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Mode lll tear resistance of Bombyx mori silk cocoons
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ABSTRACT

This paper concerns the tear properties and behaviour of Bombyx mori silk cocoons. The tear resistance of cocoon layers is
found to increase progressively from the innermost layer to the outermost layer. Importantly, the increase in tear strength
correlates with increased porosity, which itself affects fibre mobility. We propose a microstructural mechanism for tear fail-
ure, which begins with fibre stretching and sliding, leading to fibre piling, and eventuating in fibre fracture. The direction of
fracture is then deemed to be a function of the orientation of piled fibres, which is influenced by the presence of junctions
where fibres cross at different angles and which may then acts as nucleating sites for fibre piling. The interfaces between
cocoon wall layers in Bombyx mori cocoon walls account for 38% of the total wall tear strength. When comparing the tear
energies and densities of Bombyx mori cocoon walls against other materials, we find that the Bombyx mori cocoon walls

exhibit a balanced trade-off between tear resistance and lightweightness.

INTRODUCTION

Bombyx mori (B. mori) is one of the most useful domesticated species of mulberry silkworms !, 2, spinning a silk cocoon to protect
itself as it develops morphologically from its pupal stage. Silk fibres have been used in textiles for more than 4000 years*, with the
earliest example of a woven silk fabric originating in 3630BC“. In a typical silk production process, the cocoon is degummed to
separate sericin proteins (the glue) from fibroin proteins (the structural thread). Silk fibres are strong yet soft to the touch, flexible,

durable®, and absorbent to a wide variety of dyes *.

During cocoon construction, B.mori extrudes silk fibres through the spinneret in its mouth ©. Similar to silk egg cases’~1°, the B.
mori cocoon has a protective function 1“~19_ It is a sophisticated multilayer non-woven composite comprised of continuous silk fi-
bres connected by a sericin gum-like coating that acts as a microstructural level glue for the fibres?®. B. mori cocoon size range
from 30 - 35 mm~“. A typical cocoon has been reported as having a meridional diameter of 31.57 4+ 0.19 mm and an equatorial di-
ameter of 19.01 + 0.17 mm 2L, Its wall is typically 0.30-0.59 mm thick 1419202225 it has a density between 377-499 kg/m3 19:20,
and contains 70-80% silk fibroin with the remainder being sericin protein *2*. Silk fibre has a triangular or irregular cross-section
with an approximated diameter between 16-26um. A single fibre consists of two fibroins, each with a diameter of 7-14um, which
are conjoined by a thin sericin layer 2-4pum in thickness 142525

The cocoon wall of B. mori can be divided into 5 to 15 distinct layers, each varying in their of sericin to fibroin compositional ratio,
and each exhibiting different microstructures. The innermost layers are comprised of fibres with mean diameters of ca. 16 um and

the number of fibres/mm? is ca. 21. Contrarily, the outermost layers have higher mean fibre diameters of ca. 26 um but there are

only 8 fibres/mm?2 in these layers ' *. Comparatively, the inner layers of B. mori cocoons comprise lower fractions of sericin, but stronger

levels of inter-fibre bonding 2?27 The density of B. mori layers has been reported as decreasing from the innermost to the outer-
most layer 2%, It has additionally been noted that porosities between the inner and outer layers differ significantly and are reported

in the ranges of 0.42-0.70 and 0.58-0.84, respectively??. The density of silk fibre ranges between 1350-1365 kg/m3 28,

Tensile strength, tensile modulus, and the toughness of the cocoon wall are of the order: 16.6 - 54 MPa, 300 - 586 MPa,and 1.1
MIm—3, respectively 22252031 The wall will strain 18 + 2 % at maximum tensile strength and the breaking strain is typically in the
order of 13-35 %771 Additionally, the elliptical design of silk cocoons has been understood as being of significant benefit to im-
pact damage tolerance, as an ellipsoid can elastically deform on impact in such a way that energy is stored in the ellipsoid and re-
leased at a critical level proportional to the impact force *2.

The hierarchical structure of B. mori silk cocoon impacts the mechanical properties of the subdivided layers 19554 The Young's

modulus, tensile strength, storage modulus, and loss modulus are all reported as being higher in the inner pelade layer (near the

pupa) than they are in the thickness-averaged values of the complete cocoon *°. The strength and modulus of individual layers rises
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as fibre areal density increases, and as porosity and fibre diameter decreases from the outermost to the innermost layers?*. The
specific modulus and specific strength of the innermost layer have been reported as being the highest at 24 GPa mm~—! and 938
MPa mm~1, respectively, while they are significantly lower in the outermost layer, at 1.6 GPa mm~—! and 159.4 MPa mm™—!, respec-
tively. Contrarily, strain at peak stress is the lowest in the innermost layer (7.9 %) and highest at the outermost layer (21.3%). Each
cocoon layer contributes to its mechanical properties and behaviour, and the layers are held together mostly by sericin as well as by

a few cross-linking fibres. As such, interlayer bonding within a cocoon wall is significantly weaker than intralayer bonding “2.

The cocoon wall is also permeable to moisture and moisture flux in the outer layers is higher than in the inner layers, as the inner
layers are generally lower in porosity and are of higher tortuosity 2. In addition, the cocoon wall is extremely permeable to gases
under normal conditions, yet it has the capacity for COs gating and thermoregulation under more extreme environmental condi-
tions®%>7 and is thus able to maintain its internal temperature and COs levels. It is therefore clear that one of the benefits of the

distinctive design of the cocoon wall is to offer protection to the resident pupa, whether that be mechanical, gaseous, or thermal 14.

While the structure-property relationships of a variety of silk fibres have been researched extensively 2>°%4* knowledge of silk co-
coons is more sparsely documented. As mentioned, cocoons are structures that provide protection to pupae and herein we hypoth-
esise that the geometrically complex, hierarchical, and layered structure of a B. mori cocoon should provide a certain level of toler-

ance to tearing. Multiple reports document the tear resistance of silk sheets and silk derived/inspired composites ““~4¢

,yet as far as
we are aware, there has been no work conducted to date on the tear strength of cocoon walls and their layers. Knowledge of this
property will enable a more detailed understanding of how cocoons serve to mechanically protect their pupae. As such, this paper

aims to fill this knowledge gap and we aim to detail the tear strength of Bombyx mori silk cocoons, in relation to their structures.

MATERIALS AND METHODS

Tear Testing of Full Cocoon Walls

A modified ASTM D624-00“° trouser tear test method was used to enable testing of the smaller-than-standard-sized samples (due
to restrictions imposed by the sizes of the B. mori cocoons). Cocoon macro measurements were made using a Vernier caliper and
thickness measurements were made using a digital screw gauge. Thirty rectangular trouser-tear samples were prepared (n = 30)
from thirty individual cocoons by cutting a 20 mm slit in the equatorial direction of the cocoon wall Figure 1(a). The open cocoon
walls were tear tested using an Instron 3369 (High Wycombe, UK) with a 1KN load cell. The initial gauge length was 10 mm and
testing was conducted at a displacement rate of 10 mm/min. Each of the split halves of the individual sample (i.e. the trouser legs)
was held in the Instron grip and was aligned with the centre line of the sample. The uncut end of the specimen was kept free, and

this is the part that would experience a tear at a right angle to the line of the force application. Figure 1 (b) provides a schematic of

the trouser tear test, and Figure 1(c) shows the experimental setup.

Tear Testing of Individual Cocoon Layers

Cocoon walls were separated into seven individual layers. Although individual cocoon walls can in principle be separated into up to
fifteen layers, these layers are extremely thin and difficult to test mechanically. As such, we employed a similar approach to Chen et
al.?? who subdivided the cocoon into seven layers to enable layer-by-layer tensile testing. The seven individual layers were essen-
tially therefore comprised of adjacent layers within the cocoon wall. These cocoon layers (hereinafter: individual layers) were then
cut into 20mm wide strips. At the end of each sample, a 10 mm long slit was made in the equatorial direction at the centre fold
line of the sample. These were then tested using a Deben (Deben, Suffolk, UK) micro tensile tester with a 5N load cell at an exten-
sion rate of 1.5 mm/min. Load was applied to the trouser test specimen and tear force was recorded over a maximum machine
extension limit of 11 mm. Figure 1(d) shows a representative sample in example of the experimental setup. The tear strength of
the full cocoon walls as well as cocoon layers was calculated using Equation (1) following ASTM D624 “?. Where Sicqr is the tear

strength, Fieqr IS the tear force, and t is the median thickness of the cocoon wall.

F
Stea'r = % (1)



79

80

81

82

83

84

85

86

@) (b)

(20 mm)

Equatorial

Meridional

Figure 1: (a) Trouser test full cocoon specimen (b) Trouser Tearing (c) Instron 3369 experimental setup (d) Deben microtensile tester
experimental setup.

The work done in tearing was calculated using Equation (2). Where Wieqr is the work done in tearing, Fieqr is the tearing force, and

Acis the tearing length.

Wiear = 2Ftear - Ac (2)

The tearing energy was calculated using Equation (3). Here, Eieqr is the tearing energy, Fiear is the tearing force, and t is the me-

dian thickness of the cocoon wall 9.

Wiear _ 2Ftear - Ac _ 2Ftear

E = = = 3
e T Ac t-Ac t ()
Relative density, p,, and porosity, ¢, were calculated using Equation (4) and Equation (5), respectively. Here, p is the apparent den-
sity of the cocoon wall calculated using the formula p = 7, (where m is mass and V' is volume), and ps is the density of B. mori silk
fibre=!.
pr =2 (4)
Ps
P
p=1- L1 (5)
Ps

Digital Microscopy and Image Analysis

87 To develop our microstructural understanding of tear damage, individual cocoon layers were optically examined using a Dino-Lite

88

digital AM4115-FUT microscope (New Taipei City, Taiwan). This microscope possesses a 1.3-megapixel image capture capability,
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offering a versatile magnification range from 20x to 220x. In this paper, images were captured at magnifications up to 60x. Cus-
tomised LEDs emitting UV light in the 375 nm spectrum were used to illuminate the samples. To ensure optimal picture quality
and precise control over image acquisition, the microscope was securely affixed to a Dino-Lite RK-10 pedestal as it ensured stable

positioning during image capture.
RESULTS AND DISCUSSION

General Observations

By degumming in accordance with the procedure described in*!, the weight percentage of fibroin in native cocoons was deter-
mined to be 74% with a standard deviation (SD) of 1.73%. Table 1 presents the physical measurements of thirty cocoons (n = 30) in
both meridional and equatorial directions. Cocoon walls conditioned under standard temperature (21°) and humidity (55%) were
used to determine apparent density in Table 1.

Table 1: Bombyx mori silk cocoon: physical measurements (including the range and the mean + the standard deviation (n = 30)

Cocoon Diameter Cut Sheet Dimensions Sheet Apparent Density
Meridional Equatorial Meridional Equatorial Thickness of Wall

(mm) (mm) (mm) (mm) (mm) (kg/m3)
Range 29.3-36.9 18.6-23.0 15-22.6 52.0-63.0 0.49-0.92 297-389

32.6 20.2 19.4 56.2 0.71 331
Mean

(£ 2.0) (£ 1.0) (£ 1.7) (£ 2.3) (£0.1) (£ 34)

Tear Properties of Cocoon Walls

Tear force (Fieqr) Was determined in accordance with ASTM D624 ““. This standard computes the highest tear force value from the
range of available standards, including: BS2782-3 method 360B°°, BS ISO 34-1:2022°%, BS EN ISO 6383-1:2015°°, ASTM D1938-
19°6, ASTM D2261°7 and BS EN ISO 13937-2:2000 °%. Further details on these standards and comparison curves are provided as
Electronic Supplementary Material (Comparison of standard tear force calculations). Using the tear force values (Fieqr = 17.5 £ 4.2
N) from 30 samples (cf. Electronic Supplementary Figure S1), where the thickness (¢t = 0.71 £ 0.12 mm), calculations were made to
quantify tear strength (Stear = 25 £ 6.1 kN/m), work done in tearing (Wiear = 9.3 & 5.5 kN-m) and tear energy (Etear = 50.1 + 12.2
kN/m). Two generic tearing characteristics were noted during testing and these were split into groups 1 (G1) and 2 (G2) and char-
acteristics were equally split in the sample set such that 15 of 30 samples showed G1 characteristics, while the other 15 samples
exhibited G2 characteristics. Figure 2(a) shows the pictures of representative torn cocoon walls fromm G1 and G2 and provides addi-
tional schematics to represent the generic tear propagation orientations for each group. G1 cocoon walls tearing was generally ori-
ented in the direction of loading, while the tearing of G2 cocoon walls showed an acute angular orientation to the direction of load-
ing. Of the 15 samples exhibiting G2 characteristics of tear propagation, the angles of orientation were found to range from 25°
(Minimum) to 58° (maximum), with a mean at 41° £ 14° (SD). Representative tear stress plots are shown for each of the two groups
against their tear length, Figure 2(b). In the G1 plot, a gradual decrease can be observed beyond the maximum tear strength. Dis-
similarly, a sharper decline in tear stress can be observed beyond the maximum tearing strength in G2 cocoon walls subjected to

trouser tearing.

To assess whether there are any statistical differences between the two groups in terms of their properties, a one-way ANOVA was
conducted with significance levels (a) set at 0.001, 0.01, and 0.05. Table 2 provides the results from the one-way ANOVA at «=0.05.
Since the calculated F-statistic, F = 0.42, is lower than the F critical value of 4.2 (the value against which F is compared), and the P-
Value of 0.52 is above a, it can be concluded that there is no difference between the mean values of G1 and G2 at the highest se-
lected a. The results for « = 0.01 and 0.001 were no different, except for that that F critical increases to 7.6 and 13.5 respectively,

further reducing the probability of a type 1 error.
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Figure 2: Representative curves from a sample set of 30 cocoons showing tear stress against the tear length for groups 1 (G1) and 2
(G2) generalised tearing orientations. G1 and G2 tearing orientations are shown more clearly on the right hand side of the figure.

Table 2: One-way ANOVA between groups 1 and 2 comparing Stear, F is the F-statistic, SS is the sum of squares, MS is the mean sum of
squares, d is the degrees of freedom, and F crit is the F-critical value.

Source of Variation \ SS d MS F P-Value Fcrit
Between the Groups 15.7 1 157 042 052 4.2
Within Groups 1056.8 28 377

Total 10725 29

Additional comparisons between G1 and G2 properties are provided in Table 3, showing the standard deviations (SD) for each sam-
ple set as well as the coefficient of variation (CoV). While it can be noted that the average values of G1 for ¢, F, Stear aNd Eieqr are
within one standard deviation from the arithmetic mean of G2 values for t, Fiear, Stear aNd Eteqr, and vice versa, Wieqr for G1 is
within two standard deviations from the arithmetic mean of Wieqr of G2, and vice versa. Unlike Eieqr, the work done (Wieqr) is a
function of tear length and as such, the comparative distance for tearing is higher in G1 than in G2, a higher value of Wieqr iS €Xx-

pected in the G1 samples.

A mechanism for B. mori cocoon tearing can be suggested, using images of the specimens torn at different stages, Figure 3(a-c).
These provide evidence on how tearing both effects, and is affected by, fibre architecture. We find there are three primary fibre fail-
ures at the microstructural level that influence the overall mechanism of tearing. In the first Figure 3(a), the applied tearing force ini-
tiates both fibre stretching and fibre sliding in the direction of the tear. In the second stage Figure 3(b), we note that fibre stretching
and sliding leads into localised fibre piling, a phenomenon previously reported in mechanically loaded N. cruentata spider silk egg
cases '?. Here we suggest that similarly to 12, cross fibres adhered to stretching/sliding fibres get trapped as they slide into other
cross fibres/junctions, creating fibre piles. As fibres pile, the applied tearing force required to cause them to deform, displace or break
is likely to increase as mechanical energy stores within these reduced mobility fibres. These fibres are thus susceptible to fracture
rather than displacement under loading as the tearing energy increases. Tearing will therefore propagate at either a different ori-
entation angle to the axis of tear loading Figure 3(c), or in the axis of loading, depending on the force vectors (magnitude and di-
rection of force), which in turn are influenced by the local cocoon fibre architectures, Figure 3(d-e) and the way in which they ex-
perience piling. Given that tearing is a function of deformation in the vicinity of the tear tip °°, a deviation in deformation from the
direction of loading could therefore be associated with the fibre architecture within the cocoon wall. Silkworms build cocoons by

overlaying a continuous strand of fibre. As a consequence of this, both larger (major) and smaller (minor) fibre junctions form where
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Table 3: Comparison of tearing parameters among four groups with different tearing behaviours

Group 1 (G1) Group 2 (G2)

Thickness, t (mm) Average 0.72 0.69
SD 0.13 0.09
CoV 0.2 0.1
Max. Force, F (N) Average 17.1 179
SD 4.2 4.3
CoV 0.2 0.2
Tear Strength, Stear (KN/mM)  Average 24.3 258
SD 6.7 55
CoV 0.3 0.2
Tear Energy, Etear (KN/mM) Average 48.6 515
SD 13.5 11.0
CoV 0.3 0.2
Work Done, Wiear (N-mm)  Average 1329 859
SD 346 438
CoV 0.3 0.5

fibres are overlaid at different angles. This results in a variable areal density (number of fibres per unit area) as shown in Figure 3 (d).
We suggest that there may be some influence to piling at junctions comprising a higher density of fibre cross-overs where there
are large numbers of fibres crossing at approximately the same angular orientation, as these may act as nucleation points of some
form. Fibre junctions with large numbers of fibres crossing one another would presumably have a greater chance of encouraging
the redirection of tearing energies after piling through the nucleation of fibres at these point, and resulting in tear line reorientation.
Contrarily, where there is a more uniform distribution of fibres with fewer and smaller fibre junctions are perhaps more likely to per-

mit parallelised piling and may encourage tearing in the axis of loading, Figure 3 (e).

Tear Properties of Individual Cocoon Wall Layers

Figure 4(a) illustrates the seven subdivided layers of a B. mori cocoon, numbered from one (innermost) to seven (outermost). When
comparing the properties of the sum of all cocoon layers against the properties of the cocoon wall, we note that both the tear force
(Ftear), Figure 4(b), and the tear strength (Stear), Figure 4(c), for the complete cocoon wall surpass the cumulative values of the in-
dividually tested layers. The mean Fieqr, Of the cocoon wall was measured as 6.6 N higher than the mean sum of Fieq, values for the
individual cocoon layers. Similarly, there is a ca. 10kN/m Sieqr improvement of the complete cocoon wall over the sum of individual
layers. The additional resistance to loading in complete cocoon walls is likely attributable to the action of sericin adhering the inter-
faces of individual layers. The separation of the cocoon into individual layers result in the absence of the additional surface fibre link-
ages, thus reducing the mechanical properties. Taking the 6.6 N difference therefore as being equally distributed over 6 interfaces
in a 7-layer cocoon, we can approximate a 1.1 N overall additional resistance to tearing, per interface. This value exceeds previously
reported interlayer peeling loads of 0.32 N 22 in B. mori cocoons, though it should be noted that the earlier reported peeling load
were determined using smaller specimens (20 x 5mm), distinct experimental speeds, tensile loading, and different mechanical
test machines. Furthermore, the present study is specifically focussed on tear loading, which localises any peeling (and thus inter-

facial effects) to the area near the tear tip.

Fiear increases linearly from layers 1 to 7 (with a Pearson's correlation coefficient (R) at 0.86, and a determination coefficient, (R?) of
0.74, Figure 4(d). We note that porosity (¢), also increases linearly from layers 1 to 7 starting at 0.59 in the innermost layer to 0.78
in the outermost layer (R = 0.84, R?2 = 0.71), Figure 4(e). The density of cocoon layers naturally therefore decreases from layers 1 to 7
from 562 kg/m3 in the innermost layer to 299 kg/m3 in the outermost layer (R =-0.58, R2 = 0.34), as shown in Figure 4(f). Notably,
the specific tear strength of the cocoon layers exhibited a strong negative correlation with relative density (R = 0.90, R2 = 0.94), Fig-

ure 4(g). Given that silk fibres constitute 74% of the cocoon mass, an increase in porosity from the innermost to outermost cocoon
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Figure 3: The mechanism of B. mori tearing initiates through (a) fibre stretching and sliding followed by (b) the co-movement of cross
fibres adhered to the stretching/sliding fibres resulting in local fibre piling and eventuating in (c) the build up of strain energy at fibre
piles leading to fracture. Examples of major and minor junctions where fibres cross from layer to layer are shown in (d), while a
hypothetical suggestion on how fibre junctions may play a role as nucleation points for differently oriented fibre piling leading to
redistributed and reoriented tear energies is shown in (e).

layers could be attributed to a reduction in the number of fibres per unit area (the areal density), which is in turn reflected by a de-
creasing density ( cf. Figure 4(f)). The correlations observed in Figure 4 could be perceived as unusal, since cellular materials sub-
jected to shear will typically show the reverse trends, in that their specific properties will rise, not fall, as a function of increasing rel-
ative density, . Nevertheless, there is clear evidence from the literature that in fact torn textiles do behave in this manner>2.60-63,
This is because increased porosity in textiles provides additional spaces for fibre stretching, which distributes stress more evenly
amongst neighbouring fibres. This resultantly reduces stress concentrations on individual fibres, or small clusters of fibres, thus en-
hancing the material resistance to tearing. This is schematised in Figure 5. Since each of these layers makes up the full cocoon wall,
the mechanism for tearing described earlier (cf. Figure 3) will be comprised of both forms of tearing, allowing the B. mori cocoon

have the composite properties of both stretch dominated failure, and brittle fracture.

It can be be useful to know where the tear properties of B.mori cocoons fit within the broader spectrum of natural and engineering
materials and textiles. Figure 6(a) shows an Ashby plot comparing B. mori tear energies and densities against a variety of materials
including a range of textiles, elastomers, nonwovens, and films. A convex trade-off curve (grey line) * is provided in Figure 6 where
(1) identifies an optimal lightweight tear resistant material and (3) identifies the lower efficiency material that is both heavy and has

low tear resistance. Trade off curves are useful as they elucidate the ‘good efficiency’ areas. In the case of Figure 6 that efficiency re-
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Figure 5: Tearing of individual Bombyx mori layers (a) low porosity leading to stress concentrations and low tear force (b) higher
porosity leading to fibre sliding, stretching and high tear force. Insets: pictures of layer 1 and layer 7 respectively; scale bar = 1mm.

183 lates to balanced properties of density and tear resistance, which in this figure is identified as point (2) on the trade off curve. B. mori
184 cocoon walls are therefore neither optimal lightweight tear resistant materials, nor are they inadequate as lightweight tear resis-
185 tant materials. Similarly to many other natural materials, B. mori cocoon walls therefore exhibit a balanced trade-off between tear
186 resistance and lightweightness®’:58. An additional Ashby plot showing tear strength against density is provided as an Electronic
187 Supplementary Figure 2. Figure 6(b) compares only the tearing energies of B. mori cocoon walls against a range of textiles (in both

188 warp and weft), metals, polymers and films, elastomers, glass, hydrogel and cartilage. Glass has low values (0.026 kJ/m?) due to its
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inherent brittleness, while metals have very similar tearing energies to B. mori cocoon walls (50 kJ/m?2). Textiles due to their inter-
laced architectures, dominate the histogram in terms of their resistance to tear with tougher high performance materials used in
textiles, such as Kevlar and nylons exhibiting the highest tear energies. B. mori cocoon walls are natural non-woven architected fi-
brous materials and while their tear energies are not as high as systematically organised textiles (such as plain weave, twill weave,

etc.) they still show respectable tear resistance, when compared against other natural materials such as cartilage (0.74 kJ/m?2)
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Figure 6: (a) Ashby chart showing the tearing energy of various materials ( from 60-63:65:68,69,71,75,75,80) |nc|ud|ng Bombyx mori silk
cocoon walls (this study) against density and (b) a histogram showing the tear energies (from 60:62:63,65,66,68,69,71-86) of 3 range of
different materials/forms including the cocoon walls of B. mori. An additional Ashby plot showing tear strength

(from ©0-63:65,68,69,71,73,75,80) 5gainst density including B. mori silk cocoon walls (this study) is provided as: Electronic Supplementary
Figure 2.

CONCLUSIONS

Bombyx mori cocoon walls and its subdivided layers were tested in mode Ill tearing using trouser test methods. The cocoon wall
requires 38% more force to tear than the sum of tearing loads of the seven subdivided layers and assuming an equal share of inter-
face loading, each interlayer interface contributes 1.1 N of the total tear force. The tear force of 7 subdivided layers from the cocoon
wall increased consecutively from the inner to the outer layers. Concurrently, the graded architecture of the cocoon wall also in-
creased progressively in porosity and decreased progressively in areal density, from the inside to outside layer. These physical prop-
erties were found to be associated with an increased resistance to tearing forces. Inner layers are less porous and have very little
space between the fibres, such that strain energy builds up and the fibres break in succession under an applied force. Fibres in the
outer layers have a higher porosity with larger spaces and this allows for the stretching and sliding of individual fibres, leading to a
distribution of strain energy over the neighbouring fibres, and consequently increasing the resistance of larger pore layers to tear
force. A mechanism for the mode Il tearing of full cocoon walls is suggested herein, where fibre sliding and stretching leads to fibre
piling, followed by fibre breakage. The orientation of fibre piling determines the angle at which a cocoon wall will tear, and this ori-
entation is presumably related to the presence of fibre junctions that act as nucleation sites for piling. The total failure of the cocoon
wall comprising both higher and lower porosity layers, is therefore a composite exhibiting both brittle and stretch-dominated failure

mechanisms.

ELECTRONIC SUPPLEMENTARY MATERIALS

- Electronic Supplementary Figure 1
- Electronic Supplementary Figure 2
- Comparison of standard tear force calculations

DATA AVAILABILITY

Data for this publication will be made available through Edinburgh DataShare (https:/datashare.ed.ac.uk/) and can also be made
available from the corresponding author on request.


https://datashare.ed.ac.uk/

ACKNOWLEDGMENTS
AUR wishes to thank the HEC Pakistan Scholarship made available through the National Textiles University, Pakistan.

AUTHOR CONTRIBUTIONS

Conceptualization (PA); Data curation (AUR); Formal analysis (AUR, PA); Funding acquisition (AUR, PA); Investigation (AUR, VK, PA);
Methodology (AUR, PA); Project administration (PA); Resources (PA); Software (AUR); Supervision (VK, PA); Validation (VK, PA); Visuali-
sation (AUR, PA); Roles/Writing - original draft (AUR); Writing - review and editing (AUR, VK, PA).

AUTHOR COMPETING INTERESTS

The authors declare no competing interests.

OPEN ACCESS STATEMENT

For the purpose of open access, the authors have applied a Creative Commons Attribution (CC BY) license to any author accepted
manuscript version arising from this submission.

REFERENCES

[1] K. Murugesh Babu, Introduction to silk and sericulture, in Silk: Processing, Properties and Applications, Woodhead Publishing Limited, 2013, pp. 132. doi:
10.1533/9781782421580.1.

[2] D.Naskar, R. R. Barua, A. K. Ghosh, and S. C. Kundu, Introduction to silk biomaterials, in Silk Biomaterials for Tissue Engineering and Regenerative Medicine, Woodhead Pub-
lishing Limited, 2014, pp. 340. doi: 10.1533/9780857097064.1.3.

[3] A.Morin, M. Pahlevan, and P. Alam, Silk biocomposites: Structure and chemistry, in Handbook of Composites fromn Renewable Materials, vol. 18, Scrivener Publishing LLC,
2017, pp. 189219.doi: 10.1002/9781119441632.ch8.

[4] Vainker, Shelagh (2004). Chinese Silk: A Cultural History. Rutgers University Press, 2004, pp. 20, 17: ISBN 978-0813534466.

[5] D.Porter and F. Vollrath, Silk as a Biomimetic Ideal for Structural Polymers, Advanced Materials, vol. 21, no. 4, pp. 487492, 2009, doi: 10.1002/adma.200801332.

[6] N.Guo et al, Structure analysis of the spinneret from Bombyx mori and its influence on silk qualities, Int J Biol Macromol, vol. 126, pp. 12821287,2019, doi:
10.1016/jijbiomac.2018.12.219.

[7] B.D.Opell, Eggsac Differences in the Spider Family Uloboridae ( Arachnida: Araneae ), in Transactions of the American Microscopical Society, 1984, pp. 122129.

[8] C.KROPF, Egg sac structure and further biological observations in Comaroma simoniil Bertkau (Araneae, Anapidae), in Proc. 16th European Coll. Arachnol, 1997, pp.
151164.

[9] T.R.Sethyand J. Ahi, Spider Silk and the Silk of Egg Sacs with its Astonishing Concealed Attributes: A Review, Journal of Natural Fibers, vol. 19, no. 15, pp. 1149211506,
2022, doi: 10.1080/15440478.2022.2025986.

[10] A.C.Zhao et al, Novel Molecular and Mechanical Properties of Egg Case Silk from Wasp Spider, Argiope bruennichi, Biochemistry, vol. 45, no. 10, pp. 33483356, 2006,
doi: 10.1021/bi052414g.

[11] P.3Jiang, C.Guo, T. Ly, Y. Xiao, X. Liao, and B. Zhou, Structure, composition and mechanical properties of the silk fibres of the egg case of the Joro spider, Nephila clavata
(Araneae, Nephilidae), J Biosci, vol. 36, no. 5, pp. 897910, 2011, doi: 10.1007/512038-011-9165-3.

[12] P.Alam et al, The toughest recorded spider egg case silks are woven into composites with tear-resistant architectures, Materials Science and Engineering C, vol. 69, pp.
195199,2016,doi: 10.1016/j.msec.2016.06.063.

[13] A.Babczyska et al., Sterile capsuleegg cocoon covering constitutes an antibacterial barrier for spider parasteatoda tepidariorum embryos, Physiological and Biochemical
Zoology, vol. 92, no. 1, pp. 115124, 2019, doi: 10.1086/701390.

[14] B.Blossman-Myer and W. W. Burggren, The silk cocoon of the silkworm, Bombyx mori: Macro structure and its influence on transmural diffusion of oxygen and water va-
por, Comp Biochem Physiol, vol. 155, no. 2, pp. 259263, 2010, doi: 10.1016/j.cbpa.2009.11.007.

[15] F.J.Liu, X.J.Zhang, and X. Li, Silkworm (Bombyx mori) cocoon vs. wild cocoon multi-layer structure and performance characterization, Thermal Science, vol. 23, no. 4, pp.
21352142,2019, doi: 10.2298/TSCI1904135L.

[16] C.Offord, F. Vollrath, and C. Holland, Environmental effects on the construction and physical properties of Bombyx mori cocoons, J Mater Sci, vol. 51, no. 24, pp.
1086310872,2016, doi: 10.1007/s10853-016-0298-5.

[17] S.Q. Huang, H. P.Zhao, X. Q. Feng, W. Cui, Z. Lin, and M. Q. Xu, Mechanical properties of cocoons constructed consecutively by a single silkworm caterpillar, Bombyx mori,
Acta Mechanica Sinica/Lixue Xuebao, vol. 24, no. 2, pp. 151160, 2008, doi: 10.1007/5s10409-008-0141-6.

[18] J. Pandiarajan, B. P. Cathrin, T. Pratheep, and M. Krishnan, Defense role of the cocoon in the silk worm Bombyx mori L., Rapid Communications in Mass Spectrometry, vol.
25,n0.21, pp. 32033206, 2011, doi: 10.1002/rcm.5213.

[19] J.Zhang, J. Kaur, R. Rajkhowa, J. L. Li, X. Y. Liu, and X. G. Wang, Mechanical properties and structure of silkworm cocoons: A comparative study of Bombyx mori,
Antheraea assamensis, Antheraea pernyi and Antheraea mylitta silkworm cocoons, Materials Science and Engineering C, vol. 33, no. 6, pp. 32063213,2013, doi:
10.1016/tmsec.2013.03.051.

[20] F.Chen, D. Porter, and F. Vollrath, Morphology and structure of silkworm cocoons, Materials Science & Engineering C, vol. 32, no. 4, pp. 772778,2012, doi:
10.1016/fmsec.2012.01.023.

[21] W.Song, C. Zhang, and Z. Wang, Investigation of the microstructural characteristics and the tensile strength of silkworm cocoons using X-ray micro computed tomogra-
phy, Mater Des, vol. 199, p. 109436, 2021, doi: 10.1016/jmatdes.2020.109436.

[22] F.Chen, D. Porter, and F. Vollrath, Silk cocoon (Bombyx mori): Multi-layer structure and mechanical properties, Acta Biomater, vol. 8, no. 7, pp. 26202627,2012, doi:
10.1016/j.acthio.2012.03.043.

[23] H.Zhao, X. Feng, S. Yu, W. Cui, and F. Zou, Mechanical properties of silkworm cocoons, Polymer (Guildf), vol. 46, pp. 91929201, 2005, doi: 10.1016/j.polymer.2005.07.004.

[24] R.Inouye and C. C. Ju, The chemical Researches of The Lun-Yueh Cocoon Silk From Canton, Journal of Industrial and Engineering Chemistry, vol. 5, pp. 2123, 1929.

[25] 3. Pére-Rigueiro, C. Viney, J. Llorca, and M. Elices, Silkworm Silk as an Engineering Material, J Appl Polym Sci, vol. 70, no. 12, pp. 24392447, 1998, doi: 10.1002/(SICI)1097-
4628(19981219)70:12<2439:AID-APP16>3.0.CO;2-J.

[26] X.Guo et al, Proteins in the Cocoon of Silkworm Inhibit the Growth of Beauveria bassiana, PLoS One, vol. 11, no. 3, 2016, doi: 10.1371/journal.pone.0151764.

[27] Y.Zhang et al, Comparative proteome analysis of multi-layer cocoon of the silkworm, Bombyx mori, PLoS One, vol. 10, no. 4, 2015, doi: 10.1371/journal.pone.0123403.

[28] K. M. Babu, Microstructure of silk, in Silk: Processing, Properties and Applications, Second., Woodhead Publishing Limited, 2019, pp. 5175. doi: 10.1016/b978-0-08-
102540-6.00003-6.

[29] N.P.C. Horrocks, F. Vollrath, and C. Dicko, The silkmoth cocoon as humidity trap and waterproof barrier, Comparative Biochemistry and Physiology - A: Molecular and Inte-
grative Physiology, vol. 164, no. 4, pp. 645652, 2013, doi: 10.1016/j.cbpa.2013.01.023.

[30] J. Wang, X.G.Zhang, J. Kahur, R. Rajkhowa, J. L. Li, and X. Y. Liu, Wild silkworm cocoon as a natural tough biological composite structure, in Proceedings of the 8th Interna-
tional Conference on Structural Integrity and Fracture, Melbourne, 2013, pp. 14.

[31] A.Morin and P. Alam, Comparing the properties of Bombyx mori silk cocoons against sericin-fibroin regummed biocomposite sheets, Materials Science and Engineering
C,vol. 65, pp. 215220, 2016, doi: 10.1016/j.msec.2016.04.026.

[32] F.Chen, T. Hesselberg, D. Porter, and F. Vollrath, The impact behaviour of silk cocoons, Journal of Experimental Biology, vol. 216, no. 14, pp. 26482657, 2013, doi:
10.1242/jeb.082545.

[33] F.Chen, D. Porter, and F. Vollrath, Structure and physical properties of silkworm cocoons, J R Soc Interface, vol. 9, no. 74, pp. 22992308, 2012, doi:
10.1098/rsif2011.0887.

[34] Q Wang et al, A new perspective on the needle-puncture property of silkworm cocoons with a hierarchical multi-layer structure, Composites Communications, vol. 22,
Dec. 2020, doi: 10.1016/j.c0c0.2020.100539.

[35] H.P.Zhao, X. Q. Feng, W. Z. Cui, and F. Z. Zou, Mechanical properties of silkworm cocoon pelades, Eng Fract Mech, vol. 74, no. 12, pp. 19531962, 2007, doi:
10.1016/jengfracmech.2006.06.010.

[36] R.Chen, F. Liu,J. He, and J. Fan, Silk Cocoon: Emperor s New Clothes for Pupa: Fractal Nano-hydrodynamical Approach, Journal of Nano Research, vol. 22, pp. 6570, 2013,
doi: 10.4028Mww.scientific.net/JNanoR.22.65.

[37] M.Roy, S. Kumar, M. Tejas, and S. Kusurkar, Carbondioxide Gating in Silk Cocoon, Biointerphases, vol. 7, no. 1, p. 45,2012, doi: 10.1007/513758-012-0045-7.

[38] S.Chen, M. Liu, H. Huang, L. Cheng, and H. P. Zhao, Mechanical properties of Bombyx mori silkworm silk fibre and its corresponding silk fibroin filament: A comparative
study, Mater Des, vol. 181, pp. 111,2019, doi: 10.1016/j.matdes.2019.108077.

[39] T.Asakura, S. Kametani, and Y. Suzuki, Silk, Encyclopedia of Polymer Science and Technology. John Wiley & Sons, Inc., 2018. doi: 10.1002/0471440264.pst339.pub2.

[40] H.Y.Cheung, K. T. Lau, M. P. Ho, and A. Mosallam, Study on the Mechanical Properties of Different Silkworm Silk Fibers, 3 Compos Mater, vol. 43, no. 22, pp. 25212531,
2009, doi: 10.1177/0021998309345347.

[41] J. Pérez-Rigueiro, M. Elices, J. Llorca, and C. Viney, Effect of Degumming on the Tensile Properties of Silkworm (Bombyx mori) Silk Fiber, J Appl Polym Sci, vol. 84, no. 7, pp.
14311437,2002, doi: https://doi.org/10.1002/app.10366.

[42] L.D.Koh et al, Structures, mechanical properties and applications of silk fibroin materials, Prog Polym Sci, vol. 46, pp. 86110, 2015, doi:
10.1016/j.progpolymsci.2015.02.001.

[43] Z.Shao and F. Vollrath, Surprising strength of silkworm silk, Nature, vol. 418, no. 6899, p. 741, 2002, doi: DOI: 10.1038/418741a.



[44] E. K Nguku, Assessment Of The Properties Of Silk Fibre And Fabric Produced By Bivoltine Silkworm, Bombyx mori L. (Lepidotera: Bombycodae) In Nairobi, Kenya, Kenyatta
University, 2010.

[45] U.Ninpetch, M. Tsukada, and A. Promboon, Mechanical properties of silk fabric degummed with bromelain, J Eng Fiber Fabr, vol. 10, no. 3, pp. 6978, 2015, doi:
10.1177/155892501501000319.

[46] G.Hariraj and Subhas. V. Naik, DEVELOPMENT OF BULKY SILK YARN IN WEB SILK REELING PROCESS, Innovative Farming, vol. 4, no. 2, pp. 7782,2019.

[47] R.Chollakup, J. Suesat, and S. Ujjin, Effect of Blending Factors on Eri Silk and Cotton Blended Yarn and Fabric Characteristics, Macromol Symp, vol. 264, no. 1, pp. 4449,
2008, doi: 10.1002/masy.200850407.

[48] Z. Xu, M. Wu, W. Gao, and H. Bai, A Transparent, Skin-Inspired Composite Film with Outstanding Tear Resistance Based on Flat Silk Cocoon, Advanced Materials, vol. 32, no.
34, pp. 18,2020, doi: 10.1002/adma.202002695.

[49] ASTM Standard D624-00, Standard Test Method for Tear Strength of Conventional Vulcanized Rubber and Thermoplastic Elastomers, ASTM International, West Con-
shohocken, PA, 2012, doi: 10.1520/D0624-00R20.

[50] N.Rao and K. OBrien, Mechanical Properties of Solid Polymers, 3rd ed. John Wiley & Sons, Ltd, 1998.

[51] M. U.H.Joardder, A. Karim, C. Kumar, and R. J. Brown, Pore Characteristics, in Porosity: Establishing the Relationship between Drying Parameters and Dried Food Quality,
R. W. Hartel, J. W. Finley, D. Rodriguez-Lazaro, Y. Roos, and D. Topping, Eds, London: Springer Cham, 2015, pp. 811. doi: 10.1007/978-3-319-23045-0.

[52] P.W. Harrison, The tearing strength of fabrics: A review of the literature, Journal of the Textile Institute Transactions, vol. 51, no. 3, pp. T91T131, 1960, doi:
10.1080/19447026008662676.

[53] BS 2782-3 3608, Determination of Tear Strength of Sheet and Sheeting (trouser tear method), British Standards Institution, London, 1980.

[54] 1SO 34-1:2022, Rubber, Vulcanized or Thermoplastic Determination of Tear Strength Part 1: Trouser, angle and crescent test pieces, The British Standards Institution, pp.
3134,2022.

[55] ISO 6383-1:2015, Plastics Film and sheeting Determination of tear resistance Part 1: Trouser tear method, The British Standards Institution, pp. 116, 2015.

[S56] ASTM Standard 1938-19, Standard Test Method for Tear-Propagation Resistance ( Trouser Tear ) of Plastic Film and Thin Sheeting by a Single-Tear Method, ASTM Interna-
tional, West Conshohocken, PA, 1938, doi: 10.1520/D1938-19.

[57] ASTM Standard D2261, Standard Test Method for Tearing Strength of Fabrics by the Tongue (Single Rip) Procedure (Constant-Rate-of-Extension Tensile Testing Machine),
ASTM International, West Conshohocken, PA, 2017, doi: 10.1520/D2261-13R17E01.

[58] ENISO13937-2:2000, Textiles - Tear properties of fabrics Part 2: Determination of tear force using ballistic pendulum method ( Elmendorf ), British Standards Institution,
London, 2000.

[59] G.Cerniauskas, and P. Alam. Cubically Symmetric Mechanical Metamaterials Projected from 4th-Dimensional Geometries Reveal High Specific Properties in Shear, ACS
Applied Engineering Materials, 2023, 1, 10, 24722486, doi: https://doi.org/10.1021/acsaenm.3c00297

[60] J. Thanikai Vimal, C. Prakash, and A. Jebastin Rajwin, Effect of Weave Parameters on the Tear Strength of Woven Fabrics, Journal of Natural Fibers, vol. 17, no. 9, pp.
12391248,2020, doi: 10.1080/15440478.2018.1558155.

[61] S.K.Ghosh, M. K. Talukdar, and P. K. Dey, Effect of Number of Passes on Tensile and Tear Properties of Nonwoven Needle-Punched Fabrics, Indian J Fibre Text Res, vol. 20,
no. 3, pp. 145149, 1995.

[62] A. Koruyucu, Improving the Breaking and Tear Strength of Cotton Fabric Using BTCA and CA Crosslinkers, Cukurova University Journal of the Faculty of Engineering, vol.
36,N0. 4, pp. 10611072, 2021, doi: 10.21605/cukurovaumfd.1048353.

[63] S.H.Eryuruk and F. Kalaolu, The effect of weave construction on tear strength of woven fabrics, Autex Research Journal, vol. 15, no. 3, pp. 207214, 2015, doi: 10.1515/aut-
2015-0004.

[64] Hourani, R, Jenkal, R, Davis, W.R. et al. Automated Design Space Exploration for DSP Applications. J Sign Process Syst Sign Image Video Technol 56, 199216 (2009).
https://doi.org/10.1007/511265-008-0226-2

[65] V. K. Devorokondo and C. J. Pope, Relationship of Tensile and Tear Strengths of Fabrics to Component Yarn Properties, Natick, Massachusetts, 1970.

[66] C.U.Tekstiland M. BslumU, Regression Analyses of Fabric Tear Strength of 100 % Cotton Fabrics With Yarn Dyed in Different, TEKSTL ve KONFEKSYON, no. 2, pp. 97101,
2009.

[67] E.Triki, T. Vu-Khanh, P. Nguyen-Tri, and H. Boukehili, Mechanics and mechanisms of tear resistance of woven fabrics, Theoretical and Applied Fracture Mechanics, vol. 61,
no. 1, pp. 3339,2012, doi: 10.1016/jtafmec.2012.08.004.

[68] L. Howard Olson, Investigation of Fabric Weave Construction Versus Tear Resistance, Atlanta, Georgia, 1977.

[69] Y.Ren,Y.Shi, X.Yao, Y. Tang, and L. Z. Liu, Different dependence of tear strength on film orientation of LLDPE made with different co-monomer, Polymers (Basel), vol. 11,
no. 3, p. 434,2019, doi: 10.3390/polym11030434.

[70] E.Andreasson, N. Mehmood, and S. Kao-Walter, Trouser Tear Tests of Two Thin Polymer Films, 13th International Conference on Fracture 2013, ICF 2013, vol. 5, pp.
40674077,2013.

[71] D.M.Warhurst, J. C. Slade, and B. C. Ochiltree, Comparison of Tear Test Methods, Polym Test, vol. 6, no. 6, pp. 463480, 1986.

[72] S.Wu, A. Cheng, H. Hua, and J. Shen, A study on Structure and Mechanical Properties of Polyurethane/ Organic-Montmorillonite Nanocomposites, Polymer - Plastics Tech-
nology and Engineering, vol. 45, pp. 685689, 2006, doi: https:/doi.org/10.1080/03602550600609507.

[73] M.C. Lopes et al, High Performance Polyurethane Composites with Isocyanate-Functionalized Carbon Nanotubes: Improvements in Tear Strength and Scratch Hardness,
J Appl Polym Sci, vol. 134, no. 2, pp. 113,2017, doi: 10.1002/app.44394.

[74] 1.Z.Halasz and T. Barany, Novel Bifunctional Additive for Rubbers: Cyclic Butylene Terephthalate Oligomer, Periodica Polytechnica Mechanical Engineering, vol. 59, no. 4,
pp. 182188,2015, doi: 10.3311/PPme.8321.

[75] D.Gibala, D. Thomas, and G. R. Hamed, Cure and Mechanical Behavior of Rubber Compounds Containing Ground Vulcanizates: Part IIl. Tensile and Tear Strength, Akron,
1999. doi: 10.5254/1.3538807.

[76] L.C.Tang, L. Zhao, F. Qiang, Q. Wu, L. X. Gong, and J. P. Peng, Mechanical properties of rubber nanocomposites containing carbon nandfillers. Elsevier Inc,, 2019. doi:
10.1016/B978-0-12-817342-8.00012-3.

[77] M. El Yaagoubi, D.Juhre, J. Meier, T. Alshuth, and U. Giese, Prediction of tearing energy in mode Il for filled elastomers, Theoretical and Applied Fracture Mechanics, vol. 88,
pp. 3138,2017,doi: 10.1016/j.tafmec.2016.11.006.

[78] S.N.Raman and S. D. Ehsan, Compatibility Studies on Sulphur Cured EPDM/CIIR Blends, Iranian Polymer Journal, vol. 17, no. 6, pp. 419430, 2008.

[79] N.Hewitt, EPDM Formulary, in Compounding Precipitated Silica in Elastomers, Norwich, NY: William Andrew Publishing, 2007, pp. 345385. doi: 10.1016/B978-0-8155-
1528-9.50023-0.

[80] C.W. Stewart, A New Mechanism for Increasing Tear Strength and Cutgrowth Resistance of Elastomers, J Appl Polym Sci, vol. 48, no. 5, pp. 809818, 1993, doi:
10.1002/app.1993.070480506.

[81] S.Naficy, H. R. Brown, J. M. Razal, G. M. Spinks, and P. G. Whitten, Progress Toward Robust Polymer Hydrogels, Aust 3 Chem, vol. 64, no. 8, pp. 10071025,2011, doi:
10.1071/CH11156.

[82] J.E.Mark, B. Erman, and C. M. Roland, The Science and Technology of Rubber, Fouth. 2013. doi: 10.1016/C2011-0-05820-9.

[83] E. M. Ginting, N. Bukit, Muliani, and E. Frida, Mechanical properties and mophology natural rubber blend with bentonit and carbon black, in Innovation in Polymer Science
and Technology, IOP Publishing, 2017. doi: 10.1088/1757-899X/223/1/012003.

[84] M.V.Chin-Purcell and J. L. Lewis, Fracture of Articular Cartilage, J Biomech Eng, vol. 118, no. 4, pp. 545556, 1996, doi: 10.1115/1.2796042.

[85] Y.Huang et al, Superior Fracture Resistance of Fiber Reinforced Polyampholyte Hydrogels Achieved by Extraordinarily Large Energy-Dissipative Process Zones, J Mater
Chem A Mater, vol. 7, no. 22, pp. 1343113440,2019, doi: 10.1039/c9ta02326g.

[86] D.R.King et al, Extremely Tough Composites From Fabric Reinforced Polyampholyte Hydrogels, Mater Horiz, vol. 2, no. 6, pp. 584-591, 2015, doi: 10.1039/c5mh00127g

[87] 3J.Vincent, Biomimetics with Trade-Offs. Biomimetics. 2023; 8(2):265. https://doi.org/10.3390/biomimetics8020265

[88] J.Vincent, The trade-off: a central concept for biomimetics. Bioinspired, Biomimetic and Nanobiomaterials 2017 6:2, 67-76



	Abstract
	Introduction
	Materials and Methods
	Tear Testing of Full Cocoon Walls
	Tear Testing of Individual Cocoon Layers
	Digital Microscopy and Image Analysis

	Results and Discussion
	General Observations
	Tear Properties of Cocoon Walls
	Tear Properties of Individual Cocoon Wall Layers

	Conclusions
	Electronic Supplementary Materials
	Data availability
	Acknowledgments
	Author Contributions
	Author Competing Interests
	Open Access Statement

