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Spider silk is known for its outstanding toughness at low density, making it a promising model for the
biomimetic design of advanced fibre materials. Spiders naturally do not spin single silk fibres but instead
produce bundles, or threads, composed of two or more fibres that may originate from the same or
different silk glands. Despite their ubiquity, the mechanical properties of these fibre bundles have been
largely overlooked. In this study, both naturally spun and forcibly silked fibre bundles from the cosmopolitan
cellar spider Pholcus phalangioides (Pholcidae) and naturally spun bundles from the comb-footed cellar
spider Nesticus cellulanus (Nesticidae) were examined to test whether post-spinning combinations of
different silk materials, such as stiff and soft fibres, enhance the toughness of silk bundles. Despite their
compositional diversity, tensile tests showed that the performance of fibre bundles cannot be predicted
solely from the properties or the number of the individual fibres. These findings reveal that silk fibre bundles
exhibit more complex tensile behaviour than previously recognised and demonstrate that spiders can
produce a wide range of mechanical properties through the specific post-processing and combination of
silk fibres. This principle of forming heterogeneous bundles may inspire biomimetic approaches to the
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Introduction

Spider silk is a remarkable natural material that has captivated
scientists and researchers for decades due to its outstanding
mechanical properties, combining high strength and tough-
ness while being lightweight." It is synthesised by silk glands
and extruded through spigots on spinnerets, which are paired
appendages at the end of the spider’s abdomen.” Spider silk is
primarily composed of large spidroins (spider silk proteins)
that often contain highly repetitive sequences, some of which
may form specific secondary structures, such as crystalline
B-sheets.® The interplay between these hard crystalline domains
and elastic semi-amorphous regions results in spider silk being
both strong and elastic, and hence, remarkably tough.*™°
Spiders possess several types of silk glands, each producing
a distinct type of silk with unique characteristics, based on
different base spidroin compounds with different amino acid
sequences.” The three main types of silk found in the majority
of spiders are major ampullate silk, minor ampullate silk and
aciniform silk. Major ampullate silk is the most studied type of
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post-spinning processing of recombinant silks and the design of advanced fibre materials.

spider silk. It is the main component of draglines and web
frames, and is usually produced in the highest quantities of all
silks by the spiders.® The properties and biological functions of
minor ampullate and aciniform silk have only been studied in
some orb-weaving spiders.*>® In the orb-weavers Argiope and
Larinioides, for example, minor ampullate silk is less strong
than major ampullate silk, and is used during web construction
in single-use scaffolds, such as bridging lines and auxiliary
spiral threads.>®'%'" Aciniform silk is used in prey wraps and
egg cases."” In Argiope, it was found to be the toughest of all silk
types, which is largely attributed to the superior extensibility of
aciniform fibres compared to other dry silks at similar strength."*

Natural spider silk materials frequently consist of a composite
of materials or fibres originating from one or more types of silk
glands. For example, draglines usually consist of two or four
major ampullate fibres as they originate from paired spinnerets,
each of which is equipped with the spigots (silk gland openings)
of one or two major ampullate glands. In exceptionally large
species, such as Nephila pilipes, the mooring threads of female
spiders have been observed to contain 12.0 £+ 5.0 fibres per
thread."® In other species, it was observed that draglines typically
comprise a mixture of two or more silk types: major ampullate
and minor ampullate, sometimes with the addition of aciniform
silk."* It is important to note that studies that characterised silk
properties and composition were often based on major ampullate
silk fibres that were forcibly pulled (silked) from the spinnerets of
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the immobilised spider.”” If done carefully, forcible silking
excludes any behavioural combination of silk fibre types that might
naturally occur.

Other known examples of silk fibre composites that are
naturally produced by spiders are the capture threads of orb
webs, which may exhibit a mix of extensible fibres and viscid
glue, or, as in the case of cribellar threads, a combination of
different micro- and nano-fibres.'®™® Cribellar threads usually
contain two microfibre types, which are the reserve warps (also
called undulating fibres, produced by the minor ampullate
glands) and the axial fibres (produced by the pseudoflagelli-
form gland).'*>"' These microfibres are embedded in a mass of
numerous convoluted nanofibres from the cribellar and para-
cribellar glands.*®**?*> Gumfoot threads, on the other hand, are
only partially glue-coated bundles of major and minor ampullate
silk that occur in cobweb structures and are used to ensnare
walking prey upon contact.”>** By strategically combining dif-
ferent silk types and leveraging the hierarchical structure and
interactions at various length scales, spiders have evolved fibre
bundles with optimised mechanical properties tailored for spe-
cific functions, such as web construction, prey capture, and
structural support.'®

Beyond major ampullate silk, our understanding of silk
properties in non-orb weaving spiders remains limited, parti-
cularly on minor ampullate and aciniform silk'* and threads
from a combination thereof. Although multi-fibre silk threads
have been mechanically tested in several orb-weaving spiders,
these studies have primarily examined bundles composed of a
single silk type, for example, major ampullate silk. These
examples do not involve behaviourally assembled mixtures of
different silk materials. In contrast, many non-orb-weaving
spiders, including Pholcus phalangioides and Nesticus cellulanus,
routinely spin threads that integrate two or more silk types
within the same bundle, often in behaviour-specific contexts.
The mechanical consequences of such naturally mixed-fibre
bundles have not been systematically investigated — a gap we
aim to close with this work.

The mechanical properties of fibre bundles are the product
of both the combined tensile properties of the included fibre
materials and the interactions between the individual fibres
within the bundle (friction and adhesion).'®'®*>?® In some
bundles, a single material may govern the bundle properties.
Other bundles exhibit more complex and less predictable
tensile behaviours, e.g. due to some components exhibiting
initial hidden lengths.'® Insufficient knowledge of the mechan-
ical properties of fibre bundles composed of multiple silk types
limits our understanding of how spiders naturally use silks in
natural functional contexts and restricts the potential for the
development of bioengineered silk materials based on post-
spinning fibre combinations.

The first aim of this study was to elucidate the mechanical
properties of major ampullate, minor ampullate, and aciniform
silk in a non-orb weaver spider, the cosmopolitan cellar spider
Pholcus phalangioides (Synspermiata: Pholcidae). This species
presents an intriguing case study, as our previous research has
found that these three silk types are often used in varied
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combinations in draglines, web building and prey wrapping.””
This offers the opportunity to study the effect of post-spinning
silk-type mixture in spider silk threads.

P. phalangioides produces several silk types with different
behavioural roles and mechanical requirements: drop-down
draglines provide strong support during descent and are typi-
cally composed of major and minor ampullate silk; walking
draglines balance flexibility with durability during locomotion
and can include all three silk types; bridging lines are single-
use lines used for dispersal that only contain minor ampullate
silk; and gumfoot threads act as spring-loaded, adhesive
capture lines including a larger number of fibres than the
draglines.”” As these threads are spun under different condi-
tions, differences in fibre structure and tensile performance are
expected. For example, bridging lines are extracted very quickly
with forceful movements of the legs®” and gumfoot threads are
constructed at low speeds.”® Such spinning speeds may affect
the diameter and nano-crystal alignments inside the fibres.?*°
Building on this foundation, the present study extends the
mechanical characterisation of P. phalangioides silk threads to
include gumfoot threads and forcibly silked fibre bundles
composed of major ampullate and aciniform fibres, to clarify
how the mechanical properties of single-type and multi-type
mixed fibre bundles differ from those of single silk fibres. In
addition, to exclude that our findings were merely species-
specific, we examined silk fibre bundles from Nesticus cellulanus
(Araneoidea: Nesticidae), a species from a distinct evolutionary
lineage that constructs a similar web architecture with gumfoot
threads.

Materials and methods
Silk sample collection

A total of 35 adult Pholcus phalangioides spiders were collected
from the greenhouses of the Old Botanical Garden of the
University of Greifswald, from university buildings, and from
nearby residential buildings in Greifswald. In addition, 7 adult
Nesticus cellulanus spiders were collected from Baden-
Wiirttemberg, Germany. The P. phalangioides were housed at
20-26 °C and ~70% relative humidity in plastic containers
inside a climate chamber. Nesticus cellulanus were housed
separately under cooler conditions of 11-13 °C and ~70%
relative humidity in a beverage fridge. The spiders were weekly
fed with house flies or fruit flies, and moisture was provided by
spraying water into the containers or onto cotton balls placed
inside. Spider silk threads were collected on black cardboard
frames''*'? containing three square holes (11 mm x 11 mm),
each lined with double-sided adhesive tape to secure the
threads. This design allowed three replicates of each sample
to be prepared for different analyses. Prior to usage, the card-
board frames were reversibly attached to glass microscope
slides using photo tape for stability during storage, handling,
and imaging. The photo tape was weak enough to allow the
cardboard frames to be removed easily from the slides before
tensile testing.”” Different silk threads were collected using

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 Spider silks from the behaviours observed. In violet, gumfoot. In red,

specific methods. Drop-down dragline silk was obtained by
allowing the spider to descend from a lab stand at its natural
spinning rate, and the silk thread was collected on the sample
holder from above the descending spider. The collection of
walking draglines and bridging lines followed the protocol
described by Jani (2025).>” Gumfoot capture threads are vertical
lines attached to the bottom of the container with a viscid
adhesive mass at the bottom end. Sections of these threads
(above the viscid mass) were collected by placing the sample
holder vertically and moving it closer until the thread adhered
to the sample holder. Excessive thread (from the above tangle)
was cut off. The different thread types are illustrated in Fig. 1.

Aciniform fibres and posterior median spinneret (PMS)
fibres (minor ampullate with adhered aciniform silk) were
collected by forcible silking. For this, the spiders were anaes-
thetised with CO, and restrained on a small Styrofoam platform
with thin strips of masking tape. Under a stereomicroscope, the
spigots of the posterior median spinnerets were observed, with
each spinneret possessing one minor ampullate and one acini-
form gland spigot. Aciniform spigots are identifiable as the
smallest spigots with a cylindrical tip. Single aciniform fibres
were extracted by carefully approaching the spinneret using a
custom-made tool. This tool was prepared by attaching an
insect pin (tip radius 0.20 mm) to the tip of a glass pipette.
The tip of the pin was gently abraded on the surface to create a
small curvature, which helped the fibre remain attached to the
pin during extraction. In some cases where fibre extraction was
difficult, the fourth leg of a dead specimen of P. phalangioides
was mounted on a toothpick and rubbed gently over the
spinnerets to help release the fibres. However, this method
was not consistently successful, and the reason for fibre release
remained ambiguous and random. Once a fibre became
attached to the probe, it was pulled from the spigot at a slow
and steady pulling speed of approximately 1 mm s~ '. This
speed was achieved through repeated practice to standardise
hand movement, as motorised reeling was not feasible for these
small spiders and small distances. Only short strands of silk
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bridging line. In orange, walking dragline. In blue, drop-down dragline.

could be extracted, as even slight mechanical vibrations caused
premature fibre breakage and resulted in inconsistent or
unusable threads. Although minor variation in hand-driven
pulling speed is unavoidable, repeated trial collections con-
firmed that the produced fibres were of consistent diameter
and morphology. The extracted fibres were subsequently
mounted on single 11 mm x 11 mm cardboard frames. For
PMS fibre bundles, all fibres originating from the posterior
median spinnerets (i.e., both minor ampullate and aciniform)
were jointly pulled out and mounted on cardboard frames and
secured it on glass slides. Isolated minor ampullate fibres could
not be extracted. Also, trials to forcibly silk major ampullate silk
from P. phalangioides remained unsuccessful.

Before the tensile tests, silk samples were secured with
water-based white liquid glue along the edges of the cardboard
frame (fixing the gauge length of the mounted fibre sample),
and a small piece of paper was placed on top of the remaining
double-sided sticky tape to prevent adherence to the nano-
tensile machine clamps.

Microscopy

We utilised an inverted polarised transmission light micro-
scope (AXIO Vert.Al, Carl Zeiss Microscopy Deutschland
GmbH, Oberkochen, Germany) to examine the number of
fibres within each silk thread sample.*® Using the ZEN3.7
software, we measured the diameter of these fibres, obtaining
5-10 diameter values in different places of the same fibre type
and subsequently calculating the average value per thread.
For additional information on the fine structure of different
silk threads, we mounted a selection of naturally spun thread
samples onto aluminium stubs with double-sided adhesive
carbon tape. The samples were sputter-coated with Au-Pd
(ratio: 80/20; polaron SC7640) and viewed in a scanning elec-
tron microscope (SEM) (Zeiss EVO LS 10, Carl Zeiss, Oberko-
chen, Germany) and field emission scanning electron
microscopy (FE-SEM) (Zeiss Supra 40VP, Carl Zeiss, Oberko-
chen, Germany). Additionally, to examine fibre morphology
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before and after mechanical deformation, we stretched selected
dragline and gumfoot bundles to defined strain levels of 0.10,
0.30, and 0.40 mm mm ' and imaged them using field emis-
sion scanning electron microscopy (FE-SEM).

For Pholcus phalangioides, sample size varied among silk types:
two-fibre draglines were measured from two samples (taken from
two spiders), four-fibre draglines from three samples (taken from
three spiders), walking draglines from eleven samples (taken
from five spiders), bridging lines from seven samples (taken
from four spiders), and gumfoot threads from six samples (taken
from three spiders). For Nesticus cellulanus, two-fibre draglines
were measured from two samples (taken from two spiders), while
four-fibre draglines, walking draglines, and gumfoot threads
were each measured from one sample (taken from one spider).
In this study, a sample refers to a single silk bundle segment
mounted for mechanical testing or SEM imaging. Different silk
samples collected from the same spider were treated as indepen-
dent samples. All fibre diameter measurements for the morphol-
ogy analysis were obtained from scanning electron micrographs.
For each sample, fibre diameters were measured at several
positions along the same fibre type, and the values were then
averaged. The reported standard deviations, therefore, represent
variation among measurements of the same silk type from
different individuals and locations within each bundle.

Characterisation of mechanical properties

We utilised the T150 Universal Testing Machine (KLA, Milpitas,
California, USA) to record force-extension data. Tensile tests
were conducted at a constant extension rate of 1% strain
per second until the fibre reached its breaking point, with a
load resolution of 50 mN and extension resolution of 35 nm.
Details of the testing procedure followed Blackledge and
Hayashi."' The combined cross-sectional area used for the
calculations of engineering stress was determined based on
the number and average diameter of each fibre type present in
the thread. The effective bundle cross-section area was calcu-

lated as Apunae = 5. 7(d;/2)?, where i indicates the different

1
fibres in the bundle, and d is the fibre diameter.

All experiments were conducted under controlled environ-
mental lab conditions (21.1-22.8 °C; relative humidity 30-40%).
The calculation of engineering stress-strain curves and tensile
properties such as stress at break (ultimate engineering
strength), strain at break (ultimate engineering strain, or
extensibility), Young’s modulus, and toughness was performed
using the KLA NanoSuite software.

Weibull distribution analysis

The variability in silk bundle strength was analysed using
classical fracture mechanics principles. Following the
weakest-link theory for fibrous materials, the failure strength
of silk bundles was assumed to follow a two-parameter Weibull

distribution:
s m
P(o) =1—exp (—G~ (—) ) (1)
a0
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where P(c) represents the cumulative failure probability at
stress o, G is the geometrical parameter, m is the shape
parameter indicating the repeatability of strength values, and
0o is the scale parameter representing the characteristic
strength. To account for size-dependent effects, a modified
Weibull distribution was employed:

ool (G () o

where G represents the cross-sectional area of the bundle, G, is
the reference area (set to unity), and v is the size effect
parameter. The Weibull parameters were determined using
both linear regression and maximum likelihood methods on
the linearised form of the distribution.

A goodness-of-fit test was performed for each silk bundle
type, using o = 0.05. Calculations and tests were performed
using Python (version 3.12) and the Scipy®* library.

Fracture mechanics analysis

The relationship between bundle strength and geometrical
parameters was investigated using Griffith’s criterion for elastic
fracture. According to this criterion, the fracture stress scales as:

vE
D

(3)

af =

where y is the strain energy release rate, E is the elastic modulus,
and D is the equivalent fibre diameter calculated as d = 2\/A—/n,
with A being the total cross-sectional area. Linear regression
analysis was performed to evaluate correlations between strength
and both \/E/d and /1/d, with statistical significance assessed
using p-values (using o = 0.05) and coefficients of determination.
Calculations and tests were performed using Python (version
3.12) and the Scipy®* library.

Finite element modelling

A linear elastic finite element method (FEM) analysis was con-
ducted to investigate the mechanical behaviour of multi-fibre
bundles under tensile loading. We considered different bundle
geometries to verify the stress concentrations in different contact
scenarios between fibres and considering partial fracture of the
fibres in the bundle. The simulations were run using the linear
elastic solver for solids provided by the library and the FEM
environment MOFEM.*® More details on this approach are
provided in the SI

Statistical analysis

Individual specimen variability was assessed by calculating
relative standard deviations for mechanical properties both
within individual spiders and across the entire population.
Cross-sectional area measurements were correlated with
strength values using logarithmic regression to determine
size-effect relationships. All statistical analyses were performed
with significance levels set at o = 0.05, and correlations were
evaluated using Pearson correlation coefficients. One-way ana-
lysis of variance (ANOVA) was conducted to compare the

This journal is © The Royal Society of Chemistry 2026
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individual tensile properties, including stress at break, strain at
break, Young’s modulus, and toughness, among seven types of
silk threads for P. phalangioides and four types of silk threads
for N. cellanus, corresponding to all the different varieties of silk
bundles and single-silk fibres we were able to obtain from both
species. Post-hoc Tukey’s HSD tests were performed to test for
pairwise differences after positive ANOVA analysis results.

Results
Morphology of Pholcus phalangioides silk threads

Scanning electron micrographs of naturally spun threads con-
firmed that P. phalangioides spiders produce threads composed
of multiple fibres. As reported in previous works, walking
draglines contained four to six fibres,”” whereas gumfoot
threads consisted of six to eight fibres.>* In contrast, bridging
lines consistently contained only two fibres per bundle.”” The
ultrastructural analysis of the silk bundles showed that the
fibres run in a quasi-parallel way, without showing excessive
roughness, knots or any other topological features (Fig. 2).

To identify which fibre types were present in each bundle,
we referred to the fibre diameter ranges for each silk type as
reported by Jani et al>’ The proposed bundle compositions
were inferred from the relative diameter differences between
fibres observed in our SEM measurements. The two-fibre (N2)
dragline (Fig. 2A) is likely composed of major or minor ampul-
late silk (diameter 0.947 + 0.201 pm), whereas the four-fibre
(N4) dragline (Fig. 2B) may consist of two major (diameter 0.433 +
0.018 pm) and two minor ampullate fibres (diameter 0.760 +
0.112 pm). Occasionally, aciniform fibres (diameter 0.276 +
0.039 um) were additionally present (N6). Walking draglines
(Fig. 2C) may include two minor ampullate (diameter 1.078 +
0.027 pm), two major ampullate (diameter 0.380 + 0.029 pm),
and up to two aciniform fibres in the six-fibre configuration,
while the four-fibre configuration may consist of minor ampul-
late and aciniform fibres. Bridging lines (Fig. 2D), by contrast,
appeared to contain only two minor ampullate fibres (diameter
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1.018 £ 0.016 pm). Gumfoot threads (Fig. 2E) with six fibres are
composed of two minor ampullate (diameter 0.861 + 0.029 pm),
two major ampullate (diameter 0.321 £ 0.044 pm), and acini-
form fibres (diameter 0.175 + 0.030 pm), whereas the eight-fibre
gumfoot threads include two additional major ampullate fibres.
Both the major and minor ampullate fibres within gumfoot and
four-fibre dragline threads exhibited smaller diameters than
those observed in two-fibre dragline and bridging line bundles,
suggesting that fibre size may be modulated according to func-
tional or spinning conditions. For comparison, scanning elec-
tron micrographs of forcibly spun PMS thread and aciniform
fibre, which do not reflect natural spinning conditions, are
provided in the SI (Fig. S13).

We further investigated the effect of partial stretching on the
structure of the fibre bundles. The N4 drop-down dragline
samples and gumfoot threads were subjected to strains below
their respective breaking points: dragline samples were stretched
to 0.1 mm mm™*, while gumfoot threads were stretched to 0.3
and 0.4 mm mm . Across the two strained N4 dragline samples
examined under the scanning electron microscope, deformation
of the medium-sized fibres was observed in only one sample. In
this sample, several fibres transitioned from a circular to a
flattened or constricted cross-section (Fig. 3A and B), suggesting
that the fibres experienced lateral compressive forces in addition
to axial tension. The other N4 sample did not show comparable
deformation. Instead, it exhibited shallow, scratch-like surface
features, while the second sample showed a thin coating that
caused several fibres to adhere closely to one another. Both
observations are shown in the SI (Fig. S12). The scratch-like
patterns are interpreted as local surface defects. In the coated
sample, fracture appears to initiate at regions where fibres
adhere to one another and intersect with surface scratches,
which differs from the first sample, where failure was initiated
by the early fracture of thinner fibres.

Under 0.3 mm mm’™ " strain, six fibres were observed in gum-
foot threads, with three distinguishable fibre types (Fig. 3C-F): two
large, two medium, and two small fibres, corresponding to
minor ampullate, major ampullate and aciniform silk,

Fig. 2 Scanning electron micrographs of Pholcus phalangioides silk bundles naturally spun in different behavioural contexts. (A) Two-fibre drop-down
dragline (N2), (B) four-fibre drop-down dragline (N4), (C) walking dragline, (D) bridging line, and (E) gumfoot thread.

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 Scanning electron micrographs of naturally spun Pholcus phalangioides silk bundles subjected to tensile stretching at different strain levels: (A)
and (B) N4 drop-down dragline after 10% mm mm™? strain, (C)—(F) gumfoot thread after 30% mm mm™! strain, and (G) and (H) gumfoot thread after

40% mm mm™* strain.

respectively. The images show that the major ampullate silk
fibres had broken, while the minor ampullate and aciniform silk
fibres remained intact (Fig. 3H). In some regions of the bundle,
all fibre types were separated (Fig. 3E). The broken major
ampullate fibres had a diameter of approximately 200 nm after
failure. A similar pattern was observed in gumfoot threads
containing more than six fibres under 0.4 mm mm ' strain
(Fig. 3G and H), the medium-sized fibres consistently broke first
under tensile load. Notably, fibre fracture did not occur at a
single location; instead, partial breaks appeared along the fibre
length, with some segments remaining intact while others failed,

1460 | Soft Matter, 2026, 22, 1455-1472

indicating that rupture occurs progressively rather than instan-
taneously along the bundle.

Morphology of Nesticus cellulanus silk threads

In N. cellulanus, we observed a uniform bundle composition
across the bundle length, parallel fibre direction, and no
particular roughness or any other topological features of the
bundle. The drop-down dragline of N. cellulanus exhibits simi-
larities to that of P. phalangioides, with spiders producing both
two- and four-fibre draglines. N2 draglines (Fig. 4A) consisted
of two fibres (diameter 1.031 £ 0.59 um), while N4 draglines

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 Scanning electron micrographs of naturally spun Nesticus cellulanus silk bundles naturally spun in different behavioural contexts. (A) Two-fibre
drop-down dragline (N2), (B) four-fibre drop-down dragline (N4), (C) walking dragline and (D) gumfoot thread.

(Fig. 4B) were composed of two medium fibres (diameter 0.665 +
0.02 um) and two smaller fibres (diameter 0.268 + 0.02 um),
probably corresponding to major ampullate and minor ampul-
late silk, respectively (as in this species, in contrast to P. phalang-
ioides, the major ampullate gland spigots have a larger diameter
than the minor ampullate gland spigots). Walking draglines
(Fig. 4C) were composed of two large fibres (diameter 1.062 +
0.03 um) and two medium fibres (diameter 0.603 £+ 0.02 um).
The gumfoot threads of N. cellulanus (Fig. 4D) contained a pair of
large fibres (diameter 1.686 + 0.03 pm) and a pair of slightly
smaller fibres (diameter 1.351 & 0.02 pm). We note that different
samples selected for SEM were from different spider individuals
of different sizes, explaining some of the reported size variation
of the major ampullate fibres.

Mechanical properties of Pholcus phalangioides silk

Stress-strain curves of both single silk and mixed bundles gen-
erally exhibited shapes characteristic of spider silk, with a short
elastic phase, followed by a switch in stiffness, sometimes fol-
lowed by a phase of strain-hardening (Fig. 5). In the case of multi-
fibre bundles, force dips indicating internal single-fibre fractures
were minimal and expressed multi-peak fractures were rare.
Mechanical properties differed between different silk types and
bundle configurations as follows. For stress at break (Fig. 6A) there
was a significant difference only between bridging lines and pure
aciniform silk (Fig. 6A). For strain at break (Fig. 6B), gumfoot
threads, aciniform silk, and PMS bundles were significantly
different from walking draglines and N2 drop-down draglines.
On average, gumfoot threads, aciniform silk, and PMS bundles

100 Silk type
E 1200 = Drop-down dragline (N2)
E - Drop-down dragline (N4)
$ 1000 — Bridging line
o I - :
L 800 Walking dragline
2 —PMS
o
E S00 —— Gumfoot
[ -
g 400 Aciniform
2
w200

0.0 0.1 0.2 0.3 0.4 0.5

Engineering strain (mm/mm)

Fig. 5 Comparative stress—strain curves of naturally spun Pholcus phalangioides silk bundles (N2 two-fibre dragline, N4 four-fibre dragline, walking
dragline, bridging line, and gumfoot thread) and forcibly silked samples (single aciniform fibre and posterior median spinneret fibre bundle, PMS).
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could be elongated more than drop-down and walking draglines, and lowest in pure aciniform silk, indicating that N2 draglines can
whereas walking draglines could be stretched more than N2 drop-  resist higher forces before deforming irreversibly. The highest load
down draglines. Yield stress (Fig. 6C) was highest in N2 drop-down at break was observed in bridging line threads, which are
draglines (i.e., assumed to be pure major or minor ampullate silk) composed of two fast-spun minor ampullate fibres (Fig. 6D).
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The modulus of N2 draglines was significantly higher than
that of aciniform silk (Fig. 6E), consistent with the observed
differences in yield stress. As shown in Table 1, the toughness
of gumfoot threads was lower than that of walking draglines and
bridging lines, whereas PMS threads exhibited the highest tough-
ness among all silk types. Young’s modulus values of gumfoot
threads and PMS threads were relatively low, exceedingly only
those of aciniform fibres, while N2 draglines showed the highest
modulus. Finally, the toughness of naturally collected walking
draglines, bridging lines, and manually collected PMS threads
was significantly greater than that of aciniform silk (Fig. 6F),
reflecting their greater ability to absorb energy before failure.

Mechanical properties of silk threads in Nesticus cellulanus

Drop-down draglines from Nesticus cellulanus could be classified
into two types, consisting of either two (N2) or four (N4) fibres. As
shown in Fig. 7, N2 and N4 drop-down draglines exhibited
comparable tensile behaviour. Walking draglines, by contrast,
showed the lowest yield stress and stress at break, whereas the
strain at break did not differ substantially among the tested
samples.

As shown in Fig. 8, no significant differences were observed
among the silk types for stress at break (Fig. 8A), modulus
(Fig. 8E), or toughness (Fig. 8F). However, strain at break
(Fig. 8B) and maximum load (Fig. 8D) were significantly higher
in gumfoot threads compared to N2 drop-down draglines. For
yield stress (Fig. 8C), N2 drop-down draglines differed signifi-
cantly from both gumfoot threads and walking draglines, whereas
gumfoot and walking draglines did not differ from each other.

Analysis of silk bundle strength in P. phalangioides

The strength distributions of all P. phalangioides silk bundle
types were in agreement with the two-parameter Weibull dis-
tribution, confirming that failure follows the weakest-link
principle, characteristic of fibrous materials. Both linear regres-
sion and maximum likelihood estimation methods yielded
compatible results for parameter determination. The manually
collected posterior median spinneret bundles exhibited the
weakest correlation with the Weibull model (R* = 0.839), whilst
all other thread types showed strong adherence to the theore-
tical distribution (R* > 0.857). All found distributions showed
p-values higher than « = 0.05, confirming the goodness of fits.

The Weibull analysis revealed considerable variation in
mechanical reliability across silk bundle types. Results are
presented in Table 2, while the Weibull plots are illustrated
in Fig. 9A. Further details on the analysis are reported in the SI.
Bridging lines demonstrated the highest characteristic strength
(00 = 1280.4 MPa), but exhibited the greatest variability, with a
shape parameter of m = 2.39, indicating the least repeatable
strength values. Conversely, gumfoot bundles displayed the
most consistent mechanical behaviour, m = 6.71, despite having
the lowest characteristic strength (o, = 721.8 MPa).

Analysis of the size effect parameter v revealed that four of
the six bundle types exhibited considerable geometrical scaling
effects. The drop-down draglines and bridging lines demon-
strated v values ranging from 1.89 to 4.92, exceeding the
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Fig. 7 Comparative stress—strain curves of naturally spun two-fibre dragline, four-fibre dragline, walking dragline, and gumfoot thread from Nesticus

cellulanus.

normally expected of 0-1.°"** When v > 1, the material exhibits

enhanced size effects beyond those predicted by classical linear
elastic fracture mechanics, indicating that effective flaw size
decreases more rapidly with specimen dimensions than geometric
similarity would predict. This result is not explainable by the
inclusion of bundle effects, as the inclusion of non-load bearing
fibres should cause a decrease of the scale effect, and not an
increase. Indeed, this is the behaviour observed in gumfoot
threads. The PMS fibre bundles, the gumfoot threads, and the
aciniform silk fibres exhibited non-significant scaling relationships.

Fracture mechanics analysis for P. phalangioides

Six of the seven thread types demonstrated statistically signifi-
cant correlations between strength and the square root of the
modulus-to-diameter ratio (,/(E/d)), as predicted by Griffith’s
criterion for elastic fracture (Table 3). The strength of these
correlations varied considerably across silk types, with bridging
lines and walking draglines showing the strongest adherence to
the energy criterion (R* = 0.874 and R* = 0.832, respectively).
Drop-down draglines exhibited robust correlations for both two-
fibre (R> = 0.801, p = 8.41 x 10 °) and four-fibre configurations
(R*=0.520, p = 0.012). The relationships are illustrated in Fig. 9B.

In contrast, posterior median spinneret fibre bundles, acini-
form silk fibres, and gumfoot threads showed weaker correla-
tions with the Griffith relationship, with gumfoot threads failing
to achieve statistical significance (p = 0.071). This deviation
suggests that these thread types may not follow classical linear
elastic fracture mechanics, potentially due to different internal
load-bearing mechanisms or the presence of systematic errors in
cross-sectional area measurements arising from non-cylindrical
fibre geometry, surface coatings, or, in the case of aciniform
fibres, the low values of diameters and Young’s moduli.

When correlations were analysed using the simplified rela-
tionship ¢ oc 1/,/d (excluding the modulus term), all silk types
exhibited reduced coefficients of determination and decreased

1464 | Soft Matter, 2026, 22,1455-1472

statistical significance. This reduction in correlation strength, parti-
cularly evident in drop-down draglines, where R*> decreased from
0.801 to 0.670 for two-fibre bundles, underscores the critical
importance of Young’s modulus variability in governing silk bundle
strength. Further details on the analysis are reported in the SL

These results indicate that, despite their nonlinear stress-
strain behaviour, P. phalangioides silk bundles fundamentally
adhere to classical fracture mechanics principles. However, the
substantial variation in Young’s moduli within individual
bundle types cannot be adequately represented by average
values alone. Each bundle appears to be individually tuned
during the spinning process, suggesting that spiders can mod-
ulate silk stiffness to achieve specific mechanical targets rather
than maintaining consistent material properties.

Statistical and fracture analysis for N. cellulanus

Due to limited variation in bundle cross-sectional areas, the
fewer produced bundle silk types, and the smaller sample sizes,
the statistical and fracture analysis for N. cellulanus lead to less
significant results. The results are provided in the SI.

The Weibull analysis for N. cellulanus confirmed that all four
bundle types followed the weakest-link failure principle. Gum-
foot bundles exhibited the greatest variability in strength
values. The fracture mechanics analysis revealed that N. cellu-
lanus bundles also demonstrated higher strength correlations
when Young’s modulus variation was incorporated into
strength predictions. Two-fibre drop-down draglines and walk-
ing draglines showed strong adherence to Griffith’s criterion
using the \/E/d relationship, with substantially reduced corre-
lations when modulus variation was ignored. Consistent with
P. phalangioides, gumfoot bundles showed no meaningful
correlation between strength and cross-sectional area, suggest-
ing the presence of primary load-bearing fibres with minimal
contribution from additional bundle components.

This journal is © The Royal Society of Chemistry 2026
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Finite element modelling of bundle mechanics mechanical behaviour during the elastic loading phase. Results

Finite element analysis confirmed that contact scenarios are presented in the SI. Models comparing separated fibres,
between fibres within bundles do not significantly influence fibres in contact, and completely fused four-fibre configurations

This journal is © The Royal Society of Chemistry 2026 Soft Matter, 2026, 22,1455-1472 | 1465
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Table 2 Results of the two-parameter Weibull analysis conducted on each silk type for P. phalangioides, and the scale parameter v found when studying the
proportionality between strength and cross-section according to the modified Weibull distribution, with asterisks between brackets indicating its significance

Silk type Sample size o [MPa] Ao [MPa] Ccv m a0 [MPa] p-value R v
Drop-down dragline (N2) 12 998.3 198.4 0.199 4.86 1088.6 0.75 0.962 2.999 (*¥)
Drop-down dragline (N4) 11 937.4 174.6 0.186 5.44 1014.2 0.76 0.962 4.92 (*¥)
Walking dragline 16 1001.4 277.2 0.277 3.41 1121.9 0.40 0.909 3.117 (**)
Bridging line 17 1123.7 440.8 0.392 2.39 1280.4 0.99 0.987 1.789 (*¥)
PMS 11 731.0 156.7 0.214 4.83 798.0 0.52 0.839 —0.41 (ns)
Gumfoot 14 674.6 108.8 0.161 6.71 721.8 0.74 0.857 0.54 (ns)
Aciniform 10 364.7 147.4 0.404 2.36 417.2 0.88 0.895 0.44 (ns)

all yielded identical load-displacement responses in the linear
elastic region. The calculated loads matched those predicted by
simple linear superposition, validating the applicability of classi-
cal elasticity theory to multi-fibre silk bundles under small defor-
mations. However, simulations of partially fractured bundles for
an identical value of externally applied displacement revealed that
contact between the fibres leads to the development of high,
localised stress concentrations, of intensity depending from the
considered geometry but always higher than the value found at
equilibrium for an intact bundle. These stresses accumulated at
the interfaces between broken and intact fibres, propagating to
neighbouring fibres and surpassing the critical stress of all fibres
in the bundle, leading to catastrophic failure (Fig. 10). This result
was found for every possible Young’s modulus, strain at break and
stress combination in the range of the mechanical properties
found in this study for load bearing fibres of P. phalangioides, i.e.
major ampullate and minor ampullate fibres. This stress redis-
tribution mechanism explains the absence of multiple prominent
peaks in the experimental load-elongation curves, confirming that
bundle failure occurs as a single avalanche event rather than
through sequential individual fibre failures, except for thin fibres
that contribute only little to the bundle’s load bearing capacity (see
results of scanning electron microscopy of strained fibres and
Fig. 3, and little dips in the stress-strain curves of the gumfoot and
PMS thread sample in Fig. 5). The models demonstrated that,
when fibres are clamped at both ends and loaded in parallel,
contact between fibres does not influence elastic behaviour, and
all fibres behave as independent media with uniform distributed
strain. These results were obtained considering a Poisson’s ratio of
0.3, and are not affected by the transverse strains. The modelling
results support the experimental observation that silk bundles
behave mechanically as equivalent single fibres with cross-
sections equal to the sum of their constituent fibres. This beha-
viour validates the use of the Weibull distribution analysis for
bundle strength characterisation and confirms that the observed
strength-geometry correlations reflect fundamental material prop-
erties rather than inter-fibre interactions while all fibres are intact
and stress distribution is homogeneous.

Discussion

Behavioural context and the overlooked complexity of multi-
fibre silk bundles

Spider silk research has traditionally focused on the mechan-
ical properties of single fibres and their relationship to

1466 | Soft Matter, 2026, 22,1455-1472

molecular structure,>'® whilst the mechanical behaviour of

multi-fibre bundles has received far less attention. Most studies
have examined forcibly silked fibres from immobilised
spiders,">***® thereby excluding the behavioural fibre combina-
tions that occur during spinning. Although cribellate capture
threads represent one well studied example of a multi-fibre
composite that combines axial fibres, reserve warps and nanofibres
into an adhesive and highly extensible structure,'® their architec-
ture differs fundamentally from the straight, parallel fibre bundles
investigated here. In cribellate threads, most components are
highly coiled or looped, producing tensile behaviour that is
dominated by uncoiling rather than by load sharing among parallel
fibres."®'® In contrast, dragline, bridging and gumfoot threads in
Pholcus phalangioides and Nesticus cellulanus consist of fibres that
run mostly in parallel, making them well suited for testing how
spiders combine silk types to create mechanically integrated load
bearing bundles. We addressed this gap by examining naturally
spun silk bundles in these two non-orb weaving spiders, allowing
us to assess how fibre composition, behavioural context and post
spinning organisation together influence mechanical performance.

Our study reveals that mechanical properties of P. phalan-
gioides bundles violate predictions from composite mechanics.
Bridging lines (two minor ampullate fibres) bore on average 1.3
times higher maximum loads than gumfoot threads, despite
the latter containing six to eight fibres, including two minor
ampullate fibres plus additional silk types, and a larger overall
cross-section. Under Hooke’s law for parallel clamped fibres,
gumfoot load should equal or exceed bridging line load, and
the minor ampullate contribution alone should match bridging
lines, with additional fibres only increasing the total. The
difference found is not justifiable by the smaller fibre cross-
sections found in minor ampullate fibres included in gumfoot
threads compared to ones forming bridging line threads: gum-
foot threads still show a higher average cross-section, due to the
higher number of included fibres. This indicates that ‘“minor
ampullate” fibres differ fundamentally between thread types,
depending on spinning conditions. Similarly, gumfoot threads
exhibited Young’s modulus 2.2 times lower than N2 draglines,
despite both containing primarily ampullate fibres. This varia-
tion is not explainable by the sole inclusion of aciniform silk
fibres, due to the relatively low contribution expected from
them when considering their small cross-sectional area, = 15%
of the area of the ampullate fibres.

The distinct mechanical behaviour of gumfoot threads and
bridging lines can be linked to their spinning behaviours.

This journal is © The Royal Society of Chemistry 2026
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Fig. 9 Weibull and fracture analysis on the bundles spun by P. phalangioides. (A) Weibull plot, showing the logarithm of the strength against the

logarithm of the negative logarithm of the survival probability (1 — P). Linear

regression results are reported as dashed lines for each thread type. All thread

types agree with the weakest-chain link distribution. (B) Fracture mechanics relationships for P. phalangioides threads, showing the squared ratio of the

Young's modulus and the bundle equivalent diameter against the strength.

The plot demonstrates the correlation between stress at break and the square

root of the Young's modulus-to-diameter ratio for each thread type. Linear regression fits (dashed lines) validate the prediction illustrated in ref. 41, as
predicted by Griffith's criterion. Aciniform silk fibres are excluded here due to scale differences (see SI).

Gumfoot construction in P. phalangioides is highly stereotyped:
the spider moves slowly toward the substrate, attaches the line,
and then ascends while laying and tensioning silk to store elastic
energy.”® This behavioural consistency likely contributes to the
low variation in gumfoot thread properties, regardless of fibre
number. In contrast, bridging line construction, although also
stereotyped, involves alternating leg movements that produce
variable reeling speeds and bundle strengths,”” as confirmed by

This journal is © The Royal Society of Chemistry 2026

the Weibull analysis. These different spinning behaviours explain
the mechanical differences: gumfoot threads are deposited under
tension within the web, which may prestrain the fibres and affect
their extensibility and toughness,””*® whereas the higher speed
spinning of draglines and bridging lines can lead to stiffer fibres,
adapted to load-bearing functions.”” Furthermore, there is also a
difference between bridging lines and drop-down draglines, as
the latter are produced via whole body descent.
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Table 3 Fracture mechanics analysis correlating bundle equivalent diameter with tensile strength for P. phalangioides, using the relationships ¢ o<
VE/Vd and ¢ o 1//d for each silk bundle type, presenting coefficients of determination (R?) and statistical significance (p-values)

ovs.\/E/d

ovs.\/E/d avs.\/1/d avs.\/1/d

Silk type d [pm] E [GPa] pvalue R’ pvalue R?

Drop-down dragline (N2) 0.973 17.098 8.41 x 107° 0.801 0.001 0.670
Drop-down dragline (N4) 1.302 13.575 0.012 0.520 0.006 0.586
Walking dragline 1.628 11.907 8.72 x 1077 0.832 417 x 107* 0.601
Bridging line 1.366 14.281 3.93 x 10°° 0.874 0.003 0.462
PMS 1.272 9.035 0.033 0.413 0.810 0.007
Gumfoot 1.487 7.860 0.071 0.247 0.626 0.020
Aciniform 0.527 3.212 0.031 0.461 0.930 0.001

Fig. 10 Stress distributions in fibre bundles in intact and partially fractured scenarios. The outer fibres have an area four times larger than the internal
ones. (A) Intact bundle. For every geometrical configuration, the stress is homogeneously distributed outside of the clamped region. The ratio between
the stresses in the different fibres reflect the ratios between the different Young's moduli. (B) Failure of a large fibre. Stresses concentrate at the interface
with neighbouring fibres for all contact scenarios. Stresses at the interface between the neighbouring fibre and the fracture are =100 times higher than in
figure A. (C) Failure of a small fibre. Here, stress concentrations lead to stresses =4 higher than in figure A. In both figures (B) and (C), stress concentration
would lead to an avalanche that leads to immediate fracture of the entire bundle. Similar results are found for all geometrical configurations considered.

This finding demonstrates that silk type classification by
gland origin inadequately predicts mechanical behaviour, con-
sistent with Blackledge et al (2005), who demonstrated that
capture-thread performance in cobweb spiders depends on
more than fibre composition.””*”*>*® Instead, the same gland
can produce fibres with differing load-bearing capacity depend-
ing on the spinning context.’®

Influence of bundle architecture and morphology

Morphological analysis revealed distinct fibre arrangements
across behaviours in P. phalangioides: producing two fibres

1468 | Soft Matter, 2026, 22, 1455-1472

for drop-down draglines and bridging lines, yet incorporating
more complex arrangements of four fibres for certain draglines,
six fibres for walking draglines, and six to eight fibres for
gumfoot threads.”* While the glandular origin of each fibre
type observed in the bundles was not directly observed, we
could infer the silk types from the systematic differences in
fibre diameters and previously reported gland activation pat-
terns during different spinning behaviours.>””*> The two-fibre
drop-down draglines and bridging lines are consistent with
production from a single silk gland type of major ampullate
and minor ampullate silk, respectively.”” In contrast, the more

This journal is © The Royal Society of Chemistry 2026
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complex bundles contain fibres of multiple diameter classes,
which is consistent with the involvement of additional silk
types, such as aciniform silk, as reported previously for this
species.

Our morphological observations also challenge the preva-
lent assumption that draglines are solely made of major
ampullate silk.">*® Instead, multiple fibre types were incorporated
across different behavioural contexts. Silks produced during
locomotion, web construction, or prey capture exhibited distinct
stress-strain profiles, indicating behavioural control over fibre
composition and spinning conditions.*>**™” This is also evident
for forcibly silked fibre bundles from the posterior median
spinneret, which should exhibit properties dominated by minor
ampullate silk, yet their maximum load differed from those of
walking draglines, which are spun from the same material and
were more similar to gumfoot threads. Whilst previous work
demonstrated humidity and reeling speed effects on individual
silk fibres,”®®° our results extend these observations to naturally
spun multi-fibre systems, and potentially reveal that spider beha-
viour can influence the internal structure of the fibres.

Mechanical performance scaling, variability, and fracture
behaviour

Our tensile tests show trends in how performances vary between
bundles of different sizes. Within dragline types, load scaled
predictably: N4 draglines sustained 1.7 times greater loads than
N2 draglines, close to the approximate twofold increase. How-
ever, Young’s modulus decreased from N2 to N4 draglines (from
17.10 to 13.57 GPa), indicating the inclusion of softer silks.

Statistical analysis using the Weibull distribution revealed
that multi-fibre bundles showed more reproducible strength
than two-fibre threads, with shape parameters in Table 2 ran-
ging from m = 6.71 for gumfoot threads to m = 2.39 for bridging
lines. These values exceed those found in previous spider silk
studies, typically ranging from 1.5-3.0,*° indicating a relatively
high repeatability in P. phalangioides threads. The advantage of
multi-fibre configurations, therefore, lies in more predictable
strength rather than enhanced load-bearing capacity, challen-
ging the assumption that spiders use redundancy to enhance
mechanical performance. Furthermore, all silk threads agree
with Weibull statistics, indicating that the bundles fail cata-
strophically once a load-bearing fibre fails. It should be noted
here that spider silk has a Poisson’s ratio usually of 0.3.>° At
high strain, we expect the cross-section restriction to happen
asymmetrically, as the constraints given by the surrounding
fibres in contact act on the bundle. It is impossible to estimate
the effects of this restriction on the fracture behaviour of these
bundles without knowing the properties of the individual
fibres; however, we can predict that, while the interaction
between the fibres holds, the bundle should behave as a single
restricting unit, and the contact area between the fibres should
increase. If a critical shear stress is reached, the adhesion layer
would fail and the two fibres would separate abruptly. We
found no clear evidence from our study about which of the
two behaviours is more common in the bundles of P. phalan-
gioides and N. cellanus.

This journal is © The Royal Society of Chemistry 2026

View Article Online

Paper

Fracture mechanics analysis revealed correlations between
strength and /E/d for all dragline and bridging line bundle
types, consistent with material fracture predictions based on a
crack of characteristic size d. However, these relationships hold
only if we consider for each bundle its specific Young’s mod-
ulus. When scale alone was used as a predictor, or if an average
value of Young’s modulus was considered for each gland
product, the strength correlations failed. This supports the
idea that each thread behaves similarly to a single fibre of
distinct stiffness and strength, rather than a combination of
fibres with pre-determined Young’s moduli.

The computational models validated both the Weibull and
the fracture analysis. The finite element method showed that,
when parallel fibres clamped at both ends are extended, contact
between fibres does not influence elastic behaviour, as com-
pletely fused fibres had the load response predicted by Hooke’s
law for separated fibres until the first fracture. After the
ultimate strength of any major load-bearing fibre in the bundle
is reached, contact between the fibres causes stress concentra-
tions to accumulate on the surviving fibres at the border of the
forming crack (Fig. 10), thus leading to a rapid failure propaga-
tion throughout the entire bundle structure.

The presence of avalanches is also reinforced by our empiri-
cal results and our statistical analysis. Avalanche failure
requires that individual fibre strengths be narrowly distributed,
something that we cannot directly determine. However, the
high Weibull moduli found in this study suggest that this is
indeed the case, in particular for gumfoot threads. The FEM
model validates the presence of high local stresses for strengths
distributed in the found ranges, as already discussed. The
application of elastic mechanics, and in ultimate instance of
the Fibre Bundle Model presented in the SI, reinforces this by
showing how a non-interacting bundle of fibres, lacking the
presence of avalanches, would show a different behaviour of
the load-displacement curve for these threads. In such a case,
well-visible peaks would appear at the moment of fracture of
the single fibres forming the bundles. These considerations all
indicate the presence of a surface interaction, be it surface
friction, local adhesive points, or the presence of chemical
interactions between the fibres, mediated or not by the coating
surrounding them. Our techniques are not able to discern the
exact nature of this interaction, but we know from our results
that their strength has to be high enough to sustain the shear
stresses caused by the cross-section restriction associated with
the non-null Poisson’s ratio of spider silk.

We also note here that, while some of the FESEM images
reported here show regions where contact between fibres is not
complete, these could be artifact of the manipulation that
happened on the strained fibres (Fig. 3) and/or the effect of
the complete lack of water molecules in the vacuum of the SEM
chamber, which is known to cause the presence of deformation
and shear stresses in silk.?® If those regions or non-contact were
present in the pristine natural thread, local adhesive points
could still mediate the aforementioned load transmission
between the different fibres. These local contacts would
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themselves be a focal stress accumulation point, changing the
behaviour of the predicted avalanches by creating not a con-
tinuous fracture front, but one split in two or more parts, in a
brick-like fashion. Determining the behaviour of this fracture
goes beyond the scope of this study, as it requires a knowledge
of the properties of the fibres and their interfaces.®!

To assess whether this cooperative failure behaviour is
unique to spider silk, we conducted tensile tests on artificial
polymer bundles composed of nylon and polyethylene fibres
(Fig. S10). Unlike natural silk bundles, the synthetic bundles
exhibited gradual load reduction and stepwise stress—strain
curves as individual fibres fractured independently. Their max-
imum load could be predicted from cross-sectional area and
material modulus, consistent with classical composite
mechanics. This contrast indicates that the single-fibre-like
behaviour of spider silk bundles during fracture arises from
intrinsic inter-fibre coupling, potentially mediated by surface
adhesion, residual tension, or protein network rearrangements,
highlighting a level of structural integration not achievable in
mechanically assembled synthetic fibre bundles.

In particular, spider dragline silk exhibits a pronounced
hierarchical organisation, consisting of a core-shell architec-
ture with multiple compositional layers, including an outer
lipid coat, glyco layer, skin layer, and distinct core regions.
These outer surface layers may enhance the effective contact
area and promote adhesive interactions between neighbouring
fibres, providing a plausible physical mechanism for strong
inter-fibre coupling.®?

Experimental limitations

Some limitations influence the interpretation of these results,
particularly regarding fibre composition. Silk types were inferred
from fibre diameters and previous observations of gland activities
(see details in ref. 27). However, diameters may vary during
spinning processes, as shown for major and minor ampullate
silk of P. phalangioides.””>* Therefore, some N2-draglines may
consist of two major ampullate fibres, while others contain two
minor ampullate fibres, both of which occur naturally.>” This
likely contributes to the observed variation. Spectroscopic or
proteomic analyses could confirm the silk types included in the
bundles but require several to hundreds pg of material,”%***
more than a P. phalangioides might produce over its lifespan.
Sample size also constrained the analysis. For N. cellulanus,
fewer individuals and less bundle diversity limited statistical
comparisons.” Nevertheless, its data remain valuable, as its
threads primarily contain major ampullate silk and show less
variation in fibre number. Cross-sectional area measurements
assumed circular fibre geometry,?**>! which may introduce
systematic errors for bundles containing flattened or irregularly
shaped fibres.>>®® However, our diameter measurements,
taken at multiple points along each fibre length, showed no
significant variation that would indicate strongly elliptical
cross-sections. Furthermore, SEM images showing flattened
or constricted fibres (e.g., Fig. 3) represent strained conditions
after tensile loading rather than the initial fibre geometry used
for cross-sectional area calculations. Such errors are likely
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greatest in gumfoot threads, where weak correlations between
strength and area suggest structural irregularities. In these
threads, some fibres are not fully aligned and form small loops
or vine-like structures within the bundle (Fig. S11).

Broader implications and perspectives for biomimetic design

The implications of these findings extend beyond spider silk
mechanics. The mechanisms underlying material variability con-
trol during spinning require elucidation, particularly the relation-
ship between spider behaviour, spinning kinematics, and
resulting mechanical properties.*> Pholcus phalangioides appears
exceptional in this regard, exhibiting a high degree of variability
in silk bundle composition and performance even within the
same behavioural context. In contrast, orb-weaving spiders dis-
play clearer distinctions between silk types and lower variability
within each thread, reflecting more specialised gland functions
and spinning behaviours.""**> Our results from Nesticus cellu-
lanus, which is phylogenetically closer to orb weavers, indicate
that the parallel bundle architecture and integrated mechanical
behaviour observed here are not restricted to P. phalangioides.
Together, these findings suggest that in some spider lineages,
functional diversity in silk threads is achieved primarily through
behavioural modulation during spinning rather than through
differential use of distinct silk gland products.

Real-time monitoring of spinning conditions,*® combined with
subsequent mechanical testing, could reveal how spiders achieve
such precise material control. Improved methods for analysing
individual fibres within intact bundles could also resolve current
limitations. Advanced spectroscopic methods may reveal whether
compositional differences exist between minor ampullate fibres
in gumfoot threads and bridging lines. The differences between
threads observed in our statistical and fracture analysis should be
investigated across additional taxa to determine whether they
represent general silk mechanics or species-specific adaptations.*’
Comparative studies incorporating orb-weaving and non-orb-
weaving species'®®” could reveal the evolutionary distribution of
this phenomenon and how much these variations are observed in
spiders having more than three silk-producing glands. Future
biomimetic applications should focus on post-spinning modifica-
tion techniques®® that could replicate the material tunability
observed in natural silk production.

The integration of empirical data, Weibull statistics, fracture
mechanics analysis,*** and finite element modelling provides a
coherent framework for understanding silk bundle behaviour.
This approach moves beyond simple rule-of-mixtures predictions,
showing that each silk bundle behaves as a cohesive material
rather than a collection of independent fibres. These insights
open new perspectives for understanding natural silk function
and guiding biomimetic material design based on adaptive
property control instead of static composition optimisation.

Conclusion

This study demonstrates that the tensile properties of spider
silk bundles cannot be predicted solely from their constituent

This journal is © The Royal Society of Chemistry 2026
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fibre types. In Pholcus phalangioides and Nesticus cellulanus,
bundle morphology and composition varied systematically
across behaviours, yet mechanical performance did not scale
directly with fibre number or the diversity of included silk
types. Two-fibre draglines and bridging lines consistently
exhibited the highest yield stress and modulus, reflecting their
critical role in weight-bearing and emergency descent, whereas
multi-fibre bundles such as gumfoot threads showed greater
extensibility and more repeatable yet reduced strength. These
results suggest that spiders behaviourally tune the mechanical
properties of their threads by fibre extraction and processing
dynamics, rather than relying on fixed material compositions.

By integrating tensile testing, scanning electron microscopy,
and fracture mechanics analysis, our work provides new
insights into the structure-property relationships of mixed-
fibre silk bundles. These findings underscore the importance
of considering natural spinning behaviours when interpreting
spider silk mechanics and open opportunities for biomimetic
fibre design strategies that emphasise adaptive property control
over static composition.
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