingency table related to the toughnessmodulus increase of knotted fibres.

Sample Low%T Medium%T Med-High%T High%T Number of tests

N 3 1 0 0 4

ND 1 5 1 0 7

CN 1 2 1 1 5

CNR 0 0 1 5 6

CNRD 0 1 5 1 7

Tot 5 9 8 7 29
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thefirst axis represents, for themost part, the load behaviour. CN andNpoints lie in the quarter of high P values,
thus confirming that the presence of the knot, with orwithout the coating, does not introduce any damage to the
fibre itself. Similarly, samples 0 andC are close to each other, thusmeaning that also the coating has no effect on
the load bearing capability. This latter observationmatches the results derived from the t-Student analysis
shown in the previous section.On the contrary, CNRperfectly overlaps the low P point, supporting our
experimental observations that the roughness, even if it could increase the energy dissipated by the knotted fibres
thanks to friction, has a negative impact on the load at failure. However, this effect can be attenuated through the
deposition of a localized silicone droplet on the knot of roughfibres, i.e., CNRD is on the right side of CNR, thus
more close toMediumP andHigh P points; thus it seems to restore the initial load bearing capacity.

Figure 4 provides useful insights in howdifferent sample processing influences the toughnessmodulus.
Firstly, there is a remarkable division between the categories ‘High’ and ‘Med-High’ (negative side)with
‘Medium’ and ‘Low’ (positive side) along thefirst principal axis, which counts for 55%of the total inertia.
Secondly, such division can be similarly observed amongst the sample types, thus allowing to easily identifying
those characterized by the highest or lowest toughness increase. For example, sampleN is located in the
neighbourhood of Low%T point, which confirms that the presence of the knot alone cannot provide significant
benefits to thefibre toughness; however, when the knot is combinedwith a localized drop of silicone, the
toughnessmodulus increases tomediumvalues (pointND lies in the neighbourhood ofMedium%T). The
coating roughening combinedwith the knot resulted as able to remarkably contribute to enhance the dissipated
energy; indeed samples CNR andCNRDare close to high andmed-high values of%T, respectively. Such
toughness enhancement could be related to a successful interaction and friction generation between the knot
and the rough coating, whichwas observed during sample preparation (figure 1(i)) to tend to accumulate at the
knot location, during thefibre loading. Point CNhas themost interesting position, since it is close to the centre
and does not tend to any specific%T values, due to a high values variance. Indeed, its absolute contributions to
the inertia of both principal axes are almost zero (table 5). However, since the relative contribution of the first
axis to that point, cos 2θ3,1, is almost 1, itmeans that the horizontal axis well represents the point’s properties:
moving from the left to the right in the horizontal direction, the%T decreases. Since point CN lies in the right

Figure 4.Correspondence analysis of the data in table 4where the points obtainedwith softwarePast 4.02 are displayed in the best-
fitting principal plane. The inertiasλ1 andλ2, with their percentages, are reported on their respective axes.

Table 5.Masseswi, absolute contributions of the points to the principal axes and relative contributions of the axes to the points obtained
from theCA samples versus the increment of toughness%T.

Sample Masseswi

Absolute contribution to

axis I

Relative contribution

cos2θI,1

Absolute contribution to

axis II

Relative contribution

cos2θI,2

N 0.14 0.30 0.68 0.26 0.32

ND 0.24 0.16 0.83 0.06 0.17

CN 0.17 0.01 0.95 0.00 0.05

CNR 0.21 0.47 0.77 0.26 0.23

CNRD 0.24 0.07 0.23 0.41 0.77
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quadrants, itmeans that it is better described by LoworMedium%T. On the contrary, with respect tofigure 3,
CN could bemore straightforwardly categorized as providedwithmediumor high load at failure.

Conclusions

It was proved in our previous works [13, 15, 16] that amechanical sink (i.e., a knot) can increase the energy
dissipated by a fibrewhen this latter is loaded under tension, resulting in an enhancement of its toughness
modulus. The application of a statistical approach, such as the correspondence analysis (CA), confirmed that the
presence of a knot alone is not always sufficient to reach significant gains in the toughnessmodulus of high-
performance polymericmicrofibres; whereas the combination of the knotwith other features, such as a
viscoelastic coating, resulted to bemore efficient. It was also observed from the results, and then supported by
theCA, that a rough surface contributes significantly to thefibre’s energy dissipation capability not only in the
case of biologicalmaterials [15, 16], but also for synthetic ones.Moreover, our approach revealed that the CA can
provide both qualitative and quantitative information about the relationship between sample preparation and
resultingmechanical properties, thus allowing to identify themost effective treatments and successfully guiding
the design of smartmaterials with improvedmechanical performances.
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Mechanical tests on high-performance polymeric fibres 

Supplementary Tables S1-7 report the results obtained from tensile tests on single polymeric fibers 

(“Spectra 2400” by Honeywell International Inc.) treated in different ways: (i) as-produced fibers 

(sample 0) used as control sample, (ii) as-produced fibres covered with a viscoelastic coating 

(sample C), (iii) as-produced fibres with a noose (sample N), (iv) as-produced fibres with a noose 

and a concentrated drop of silicone on it (sample ND), (v) as-produced fibres with a viscoelastic 

coating and a noose (CN), (vi) as-produced fibres with a rough viscoelastic coating and a noose 

(CNR), (vii) as-produced fibres with a rough viscoelastic coating and an additional concentrated 

drop of silicone on it (CNRD). 
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In particular, the strain at break ε, the strength σ, the load at failure P and the toughness modulus 

Tu are provided for samples 0 and C. In addition, the toughness modulus T (evaluated as the area 

under the stress - strain curve), the toughness modulus after knot unravelling (T0) and the toughness 

increase % T are reported for all the knotted samples (N, ND, CN, CNR, CNRD). The 

correspondence analysis has been applied to the load at failure P of all the samples and to % T of 

knotted samples. 

 

Table S 1: Strain at break, strength, load at failure, toughness modulus (Tu) of control fibres. 

Sample Strain at 

break [%] 

Strength 

[MPa] 
Load at 

failure P 

[N] 

Toughness 

modulus Tu 

[Nm/kg] 

0 

9.83 2197.57 1.88 139.70 

31.12 2370.30 2.03 433.31 

67.09 2264.10 1.94 986.18 

30.56 2525.52 2.16 490.88 

25.93 3563.90 3.05 590.61 

19.09 3127.76 2.68 383.98 

14.55 2489.26 2.13 249.61 

22.41 2408.39 2.06 311.09 

29.09 2775.94 2.38 527.45 

 

Table S 2: Strain at break, strength, load at failure, toughness modulus (Tu) of as-produced fibres covered with a viscoelastic 

coating. 

Sample Strain at 

break [%] 

Strength 
[MPa] 

Load at 

failure P 

[N] 

Toughness 

modulus Tu 

[Nm/kg] 

C 

36.50 1968.05 2.23 400.26 

23.45 1518.36 1.72 196.60 

16.58 1926.61 2.19 174.48 

76.76 1848.14 2.10 963.77 

 

Table S 3: Strain at break, strength, load at failure, toughness modulus (T), toughness modulus after knot unfastening (T0) and 
toughness increase %T= (T- T0)/ T0 of fibres with a noose. 

Sample Apparent 

strain at 

break [%] 

Strength 
[MPa] 

Load at 

failure P 

[N] 

Toughness 

modulus T 

[Nm/kg] 

Toughness 

modulus T0 

[Nm/kg] 

Toughness 

increment 

% T [%] 
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N 

129.60 3079.87 2.64 281.66 278.04 1.30 

133.32 2353.96 2.02 142.06 138.88 2.29 

166.23 3168.57 2.72 451.24 447.20 0.90 

138.76 2777.60 2.38 259.16 255.07 1.61 

 

Table S 4: Strain at break, strength, load at failure, toughness modulus (T), toughness modulus after knot unfastening (T0) and 
toughness increase % T= (T- T0)/ T0 of as-produced fibres with a noose and a concentrated drop of silicone on it. 

Sample Apparent 

strain at 

break [%] 

Strength 
[MPa] 

Load at 

failure 

P [N] 

Toughness 

modulus T 

[Nm/kg] 

Toughness 

modulus T0 

[Nm/kg] 

Toughness 

increment 

% T [%] 

ND 

120.00 2049.36 1.76 140.94 134.56 4.74 

148.20 3075.20 2.64 345.76 339.27 1.91 

133.01 2133.38 1.83 141.53 128.82 9.87 

148.91 2414.65 2.07 378.06 351.34 7.60 

167.20 2023.68 1.73 333.83 309.56 7.84 

118.80 2344.62 2.01 137.66 127.50 7.97 

140.92 2301.44 1.97 154.36 146.51 5.36 
 

Table S 5: Strain at break, strength, load at failure, toughness modulus (T), toughness modulus after knot unfastening (T0) and 
toughness increase %T= (T- T0)/ T0 as-produced fibres with a viscoelastic coating and a noose. 

Sample Apparent 

strain at 

break [%] 

Strength 
[MPa] 

Load at 

failure 

P [N] 

Toughness 

modulus T 

[Nm/kg] 

Toughness 

modulus T0 

[Nm/kg] 

Toughness 

increment 

% T [%] 

CN 

140.00 1779.36 2.02 104.44 101.38 3.01 

191.68 1983.04 2.25 303.94 271.23 12.06 

160.52 1692.07 1.92 175.42 154.37 13.64 

159.86 2091.50 2.37 238.48 235.20 1.40 

122.52 1910.74 2.17 93.15 89.47 4.11 

 

Table S 6: Strain at break, strength, load at failure, toughness modulus (T), toughness modulus after knot unfastening (T0) and 
toughness increase %T= (T- T0)/ T0 as-produced fibres with a rough viscoelastic coating and a noose. 

Sample Apparent 

strain at 

break [%] 

Strength 
[MPa] 

Load at 

failure 

P [N] 

Toughness 

modulus T 

[Nm/kg] 

Toughness 

modulus T0 

[Nm/kg] 

Toughness 

increment 

% T [%] 

CNR 

126.68 1389.63 1.58 52.27 45.10 15.89 

139.76 1518.36 1.72 127.61 118.02 8.12 

132.32 1453.12 1.65 81.64 66.37 23.00 

132.20 1290.87 1.46 55.31 46.00 20.24 

136.32 1437.24 1.63 62.90 53.15 18.34 

144.63 1584.50 1.80 95.46 76.76 24.37 
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Table S 7: Strain at break, strength, load at failure, toughness modulus (T), toughness modulus after knot unfastening (T0) and 
toughness increase %T= (T- T0)/ T0 as-produced fibres with a rough viscoelastic coating and an additional concentrated drop of 
silicone on it. 

Sample Apparent 

strain at 

break [%] 

Strength 
[MPa] 

Load at 

failure 

P [N] 

Toughness 

modulus T 

[Nm/kg] 

Toughness 

modulus T0 

[Nm/kg] 

Toughness 

increment 

% T [%] 

CNRD 

139.20 1642.69 1.86 110.09 102.84 7.04 

147.99 2155.87 2.45 172.68 159.23 8.45 

137.91 1695.60 1.92 160.23 145.33 10.25 

150.00 1686.78 1.91 138.68 123.23 12.53 

130.12 1332.32 1.51 93.32 81.83 14.04 

147.59 1833.15 2.08 119.55 107.97 10.72 

155.68 1858.72 2.11 159.71 147.02 8.63 

 


