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Silks are biomaterials made by spiders and silkworms, evolved for natural functions ranging from 

protection to predation. The research presented in this Thesis combines principles and methods 

from engineering, physics and biology to study the material properties of single silk fibres from a 

biological perspective. In particular, the factors that contribute to the variation in properties of 

single silk fibres are investigated. The first part of the Thesis focuses on silks made by silkworms. 

Whether naturally spun or forced reeled, the mechanical properties of these silks are sensitive 

to a range of environmental and processing conditions, such as humidity, stretching and reeling 

speed. The research presented in this section contributes to the understanding of how these 

ŀǇǇƭƛŜŘ ŎƻƴŘƛǘƛƻƴǎ ŀŦŦŜŎǘ ǎƛƭƪ ƳŜŎƘŀƴƛŎŀƭ ǇǊƻǇŜǊǘƛŜǎΣ ǿƘƛŎƘ Ŏŀƴ ōŜ ǳƴŘŜǊǎǘƻƻŘ ƛƴ ǘŜǊƳǎ ƻŦ ǎƛƭƪΩǎ 

protein structure and biological context. The second section compares both silkworm and spider 

silk single fibres to other materials in terms of their sonic properties ς how the materials 

propagate sound waves, whether following impact, or propagating vibrations. The results are 

discussed in the conteȄǘ ƻŦ ǘƘŜ ǎƛƭƪΩǎ ƴŀǘǳǊŀƭ ŦǳƴŎǘƛƻƴ ŦƻǊ ƛƳǇŀŎǘ ǊŜǎƛǎǘŀƴŎŜ όǎƛƭƪǿƻǊƳ ŎƻŎƻƻƴ ƻǊ 

spider web) and vibrational signalling (spider silks). The Thesis ends with a discussion of how the 

presented techniques can be applied to help further our understanding of orb web function 

through studying spider silks. Overall, this interdisciplinary Thesis contributes to our 

understanding of the structure-property-function links of these fascinating biomaterials.  
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Chapter 1 Introduction  

1.1 Synopsis 

Biological structures made by organisms for use outside the body can ōŜ ǘŜǊƳŜŘ ΨŜȄǘŜƴŘŜŘ 

ǇƘŜƴƻǘȅǇŜǎΩ1. Spider webs and silkworm cocoons are excellent examples, as silks have evolved 

for use outside the body through the process of controlled protein denaturation. Several aspects 

of silk have been shaped by evolution: the silk primary protein sequence, processing into a dry 

fibre, and behaviour during construction2-4. However, evolution acts on the functionality of the 

end product: how the structure increases the iƴŘƛǾƛŘǳŀƭΩǎ ŦƛǘƴŜǎǎΦ 

The functionality of a structure stems from its properties ς in the case of silks, its material 

characteristics: including mechanical, thermal and sonic (sound propagation) properties. 

Understanding the characteristics of the whole silk structure is complex due to the combinations 

of multiple types of silks that behave and interact non-linearly. 

My approach, as presented in this Thesis, is to study the properties of individual silk fibres to 

help understand whole biological structures. There is a wealth of variability of properties in dry 

silk fibres; variability that stems from environmental, processing and physical factors. Linking 

these properties to their structural basis and biological function is useful not only for answering 

biological questions about the evolution of silk, but enables us better to understand and harness 

the diversity of silk for engineering applications. 

This introduction starts with a brief discussion on the defining features of silk. An overview of 

the amazing diversity of silk types is then laid out: between taxa and even within an individual, 

in the case of orb weaving spiders. This Thesis concentrates on only three of these silks ς 

orbweaver major and minor ampullate silks and the silk of the domesticated silkworm Bombyx 

mori, which are then introduced along with their natural silk structure context. One particular 
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factor affecting silk variability is then discussed ς rate-dependence, where mechanical 

properties change due to the speed of deformation. The introduction finishes with an overview 

of the research scope and an outline of the Thesis chapters. 

1.2 What is silk?  

Silks are defined as hierarchically structured biopolymers that are spun ς they are proteins that 

are defined by their processing from a gel-like dope to a dry fibre2. Importantly, silks are not 

grown, unlike other biopolymer proteins such as collagen and keratin, and are used exclusively 

outside the body5. Silk proteins are stored as gel-like dopes in silk glands, where the primary 

protein chains are around 250 kDa long6. When silk is pulled, the dope flows through a tapering 

duct2, 7-8. Water is removed during this process, which is controlled by pH changes along the 

duct. Water removal enables hydrogen bonds to form between amide-amide groups, rather 

than amide-water hydrogen bonds7, 9. The loss of water, a kind of controlled protein 

denaturation, as well as the shear stresses in the duct cause protein secondary and tertiary 

structures to form, such as ordered beta sheets10-12. 

Due to their impressive mechanical properties (see Figure 1.1), there have been a number of 

attempts to produce silk synthetically to obtain large yields of silk protein. For example, silk 

genes have been expressed in organisms such as Escherichia coli and even goats, who express 

ǘƘŜ ΨǎƛƭƪΩ ƛƴ ǘƘŜƛǊ Ƴƛƭƪ13-14. These proteins are not spun in a duct, so according to the definition 

are not silks and do not contain similar protein structures or mechanical properties15. There is 

therefore a need to be able not only to make the silk dope protein in large quantities, but to 

mimic the duct and spinning process as well. This is not so easy ς there appears to be order in 

the packing of silk proteins within the gland that predispose the silk to form the fibre in the 

duct16. Furthermore, terminal domains at the end of these silk proteins may enable controlled 

assembly of the proteins during spinning17-18. These small details of the structure and chemical 
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make-up of the natural silk dope and spinning apparatus are needed to successfully artificially 

produce silks15, 19. 

Silks have evolved many times independently within the Arthropods, including at least 23 times 

within the insects, once within the spiders and at least once within the crustaceans20-22. Whereas 

insects will produce one type of silk at one particular life stage, spiders produce multiple types 

of silk throughout their life. These silks have independently evolved similar protein sequences 

and processing conditions, but they differ in the origin of the silk-storing gland(s)3, 12, 21. These 

convergences reveal remarkable constraints on the protein composition and processing of silk, 

indicating that there are a limited number of ways to make a silk fibre. As is shown below, this 

creates a paradox with the astonishing diversity seen in silks in terms of functional uses and 

material properties. Due to the non-linear viscoelasticity of silk and its dependence on hydrogen 

bonding5, a limited number of sequences and possible protein structures can lead to many 

different materials. 

1.3 Silk fibre diversity  

1.3.1 Spider silks  

All 40 000 known species of spider produce silk from spinnerets located on their abdomen4, 23. 

Basal spiders, the Mesothelae and Mygalomorphae, contain a small proportion of spider 

diversity, whereas the more derived Araneomorphae contain 38 000 species23 and differ in their 

silk production and use. Basal spiders produce silks from three glands that are used 

indiscriminately to make egg cocoons, line burrows and make webs whose support is substrate-

dependent, such as funnel-webs24-26.  

The low diversity of basal spiders and their silk-use can be explained by the relatively poor 

mechanical properties of their silks compared to the more derived Araneomorphae: basal silks 

are ten times less strong, with an associated reduction in toughness (energy-absorption 
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ability)27Φ Lƴ ŦŀŎǘΣ ǘƘŜǎŜ ǎƛƭƪǎ Ŏŀƴƴƻǘ ƘƻƭŘ ǘƘŜ ǎǇƛŘŜǊΩǎ ƻǿƴ ǿŜƛƎƘǘΣ ǎƻ ƴƛŎƘes are restricted to 

ground-dwelling habitats. Despite the comparatively poor strength, basal spider silks are used 

for their sensory properties to propagate vibrations28-30, rather than as mechanical or adhesive 

ǎƴŀǊŜǎΦ ¢ƘŜǊŜŦƻǊŜΣ ǘƘŜ ǎƻƴƛŎ ǇǊƻǇŜǊǘƛŜǎ ƻŦ ǎƛƭƪǎ ǿŜǊŜ ƛƳǇƻǊǘŀƴǘ ŦƻǊ ǘƘŜ ǎƛƭƪΩǎ ƴŀǘǳǊŀƭ ŦǳƴŎǘƛƻƴ 

early on in spider evolution.  

Basal and more derived spiders differ in their silk gene sequences, which lead to different 

protein secondary structures that in turn explain mechanical property differences (Table 1). The 

basal silks contain some unique repetitive sequences in their silk genes involving amino acids 

such as serine and threonine31-32. However, all spider silk genes share repeats of alanine (polyA), 

suggesting that these sequences have been maintained over 240 million years31.  

Table 1. Protein sequence and suggested secondary structure for a range of orbweaver and non-
orbweaver spider silks. Amino acids: A = alanine, S = serine, G = glycine, X = varied/unknown, V = 
valine, Q = glutamine, P = proline and a lower case n means repeated a number of times. 

Silk type Repetitive sequence Suggested secondary 
structure 

Reference(s) 

Basal spider fibroins An, Sn, GX and AQn Varied/unknown 31-32 

Non-orbweaver MaSp An, GAn, GVn, GSn Orientated beta sheet 31, 33 

Major Ampullate: MaSp1 An, GAn, GGX Orientated beta sheet 31, 34 

Major Ampullate: MaSp2 GPGXn Beta spiral 35 

Minor ampullate: MiSp1 
and 2 

GGX, GAn + serine rich 
spacers 

Orientated beta sheet 36   

Flagelliform GPGGX (GGX and 
spacer) 

Beta spiral, no 
preferential 
orientation 

37   

Cylindriform/Tubuliform: 
TuSp1 

Long repetitive 
sequence 

Orientated beta sheet 38-39 

Aciniform: AcSp1 Long repetitive 
sequence 

Less orientated beta 
sheet, alpha helix 

39-40  

 

The radiation of the Araneomorphae coincided with the evolution of ampullate silk, around 150 

million years ago26-27, 41. This group contains wandering spiders with an active hunting predatory 
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niche, such as jumping and wolf spiders, and sit-and-wait web spinners, such as the orb web and 

cobweb spinners. Across the Araneomorphae, ampullate silks show consistent high toughness 

and high strength, with variability controlled by external processing conditions42. Major 

ampullate, or dragline silk, has similar gene sequences across the Araneomorphae, including 

glycine-alanine (GA) and polyA repeats (Table 1)31, 33. The orb web spinning families Araneidae 

and Nephilidae in the Araneomorphae make the major and minor ampullate silks (genes named 

MaSp and MiSp respectively) that are studied in this Thesis. However, they make many more 

silks than just ampullate silks, which are outlined in the next section. 

1.3.1.1 Orbweaver silks  

Orbweavers produce up to seven different types of silk, with different protein primary 

sequences (Table 1). Spiders use gland-specific expression of these silks, and the silk fibres leave 

the body through different spigots on the spinnerets43. The seven different types of silks made 

by orbweavers show an impressive range of mechanical performance (Figure 1.1)44-45.  

Aciniform silks (gene AcSp) form the wrapping silk for prey, as well as the inner part of the egg 

sac40. These silks are very thin and are relatively understudied due to the difficulty in forced 

reeling the silks under controlled conditions45. However, they show impressive toughness, often 

quoted as having the best toughness out of all spider silks45. Capture spiral silk is formed of a 

core flagelliform silk, with a coating of hygroscopic aggregate silk glue46. Capture spiral silks 

show impressive extensibility and poor strength, with contradictory evidence on their relative 

toughness (resulting from difficulties in consistent testing conditions and cross-sectional area 

measurements, see Chapter 7)45, 47-48. The role of flagelliform and aggregate silks in the orb web 

is further discussed in Section 1.4.1.1. Cylindriform, or tubuliform silk (gene TuSp) is used in the 

outer coating of egg sacs. It has been relatively understudied and shows intermediate 

mechanical performance49. Piriform silks form adhesive disks to enable the spider to stick its 

ǎƛƭƪǎ ǘƻ ǘƘŜ ǎǳōǎǘǊŀǘŜ ƛƴ ǘƘŜ ǎǇƛŘŜǊΩǎ ŜƴǾƛǊƻƴƳŜƴǘ50. Lastly, major and minor ampullate tough 
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silks are used in the orb web and contain proteins that are expressed from two genes31, 34-36. 

These silks are further discussed in Section 1.4.1. 

 
Figure 1.1. Stress-strain curves comparing silkworm silk (blue) to spider silks: major ampullate 
(orange), aciniform silk (purple), minor ampullate silk (red), cylindriform silk (yellow) and wet 
and dry flagelliform silk (green, where the latter contains an aggregate silk coating). Reference 
curves for synthetic and other biopolymers are also given. Data taken from 45-46, 51-52. 

The diverse properties of orbweaver spider silks are explained by their differences in material 

structure. The tougher silks (ampullates, aciniform) show orientated beta sheet structures, the 

less tough cylindriform silks show less oriented beta sheet and alpha helix structures, whereas 

flagelliform silks have no preferential orientation and are thought to contain beta spiral 

structures (Table 1)39, 53-54. These structures, in turn, are explained by amino acid composition 

and sequence, where a higher glycine and alanine content leads to more ordered structures, 

whereas the presence of proline leads to more disordered structures, due to its non-linear 

όΨƪƛƴƪŜŘΩύ ōŀŎƪōƻƴŜ that prevents close packing55. Major ampullate silk combines both types of 

structures at the nanometer scale, which ƛǎ ǘƘƻǳƎƘǘ ǘƻ ƭŜŀŘ ǘƻ ŘǊŀƎƭƛƴŜ ǎƛƭƪΩǎ ŜȄŎŜǇǘƛƻƴŀƭ 

toughness56. 

The spider silk gene sequences give information on the evolution of orbweaver spider silks. 

Ampullate and flagelliform silks have very repetitive sequences, which are conserved across the 

orbweavers, suggesting that selection has maintained these sequences over 150 million years31, 

36, 57. The cylindriform silk gene also has a single origin in the orbweavers, and often cylindriform 

glands will also express major ampullate silk proteins38. By examining the terminal sequences of 
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these genes, the relatedness between the different silk genes can be determined: aciniform 

genes are most closely related to ampullate genes, suggesting that they are a very divergent 

ƳŜƳōŜǊ ƻŦ ǘƘŜ ŀƳǇǳƭƭŀǘŜ ǎƛƭƪ ΨŦŀƳƛƭȅΩ40. 

As well as shaping the silk composition, natural selection has also acted on other traits within 

the spider, which have coevolved with the silk sequences. The silk gland and duct shapes are 

particularly important for the processing of the silk dopes into the dry protein fibre, as well as 

their associated biochemistry7, 9, 58-59. Spider silk-use has also coevolved with the prey insect 

species, resulting in an arms race and leading to varied behaviours to construct effective web 

architectures out of the silks for catching prey4. 

1.3.2 Insect silks  

The ability to spin silk in the insects has evolved at least 23 times independently, with evidence 

from different glandular origins of silk expression20-21. Unlike spiders, insects will typically make 

only one type of silk at one particular life stage. Across the insects, functional uses for insect silks 

match those of spiders, from prey capture (glow worm silks60), to reproductive uses 

(bristletails61), egg protection (book lice62), lining burrows (webspinner63), structural functions 

(wasps64), lifelines (midges65) and protection from predators (thrips66). 

Compared to spiders, there is relatively little research quantifying the diversity of insect silk 

mechanical properties21, 67-71 (with the exception of lepidopteran cocoon silks, which are 

discussed below). This has been attributed to the difficulty in obtaining sufficiently large 

specimens for mechanical testing, although dimensions and sufficiently sensitive testing 

equipment may be another factor72. There has, however, been a focus on the diversity of the 

structures of insect silks and four main types of secondary structures have been identified, 

including: alpha helix, beta strand, 32 helix and 31 helix21. Whereas the alpha helices lead to 

coiled-coil structures, which show extensible properties with low strength (up to 200 % strain 
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and 200 MPa)70-71, beta strands lead to beta sheet structures, with strong and tough properties, 

like lepidopteran silks (see silkworm silk in Figure 1.1)10. Therefore, there are not only analogous 

functional uses of silk between insects and spiders, but also analogous protein structures and 

mechanical properties. 

Lepidopteran silks are used to make protective cocoons during pupal metamorphosis and are 

studied in this Thesis. Butterfly and moth cocoons show diversity in the material properties of 

silk fibres, binding between fibres and layers, porosity of layers and chemical composition73-74. 

These properties in turn affect cocoon morphology and physical properties, including impact 

behaviour73-75. Some chemicals act as deterrents to potential predators, for example calcium 

oxalate is a toxic chemical present on several cocoons, and is deposited when the caterpillar 

urinates during cocoon construction73, 76. Studies on the chemical composition of cocoons reveal 

a fascinating diversity ς where differences are so common that a lepidopteran phylogeny can be 

reconstructed based on the chemical fingerprint of their silks77. As well as silk and other 

introduced chemicals, cocoons will often use surrounding vegetation such as leaves or twigs to 

help camouflage their cocoon, and may even incorporate predator-deterrent spines from their 

caterpillar body78. 

1.3.3 Harnessing silk diversity  

Silks are incredibly diverse in properties and functional uses, and it is likely that there is more 

diversity that is yet to be discovered. This diversity is an incredible resource from which novel 

biopolymers can be developed31. Nature has developed these materials through over 300 million 

years of research and development, providing bioinspiration for the next generation of 

materials79. The biological approach is critical to understanding the links between structure, 

property and function, as shaped by natural selection given evolutionary constraints. Hence, to 

harness the diversity of silk for bioinspired devices or materials, researchers must understand 

silk as a biological material, which is the approach taken in this Thesis. 
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1.4 Silks and their natural structures  

This Thesis studies major and minor ampullate silks from three species of orbweaver spider: 

Nephila, Araneus and Zygiella, as well as some capture spiral silks from Nephila. These silks are 

compared to Bombyx mori cocoon silk for a comparison across independently evolved silks, and 

are further compared to synthetic materials. Further details on ampullate and naturally spun B. 

mori silks are given below in the context of the natural structures in which they are used, with a 

focus on the more heavily researched spider silks. 

1.4.1 Orbweaver ampullate silks and the orb web  

Out of all the spider silks made by the natural world, the material that has received the most 

research interest is orbweaver major ampullate, or dragline silk19, 27. This is undoubtedly due to 

its impressive mechanical performance, particularly its toughness. This is illustrated in Figure 

1.1, where spider dragline silk combines high strength and extensibility, resulting in high energy 

absorption to break (area under the curve)5, 47. The superior mechanical properties of dragline 

silk were shaped by over 150 million years of evolution, involving selection pressures to absorb 

the energy of a falling spider, or prey kinetic energy in the web31, 80-81. The toughest-known 

ǎǇƛŘŜǊ ŘǊŀƎƭƛƴŜ ǎƛƭƪ ōŜƭƻƴƎǎ ǘƻ ŀ ƭŀǊƎŜ ƻǊōǿŜŀǾŜǊΣ 5ŀǊǿƛƴΩǎ ōŀǊƪ ǎǇƛŘŜǊΣ which makes the largest 

webs recorded82. These mechanical properties make spider dragline silk a gold standard for 

bioinspired material design, which opens up a range of potential applications15, 79. 

An important and often overlooked contributor to these tough properties is simply the small 

diameters of these silks (typically 1-3 µm in diameter), where a small size allows for higher fibre 

strength83. This has negative implications for the attempt to create dragline silk-like properties 

from genetic engineering of silkworms to include spider silk genes, as silks produced via 

silkworm spinning ducts are larger (10 ς 20 µm)15, 84. Major ampullate silk ducts have evolved to 

optimise the processing of these silks into thin fibres, even as the spider grows7. Thinness 
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additionally has advantages in terms of material conservation, saving energy for the spider, and 

reducing visibility to aerial prey85-86. 

Despite their credentials, spider dragline silk is inherently variable when compared to man-made 

polymers. The variation in dragline silks from an individual spider can be explained partially by 

differences in spider behaviour that alter specific processing conditions on the silks, such as 

spinning speed or silk stretching42, 87-88. This variability is useful to the spider, as processing 

conditions can rapidly alter silk fibre properties, making them suitable for a wide range of 

conditions89.  

Environmental conditions have an effect on mechanical property variability, particularly 

important for dragline silks, which contract in response to water, in a process known as 

supercontraction. Dragline silks are made up of two proteins: MaSp1 and MaSp235. It is the latter 

that causes supercontraction due to the high proportion of proline in its protein sequence90. 

Different species contain different proportions of proline, which directly alters the extent to 

which their dragline silks can supercontract91. Importantly, the silks can be stretched following 

supercontraction to alter mechanical properties predictably, allowing spiders to tailor their 

dragline silk mechanical properties90. The link between supercontraction and protein structure 

has been quantifiably modelled to explain the range of mechanical profiles possible for a given 

proline content91. 

Minor ampullate silk shows impressive toughness, but without the ability to supercontract92. 

These silks have been relatively understudied92-93, and there are unanswered questions on the 

evolutionary pressures leading to two ampullate silks. Interestingly, the glands of major and 

minor ampullate silks are remarkably similar in shape, where the minor ampullate is smaller 

(hence the name)44. Evidence suggests that both ampullate silks evolved at similar times with 

the emergence of the Araneomorphae26. 
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Combined, processing and environmental conditions alter fibre hydration, hydrogen bonding 

and proportion of order within the fibre structure. These parameters can be quantified to model 

the range of mechanical properties of not only dragline silk, but the whole range of other spider 

and insect silks5. 

1.4.1.1 Orb webs 

An orb web is a two-dimensional composite silk structure made of four different types of silks 

(Figure 1.2)86.  

 
Figure 1.2. A schematic drawing of the structure of an orb web. The spider sits in the hub of the 
web, which is formed of converging radial threads, made from major ampullate silks (orange) 
that propagate vibrations to the spider from prey (purple arrow). Encircling capture spiral 
threads are made from flagelliform and aggregate silk (green). There is often a free zone around 
the hub where no capture spiral is laid to allow the spider to move to the opposite side of the 
web. The web is fixed to the environment using frame and mooring threads, attached via 
piriform silk disks. Minor ampullate silks sometimes form an additional non-sticky spiral93. 

There is evidence of a single origin of the orb web, as there are ampullate and flagelliform silk 

gene analogues in both the basal cribellate orb weaving spiders, as well as the more recent and 

diverse ecribellate orbweavers94-95. Spider behaviour is vital for using these silk types 

appropriately to engineer functional structures4. In fact, orb webs are multifunctional structures 

as they are used both as prey capture devices and as platforms to transmit vibrations96-97. 
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1.4.1.1.1 Orb webs for prey capture 

!ǎ Ψǎƛǘ-and-ǿŀƛǘΩ ǇǊŜŘŀǘƻǊǎΣ ŀƭƭ ƻǊōǿŜŀǾŜǊǎ ǊŜƭȅ ƻƴ ǘƘŜƛǊ ǿŜō ǘƻ ƛƴǘŜǊŎŜǇǘΣ ǎǘƻǇ ŀƴŘ ǊŜǘŀƛƴ flying 

prey. The spider requires a certain level of prey mass, rather than number of prey, to sustain 

itself, leading to selection for webs that are able to catch large, but rare prey98. This is 

experimentally supported across orbweavers, where large prey make up 17 % of catches, but 85 

҈ ƻŦ ǇǊŜȅ ΨōƛƻƳŀǎǎΩ99.  

Prey interception is related to choice of web location and aspects of web architecture100. Cross-

species trends have shown that, in general, the bigger the web, the larger the prey that they can 

catch, and generally these webs are made by larger and older spiders101-102. Spiders adjust the 

mesh size and prey area of their webs to allow interception of prey of the appropriate size103-104. 

Also, under space constraints, web geometry will be adjusted to allow sufficient web capture 

area for prey interception105.  

Large webs are also prone to intercepting flying animals that are rarely considered edible prey 

by spiders, such as birds or bats106. Web decorations, or stabilimenta, may provide a signal to 

warn these large prey that the web is there ς seen in some species including Argiope sp.107. It is 

hypothesised that these stabilimenta are not seen in all species as they are costly to produce, 

and in some cases lead to reduced success of prey capture107. It is also argued that stabilimenta 

function for prey attraction, which is not supported in all cases108. 

Prey capture is achieved by the absorption of prey kinetic energy, which may be internal, using 

ǘƘŜ ǎƛƭƪΩǎ ǾƛǎŎƻŜƭŀǎǘƛŎƛǘȅ ǘƻ ŘƛǎǎƛǇŀǘŜ ŜƴŜǊƎȅΣ ƻǊ ŜȄǘŜǊƴŀƭΣ ǳǎƛƴƎ ŀƛǊ ŘǊŀƎ109. Experimental studies 

suggest that radial threads absorb most of the energy during high-energy prey impact (fast 

ǎǇŜŜŘ ƻǊ ōƛƎ ΨǇǊŜȅΩύ81, 110. Across orbweavers, the proportion of energy damped by radial threads 

internally is conserved111, meaning that only silk volume (diameter and use) affects total internal 

energy absorption. This is supported by the ability of large webs to absorb more energy than 

smaller ones101.  
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One unresolved factor is the relative importance of air drag on orb web energy dissipation, 

argued to be very important109, or not involved81. Two factors may contribute to this 

disagreement. Firstly the experiments differ in the amount of energy being applied to the webs, 

the former being small and the latter often breaking through the webs. When small energies are 

applied, internal damping is less likely to have an effect if silks do not yield, which may increase 

the importance of air drag. Secondly, the diameter of the silks interacts with the speed of impact 

to determine the air drag factor ς these studies make different assumptions about the relative 

role of inertial and viscous forces on the silks, which have direct effects on their quantified effect 

of drag. Further studies are needed in this area to determine the role of air drag on silks of 

different diameters moving at different speeds. 

The flagelliform/aggregate capture spiral has been shown to have little effect on energy 

absorption, but increases web area, leading to higher air drag81, 109. In fact, under high wind 

conditions, spiders will lay down less capture spiral to avoid high air drag112. The capture spirals 

are believed to function primarily for prey retention, illustrated by experimentally increasing 

mesh size, which decreases prey retention time113. In addition, as the capture spiral is electrically 

conductive, it can attract and retain pollen, a potentially vital energy source for small or young 

spiders, who are less likely to catch flying prey successfully114. 

Humidity is vital for the function of the web. The aqueous aggregate glue in the capture spiral 

provides extensibility by both plasticizing the flagelliform silk and creating droplets with surface 

tension46. Drying the water coating results in stiffer and less extensible mechanical properties, as 

well as reduced stickiness46. The aqueous coating allows the silk to remove water from the 

atmosphere115, as it is in equilibrium with the air humidity, and when eaten, the capture spiral 

makes up a significant proportion of the daily water intake for the spider116. Wet webs have also 

been suggested to have better prey catching ability compared to dry webs, but with variability 
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between species117. This is possibly explained by the interaction between capture spiral function, 

supercontraction ability of the major ampullate silk, and web geometry. 

1.4.1.1.2 Orb webs as multifunctional structures 

The orb web is an ideal model for light-weight composite functional structures. Whereas high 

energy absorption and the use of webs for aerial prey capture is a relatively recent spider 

innovation118, spider silk has been used for its vibrational signalling function since the basal 

ǎǇƛŘŜǊǎΣ ŦƻǊ ŜȄŀƳǇƭŜ ŀǎ ΨǘǊƛǇ ǿƛǊŜǎΩ ǊŀŘƛŀǘƛƴƎ ƻǳǘ ƻŦ ōǳǊǊƻǿǎ4, 23. In the orb web, vibration 

signalling plays a vital role following prey retention, as a rapid signal to the spider that prey has 

been caught. The radial threads are best positioned for this function, transmitting vibrations 

from the capture area to the spider in the web centre, or hub (Figure 1.2). Spiders will orientate 

towards the vibrating radii within milliseconds96, 119. 

The vibrational properties of spider silks have been measured using non-contact laser 

vibrometry, allowing the signalling functions of webs to be explored96, 120. Silk fibres in the radii 

can transmit longitudinal, transverse and lateral vibrations, where the former has the lowest 

attenuation over distance, explained by the damping action of the silk junctions on transverse 

and lateral waves121. This also correlates with behavioural data, showing that spiders 

preferentially respond to longitudinal waves when their webs are vibrated119. However, the 

vibrational properties of webs are complex, making the role of the individual silk types on the 

vibrational function hard to ascertain. This is further explored in Chapter 6. 

1.4.2 Bombyx mori  silk and the cocoon  

Silks are made by all lepidopteran species to form cocoons to protect the pupa from predators, 

parasitoids and the environment during metamorphosis into an adult21, 74-75. Bombyx mori is a 

common model organism for scientific research and its silk has been used for over 5000 years in 

the textile industry. These moths have been through extensive artificial selection, primarily 
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selecting for white cocoons that can be easily unravelled122. This domestication complicates the 

relationship between natural selection and cocoon function (and silk properties), but 

comparison to other types of wild cocoons support that the strength of Bombyx silk is not a 

particular outlier in the Lepidoptera73-74, 123. 

The caterpillar of Bombyx mori, known as a silkworm, uses silk to form a protective non-woven 

composite cocoon around itself before metamorphosis124. The unwound fibres of these cocoons 

Ŏƻƴǎƛǎǘ ƻŦ ǘǿƻ ŎƻǊŜ ŦƛōǊŜǎ όΨōǊƛƴǎΩύ ƻŦ ŦƛōǊƻƛƴ ōƻǳƴŘ ǘƻƎŜǘƘŜǊ ōȅ ǎŜǊƛŎƛƴΣ ŀ ōƻƴŘƛƴƎ ǇǊƻǘŜƛƴΣ 

forming a composite fibre74. Using minimal specimen preparation, cocoon silk fibres can be 

unravelled from cocoons by softening them with water122. The fibres can be further processed 

by removing the sericin and separating the brins in a process called degumming, which affects 

fibre mechanical properties125. 

The silks are produced from two labial silk glands, making up around 20 % of the dry caterpillar 

body mass prior to spinning126. The silks are pulled from the silkworm spinnerets by a figure-of-

eight head movement from the silkworm127. The rheology of these silks in comparison to spider 

silks and even synthetic polymer processing has been shown to be remarkably similar12. By the 

time the ducts from the silk glands converge, a dry fibre is formed and sericin is added as a 

coating128. The behavioural influence of the silkworm on silk processing following this point is 

further outlined in Chapter 4. 

Silkworms use their figure-of-eight movement to construct a cocoon of several layers124. Sericin 

forms the bonds between the fibres and layers to form the composite structure124. These bonds 

can be modelled to explain and quantitatively predict the mechanical response of the cocoons 

and other composites129. Furthermore, the layered structure and relatively weak sericin binder 

increases the toughness and damage limitation of cocoons, as layers can delaminate from each 

other during compression75. If cocoon layers are separated experimentally, the inner layers 
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show stronger mechanical properties than the outer layers, contributing to the protective 

function of the cocoon124. 

Cocoons also act as barriers to the environment for the pupa, which influences their structure 

and properties. The interaction between the Bombyx mori cocoon and humidity is further 

outlined in the introduction of Chapter 3.  

1.5 Silk rate -dependence 

One particular focus of this Thesis is the variation in properties caused by the strain-rate 

(Chapter 5), which is relevant for both the spider and silkworm silks. Silks have functional uses 

by silkworms or spiders for a range of mechanical events, from impact protection to supporting 

the weight of a fallen spider. These events have different time components ς some apply stress 

or strain very quickly, whereas others apply the stress or strain sustained over a long period of 

time. To date, most studies quantifying silk mechanical properties have been at low strain-rates 

(e.g. 0.0025 s-1 in Chapter 3), which have advantages of obtaining high resolution data. However, 

the response of silks to faster events, such as impact, is vitally important for understanding their 

natural function. At high speeds of impact, stress and strain are often dissipated using 

propagating sound waves; hence studying silk rate-dependence can be a complementary 

method for studying the sonic properties of silk.  

Most polymers exhibit increasing stiffness and yield strength with increasing strain-rate, with 

higher strength accompanied by lower extensibility. This is due to the strain-rate dependence of 

the viscous flow of polymer chains relative to each other after yield ς less time for this flow 

results in an apparent increase in stiffness130. In order to test these predictions experimentally, a 

range of different techniques are used to access strain-rates from 10-4 s-1 to high-rates of 105 s-1, 

131. The high-rate techniques are particularly difficult for silks given their thin diameters and low 
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axial stiffness132. Results of stress-strain properties for spider dragline silks gathered using 

different methods employing different strain-rates are given in Table 2. 

aŜǘƘƻŘǎ ǘƻ ǇǊƻōŜ ǎƛƭƪΩǎ ƭƻǿ-rate mechanical properties are the most common and are typically 

used to generate the stress-strain curves seen in Figure 1.1. At these rates, fibres can be 

mechanically pulled apart using a tensile tester. One of the first studies of rate-dependence of 

dragline silk used this technique across the strain-rate range of 0.0005 to 0.024 s-1, 97. Spider silk 

stiffness and strength almost doubled over this range (Table 2). 

To access higher strain-rates, objects may be dropped onto the silk, normal to the fibre axis. 

When dropping objects at the speed of 1 m s-1, strain-rates of up to 30 s-1 can be accessed 

resulting in an increase in stiffness, strength, and toughness of dragline silk47. However, as 

stresses up to 4 GPa are reached, the validity of this method is called into question, due to the 

theoretical limit of strength, ƎƛǾŜƴ ǎƛƭƪΩǎ ǇǊƻǘŜƛƴ ǎǘǊǳŎǘǳǊŜ5. 

Table 2. Mechanical properties of spider dragline silk over different rates. 

Technique Strain-
rate 
(s-1) 

Maximum 
stress 
(GPa) 

Maximum 
strain (%) 

Initial 
modulus 
(GPa) 

Energy 
absorbed 
(MJ m-3) 

Reference 

Tensile 
tester 

0.0005 0.65 24 9.8 91 97 

Tensile 
tester 

0.001 0.83 12 12.1 63 133 

Tensile 
tester 

0.002 0.72 24 8.9 106 97 

Tensile 
tester 

0.024 1.12 27 20.5 158 97 

Object 
dropping 

20-50 2-4 20-50 25-40 500-1000 47 

Miniature 
Kolsky bar 

1700 1.43 19 34.4 193 133 

Ballistic 
impact 

3000 - 10 20 - 134 
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More recently, an experimental approach has been developed to access high strain-rates around 

1700 s-1 using a miniaturized Kolsky bar apparatus133. Using this technique, specimens are pulled 

apart at high rates using an air pressure-driven mechanism. At these speeds, measuring load and 

extension of a thin specimen of spider silk becomes particularly problematic as the mechanisms 

for high-speed loading also create mechanical noise. In this paper, a laser is used to measure 

displacement and the specimen is mounted in contact with a sensitive load cell, which replaces 

the transmission bar commonly found in Kolsky bar apparatus133. The results also indicate an 

increase in stiffness and strength, although not to the levels seen in the object-dropping 

experiments (Table 2). Minor ampullate silk was also tested using this technique, and showed 

similar trends in mechanical properties over increasing strain-rate. 

Even higher strain-rates can be accessed using ballistic impact, to over 3000 s-1, 131. This 

technique involves high-speed imaging of the sonic transverse stress wave produced from 

transverse impact of a projectile fired from a gas gun, and is outlined in Chapter 5. 

Studying the high-rate mechanical properties of silk is relevant for understanding the natural 

performance scope of these materials, both in the web or in cocoons. Furthermore, as 

propagating stress waves can be imaged at high-rate following impact, the sonic wavespeeds of 

fibres can be measured. This is useful for understanding spider dragline silks, as their sonic 

properties are vital for web function as they transmit vibrational sensory information119-120. 

1.6 Research scope 

This Thesis aims to contribute to the understanding of variation in the mechanical (Chapter 3-5, 

7) and sonic properties of single fibres of silks (Chapters 5-7). This variation stems from 

environmental factors (Chapter 3), applied processing conditions (Chapter 4), rate of 

deformation (Chapter 5) and even the tension and number of silk fibres (Chapter 6 and 7). 

Through studying single fibres, an understanding can be built up of the properties of complex 
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composite structures in terms of their constituent parts. Furthermore, I hope to shed more light 

on the evolution of silk, and how its properties can be harnessed for suitable engineering 

applications. 

1.6.1 Chapter introductions  

1.6.1.1 Chapter 2 Methods 

Using a combination of physical scienceΩs techniques, including tensile testing, scanning electron 

microscopy, laser vibrometry and ballistic impact, the mechanical, morphological and sonic 

properties of silks were measured. This chapter outlines the various techniques used in the 

research presented, as well as the silk harvesting methods, including forced reeling of spiders 

and silkworms. 

1.6.1.2 Chapter 3 Humidity sensitivity of naturally sp un Bombyx mori  silk  

Dry silk fibres are inherently sensitive to changes in humidity, which affects their mechanical 

properties. This chapter investigates the humidity sensitivity of B. mori cocoon silk and applies 

the silk as a humidity sensor inside the Environmental Scanning Electron Microscope, to help 

inform best-practices for in situ fibre deformation, with the potential for high-zoom imaging. 

1.6.1.3 Chapter 4 Forced reeled silk s of Bombyx mori  

The forced reeling of silkworms is a relatively new endeavour, but was required in order to 

generate samples for the varied experiments. This chapter explores the potential of silkworm 

forced reeling to prepare consistent silks with desired properties for engineering applications. In 

particular, methods to restrain the worms to allow sustained reeling and the effect of applied 

processing conditions are investigated, such as reeling speed and stretch. Importantly, these 

silks are also compared to naturally spun cocoon silks in terms of morphology, mechanical 

properties and structure. 
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1.6.1.4 Chapter 5 High-rate ballistic impact of silks  

As outlined in this introduction, silks are rate-dependent, with implications for their mechanical 

properties during impact. This chapter proposes high-rate ballistic impact as a method for 

quantifying the change in mechanical properties at strain-rates approaching 5000 s-1. The 

method images and quantifies the stress waves that propagate during impact, which are further 

investigated in Chapter 6. 

1.6.1.5 Chapter 6 Sonic properties of silks  

Spider silks are used in the orb web as both mechanical and vibration signalling materials. This 

chapter explores the structural basis of the sonic properties of silks, by quantifying the sonic 

wavespeeds using ballistic impact and laser vibrometry, and comparing to theoretical equations. 

The consistency of these properties is explored, as well as the potential trade-off between 

mechanical and vibrational functions. 

1.6.1.6 Chapter 7 Future outlooks  

The combinations of techniques given in this Thesis are then further applied to some difficult 

and unanswered questions on spider silks, relevant for whole web function. In particular, 

capture spiral silks are explored, as well as the properties of the signalling thread of the sector 

web spider Zygiella. 

1.6.1.7 Chapter 8 General conclusions  

The Thesis concludes with some general links between silk property variation and their protein 

structure and natural function. 
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Chapter 2 Methods  

2.1 Introduction  

In order to study the mechanical and sonic properties of single fibres of silks, a range of standard 

and novel experimental methods were used. Silkworm and spider silks were studied, collecting 

from the naturally spun structures and diǊŜŎǘ ŦƻǊŎŜŘ ǊŜŜƭƛƴƎ ŦǊƻƳ ǘƘŜ ŀƴƛƳŀƭΩǎ ǎǇƛƴƴŜǊŜǘǎΦ ¢Ƙƛǎ 

gave a wide range of materials, natural and semi-natural, which were variable in structure, 

properties and morphology. These silks were also compared to synthetic viscoelastic polymers 

and metals to allow interpretation of silk properties in the wider context of man-made 

materials. This also provides an opportunity to infer the limitations of evolutionary specialization 

of silks. 

A particular challenge for studying these materials is employing suitable and sensitive 

techniques to cope with the thin fibre diameters, which can be less than 1 µm in diameter 

(Zygiella minor ampullate 0.89 µm) and up to 30 µm (silkworm cocoon silk). High resolution and 

low force load cells were used for mechanical testing and fibre dimensions were accurately 

measured using a scanning electron microscope (SEM). 

Furthermore, the silks are sensitive to humidity. For all silks, to a greater or lesser extent, water 

acts as a plasticizer, influencing hydrogen bonding structure by interacting with fibre tension135. 

For major ampullate silk, water causes supercontraction, which results in a significant reduction 

in modulus87, 90, 136. For these reasons, the humidity and tension history of the silks has to be 

carefully controlled during all stages of reeling, storage and specimen measurement. 

In the case of silkworms, this Thesis presents techniques that are a major step forward in the 

controlled collection of silk; allowing hundreds of meters to be harvested from one worm using 

forced reeling137. Additionally, novel methods to accurately measure the irregular cross-sectional 
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area of silkworm silks are also presented. These techniques are vital for realistic calculations of 

the stress-linked mechanical property parameters, enabling fair comparison to other materials.  

This chapter gives an overview of the methods common to all or many of the chapters in this 

Thesis. For chapter-specific methods, including the majority of the novel and specialised 

techniques developed for material property testing, please refer to the methods section of the 

chapter concerned. 

2.2 Silkworm silks  

Bombyx mori silkworm silk specimens were sourced both from cocoons (naturally spun; see 

2.2.1) and directly from silkworm spinnerets through forced reeling (see 2.2.2 and 2.2.3). 

2.2.1 Cocoons 

Naturally spun cocoon silk specimens were taken from a single Bombyx mori cocoon. Over 800 

metres were gathered from one cocoon, which was enough for all the experiments (for area 

variation see Chapter 4, Table 7). Variability between different cocoons has been shown to be 

low when reeling and storage conditions are consistent, so the results from this single cocoon 

are assumed to be representative138. The cocoons were sourced from China and were expected 

to be around seven years old at the time of unravelling. The unravelling technique is similar to 

that of the silk industry139. The cocoon was softened in Type II water and then unwound whilst 

still partially submerged onto a motorized spool and stored in lab conditions (c. 20 °C, 40 % 

relative humidity). 

Cocoon specimens run in the dynamic mechanical thermal analysis (DMTA) in Chapter 4 were 

taken from a different cocoon, prepared in a similar way by Juan Guan, sourced from Jiangsu 

province, provided by Prof. Yaopeng Zhang from Donghua University, Shanghai.  
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2.2.2 Silkworms  

Final instar Bombyx mori silkworms were reared on a mulberry diet in Pavona, Italy. In the lab, 

worms were stored in an incubator at 9 °C for up to two weeks (after which spinning was 

unlikely due to silk gland coagulation (C. Holland pers. commun.)). To encourage spinning, 

worms were taken from the incubator and stored in lab conditions (c. 20 °C, 40 % RH) in falcon 

tubes. After the worms had been out of the incubator for one hour, some of them were selected 

for reeling. Worms were selected if they had started the construction of their cocoon (so were 

often cut out of partially completed cocoons). Prior to reeling, the silkworms were weighed and 

pictures were taken against a background of graph paper (see Figure 2.1a).  

 
Figure 2.1. Example pictures of a) Bombyx mori silkworm and b) Nephila edulis spider 
(anaesthetized). One large orange square is 10 mm. 

2.2.3 Forced reeling of silkworms  

To permit forced reeling, the silkworms were immobilised after they started spinning. Native 

worms were restrained either by hand around the head or suspended from a pole using tape 

around their body (see Figure 2.2). Similar worm head movement was still possible with both 

methods. Other worms were immobilized using paralysis, details can be found in Chapter 4. 
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Figure 2.2 Experimental set-up for silkworm forced reeling a) post holding silkworm b) tape 
restraining worm, with one between the true legs and prolegs, and another on the prolegs. 
Reeling device viewed from the side with c) spool d) reeling motor and e) horizontal translation 
motor. Reprinted with permission from Mortimer, B., et al. Biomacromolecules 14 (10): 3653-3659. Copyright 2013 American 

Chemical Society 

Silk was reeled onto a spool that was rotated by a calibrated motor (Figure 2.2). The spool was 

translated horizontally using another motor, or moving by hand. Both temperature and humidity 

were recorded per reeling. In this set-up, reeling speed was modified by controlling motor 

voltage. For silkworm forced reeling, speeds between 6 and 30 mm s-1 were chosen, spanning 

most of the natural range for spinning127 (faster speeds were not practically possible). Specimens 

from the beginning and end of reeling at each speed were excluded. 

2.2.3.1 Modifications of forced reeling of silkworms  

In brief, the forced reeling of silkworms was further modified, allowing: dipping the silk into 

water during reeling, changing the temperature of the silkworm during reeling and stretching 

the silk during reeling. Please see Chapter 4 for details. 

2.3 Spider silks  

Spider silks were obtained either through the forced reeling of immobilised spiders88, 140 (see 

2.3.1) or using naturally spun web silks93 (see 2.3.2). 

2.3.1 Forced reeled  

Nephila edulis spiders were housed in a greenhouse (12 ς 35 °C, depending on season) and 

reared on Drosophila and Calliphora sp. diet. Spiders selected for reeling were anaesthetized in 
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carbon dioxide for 5-10 minutes, and then caged dorsal-side-down using pins. The number of 

fibres and the type of silk required (major and/or minor ampullate silk) were determined by 

observing spider spinnerets under a dissection microscope (Olympus SZ40, Tokyo, Japan). The 

spiders were then reeled using the basic forced reeling set-up of silkworms (see Figure 2.2) 

where a constant reeling speed of 20 mm s-1 was used, similar to the average natural spinning 

speed88. Some long specimens (over 25 mm) were reeled directly onto cardboard frames (see 

Chapter 6). Per reeling, pictures were taken of the spider (see Figure 2.1b), spider weight was 

taken, and temperature and humidity were recorded.  

Large Araneus diadematus and Zygiella x-notata were also forced reeled for their silks. These 

were sourced from the urban areas in Oxford and housed in 30x30x5 cm Perspex frames. The 

immobilisation techniques and reeling techniques are similar to those mentioned above, except 

a shorter time was used in the carbon dioxide. 

2.3.2 Web silks  

Where web silks were required, spiders were moved into Perspex frames (Nephila in 40x40x10 

cm frames)93. The spiders were kept in lab conditions (c. 20 °C, 40 % RH and a 16h:8h lightςdark 

cycle). Every day the spiders that had built a web were given a fly (Drosophila and adult 

Calliphora for Zygiella and Nephila respectively), taken from the spider greenhouse, and their 

web was collapsed for the spider to re-ingest. Spiders had to make at least two webs in the 

frame for a web to be used. Methods to mount Nephila capture spiral web silks or Zygiella signal 

threads are outlined in Chapter 7. 

2.4 Non-silk materials  

For comparison, a synthetic polymer was also studied ς medium tenacity nylon (Goodfellow 

Cambridge Ltd). Nylon in particular was selected as it represents a synthetic analogue to natural 

silks: both are semicrystalline polyamides, but nylon has much coarser order-disorder domains 
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of larger size (micrometres)141. The nylon was supplied as a three-filament twine, from which a 

single strand was unwound for mounting, applying minimal tension during unravelling.  

As a control, a rate-independent linear elastic material was also selected - Copper beryllium 

alloy (CuBe; Cu98:Be2, Goodfellow Cambridge Ltd.).  

Cross-sectional area, density and a reference stress-strain plot of these materials can be found in 

Appendix A. 

2.5 Specimen preparation  

2.5.1 Specimen storage 

Most silk was stored under tension on a spool in lab conditions (c. 20 °C, 40 % RH) to minimise 

variation due to extrinsic factors, such as storage humidity138. To fix the silk onto the spool under 

tension, nail varnish was used. Some forced-reeled silkworm silks were stored under tension in 

sealed dry conditions to infer the effect of such storage conditions (see Chapter 4). Spools with a 

large amount of silk were stored loose, where blue-tack was used to secure the loose end of the 

silk (used only in Chapter 4 (labelled) and Chapter 5). Nylon was kept in a sealed box to minimise 

humidity variation and CuBe was stored in lab conditions. 

2.5.2 Specimen mounting  

For reeling, two types of spools were used, which affected the specimen mounting method 

(Figure 2.3).  

¶ Some spools were fixed (Figure 2.3), where specimens had to be removed from the 

spool one at a time using dividers. Using a micromanipulator, the silk was glued to the 

dividers. Specimens were then either glued into frames for tensile testing (sandwiched 

between cardboard, see Figure 2.7) or glued directly onto carbon-tape-coated SEM 
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stubs for imaging (not silkworm silks, see 2.6.1). Care was taken at both stages not to 

apply additional tension to the fibre. 

¶ Other custom-made spools allowed each inter-rung section to be removed (Figure 2.3). 

This allowed many specimens to be mounted simultaneously directly onto cardboard 

frames (see Figure 2.7) or SEM stubs.  

¶ Slack specimens (including nylon and CuBe wire) were unravelled from a spool and 

mounted using superglue into frames or onto SEM stubs, applying minimal tension. 

 
Figure 2.3. Different types of spools used in the Thesis. Fixed (left) and custom made spool 
where inter-rung segments can be removed (right). 

All spools had an inter-rung distance of c. 30 mm, limiting the length of forced-reeled silks under 

tension. Therefore, specialised methods were developed to allow specimens up to 180 mm to be 

mounted under tension, by mounting the specimens during reeling (see Chapter 6). For the most 

part, frames for tensile testing were made of cardboard and had a gauge length of 10 mm, which 

was chosen for consistency with previous studies from the group and within the field (see Figure 

2.7)91, 93, 142. Other frame sizes were used also for the vibrometry tests (see Chapter 6), and the 

effect on mechanical property measurements may be an area for further study, as gauge length 

is likely to play a small (albeit minor) effect. For the experiments at high humidity, frames were 
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made of acetate (Chapter 3). All frames were custom designed and then cut using a laser cutter 

(LS-3040, HPC Laser Ltd., UK). 

2.6 Cross-sectional area  

All silk areas were measured in an SEM (Neoscope 2000, Nikon Instruments UK), at high vacuum, 

10 kV and often at c. x2200 magnification. Pictures were analysed using ImageJ software (NIH). 

With the exception of silkworm silk, diameters were measured to calculate a circular cross-

sectional area (e.g. spider silk in Figure 2.4). Nylon and copper beryllium specimens were 

ŎƘŜŎƪŜŘ ŦƻǊ ǘƘŜƛǊ ŘƛŀƳŜǘŜǊ ƛƴ ǘƘŜ {9aΣ ǿƘƛŎƘ ƳŀǘŎƘŜŘ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊǎΩ Řƛŀmeter. Prior to 

imaging, specimens were sputter coated, most for 150 seconds, 18 mA, giving a 12.5 nm coating 

of gold/palladium (Quorum Technologies SC7620).  

2.6.1 Silkworm silks  

Cross-sections of silkworm silks tend to be highly irregular and variable in dimensions (Figure 

2.4), meaning that they cannot simply be assumed to be a circle for which the area could be 

calculated from a diameter measurement. For accurate cross-sectional measurement, silk was 

carefully transferred from the spool onto dividers140. Whilst maintained under tension, the silk 

fibres were glued with cyanoacrylate along their length onto a section of solder wire, as straight 

as possible. The solder wire was then either glued into rigid plastic tubing and transversely 

sectioned into discs, or sectioned directly using razor blades. The thin discs were then treated 

with 200 mg l-1 protease solution in a 38 °C water bath for around 24 hours. The protease digests 

ǎƻƳŜ ƻŦ ǘƘŜ ǎƛƭƪ ŦƛōǊŜΣ ƭŜŀǾƛƴƎ ŀƴ ƻǳǘƭƛƴŜ ƛƴ ǘƘŜ ƎƭǳŜ Ŝǉǳŀƭ ǘƻ ǘƘŜ ǎƛƭƪΩǎ ƻǊƛƎƛƴŀƭ ŎǊƻǎǎ-section. The 

outer section of the silk fibre was digested more than the inner, suggesting that sericin is easier 

to break down due to its less ordered structure129. The time in the water bath was found to be 

sufficient to partially digest the silks, creating a dark hole during imaging that makes the silks 

more visible and easier to find. The discs were mounted onto SEM stubs and sputter coated and 
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imaged as above, where area όŀƴŘ ǎƻƳŜǘƛƳŜǎ ŀŘŘƛǘƛƻƴŀƭƭȅ CŜǊŜǘΩǎ ŘƛŀƳŜǘŜǊύ was measured in 

ImageJ.  

 
Figure 2.4 SEM images of silks. a) Naturally spun B. mori silkworm silk, b) forced reeled B. mori 
silkworm silk and c) Nephila major ampullate silk, where white bars denote 20 µm and black 
bars denote 10 µm. d-e) show the protease-digested cross-sections for naturally spun and 
forced reeled silkworm silks respectively. NB the dark hole in the glue represents the shape and 
area of the fibre in the cross-sections, rather than the white brins which have been digested in a 
protease before imaging. Forced reeled silks were reeled at 6 mm s-1. Reprinted with permission from 

Mortimer, B., et al. Biomacromolecules 14 (10): 3653-3659. Copyright 2013 American Chemical Society 

2.6.2 Area allocation  

For spider silks, the mean diameter from at least five spider silk specimens (where each 

specimen area is an average of 3-10 measured disks) was used to calculate the cross-sectional 

area per spider reeling (only one speed was used). Diameter variation was low (see Appendix A) 

and specimens were taken from throughout the reeled length, excluding the beginning and end 

specimens. 

Unlike spider silks, the variability in cross-sectional area of silkworm silks was large, even within 

one individual and one reeling speed (see Chapter 3). Data in Figure 2.5 give the difference in 

stress-strain curves spread for forced reeled silks with different area allocation. As tensile testing 

and cross-sectional area measurement are destructive, separate silk samples are used for both 

measurements. Two approaches are used: either assigning the area measured from the nearest 

specimen to the tensile tested specimen, or assigning the mean area. For the latter, the spread 

between samples is identical to the load-extension curves, as the same area is assigned to all 

curves. Therefore, assuming that silks are likely to be consistent in their mechanical properties 
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during spinning at a consistent rate, as the mean area gives less spread for the curves, the mean 

area for each speed of a worm is used for area allocation. Furthermore, by using only one area, a 

source of experimental variation is excluded, minimizing the variation in the stress-linked 

mechanical property parameters. This is further supported with data in Chapter 4. 

 
Figure 2.5. Stress-strain curves of an unparalysed worm reeled at 10 mm s-1 using a) area of 
specimen nearest tensile tested specimen, b) mean area, which is identical to the spread in load-
extension raw curves. Reprinted with permission from Mortimer, B., et al. Biomacromolecules 14 (10): 3653-3659. Copyright 2013 

American Chemical Society 

Further analysis of these data revealed the number of specimens required to give an area with 

good chance of being representative (compared to the mean from over 100 specimens). For 

cocoon silk, a mean of at least 4 specimens is required to achieve a comparable area and 

suitable error (quantified by repeating the method 10 times). For forced reeled silk, the 

minimum was slightly higher, at 5 specimens. Due to the random fluctuation in area for both 

silks (i.e. position on the silk length does not predict area; see Chapter 4), the benefit of 

averaging more specimens only gradually decreases the chance of deviating from a mean taken 

with over 100 specimens. The specimens should be collected randomly across the entire 

reeled/spooled specimen length, to keep it representative. 
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Figure 2.6. Average deviation from the mean (bars) for 10 repeats using a different number of 
specimens per average (x axis). Error bars give the standard deviation, where there is around 70 
% chance that an average using a different N lays within this value. Black axis and green bars 
give data for paralysed forced reeled silks, whereas the red axis and orange bars give naturally 
spun data. The dashed lines correspond to 2 %, 10 % and 20 % change in calculated stress when 
the different area is used. Reprinted with permission from Mortimer, B., et al. Biomacromolecules 14 (10): 3653-3659. 

Copyright 2013 American Chemical Society 

2.7 Low-rate tensile testing  

Three tensile testers were used, one for standard experiments (5 N load cell, model 5512, 

Instron, UK), one for specialised experiments (5 N, Z0.5, Zwick GMBH, Germany), and another 

one for portable experiments (2 N, Deben Microtest tensile stage, UK). 

Common to all tensile tests, specimens were mounted into clamps and cardboard frames were 

cut prior to experimenting (see Figure 2.7). Specimens were pulled apart until broken, where 

load and extension were measured throughout the experiment. Only specimens that broke in 

the middle were used as data. For spider silks, this was difficult to assess given their small 

diameter, so specimens were only excluded if they did not fit with the general pattern of five 

other specimens. For most cases, these experiments were performed in lab conditions (c. 20 °C, 

40 % RH). In other experiments (see Chapter 3), humidity was controlled during experimenting 

using a Wetsys system (Wetsys, Setaram). The most common controlled strain-rate was 40 % 

min-1, but the Deben stage had a limit of 1.5 mm min-1. For Instron experiments, load-extension 

data were analysed using a Microsoft Excel macro. For Deben and Zwick experiments, the data 
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were analysed in Microsoft Excel. Figures were drawn using Origin Software (OriginPro8). Any 

editing of figures was performed in Adobe Illustrator or Photoshop CS6. 

 
Figure 2.7. Spider silk specimen in 10 mm laser cut cardboard frame, cut and placed in the 
crocodile clip clamps of the Zwick tensile tester. Where possible, gaps between the clamp and 
the sample were minimised. 

2.7.1 Modifications of set -up 

Tensile testing equipment was used extensively in the Thesis in a variety of experimental set-

ups, set out below:  

¶ The Deben tensile stage is designed to fit into an environmental scanning electron 

microscope (ESEM; Carl Zeiss Evo LS 15 VP-SEM), where specimens can be pulled apart 

in situ during imaging (Chapter 3). 

¶ Additionally, the Deben stage was used during laser vibrometry experiments to control 

the load and extension whilst the sonic properties of the materials were characterized 

(see Chapter 6, 7). 

¶ The Zwick was also modified to measure the load and extension of silk being reeled 

directly from silkworms. Although not generating data on the mechanical properties of 
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the forced reeled silks, these data give information on the behavioural control of the 

silkworms under different immobilisation techniques (see Chapter 4). 

¶ Specimens were also measured for their high-rate mechanical properties, to allow 

comparison to the low-rate properties (Chapter 5). 

2.8 Statistics  

Statistical analysis was performed using Minitab (v. 13) software. Non-parametric tests were 

used with a 95 % confidence interval143. Paired (one-tailed) Mann-Whitney and Moods sign 

statistical tests were performed, and Kruskal-Wallis tests were performed when more than two 

groups were compared. For the Mann-Whitney tests, assumptions are made that the treatments 

only differ in their medians and not in their variation. When this is not the case, the Moods sign 

test was used, which is less powerful but does not assume equal variance. In some cases, p 

values were not calculated to minimise the number of tests performed and so decrease the 

likelihood of a Type II error. In these cases, significance can be inferred by tests already 

performed and greater differences in medians. 
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Chapter 3 Humidity sensitivity of naturall y 

spun Bombyx mori  silk  

3.1 Synopsis 

This chapter applies the techniques described in Chapter 2 to investigate the sensitivity of the 

mechanical properties of single fibres of naturally spun B. mori cocoon silk to humidity. Humidity is 

an important factor for the natural function of silkworm silk, as cocoons are mechanical and 

environmental barriers between the pupa and the outside world during the vulnerable stage of 

metamorphosis. Furthermore, the humidity sensitivity of silk fibres makes them useful as a humidity 

detector, and here silk is employed for this function inside an Environmental Scanning Electron 

Microscope (ESEM), which allows mechanical testing within a humid environment combined with 

imaging of fibre deformation. 

This chapter is adapted from a published article (Mortimer et al. 2013144) and my contribution 

involved preparing all specimens, testing them, analysing the data and writing the manuscript. C. 

Holland, C. R. Siviour, D. R. Drodge and K. I. Dragnevski helped in experimental method and design, 

as well as data interpretation and edits to the manuscript. 

3.2 Introduction  

Silk cocoons are composite structures of fibroin fibres and sericin glue78. Sericin is hygroscopic, 

absorbing water from its environment145, which has direct influences on its action as a binder in the 

composite cocoon structure. Therefore, humidity is an important environmental factor affecting the 

mechanical properties of the cocoon, important for its protective function. Cocoons spun in high 

humidity are less stiff, but with a higher extensibility, resulting in no change in toughness145. High 

relative humidities also result in less distinct cocoon layers that are easier to separate, due to the 
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spreading of the softer sericin. Indeed, softening of the sericin to allow cocoon unravelling has been 

selected for during silkworm breeding122.  

The cocoon structure also interacts with humidity to influence silkmoth development during 

metamorphosis145-146. Silkworm cocoons from a range of species have cocoon porosities to 

appropriately match silkworm ecology and environment74. For Bombyx cocoons, one study has 

shown how the layering structure of the cocoon controls water permeability146. The outside layers 

provide a barrier to liquid water, keeping the cocoon from being saturated, whereas the inner layers 

create a humidity trap within the cocoon to prevent pupal desiccation. Other studies contradict this 

and conclude that cocoons present no barrier to oxygen or water diffusion147. 

Few studies have assessed the humidity sensitivity of unravelled Bombyx mori silk fibres142. In 

agreement with silks from other animals, drier fibres tend to be stiffer and break earlier, whereas 

wetter fibres are less stiff and more extensible87, 142, 148. These trends can be explained by the action 

of water as a plasticizer within the disordered regions of the silk fibre, increasing the mobility of 

protein chains and decreasing the attractive forces between chains46, 149-150. This effect has been 

modelled in terms of a shift in glass transition temperature, where drier fibres are more brittle and 

wetter fibres are more rubbery135, 148. 

hƴ ǘƻǇ ƻŦ ǘƘŜ ƛƴŦƭǳŜƴŎŜ ƻŦ ƘǳƳƛŘƛǘȅ ƻƴ ǎƛƭƪǿƻǊƳ ǎƛƭƪΩǎ ǎǘǊŜǎǎ-strain response, information is missing 

on the failure mechanisms involved at different humidities. Due to the small size of the silk fibres, 

imaging of specimen deformation has to be performed within a high-resolution microscope, for 

example electron-imaging microscopes. The Environmental Scanning Electron Microscope (ESEM) 

allows high magnification imaging of fibre deformation during in situ mechanical testing within a gas 

environment (Figure 3.1)151-152. This potentially allows the matching of stress-strain properties at 

different humidities to fibre imaging. Additionally, silk properties can be used as a calibrant to assess 

ESEM humidity levels, as well as assess the effect of specimen preparation techniques on specimen 

humidity. 
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The ESEM allows imaging in a gas environment by allowing higher pressures in the imaging chamber 

compared to the electron column, which must be under a high vacuum. This is achieved through a 

process called differential pumping153. Unlike the traditional SEM, this means that imaging gasses, 

such as water vapour or nitrogen, can be present in the specimen chamber. It also removes the 

necessity for coating of non-conducting specimens, which is required in a traditional SEM to prevent 

charging154.  

¦ǎƛƴƎ ǿŀǘŜǊ ǾŀǇƻǳǊ ŀǎ ƛƳŀƎƛƴƎ Ǝŀǎ όΨǿŜǘ-ƳƻŘŜΩύΣ ǎǇŜŎƛƳŜƴ ƘȅŘǊŀǘƛƻƴ Ŏŀƴ ōŜ ŎƻƴǘǊƻƭƭŜŘ ŀƭƻƴƎ 

ǿŀǘŜǊΩǎ ǾŀǇƻǳǊ ǇǊŜǎǎǳǊŜ ŎǳǊǾŜΣ ōȅ ǎŜǘǘƛƴƎ ŎƘŀƳōŜǊ ǇǊŜǎǎǳǊŜ ŀƴŘ ǎǇŜŎƛƳŜƴ ǘŜƳǇŜǊŀǘǳǊŜ όǎŜŜ next 

section). In theory, the capability should minimise drying effects, whilst simultaneously preventing 

free water from covering and obscuring the specimen155-159. This makes this technique popular for 

imaging the deformation of humid-sensitive biological specimens, from cells to fibres (see Figure 

3.1)160-171. 

An ideal in situ experiment would allow the collection of both valid mechanical properties and 

informative ESEM images. Pictures of the mechanical deformation of silk can provide information on 

failure mechanisms151, 163 and crack propagation162, 172. Due to the fine diameters of silk (e.g. the 

fibres used in this chapter were 25-35 µm across), a high magnification is required to obtain 

sufficient surface detail to be useful. However, increasing the magnification increases the electron 

beam intensity and thus the risk of beam damage, which will accumulate when a region is imaged 

continuously or repeatedly173. Metallic coating can mitigate beam damage both by preventing 

charge accumulation, and reducing image noise, in turn reducing acquisition times, thus allowing for 

higher-magnification images151, 174. However, the beneficial effect of coating is reduced when it 

cracks (Figure 3.1). Additionally, the effect of metallic coating on the mechanical properties of silk is 

not well understood. 
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Figure 3.1. Gold/palladium coated forced reeled B. mori silkworm silk fibre imaged in an ESEM at 
100 Pa (1.3 nm coating) at low zoom and higher zoom (inlaid). White bar denotes 10 µm. Two inner 
brins can be seen in the centre through cracks in the sericin and metal coating. The cracks have 
formed due to the in situ application of load. The magnification is high, proving good detail, but are 
poor conditions for specimen charging unless coating is used. The white regions show charging of 
the fibre is limited to within the crack, due to the lack of coating within the damaged fibre. 

This chapter investigates the mechanical properties of Bombyx mori silk in experimental 

environments of different humidities. The interaction between specimen humidity and specimen 

preparation techniques are also investigated, including the effects of metallic coating, specimen 

tension and pump-down procedure in wet-mode. These data give insights into the mitigation 

techniques that can be used to finely control specimen humidity inside the ESEM, applicable to a 

range of humid-sensitive biological specimens. The humidity sensitivity of these silks is also 

interpreted in the natural context of the cocoon. 

3.3 Methods  

3.3.1 Tensile testing  

All tensile tests were performed in a Deben Microtest tensile stage with a 2 N load cell at a 

deformation rate of 1.5 mm min-1. The stage is designed to fit into the ESEM (Carl Zeiss Evo LS 15 VP-

SEM) for in situ microscopy experiments, with 10 mm gauge length specimens. As described in 

Chapter 2, silk fibres were mounted in frames, which were cut just prior to tensile testing and ESEM 

pump-down. For some specimens, jaws were closed by 0.5 mm after the frames were cut, 

introducing a 5 % slack on the fibre prior to the pump-down procedure (labelled Low Vacuum Slack, 

Table 3).  



D. Phil Thesis in Zoology Beth Mortimer Chapter 3 

39 

Further ex situ tensile tests were conducted at controlled humidities (10 - 80 % RH). The data for the 

40 % RH specimens use room humidity, which was measured using a humidity sensor (labelled 

Ambient). Humidities for the other fibres were controlled using a Wetsys system (Wetsys, Setaram). 

Fibres were left in the humid environment for 10 minutes before experimenting. The time was 

picked due to the quick rate of hydration/dehydration in silks, of which the latter is slowed following 

high humidities, only reached here in Humid Cycle (see cocoon specimens in Appendix Figure A.2, 

single fibres are expected to react quicker). Other details on the tensile testing and analysis are given 

in Chapter 2. 

3.3.2 ESEM conditions 

For all specimens measured in the ESEM, specimens were left at the experimental conditions 

outlined in Table 3 for around ten minutes before tensile testing. All specimens within the 

treatments outlined in Table 3 had the same waiting time. The electron gun was switched off for all 

tensile tests to prevent charging effects and damage173.  

For Low Vacuum and Humid specimens, the imaging gas was dry Nitrogen and water vapour, 

respectively. Humidity in the ESEM was controlled by varying the pressure and temperature inside 

the vacuum chamber to achieve the target humidity, as calculated using a vapour pressure curve 

(Figure 3.2)175. A calculated relative humidity of 40 % was assumed to be equivalent to lab 

conditions. 

Temperature was controlled using a commercial coolstage (Deben UK) fitted 2 mm below the length 

of the specimen and between the jaws of the tensile tester. This ensures that the specimen is held as 

close to the desired temperature as possible throughout the experiment, important for the 

specimen humidity (Figure 3.2)163. Prolonged and repeated use of the ESEM wet-mode leads to an 

increase in humidity inside the ESEM chamber, making the actual humidity difficult to quantify, 

adding to the error of humidity estimates shown in Table 3. This effect led to the formation of ice 

crystals at -1 °C after continued wet-mode usage. As this effect was particularly pronounced for 
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Humid Cycle, pressure and temperature were increased to 1 °C to produce an equivalent humidity. 

Experiments resulting in ice crystals were rejected. Due to the low free water content in silk (~ 5 %, 

see Chapter 4) temperatures below 0 °C are not expected to affect stress-ǎǘǊŀƛƴ ǊŜǎǇƻƴǎŜ ŀǎ ǎƛƭƪΩǎ 

storage modulus does not change much over this temperature range176-177.  

 
Figure 3.2. Vapour pressure curve for water. At a certain pressure and temperature, water vapour 
will have a specific value of relative humidity (RH). Black star gives the coordinate for lab conditions 
(c. 40 %, 20 °C), blue star gives the conditions in the ESEM for Humid Cycle specimens and red star 
gives the conditions in the ESEM for other Humid specimens. All are equivalent to c. 40 % RH. 
Adapted from www.conservationphysics.org/vapap/vapap. 

With the exception of Humid Cycle, the experimental pressure was reached by a ramp pump-down 

from ambient pressure to experimental pressure, which often overshot the intended pressure. This 

means the machine control often reached pressures below the intended experimental pressure (see 

lowest pressure for pump-down conditions in Table 3). The Humid Cycle experiments involved a 

pump-down cycle between high and low pressures multiple times, to ensure gas in the chamber is 

replaced with water vapour178, followed by a ramp-down to experimental pressure. Both 

temperature and vacuum range were recorded during different treatments, to track humidity 

variability through the duration of the experiments (see Table 3). 
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Table 3. Treatment design. Experimental conditions and pump-down conditions are given. For ramp-down pumping method, the pressure often overshoots 
the selected experimental pressure, so lowest pressures will be lower than experimental pressure. These are included to give a range of humidities 
encountered during pump-down for humid specimens. For Humid Cycle specimens, the pressure is cycled 6 times before ramping down to the experimental 
pressure. Higher pressures were chosen for the cycles to replace the gas in the chamber with water vapour. Pressure was then pumped down to the lower 
humid experimental pressure. All fibres were held at the final experimental conditions for 10 minutes before measurement. 
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Some specimens were coated on each side for 15 seconds at 18 mA with an Au/Pd target in a 

sputter coater (Quorum Technologies SC7620), giving a 1.3 nm coating (labelled Coated in Table 

3). The metallic coating on the fibre represents only a minor increase in fibre area (0.02 %), so is 

not expected to offer any mechanical reinforcement. The plasma of metal ions used in the 

sputtering process may cause damage to the fibre, but this effect cannot be separated from the 

effect of the coating itself. 

3.4 Results & Discussion  

3.4.1 Measuring humidity sensitivity  

Silk mechanical properties are sensitive to environmental humidity, shown by in situ tensile tests 

in an ESEM (Figure 3.3a), and experiments under controlled humidity conditions (Figure 3.3b). 

By reference to the latter, it is possible to infer the relative humidity conditions inside the ESEM. 

For the Low Vacuum nitrogen experimental atmosphere, relative humidity is just under 10 %, 

and for the Humid Cycle water vapour atmosphere, relative humidity is around 60 %. 

 
Figure 3.3 a) Stress-strain curves of silk fibres, comparing ambient conditions versus the ESEM low 
vacuum and wet-mode set to ambient humidity. Scatter points give the break points of other fibres 
measured under the same conditions with lines showing a representative specimen from the 
treatment. Kruskal-Wallis showed significantly different break strains between the three (p < 0.01). 
b) Effect of relative humidity during experiments on the stress-strain curves of silk fibres measured 
outside the ESEM. The data of 40 % RH are taken from the Ambient data set. 
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Silk break strain is significantly different between experimental environments (Kruskal-Wallis 

statistical test, p < 0.01). With reference to both panels in Figure 3.3, at humidities under 60 % 

RH, silk failure occurs at a constant stress, and above, silk failure occurs at a constant strain. This 

trend fits in with previous research on the humidity sensitivity of naturally spun silks142. Reduced 

strength and initial modulus at high humidities is explained by the onset of a moisture-induced 

glass transition in the disordered fraction, beginning at about 50 % RH at room temperature142. 

Either side of this transition, the type and combination of hydrogen bonded structures in the 

amorphous region set the limits of the maximum stress and strain179. 

Vacuum would be expected to affect mechanical properties by removing free water from the silk 

structure, resulting in a loss of plasticizer. This increases the attractive forces between the 

protein chains in the amorphous regions of the silk46, 150, leading to a higher yield stress, stiffer 

material post-yield and failure at lower strains. Indeed, the post-yield modulus is significantly 

higher for Low Vac compared to Ambient fibres (Mann-Whitney test, p < 0.01; post-yield data 

given in Table 4). The effect of dehydration is rapid, as silk properties changed within a few 

minutes of being in the vacuum. Unlike other fibres measured, the failure points of repeated 

specimens measured under vacuum show high variability, and do not fail on stress-strain 

contours. This suggests that drying the silks increases structural variability, whether macro-

structure, such as cracking or brin separation, nano-structure, such as distribution and 

proportion of disorder, or molecular structure, with the number and type of hydrogen bonds. 

The vacuum will dry the silks in proportion to the time spent in the vacuum, which was the same 

for all Low Vac specimens. 

To further investigate the importance of hydration history of these silk fibres, the specimens 

were put into vacuum and then removed for tensile testing in ambient conditions. These 

specimens were compared to specimens that had not been through a vacuum, which were not 
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significantly different (Figure 3.4). This suggests that silk dehydration is reversible and 

rehydration happens at similarly quick rates. This is supported by data in Appendix Figure A.2.  

 

Figure 3.4. Stress-strain profiles of ambient and vacuum-treated cocoon silks. Vacuum 
treatment involves non-coated silks which have been through a vacuum (identical to that used 
in the sputter coater for the coated silks), but measured in identical conditions to the Ambient 
treatment. These tensile tests were carried out using an Instron 5512 tester (model 5512, 
Instron, UK) with a 5 N load cell at 40 % min-1 and analysed in an Excel macro. Ambient and 
Vacuum are not significantly different in their breaking strain and stress (Mann-Whitney two-
tailed test, p = 0.95 and p = 0.18 respectively). Vacuum effect is therefore reversible, where 
fibres are hypothesised to rehydrate before measurement under ambient conditions. 

Humid Cycle used a temperature and pressure that predicted a humidity equivalent to that of 

Ambient fibres (c. 40 % RH). However, the silk mechanical properties suggest that the humidity 

was higher than intended (c. 60 % RH). This could be explained by the saturating humidities (100 

% RH) during cyclic pump-down at the higher pressures, from which the silk has not completely 

dried. This is also seen in Appendix Figure A.2, where dehydration is slower than rehydration, 

following relative humidities of 80 %. This means dehydration time is dependent on the 

humidity level reached, and is slower following saturation. A longer period at the environmental 

conditions may ameliorate this (i.e. longer than 10 minutes between pump-down and 

measuring), to make sure equilibrium in humidity between the silk and the experimental 

environment is reached. 
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However, despite measurement after consistent times, this trend is not seen in all fibres within 

this treatment, as the variation is large (Table 4). This suggests that there is variation in humidity 

inside the ESEM chamber between subsequent experiments, and highlights potential 

weaknesses in using vapour pressure curves to control humidity. 

3.4.2 Specimen preparation and humidity  

Details of stress-strain characteristics of silks measured in different ESEM environments using 

varied specimen preparation techniques are given in Table 4. Specimen preparation technique 

therefore influences fibre performance. Variation in the break strain was seen to be the largest 

between treatments, which mirror the post-yield modulus trends. Therefore, break strain can be 

proposed as a single property indicator of the effect of specimen preparation technique on fibre 

mechanical properties. Figure 3.5 compares the break strain values for all the experiments. Lines 

between bars denote a paired statistical test, where the star denotes a significant difference.  

Table 4. Stress-strain results for all treatments, giving mean value, number of experiments (N). 
Coloured conditioning of cells indicate specimens that exhibit mechanical properties lower (red) or 
higher (green) than those of the Ambient control (yellow). 
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Figure 3.5. Effect of different specimen preparation techniques on break strain of silk under 
different experimental humidities, where error bars give the standard error of the mean. Asterisk 
denotes statistically significant difference between pairs. a) Effect of introducing slack (5 %) onto 
the silk fibre prior to pump-down on the break strain compared to no slack, low vacuum and 
ambient conditions; b) effect of vacuum and coating on the break strain of silk fibres; c) effect of 
pump-down procedure and coating on the break strain of silk fibres measured in the ESEM wet-
mode. 
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3.4.2.1 Tension under low vacuum  

Adding slack to a silk fibre prior to pump-down significantly increases break strain compared to 

Low Vacuum (p < 0.01), but did not restore break strain to ambient levels, which is still 

significantly higher (p < 0.01; Figure 3.5a). During specimen deformation, Low Vacuum Slack and 

Low Vacuum specimens are essentially the same, as slack is removed as the specimens are 

pulled apart. Therefore, it is the tension during pump-down that causes this significant effect, 

possibly due to fibre contraction when dehydrated (fibre length contraction can be seen in 

Appendix Figure A.2). Tension can therefore be considered to affect the loss of water from a 

fibre, or otherwise influence the breaking mechanism, such as proportion of surface flaws. 

Adding slack is hypothesised to make the sericin less likely to crack due to specimen contraction 

during evacuation. Figure 3.6 shows longitudinal cracking in a silk fibre due to brin separation 

under low vacuum conditions when the fibre was under tension. Unlike the transverse cracking 

in Figure 3.1, due to applied load and metallic coating, the longitudinal cracking shown here is 

due to brin separation following fibre contraction, which is likely to affect a greater proportion 

of the fibre. This type of cracking is also seen in cocoons spun under low-humidity conditions145. 

Sericin cracks could lead to stress concentration that might hasten failure, although the modulus 

of sericin is comparably low129. However it is more likely that the sericin coating prevents water 

loss from the main structural components of the fibre ς the brins, and that cracks weaken the 

fibre by allowing additional water loss under vacuum. 

 

 

 



Chapter 3 Beth Mortimer D. Phil Thesis in Zoology 

48 

 
Figure 3.6. Uncoated silk fibre imaged in an ESEM at 15 Pa (under a nitrogen atmosphere). The 
fibre was pumped down under tension, so is analogous to the Low Vacuum specimens. The 
white bar denotes 10 µm. White arrow points to the start of a longitudinal crack in the sericin 
coating, running to the left from the arrow inside the highlighted box. To the right the sericin is 
uncracked, and the surface structure is smooth. The imaging pressure is used for better quality 
imaging and is not expected to differ in humidity from 100 Pa, which was used as the 
experimental pressure for mechanical measurements (effectively 0 % RH). 

3.4.2.2 Coating 

When measured in ambient and low vacuum conditions, coated specimens also showed 

significantly lower break strains (ambient, p < 0.01; and low vacuum, p = 0.03; Figure 3.5b), but 

with little effect on breaking stress or initial modulus. Water diffusion can also explain the 

mechanical properties of fibres subjected to sputter coating, as diffusion rates into/out of the 

fibre will be impeded by the metallic layer. This layer may prevent rehydration of the fibre 

following sputter coating, which occurs under vacuum. The low humidity of the plasma coating 

ŎƘŀƳōŜǊ ƛǎ ǘƘŜƴ ŜŦŦŜŎǘƛǾŜƭȅ ΨƭƻŎƪŜŘ ƛƴΩΣ ǘƘǳǎ ŘŜŎǊŜŀǎƛƴƎ ōǊŜŀƪ ǎǘǊŀƛƴ ŀǘ ŀƳōƛŜƴǘ ŎƻƴŘƛǘƛƻƴǎΦ !ǎ 

break strain is also lower for coated specimens under vacuum, it is also likely that the metallic 

coating exacerbates sericin cracking under tension, further decreasing break strain. 

Despite the effect of coating on mechanical properties, there are advantages to applying coating 

as it helps to reduce specimen charging and is conventionally used in SEM. The use of some 

degree of fibre coating for imaging in low vacuum mode may therefore be preferable to no 

coating in order to obtain images at sufficient magnification to resolve features of interest. 

However, the coating only protects the surface of the fibre, and may not maintain this benefit 

after sericin cracking has occurred and the uncoated fibroin is exposed to the beam (Figure 3.1 

and Figure 3.6)172. 
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3.4.2.3 Pump-down procedure in wet -mode 

However, for humid experiments, coating did not decrease break strain and is not significantly 

different from the non-coated humid specimens (p = 0.7). This is explained by the cracking of the 

metallic coating during pump-down in tension (Figure 3.5a), which would then allow the 

humidity of the experimental conditions to increase fibre hydration, and so break strain. 

Cyclic pumping also significantly increases break strain compared to a ramp-down (p < 0.01), up 

to levels similar to those seen in ambient specimens. Previous studies have also shown that a 

ramp-down procedure leads to a higher degree of specimen dehydration178. This is because a 

non-cyclic pump-down leads to a higher proportion of dry air present, as air is not replaced by 

water vapour to the same extent178. The degree of specimen dehydration caused by the pump-

down procedure will inevitably effect the time to equilibrate at a specified humidity prior to 

measurement, affected by the pressure, target humidity and machine capabilities. Overall, the 

data support the use of cyclic pump-down as the optimal procedure for humid specimen 

observation. 

These data also highlight the need for improvement in the application of this procedure and 

machine control. In particular, all fibres measured in wet-mode showed increased mechanical 

property variability, which is assumed to be due to changes in humidity between repeat 

experiments of the same treatment. The theoretical lowest humidity for Humid and Humid 

Coated based on lowest recorded values of both pressure and temperature in the chamber gave 

30 % RH. Inferring from Figure 3.3b, the silk break strains from Humid and Humid Coated 

suggest that the humidity may in fact be as low as 10 % RH. This may be explained partially by 

the specimen being at a higher temperature than the Peltier chip, leading to a lower humidity at 

that pressure due to the vapour pressure curve178. However, this is unlikely as specimens were 

consistently placed a close as possible to avoid such a temperature gradient and there is no 

evidence of a similar effect for the Humid Cycle specimens. 
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3.4.3 Humidity sensitivity of silk  

What are the implications of the sensitivity of mechanical properties of the individual fibres for 

the natural context of the cocoon? A simple scaling up of the properties suggests that toughness 

of the individual fibres will only be negatively affected at very high or very low humidities, as 

shown by the areas under the curves in Figure 3.3. However, due to the non-woven composite 

structure of the cocoon, the effect of humidity on toughness is more complex. 

Compared to single fibres, cocoons have a greater capacity to store water as they have a higher 

proportion of sericin. As the relative humidity increases, the water mass in cocoon sections 

increases, up to 47 % for 100 % RH specimens145, more than the maximum for single fibres (5 %; 

see Chapter 4). The 3D structure of the cocoon and the unravelling process may also contribute 

to the difference in water mass between cocoons and fibres. At high humidities, this leads to 

sericin expanding due to its higher volume. This has two implications. Firstly, the porosity of 

cocoons could change as a function of their humidity, becoming less porous as humidity 

increases, creating a passive permeability control. Secondly, very high humidity can lead to 

composite collapse, as the binding sericin will become too soft, explaining the easy separation of 

cocoon layers in cocoons spun in humid conditions145. This may also explain the selection for 

oxidative phenolic tanning, which requires water to become active and creates cross-linking 

bonds within the cocoon structure145, 180 ς it provides a control mechanism to increase cross-

linking in the cocoon structure to increase stiffness when the integrity of sericin may be lost. 

However, in terms of the artificial selection of Bombyx, this sericin softening is exactly what was 

selected for to allow easy reeling, and correlates with white cocoons with low proportion of 

tanning and so cross-linking122. Overall, although the humidity sensitivity of the fibres will play a 

role in cocoon function, the interaction between sericin and humidity in the composite structure 

is likely to have a larger effect. 
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The humidity sensitivity of silk also has useful applications in engineering as a calibrant material 

for certain techniques. In particular, specific material behaviour can be matched to observable 

structure in the ESEM. In order to achieve this, the next step will be to measure which ESEM 

environments and specimen preparation techniques minimise beam damage of the specimen 

during imaging173. 

3.5 Conclusions 

Naturally spun Bombyx mori silk has different mechanical properties depending on its 

environmental humidity. At lower humidities, break strain reduces and fibres fail at a constant 

stress. Whereas at higher humidities, fibres soften, showing reduced strength and breaking at 

constant failure strains. This transition is explained by a moisture-induced glass transition in the 

silk structure, causing increased molecular chain mobility at the higher relative humidities149. 

Storage humidity, however, has been shown to be relatively unimportant, as silk can dehydrate 

and hydrate rapidly and reversibly. Silk saturation with water, however, leads to longer 

dehydration times needed to equilibrate with the experimental environment. 

5ǳŜ ǘƻ ǘƘŜ ŦŀŎǘ ǘƘŀǘ ǎƛƭƪΩǎ ƳŜŎƘŀƴƛŎŀƭ ǇǊƻǇŜǊǘƛŜǎ ŀǊŜ ǎŜƴǎƛǘƛǾŜ ǘƻ ŜƴǾƛǊƻƴƳŜƴǘŀƭ ƘǳƳƛŘƛǘȅΣ ǘƘŜ 

effect of preparation techniques on specimen humidity during experimentation can be 

investigated. For example, tension exacerbates water loss, proposed to be due to promotion of 

fibre cracking. A metallic coating can prevent water diffusion in and out of the fibre, but if 

cracked, may promote sericin cracking and further water loss. Lastly, cyclic pump-down during 

ESEM wet-mode ensures chamber hydration, but leads to specimen saturation.  

In the context of the cocoon, the humidity sensitivity of the individual fibres is unlikely to play a 

role in cocoon function compared to the interaction between sericin binder and humidity, which 

expands and softens significantly at high humidities. This may explain the need for cross-linking 
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enzyme activity at high humidities that lead to cocoon tanning, particularly seen in wild silkmoth 

cocoons in order to maintain mechanical integrity. 

This chapter has also shown how the humidity sensitivity of silk fibres can be used as a calibrant 

to assess how experimental environments and techniques affect specimen humidity. This is 

useful beyond understanding silk properties to a range of humid-sensitive specimens that can be 

measured in situ in the ESEM. The next step is to assess how these specimen preparation 

techniques affect specimen imaging in situ, to allow useful matching between mechanical 

properties and specimen deformation. 

The manipulation of stress-strain properties of silkworm silks is explored in the next chapter, 

using forced reeling of silkworms. Naturally spun silks are compared to forced reeled silks in 

terms of their fibre morphology, mechanical properties and protein structure. 
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Chapter 4 Forced reeled silks of Bombyx mori  

4.1 Synopsis 

This chapter continues research into mechanical property variation in Bombyx silks, comparing 

naturally spun cocoon silks used in Chapter 3 to forced reeled Bombyx silks. Forced reeling 

allows processing conditions to be manipulated, enabling specific factors that affect mechanical 

property variability to be investigated. Here, ways to immobilise silkworms for reeling, as well as 

the effect of reeling speed, applied postdraw, and storage conditions on the mechanical 

properties are investigated. Data provided from J. Guan complements this research by 

investigating the different structures formed by these processing conditions. This chapter 

provides insights into the importance of natural spinning conditions for silk structure and 

properties. Furthermore, it allows the performance scope of Bombyx silks to be investigated, 

beyond the natural processing conditions, useful for the use of these silks in engineering and 

medicine. 

This chapter is adapted from two papers: data in Sections 4.4.1-4.4.3 is published (Mortimer et 

al. 2013137) and data from 4.4.2-4.4.5 is submitted (Mortimer et al. to Acta Biomaterialia). My 

contributions were preparation of all the silk specimens, mechanical testing and SEM imaging, as 

well as analysis of the data, interpretation and writing the papers. C. Holland and F. Vollrath 

helped with experimental design, data interpretation and manuscript editing for both papers. J. 

Guan and D. Porter provided the DMTA data and interpretation, as well as editing for the second 

paper. TGA data was provided by N. Hawkins, with interpretation from C. Holland and D. Porter. 

4.2 Introduction  

As well as collecting silk from the cocoon, where the silk is naturally spun, silks can be forced 

reeled directly from the silkworm. Forced reeling uses the natural silk dope spun in vivo, but the 
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processing conŘƛǘƛƻƴǎ ŀǊŜ ǎƻƳŜǿƘŀǘ ΨǳƴƴŀǘǳǊŀƭΩ ǎƛƴŎŜ ǘƘŜ ǎƛƭƪ ŦƛōǊŜ ƛǎ ǇǳƭƭŜŘ ŘƛǊŜŎǘƭȅ ŦǊƻƳ ǘƘŜ 

spinnerets127, 137, 181. As these silks do not go through the cocoon layering and unravelling 

process, forced reeling provides the potential to produce silk fibres with more consistent fibre 

morphology. Also, unlike industrial processing, forced reeling avoids fibre unravelling from a 

cocoon under wet heat in a chemical environment122, which will be expected to affect the 

inherent properties of the thread due to the viscoelasticity of silks135, 177. Importantly, forced 

reeling allows the control of processing and environmental conditions under which the silk is 

spun, allowing greater control of fibre variability than is possible with naturally spun silk.  

This leads to the potential to tailor the mechanical properties of a thread127 by reeling under 

controlled experimental conditions182. The potential for detailed hypothesis testing is significant 

because this technique allows the investigation of a wide range of variables (that have been 

previously investigated with spider silks80, 87-88, 140, 183-185), such as spinning speed, body 

temperature, postdraw medium, animal physiology (e.g. anaesthesia, blood pH) and air 

humidity.  

Whereas naturally spun and forced reeled silks are spun in vivo using natural protein dope 

ŦŜŜŘǎǘƻŎƪΣ ΨǎƛƭƪΩ ŦƛōǊŜǎ Ŏŀƴ ŀƭǎƻ ōŜ ǎǇǳƴ ŀǊǘƛŦƛŎƛŀƭƭȅ ŦǊƻƳ ǊŜŎƻƴǎǘƛǘǳǘŜŘ ǎƛƭƪ ŦƛōǊƻƛƴ όw{Cύ ǇǊƻǘŜƛƴ 

molecules that have been obtained from native silks after dissolving in strong chaotropic 

agents186-187. Importantly for industrial uses, RSF can be processed in a number of ways to 

produce films, fibres, and a variety of 3D structures, with a wide range of potential applications, 

principally for use in biomedical research188-191. Studying forced reeled silks bridges the gap 

between the naturally spun and artificially produced Bombyx-derived proteins. For example, the 

influence of processing conditions on the structure-property links of forced-reeled silks gives an 

indication of the performance range and limitations of materials derived from this protein 

sequence, which can inform RSF research. 
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4.2.1 Forced reeled silk variability  

However, forced reeled silks still have high inter-fibre variability. This complicates the 

quantification of the exact effect of processing conditions on the properties of silks. Additionally, 

alert and resisting silkworms are able to break the thread or otherwise interfere with the reeling 

process through other physiological or behavioural means, which explains the relatively little 

research on the forced reeling of silkworms192. This is additionally a problem for the industrial 

use of forced reeled silkworm silks, as long consistent fibres (with high strength) would be most 

desirable. The key to addressing these issues is the separation of behavioural influence from the 

effect of processing conditions. In spiders, the behavioural control of load during reeling has 

been shown to influence predictably variability and properties of drawn fibres185, 193. However, 

until now, reeling force in silkworms has not been controlled or quantified.   

A silkworm can apply load on to the nascent thread through internal and/or external means. 

External loading could occur using either or both of two pairs of facial palps (maxilla and labial) 

ƻǊ ǘƘŜ ΨǘǊǳŜΩ όǘƘƻǊŀŎƛŎύ ƭŜƎǎ ǇƻǎƛǘƛƻƴŜŘ ōŜƭƻǿ ǘƘŜ ǎǇƛƴƴŜǊŜǘΦ CǊƻƳ ƻōǎŜǊǾŀǘƛƻƴ ŀƴŘ ǎŎŀƴƴƛƴƎ 

electron microscope (SEM) images, the first pair of legs is proposed to be best positioned to 

hook onto the silk. In support of this assertion, the claw on the leg has a nook of a size 

comparable to a naturally spun silk fibre (Figure 4.1a). Although the legs do not interfere with 

silk during cocoon construction, non-Bombycoidea caterpillars use their thoracic legs to climb 

back up the silk thread, which is used as a lifeline (but how the silkworms slow down during the 

fall is untested)194-195. The exact method of load application is presently unknown, but is not 

important for the interpretation of the experiments. Moreover, it might well be possible that 

total loading history on a thread is likely to differ between individual worms and between 

multiple reeling events due to the speed and angle of reeling and the status/experience of the 

worm. This multiplicity of contributing factors may explain the high variation in forced reeled 

silks between different silkworms196. 
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Internally, silkworms possess a silk press which, when activated, increases the diameter of the 

silk fibres128. Although it has been a long observed feature of silkworm anatomy197, so far the 

mechanics of the press have only been inferred from superficial structural analysis. Using data 

from silkworm dissection, as well as recent histological and micro-CT observations128, 197-198, 

Figure 4.1b aims to summarise the known anatomy of the silk press. Both the dorsal and ventral 

muscles act to increase the silk duct lumen when contracted (Figure 4.1b inset). Lumen size 

narrows when the muscles are relaxed due to elastic recoil of the cuticle-lined wall. Detail of the 

musculature may be found elsewhere128, 198. 

 
Figure 4.1. a) SEM false colour image of the claw at the end of the first thoracic leg of a silkworm. 
Black scale bar denotes 50 µm. Note the notch on the inner side of the claw that corresponds to c. 20 
µm, the diameter of a naturally spun silk fibre. b) Drawing of the silk press inside a silkworm before 
the spinneret (green, a). The two ducts (blue, b) run from the two silk glands and then merge. Ducts 
ŦǊƻƳ ǘƘŜ CƛƭƛǇǇƛΩǎ ƎƭŀƴŘ όǇǳǊǇƭŜΣ Ŏύ Ƨƻƛƴ ōŜŦƻǊŜ ǘƘŜ ǎƛƭƪ ǇǊŜǎǎΦ !ǘ ǘƘŜ ǇǊŜǎǎΣ ǘƘŜǊŜ ƛǎ ŀ ǎƳŀƭƭŜǊ ƭǳƳŜƴ 
(yellow, d) and a thickening of the tube wall (turquoise, e). There is a long ventral plate that meets 
the lumen and a smaller plate imbedded in the wall (orange, f). Ventral (red, g) and dorsal (brown, h) 
muscles control the press to increase lumen size when they are contracted. Elastic recoil of the 
cuticle-lined wall enables lumen contraction. The inset image gives the transverse section through 
the press. Reprinted with permission from Mortimer, B., et al. Biomacromolecules 14 (10): 3653-3659. Copyright 2013 American 

Chemical Society 

This chapter presents a novel method that induces natural silkworm paralysis by using the 

ŀƴƛƳŀƭǎΩ ƻǿƴ ΨǇƭŀȅ-deaŘΩ ŀƴǘƛ-predator defence, which is induced hormonally by a specific 

paralytic peptide199. The paralytic peptide is naturally produced by silkworms in their 

haemolymph200. The peptide was first isolated and purified by Ha et al. (1999), who confirmed 

its ability to cause rapid and rigid paralysis when injected back into the haemolymph200. The 
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peptide is naturally produced immediately following bleeding201. The paralysis serves to prevent 

ǎƛƭƪǿƻǊƳ ƳƻǾŜƳŜƴǘ ŀƴŘ ΨōƭŜŜŘƛƴƎ ƻǳǘΩ ŦƻƭƭƻǿƛƴƎ ŎǳǘƛŎƭŜ ǇǳƴŎǘǳǊŜΣ ōǳǘ ŀƭǎƻ ǘǊƛƎƎŜǊǎ ŀƴ ƛƳƳǳƴŜ 

response202.  

4.2.2 Effect of processing conditions  

Using these techniques for silkworm immobilisation, the effect of processing conditions on the 

forced reeled silks can then be investigated. For example, reeling speed affects the mechanical 

properties of forced reeled spider and silkworm silks88, 127, 181, 203. It is assumed that the reeling 

speed affects the shearing of the silk dope whilst in the duct88, thus a faster reeling speed would 

result in an increase in beta sheet content while at the same time leading to a decrease in fibre 

diameter88, 203. In spiders, it has been shown that there is an optimum speed for breaking energy 

and stress, which matches the average natural spinning rate88. However with silkworms, 

increasing reeling rate does not affect breaking energy, and maximum stress increases to an 

impressive one Giga Pascal (GPa)127, 203. 

Like reeling speed, processing conditions such as postdraw (stretching the fibres during reeling) 

or wet-reeling (dipping the silk through water during reeling) would also be expected to create 

additional order183. Adding tension to the fibre ōŜŦƻǊŜ ƛǘ ƛǎ Ŧǳƭƭȅ ΨǎŜǘΩ ŎǊŜŀǘŜǎ ǎǘǊŜǎǎ-induced 

molecular alignment204, allowing hydrogen bonding during dryƛƴƎ ǘƻ ΨƭƻŎƪΩ ǘƘŜ ƻǊŘŜǊ ƛƴǘƻ 

place183. Indeed in spider spinning, such post-processing additions affect mechanical properties 

by increasing order within the fibre87, 183; something also seen in synthetic polymer spinning205-

208. To further increase the degree of molecular order in a finished silk fibre, processing 

conditions of parameters like temperature, stress and solvation would need to exceed the yield 

point or glass transition temperature to allow macromolecular mobility177.  

Understanding the relationship between protein structure and mechanical properties is a vital 

step towards using silk or silk-derived proteins for specific applications. One of the most useful 
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analytical tools allowing the matching of properties and structure is dynamic mechanical 

thermal analysis (DMTA), with detailed research to date helping to elucidate the protein 

structure of RSF190, 209-213, native silk fibres135, 176-177, 179, and artificially spun fibres from natural 

silk dope214-216. This research has revealed differences in thermal behaviour between the 

different silk-derived proteins; most importantly, differences in glass transition temperatures 

(Tg) that can be linked to the degree of order in the protein, which in turn is a key component of 

protein structure determining mechanical performance177.  

Processing conditions such as chemical or isothermal treatment, or applying postdraw, have 

been shown in RSF to influence the structures present150, 209-210, 217-221. Other studies make the 

important link between the treatment, the mechanical properties and the protein structure176, 

190, 222-224. To date, artificially spun silks (unless treated considerably post-spinning) are unable to 

match their natural counterparts15. This is most likely because the processing conditions used 

lead to dissimilar supra-molecular structures15.  

4.2.3 Overview  

This chapter aims firstly to measure the effectiveness of the naturally-produced paralytic 

peptide as a way to control silkworm behaviour during forced reeling, and so control forced 

reeled silk variability. Then, using appropriate worm immobilisation techniques, the effect of a 

range of processing conditions on the mechanical properties of silkworm silks will be 

investigated, to explore the extent to which silk properties can be tailored for specific 

applications. To provide insights into the effect of processing conditions on structure-property 

links, the thermal properties of a diverse range of forced reeled silks will also be studied. These 

results should provide insights into the potential and limitations of Bombyx-derived silks, 

bridging the gap between naturally spun and artificially produced RSFs. 
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4.3 Methods  

Methods for the preparation of forced reeled silkworm silks (basic set-up), silk storage and 

mounting, tensile testing and cross-sectional area are given in Chapter 2. Presented here, novel 

methods were developed in silkworm immobilisation using paralysis, as well as modified forced 

reeling techniques. The forced reeled silks were also probed for their thermal properties by N. 

Hawkins and J. Guan to infer the structures present using standard thermogravimetric analysis 

(TGA) and dynamic mechanical thermal analysis (DMTA). 

4.3.1 Silkworm paralysis  

This Thesis develops the use of silkworm paralysis as a method of immobilising silkworms. 

Worms were injected with 0.1 ml of 10 mg l-1 paralytic peptide in water solution into the first 

pseudopod base into the haemolymph. A shallow injection is used to help ensure the silk gland 

is not pierced. The paralytic peptide was custom synthesised by Activotec, Cambridge. The 

peptide sequence is ENFVGGCATGFKRTADGRCKPTF, modified so that the two Cys amino acids at 

positions 7 and 19 have an intra-disulfide bond199. This is to increase the stability of the peptide. 

Following injection, all silkworms ceased movement, becoming rigidly straight and stopping 

spinning even if silk was protruding from their spinnerets (see Figure 4.2, Figure 4.6). After 

approximately 30 minutes of complete paralysis, they would recover their ability to spin silk, 

which agrees with observations of anaesthetized spiders140. Therefore worms were left for 30 

minutes after injection in lab conditions (c. 20 °C, 40 % RH) until they started spinning again.  

Paralysed worms were then reeled in a semi-paralysed state by suspending them, as described 

in Chapter 2. Silkworm movement appears normal, but they were less likely to break the silk 

thread and can be reeled for long periods of time (up to 6 hours). During reeling, the appearance 

of unparalysed and paralysed silkworms was identical, where only the head and body movement 

differs. 
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Figure 4.2. Pictures of silkworms: unparalysed (left) and a few minutes after paralysis injection 
(right). Arrow gives the site of injection, at the base of the first pseudopod. The paralysed worm 
was rigid and immobile. 

4.3.2 Load during r eeling  

tŀǊŀƭȅǎŜŘ ŀƴŘ ǳƴǇŀǊŀƭȅǎŜŘ ǿƻǊƳǎΩ ǊŜŜƭƛƴƎ ōŜƘŀǾƛƻǳǊ ǿŀǎ ŎƻƳǇŀǊŜŘ ōȅ ƳŜŀǎǳǊƛƴƎ ǘƘŜ ƭƻŀŘ 

exerted during reeling. To quantify this, a silk thread from a stationary silkworm was fixed to a 

load cell that was then moved, similar to other published research (set-up in Figure 4.3)185, 225. A 

tensile tester (500 N, Z0.5, Zwick GMBH, Germany) was used to record load and displacement 

over the reeling period. The silk was attached to the load cell by covering the silk end in tape, 

which was then placed into a crocodile clip attached to the load cell. The position of the tape 

and silk within the crocodile clip was kept consistent between trials. Spinning silkworms were 

held carefully around their head during reeling using thumb and forefinger, rather than the bull-

clip shown in Figure 4.3 (where the worm was more likely to move and wriggle out). The silk was 

reeled at a constant speed of 10 mm s-1 for up to 70 cm.  

All data were processed in Microsoft Excel by removing slack from the initial stages of reeling 

then zeroing the initial load. Background levels of load over displacement without silk 

attachment were also measured to provide a control. 
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Figure 4.3. Measurement of load versus displacement during silkworm forced reeling. Worms 
were immobilised at the bottom and their silk was attached to the load cell via a crocodile clip 
by taping the end of the silk. The load cell then moved up at a constant speed, reeling the silk 
from the worm. In the experiments, worms were held by hand rather than using the bull-clip 
shown here. 

4.3.3 Modifications of forced reeling of  silkworms  

Forced reeling allows processing conditions to be manipulated, which have direct influences on 

the structures, and so the thermal and mechanical properties of the silks. Here, applied 

postdraw and the effect of worm temperature were investigated during forced reeling. 

4.3.3.1 Postdraw reeling  

Instead of reeling the silk straight onto the spool, silks can be stretched during reeling to 

influence the mechanical properties before the silk has fully formed all its hydrogen bonds183. 

These postdrawn silks were run through a water bath (at 19 °C) via a Teflon-coated guide before 

winding through motorised wheels, which applied a controlled postdraw (Figure 4.4). Cold water 

was necessary to minimise sticking to the underwater guide, assumed to be due to sericin. 
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Figure 4.4. Experimental set-up for wet postdraw experiments. Worms were suspended from a 
pole and silk was reeled at a speed of 20 mm s-1 through a water bath under a Teflon coated 
guide. The silk then ran on three motorised wheels before collection onto a rotating spool. 
Speeds and direction of silk at different positions in the apparatus are given (in mm s-1). The 
number on the wheels gives the diameter of the wheel in mm (turns per second is the same for 
all wheels). Stars give the comparable positions of rotating axels not occupied by wheels. Upper 
row of wheels rotated anti-clockwise, bottom row rotated clockwise. 

The second wheel during reeling was found to control the reeling speed from the worm, which 

was set to 20 mm s-1. This was expected to be due to the 180° contact with the silk and was 

inferred using nail varnish on the silk as a marker and measuring its speed through the 

apparatus. This method also showed that wheels should be covered in tape, to allow better grip 

on the silk. The purpose of the first wheel was therefore not to control the speed of the silk, but 

the angle through the apparatus, so was not covered in tape. The third wheel was placed at 

different distances away from the second wheel, giving fast (close) or slow (far) postdrawn silks 
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(see Table 5). Following the third wheel, the silk was collected onto a motorised spool, travelling 

at the same speed as the third wheel. 

Table 5. Reeling conditions for the postdrawn forced reeled silks. Error on the postdraw applied 
comes from the error in measured wheel diameter covered in tape, which was used to work out 
the circumference and speed of the rotating wheel. 

Silkworm Initial reeling 
speed (mm s-1) 

Postdraw 
applied 

Distance between 
postdraw wheels 
(mm) 

Postdraw applied 
per second (s-1) 

x1.16 slow 20 0.16 (±0.04) 226 0.014 

x1.16 fast 20 0.16 (±0.04) 99 0.032 

x1.1 slow 20 0.10 (±0.04) 226 0.009 

 

4.3.3.2 Temperature reeling  

As outlined in Chapter 2, the worms were immobilised by taping them to a pole. If a copper pole 

is used, the high thermal conductivity can be exploited to influence the temperature of the 

worm during reeling, as silkworms are poikilothermic. Worms were attached along the length of 

their body to a copper pipe through which either cold or warm water was running. For the cold 

reeling, a water bath with a cooler was used, where water flows through the copper pipe by use 

of a water pump. During reeling, water temperature remained constant within ±0.2°C. For the 

warm reeling, a water bath was used, including an inbuilt pump and thermostat. 

The copper pole temperature was measured using a thermometer against its surface, labelled 

ΨŎƻƭŘΩ ŀƴŘ ΨǿŀǊƳΩ ǊŜǎǇŜŎǘƛǾŜƭȅΦ ¢ƻ ŦǳǊǘƘŜǊ ƛƴŎǊŜŀǎe temperatures, insulation is added around the 

ǿƻǊƳ ǘƻ ƛƴŎǊŜŀǎŜ ǘƘŜ ŜȄǇŜŎǘŜŘ ǿƻǊƳ ǘŜƳǇŜǊŀǘǳǊŜ όΨƘƻǘΩ ǊŜŜƭƛƴƎύΦ ²ƻǊƳ ǘŜƳǇŜǊŀǘǳǊŜ ǿŀǎ 

measured using a thermometer; however, gradients of temperature are expected, so the 

ǊŜŀŘƛƴƎǎ ŀǊŜ ŀǇǇǊƻȄƛƳŀǘŜΦ CƻǊ ΨƘƻǘΩ ǊŜŜling, temperature measurement of the pipe was not 

possible due to the practical difficulties of measuring through the insulation. Table 6 gives the 

temperatures and reeling speeds used for each treatment. The properties of the silks are 
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compared to worms reeled in the basic set-up at ambient conditions, where worm temperature 

is c. 20 °C. 

Table 6. Temperatures and reeling speeds of different temperature treatments. Worm 
temperature is given as a range as temperature measurements using a thermometer were not 
exact. 

Label Water temperature 
(°C) 

Pipe temperature 
(°C) 

Worm temperature 
(°C)  

Reeling speeds 
(mm s-1) 

Cold 8 10 11-14 10, 20 

Warm 59 45 32-36 10, 20 

Hot 59 - c. 40 20 

 

4.3.4 Thermogravimetric analysis (TGA)  

These experiments were performed by Nick Hawkins, using a methodology developed in the 

Oxford Silk Group. TGA allows the thermal properties of the silks to be investigated, by 

measuring the weight change over temperature ς giving information on bound water and 

thermal decomposition. Aluminium pans and 100 µl crucibles were pre-tared on the TGA 

balance prior to adding the specimen (TA Instruments Q500 TGA). Approximately 0.3 mg (3 m) 

of silk (naturally spun and forced reeled) was unravelled from a spool and carefully transferred 

into the aluminium pan. The specimen was then heated at a rate of 3 °C min-1 from ambient 

temperature to 300 °C in Nitrogen gas flowing through the TGA furnace at a rate of 100 cc min-1. 

TGA also measured degummed naturally spun silk as a comparison. The degumming process is 

described in detail elsewhere226. Juan Guan prepared the degummed silk specimens. 

4.3.5 Dynamic mechanical thermal analysis ( DMTA) 

These experiments were performed by Juan Guan, using a methodology developed in Guan et 

al.142. DMTA explores the dynamic mechanical properties of silks by applying a deformation 

frequency over a temperature range. This gives information on the structures present in the 
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silks, particularly the amount of order or disorder. All the dynamic mechanical thermal 

experiments were performed on TA Q800 under DMTA multi-frequency strain mode. The 

parameters kept as constants were (i) temperature ramp rate at 3 °C min-1, (ii) frequency at 1 Hz 

and (iii) dynamic strain at 0.1 %. The selection of these constant parameters was based on the 

most common polymer testing procedure as well as a compromise between experiment 

duration and data quality135, 177, 179. A preload force equivalent to 50 MPa stress was applied in 

order to keep the fibre in tension throughout the dynamic oscillation.  

Two types of temperature scans were conducted for forced reeled silks. Firstly, a full-range 

temperature scan from -100 °C to +270 °C, and secondly cyclical temperature scans with the first 

ramp up to +120 °C or +180 °C, which are abbreviated as 120 °C annealing and 180 °C annealing, 

respectively. 

RSF fibres were also used for DMTA experiments. They were supplied by Wang Qin at Fudan 

University. The RSF solution was obtained using the same method as Wang et al.227 and the 

fibres were obtained through wet-spinning similar to the methods used in Yan et al.228. 

4.4 Results & Discussion  

The results from this research fall into five sections. First, the effect of paralysis peptide on 

silkworm reeling behaviour is investigated. Then, by comparing paralysed and unparalysed 

worms, the effect of reeling speed on forced reeled silks is presented. These results suggest 

inherent differences between naturally and forced spun silks, which are further explored in 

terms of fibre morphology and area, and thermal properties. To explore the full range of 

mechanical properties open to forced reeled silks, the effect of a range of processing conditions 

is then presented. Lastly, the structural differences between naturally spun silks and varied 

forced reeled silks are explored through the use of DMTA in collaboration with J. Guan. 
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4.4.1 Paralysis  

The results indicate that silkworms are able to effect load during forced reeling (Figure 4.5). The 

likelihood of a worm applying load was unaffected by reeling repeats. Paralytic peptide injection 

causes this force to be smaller and more consistent (Figure 4.5a and b). Both paralysed and 

unparalysed silkworms showed a maximum load that was significantly higher than the 

background (Mann Whitney two-tailed test, p=0.0197 and Moods sign test p<0.01 respectively). 

Importantly, unparalysed worms are able to apply a breaking load during spinning (Figure 4.5a). 

These instances were rare during the load reeling experiments (mean is c. 0.01N), but in the 

basic set-up every unparalysed silkworm broke the silk thread during reeling at least once, with 

rare exceptions and regardless, the animals interfered with reeling in almost every instance. 

Force measurements of this maximum load curve give loads of around 0.08 N, equivalent to 

over 700 MPa based on an average area for a forced reeled silkworm fibre at 10 mm s-1 (the 

speed of reeling for these experiments: 1.05 x 10-4 mm2, n= 23). Such a load would exceed the 

breaking stress for these silks, which is up to 550 MPa (Figure 4.10). In contrast, the maximum 

force that spiders have been observed to apply during forced reeling (using their internal friction 

breaking mechanism225) has not exceeded 60 % of the breaking load185, 193, 225. This may be 

explained by the more natural context of forced reeling for spiders ς the sensory inputs of 

forced reeling are likely to be similar to falling225. Therefore spiders may not apply high loads as 

breaking should be prevented during falling. Silkworms, however, may be less likely to fall due to 

their arboreal locomotion229, so may not recognise the sensory inputs of reeling and respond by 

breaking the fibre to conserve their silk. 
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Figure 4.5. Silkworm force over reeling. Zeroed load over extension for a) unparalysed worms (6 
worms, 30 reelings): blue line gives maximum load curve, red the median, pink the minimum 
and black a representative background curve (out of 12); b) Paralysed worms (8 worms, 27 
reelings); c) Average maximum load for the moving crosshead for background (no worm 
attached) and paralysed and unparalysed worms, where errors bars give the standard error of 
the mean between worms. Unparalysed silkworms show a maximum load significantly higher 
than the background level (i.e. no worm attached; Moods sign test, p<0.01**), as do paralysed 
worms (Mann Whitney p= 0.0197*). Reprinted with permission from Mortimer, B., et al. Biomacromolecules 14 (10): 

3653-3659. Copyright 2013 American Chemical Society 
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In contrast, the silkworms injected with the paralysis peptide were unable to apply a high force 

during reeling. These worms were semi-paralysed ς they were able to move and spin silk, but 

there appeared to be a lasting effect of the paralytic peptide in the muscles that exert load onto 

ǘƘŜ ǎƛƭƪΦ !ǎ ȅŜǘΣ ŀ Ŧǳƭƭ ǳƴŘŜǊǎǘŀƴŘƛƴƎ ƻŦ ǘƘŜ ŘŜǘŀƛƭǎ ƻŦ ǘƘŜ ǎƛƭƪǿƻǊƳΩǎ ǇǊŜǎǎ ǎȅǎǘŜƳ ƛǎ ƳƛǎǎƛƴƎ ǘƻ 

explain these findings. Regardless, the method of paralysis spinning prevents fibre breakage 

during reeling, allowing reeling for over seven hours (our record was >500 m).  

The significant difference between the background and paralysed reeling load represents the 

force taken to pull the fibre out of the worm. It can be explained in part by the inherent viscosity 

of the silk dope as it flows12. Silkworm anatomy is also likely to contribute to this force as the 

press is applied when the muscles are relaxed128. Immediately after paralysis, the silk shows a 

ribbon shape (Figure 4.6), consistent with a compressive action of the press on the silk. When 

spinning restarts in the semi-paralysed state, the press constrains the thread without cutting it. 

The silk press will therefore be acting as a friction break on the silk during paralysed reeling. This 

could be further explored using a more sensitive load cell during reeling.  

 
Figure 4.6. SEM image of a flattened silkworm thread following injection of the paralysis peptide, 
where white bar denotes 50 µm. Reprinted with permission from Mortimer, B., et al. Biomacromolecules 14 (10): 3653-

3659. Copyright 2013 American Chemical Society 

Only one reeling speed was measured using this set-up. Different reeling speeds may lead to 

different results. In particular, personal experience reeling unparalysed worms suggests that 

silkworms are more likely to break the silk at slower speeds, so behavioural influence may be 

more pronounced at these speeds. The force required to pull the silk out of the worm is also 

expected to increase with increasing reeling speed12. 
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Overall, these experiments have shown that the behavioural application of load by the silkworm 

during reeling can be removed by injecting the silkworm with a paralytic peptide. This is 

important as variable load during reeling has been shown in spiders to affect mechanical 

property variability185, 193. By removing the effect of behaviour on mechanical property variation, 

the effect of applied processing conditions can be investigated. This is investigated in the next 

section by reeling paralysed and unparalysed silkworm silks at different speeds. 

4.4.2 Reeling speed 

The data in Figure 4.7 support the hypothesis that silkworm behaviour influences silkworm silk 

mechanical properties. Some unparalysed worms broke the thread during reeling. In specimens 

close to the break (most commonly before 15 mm s-1), it appears that the animals were applying 

load to the fibre. Research on spider silks has shown that higher reeling force increases modulus 

and breaking stress and decreases breaking strain185, 193. The unparalysed data agree with this, 

showing higher strength and modulus (see Appendix Figure A.3) and lower extensibility 

compared to paralysed silkworm silks at 15 mm s-1, suggesting a higher reeling force. 

Importantly, if the specimens surrounding a break are excluded from comparison, the paralysed 

and unparalysed worms show more similar properties, suggesting more comparable reeling 

loads (Appendix Figure A.4). 

Paralysed worms give the best indication of the relationship between forced reeling speed and 

mechanical properties (as their reeling load is consistent; Figure 4.5b). This observation is 

underpinned by the consistency of silk-area data for paralysed worms (Figure 4.7d), which 

shows a non-linear relationship and is consistent with findings in spiders204. 

¢ƘŜ ƳŜŎƘŀƴƛŎŀƭ Řŀǘŀ ŦǊƻƳ ǎƛƭƪǎ ǘŀƪŜƴ ŦǊƻƳ ǇŀǊŀƭȅǎŜŘ ǿƻǊƳǎ ǎƘƻǿǎ ŀƴ ΨƻǇǘƛƳǳƳΩ ǎǇŜŜŘ ŦƻǊ 

maximum stress and breaking energy. This feature is also observed for spider silk88. Moreover, 

ǎƛƭƪǿƻǊƳǎ Ŏŀƴ ŀƭǎƻ ōŜ ǊŜŜƭŜŘ Ψǘƻƻ ŦŀǎǘΩΣ ǊŜǎǳƭǘƛƴƎ ƛƴ ŀ ŘŜǘŜǊƛƻǊŀǘƛƻƴ ƛƴ ǇǊƻǇŜǊǘƛŜǎ ŀōƻǾŜ ŀ ŎŜǊǘŀƛƴ 
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speed (100 mm s-1 for spiders88, 20 mm s-1 for silkworms (Figure 4.7)). For silkworms, the 

maximum thread toughness was seen at 10 mm s-1, at the average natural spinning speed127. 

Toughness is likely to be the mechanical property on which natural selection acts as the cocoon 

structure will be selected for high energy absorption ability for protection against predators74. 

Both the composite structure of the cocoon and the fibre properties will contribute to this 

energy absorption129. Individual fibres will therefore be selected to have high toughness at 

biologically relevant reeling speeds. Therefore, the relatively poor breaking energy above 20 mm 

s-1 is unlikely to have an effect on fitness, as these reeling speeds will not be used by the worm.  

 
Figure 4.7. The effect of reeling speed on the mechanical properties of paralysed (green) and 
unparalysed silkworm silks (purple: includes data where the silkworm broke the thread): a) the break 
strain, b) maximum stress, c) breaking energy and d) mean cross-sectional area. Stars give a 
comparison to mean values for naturally spun silk (not shown in d). Error bars give the standard error 
of the mean. Number of specimens measured is given in Appendix Table 13. Reprinted with permission from 

Mortimer, B., et al. Biomacromolecules 14 (10): 3653-3659. Copyright 2013 American Chemical Society 

The patterns of mechanical properties observed here differ from previously published literature 

data on the effect of reeling speed on silkworm silk properties, which shown higher stiffness, 



D. Phil Thesis in Zoology Beth Mortimer Chapter 4 

71 

strength and toughness with increasing reeling speed127, 203. This will be due to differing methods 

ƛƴ ŀǊŜŀ ƳŜŀǎǳǊŜƳŜƴǘ ŀƴŘ ƛƴǎǳŦŦƛŎƛŜƴǘ ŎƻƴǘǊƻƭ ƻŦ ǿƻǊƳ ΨōŜƘŀǾƛƻǳǊΩ ƛƴ ǘƘŜ ǇǊŜǾƛƻǳǎ ŜȄǇŜǊƛƳŜƴǘǎΦ 

The methods presented here will provide more robust data as silkworm behaviour was 

controlled, with consistently low fibre loading during reeling (Figure 4.5b), giving a much more 

reliable relationship between mechanical properties and reeling speed. 

Taking silks from one paralysed worm, Figure 4.8a compares the mechanical property envelope 

of forced reeled silks taken at different speeds compared to naturally spun cocoon silk. In 

support of Figure 4.7, silks reeled from paralysed worms at the intermediate speed (here 15 mm 

s-1) displayed the highest average toughness. Importantly, the toughness is also similar to the 

naturally spun silk, but the forced reeled silks show a slightly higher variability.  

 
Figure 4.8. Differences between forced reeled silks from one paralysed worm reeled at different 
speeds: a) stress-strain profile showing the envelope of properties per material type. Blue denotes 6 
mm s-1 (n=7), green 15 mm s-1 (n=5) and orange 25 mm s-1 (n=5) and black denotes naturally spun 
silk. b) Loss tangent taken from DMTA temperature scan run by J. Guan, showing 2 or 3 repeats per 
speed. 

Naturally spun and forced reeled silks from the same worm spun at different speeds were then 

measured by J. Guan for their dynamic mechanical properties (Figure 4.8b). The higher the 

temperature of the loss tangent peak, the more ordered the polymer structure is, due to the 

higher glass transition temperatures of stronger bonded structures179. The height of the loss 

tangent value also indicates the relative amount of the type of polymer structure present. 

Hence, this can be interpreted as naturally spun silks having drastically higher amounts of order 
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in their composition compared to forced reeled silk. Furthermore, the paralysed silkworm forced 

reeled silks show large amounts of disorder, and evidence of multiple types of structure, 

indicated by the presence of multiple tan delta peaks. The effect of reeling speed on the 

structure of forced reeled silks is also minimal, with a slight increase of order for the 15 mm s-1 

reeled silk. It has been assumed that the trends in the dynamic mechanical properties are 

representative as the stress-strain trends for this individual worm are similar to the average 

trend (Figure 4.7). 

These results raise questions about the inherent differences between naturally spun and forced 

reeled silks. Whereas the stress-strain profiles between forced reeled silks and naturally spun 

silks are similar, especially under more natural processing conditions (i.e. match average natural 

spinning speed), the DMTA data suggest their structures are very different, forming two 

different ΨclassesΩ of materials. The next section investigates the differences between naturally 

spun and paralysed silkworm forced reeled silks further.  

4.4.3 Naturally spun versus forced reeled  

4.4.3.1 Fibre morphology  

Differences between the fibre morphology of the two silk types are presented in Table 7. 

Differences in cross-sectional area are particularly important for understanding the variability in 

the stress-strain profiles seen in Figure 4.8, as variation in area directly influences variation in 

engineering parameters (excluding strain). 

Forced reeled silks are thinner than their naturally spun counterparts (Table 7), which is in part 

due to a more even sericin coating (Chapter 2, Figure 2.4). For naturally spun silks, the interlayer 

bonding that was present in the cocoon is not completely removed during cocoon unravelling. 

This uneven coating may be removed by degumming226. 
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Furthermore, cross-sections show that the brins themselves are smaller in forced reeled silks 

when compared to naturally spun cocoon silks (taking into account protease digestion). This is 

hypothesised to be due to the silk press contributing a load that decreases fibre diameter. Other 

factors that may reduce forced reeled silk size is an increased draw ratio during reeling (speed 

that silk leaves the spinneret versus reeling speed), which is a subject for further investigation.  

Paralysed worms appear to have the press consistently applied, leading to the thinner and less 

circular cross-sections (Table 7). Unparalysed worms have control of their silk press, enabling 

them to increase silk duct lumen diameter128, making fibres more circular on average. The 

implication of this finding is that unparalysed worms are not only able to apply load during 

reeling using external mechanisms (Figure 4.5), but they can also decrease load by removing 

their silk press. Combined, this increases the variation in reeling load. These relationships hold 

across the range of reeling speeds (Table 7). 

Table 7. Shape and area comparison of silks. CŜǊŜǘΩǎ ǎƘŀǇŜ ŎƻŜŦŦƛŎƛŜƴǘ ƎƛǾŜǎ ŀ Ǌŀǘƛƻ ƻŦ ǘƘŜ ƭŀǊƎŜǎǘ 
and smallest diameters of the shape, where a value of 1 is circular. 

Silk type  
(speed in  
mm s-1) 

N Area CŜǊŜǘΩǎ ǎƘŀǇŜ ŎƻŜŦŦƛŎƛŜƴǘ 

Mean      
(x 10-6 
mm2) 

Standard 
Deviation  
(x 10-6 
mm2) 

Coefficient 
of 
Variation 
(%) 

Mean Standard 
Deviation 

Coefficient 
of 
Variation 
(%) 

Naturally 
spun 

145, 
67 

3.79 0.65 17 2.25 0.57 25 

Unparalysed 
(6) 

69 2.0 1.2 58 1.52 0.33 22 

Paralysed (6) 67 1.57 0.59 37 1.66 0.42 25 

Unparalysed 
(30) 

44 0.76 0.43 57 1.48 0.24 16 

Paralysed 
(30) 

67 0.72 0.19 26 1.77 0.63 36 

 

Given the morphological differences in the fibre cross-sectional areas between forced reeled 

and naturally spun silks, variability at different scales along the fibre length was investigated 
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(Figure 4.9). This ensures the accurate allocation of cross-sectional area for stress calculations; 

another source of variation in mechanical properties.  

Forced reeled silks are more consistent than naturally spun silks in their cross-sectional area 

over their length (Figure 4.9), in agreement with previous literature181. This is primarily due to 

the decreased variability in cross-sectional area as well as less variability in sericin coating (Table 

7). For naturally spun silk, the variation in spinning speed due to the natural figure of eight head 

movement may also contribute127. 

 
Figure 4.9. a) Average area over distance for naturally spun (black) and paralysed forced reeled 
silkworm silk from one worm reeled at 20 mm s-1 (green), error bars (standard error of the mean) can 
be seen as variation at the millimetre scale, variation across the x axis as variation at the metre scale; 
b) Probability distributions of area data (bars) and random normal distributions with equal mean and 
standard deviations of measured data (lines) of paralysed silkworm forced reeled (green; n=75, 
area=8.97 x 10-5 mm2 ± 2.26) and naturally spun silk (black; data given in Table 1). Reprinted with permission 

from Mortimer, B., et al. Biomacromolecules 14 (10): 3653-3659. Copyright 2013 American Chemical Society 

The SEM cross-sectional area measurements cannot be modelled with a normal distribution, 

which was unexpected (Figure 4.9, Anderson-Darling normality test, p<0.05). There is a slight 

right skew in both distributions. This appears to be an artefact of the method where 

overestimation is more likely than underestimation. This will therefore slightly underestimate 

the stress-linked mechanical properties of the silks.  

These data have led to the outlined methods for area allocation and minimum number of 

specimens required for a representative area, outlined in Chapter 2. It should be noted that 
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degumming would decrease variation for naturally spun silks, most likely decreasing the number 

of specimens required. As sericin contributes little to the mechanical performance of fibres129, 

repeating this technique on degummed fibres would quantify the variation of the fibroin cross-

section in naturally spun silks, which directly contributes to the mechanical properties. 

Repeating this method on silks from multiple individuals (both forced reeled and naturally spun) 

would also validate the conclusions. 

4.4.3.2 Thermal properties ɀ thermogravimetric analysis (TGA)  

Aside from the morphology of the fibres, the thermal properties of paralysed silkworm forced 

reeled silk and naturally spun (native and degummed) silks were compared by N. Hawkins in the 

TGA to support the findings in Figure 4.8b showing that forced reeled silks are more disordered 

than naturally spun silks (Figure 4.10). This technique gives information on the water content of 

the silks (taken by the difference in weight up to 100 °C) and the polymer structure, which 

influences the temperature at which thermal decomposition starts (dramatic loss in weight at 

high temperatures). 

The water content of the forced reeled silks (three repeats, slack storage) was higher than 

naturally spun and degummed naturally spun silk (c. 7 %, 6 % and 4.5 % respectively). Since 

water is associated with hydrogen bonding to disordered silk179, this suggests that forced reeled 

silks are intrinsically more disordered, with higher amorphous fractions. The earlier onset of 

thermal decomposition in forced reeled silks also supports the proposition that they are more 

amorphous. Polymers with a greater proportion of amorphous structures have lower thermal 

decomposition temperatures due to higher vibrational energy in their less rigidly-bonded 

polymer chain backbone179, 230. A higher amount of disorder in forced reeled silks when 

compared to naturally spun silks also explains the lower and more numerous temperature loss 

tangent peaks in forced reeled silks seen in Figure 4.8b.  
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Figure 4.10. TGA plot from N. Hawkins of naturally spun (black), degummed naturally spun 
(grey) and 3 repeats of a non-postdrawn silk (slack; red) forced reeled silks. The solid lines give 
the weight loss over temperature and the dotted lines give the weight derivative over 
temperature. 

4.4.4 Processing conditions  

As already shown with reeling speed (Figure 4.7), forced reeling allows a range of processing 

conditions to be applied to manipulate the properties and structures of the silks. Looking 

exclusively at paralysed silkworm silks, where variation due to behaviour is removed (Figure 

4.5b), a range of other processing conditions were investigated. Due to the time constraints in 

setting up the reeling procedures, each treatment shows data from only one worm, where the 

worms are different between treatments. With the use of paralysis, inter-worm variation is 

reduced (Figure 4.7) but may still affect the data. Therefore trends, rather than the values, will 

be analysed here. 

Applying varied processing conditions can be used to investigate whether the mechanical 

property envelope can be further extended beyond the effects of reeling speed, giving 

information on the limitations and potential of forced reeled silks, important for the application 

of these silks in engineering and medicine15. Additionally, the effect of processing conditions on 

the structural disorder of the forced reeled silks (Figure 4.8 and Figure 4.10) is also investigated 

(see 4.4.5), to infer how the material structure is influenced by these processing conditions, and 
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if the structural disorder of forced reeled silk can be manipulated to approach that of naturally 

spun silk. 

Figure 4.11 shows that forced reeled silks have a greater variety of mechanical properties 

compared to naturally spun silks, usually accompanied by higher specimen variability within 

each treatment. All forced reeled silks were from paralysed worms reeled at 20 mm s-1. Applying 

a greater postdraw and higher stretch rate to forced reeled silks leads to the strongest 

properties seen, which were accompanied by greater specimen variability in the post-yield 

region. These data also indicate sensitivity to specimen storage conditions such as silk tension 

(d) and specimen storage humidity (d and e; mainly affecting specimen consistency). 

Higher postdrawn specimens (x 1.16 in b) displayed higher average failure stresses. This is due to 

higher fibre stiffness caused by a higher molecular orientation, which in turn is enhanced by the 

increased stretching force. Additional techniques such as birefringence could support this 

assertion. Interestingly, the postdraw not only affected the mechanical properties, but also the 

fibre cross-sectional areas. Reeling from the same worm and applying the same amount of 

stretch (x1.16), allowing less time to respond to this stretch (i.e. faster stretch rate) lead to a 

significant decrease in fibre cross-sectional area (from 2.60 x 10-4 mm2 to 1.44 x 10-4 mm2; 

p<0.01 Moods sign test).  

Additionally, the postdrawn specimens showed high variability throughout the stress-strain 

profile, resulting in variable stress and strain to failure. This is in contrast to the non-postdrawn 

specimens in d and e, which followed more consistent stress-strain contours, and only varied in 

their failure points along the contours. The postdrawing itself may be causing this effect by 

increasing structural variability. The different secondary structures (such as different helix or 

random coil structures) formed during spinning can be stretched to different extents by the 

postdraw process, thereby enhancing structural differences. 
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Figure 4.11. Stress-strain plots in order of decreasing strength: a) naturally spun (black); b-c) 
postdrawn silks: x1.16 slow and fast (light and dark green respectively) and x1.1 slow (blue); d-e) non-
postdrawn silks: tension and slack (dark red and red respectively), and dry storage (pink); f) RSF silk, 
provided by J. Guan (orange). Scatter points give the breaking points of other specimens measured 
from the same treatment. Specimens on the same plot are comparable as they are from the same 
worm. All worms were paralysed for forced reeling and reeled at 20 mm s-1.  

Maintaining tension in the non-postdrawn specimens gave consistent, high failure stresses and 

strains, thereby producing the highest toughness seen in any of the fibres drawn. These fibres 

were the most similar to naturally spun threads, but with an increased post-yield plastic flow in 
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the disordered structures resulting in slightly higher energy uptake, i.e. area under the stress-

strain curve.  

Storing the non-postdrawn specimens under dry conditions induced a different kind of 

variability. Many of these fibres were slightly embrittled by the dry conditions, with associated 

low failure stress near the yield stress138. Without water acting as a plasticiser for silk, the silks 

become less ductile (Chapter 3)179. Some of the specimens, however, appear to have rehydrated 

back to the humidity of the measuring conditions (c. 40 %), decreasing the influence of brittle 

failure. Alternatively, dry-storage could lead to embrittlement of the sericin binder coating on 

the fibres, which weakens the whole fibre structure when cracks are initiated in the sericin layer 

and propagate through the whole fibre (Chapter 3). 

A disordered (largely amorphous) RSF fibre is shown for reference in Figure 4.11f. These fibres 

have little to no post-yield modulus due to their structural morphology. In contrast with silks, 

they have larger and wider distributed ordered regions in the amorphous matrix209, leading to 

little contribution of the ordered regions after yield. 

To further investigate the mechanical property scope of paralysed silkworm forced reeled silks, 

poikilothermic worms were heated or cooled during reeling at two reeling speeds (Figure 4.12). 

In general, reeling temperatures above room temperature are not significantly different from 

the room temperature control. Cold reeling, however, produced silks that are significantly less 

extensible and have a lower maximum stress at the higher reeling speed of 20 mm s-1 (p<0.01, 

Mann-Whitney one tailed test), but were not significantly different from the non-cold specimens 

at 10 mm s-1. 

Cold body temperatures effect silkworm silk properties due to the lower energy available for 

rheological flow of the silk dope during spinning, thus reducing the energy available for disorder 

to order structural transition of the silk proteins12. Additionally, there may also be influences of 
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metabolic ion pumping, which influence fibre formation during the spinning process9. Finally, 

there are known to be enzymes present in silkworm silks with tanning and cross-linking 

functions180, however, the data here do not support the effect of temperature on the enzymes 

at these timescales. The activity of these enzymes would be expected to increase fibre 

stiffness180. 

The trends seen here are unlike those found with tropical spiders88, where spider silk breaking 

energy increases as spider body temperature increases from 5 to 40°C, assigned to an increase 

in breaking strain. (This is different from the effect of temperature on the dried silk fibre, where 

increasing temperature in spider silk leads to higher stiffness231.) It may be that silkworm silks 

respond differently to body temperature during reeling as their protein composition and duct 

morphology is different to spider silk8, 128. In particular, extension of silkworm silk may be at its 

limit at c. 45%, which is the highest strain recorded from all processing conditions (Figure 4.11). 

Additionally, as a wide temperature range is common for tropical spiders (compared to 

domesticated silkworms: 25 °C recommended139), the change of silk properties at different 

temperatures may have been selected for. 

 
Figure 4.12. Effect of worm temperature on the mechanical properties of paralysed silkworms reeled 
at a) 10mm s-1 and b) 20 mm s-1. Black curve gives a reference naturally spun silk specimen. 
¢ŜƳǇŜǊŀǘǳǊŜ ƻŦ ǿƻǊƳΥ ΨŎƻƭŘΩ όōƭǳŜύΣ ǊƻƻƳ ǘŜƳǇŜǊŀǘǳǊŜ όŘŀǊƪ ǊŜŘύΣ ΨǿŀǊƳΩ όŘŀǊƪ ȅŜƭƭƻǿύ ŀƴŘ ΨƘƻǘΩ 
(pink). Scatter points give the breaking points of other specimens measured from the same 
treatment. 
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This finding also highlights the importance of controlling silkworm acclimatisation to room 

temperature after removing worms from the cool storage incubator. This was controlled for in 

these experiments, where worms were not reeled for an hour after removing (Chapter 2). 

Another interesting feature of the stress-strain curves in Figure 4.11 and Figure 4.12 is the post-

yield plateau in stress seen immediately after yield, which indicates molecular chain elongation. 

Coiled molecules relax through yield until they are stretched sufficiently to sustain the applied 

load with the equilibrium post-yield modulus224. Postdraw removes this feature, as well as 

higher temperature on average. All naturally spun silks yield gradually, with no post-yield dip. It 

would therefore be expected that postdraw and higher temperature would increase the 

structural order of the forced reeled silks. 

4.4.5 Structural basis of properties  

This last section uses data from J. Guan, using DMTA to explore the extent to which processing 

conditions affect the amount of structural disorder of forced reeled silks (Appendix Figure A.5, 

Figure 4.13, Appendix Supplementary Discussion). Overall these data support Figure 4.8, 

showing that all forced reeled silks have complex combinations of partially disordered fibroin 

structures that have been introduced by the forced reeling spinning process. By comparing 

reeling speeds (Figure 4.8) and the effect of postdraw (Appendix Figure A.5 and Figure 4.13), it 

appears that post-treatment can only partially compensate for this increased and variable 

disorder. Postdrawing had the strongest effect, but silk retained strong evidence of multiple 

types of disordered structure. The highest level of disorder was seen in the non-postdrawn 

specimens that had been slack-stored. 

The greatest order seen in forced reeled silks emerged following annealing to 180 °C (Appendix 

Figure A.5b). Importantly, this suggests that thermal treatment under mechanical load would be 

the most effective way to create ordered structures in silk. Not surprisingly, this feature is 
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similar to the common practice of annealing synthetic polymer fibres such as PET under load at 

elevated temperatures in order to increase the orientation and crystal fractions, which in turn 

increases stiffness and strength232. Similarly, annealed silks show stiffer mechanical properties, 

with lower breaking strains, explained by the higher order and lower water availability (Chapter 

3, Appendix Figure A.6). 

Processing conditions therefore influence the properties and structures of forced reeled silks to 

cover a spectrum of disorder ranging from the disordered artificially spun RSF to the more 

ordered naturally spun silks (Figure 4.13). 

 
Figure 4.13. a) Loss tangent over temperature pre- and post-120 °C annealing (dark and light 
respectively) on naturally spun silk (black and grey), postdrawn (x1.16 fast; dark and light green) and 
non-postdrawn (dark and light purple) forced reeled B. mori silks. Bar gives y axis scale; b) the post-
120 °C annealed loss tangent, including RSF (orange). Black bar gives y-axis scale for the top and 
bottom section. 
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The postdrawn forced reeled silk in Figure 4.13 showed an interesting rapid change around 175 

°C. This change started out like an RSF structure peak and then jumped rapidly to a more 

ordered structure similar to natural silk, which has the higher level of coordinated hydrogen 

bonding. This specimen further supports the assertion that the loss peaks are associated to 

specific hydrogen bonded structures, and that combinations of temperature and mechanical 

load can anneal the silks, giving better bonded states. In the specific bonding arrangement of 

this postdrawn silk, the structure can dynamically reassemble under specific load and 

temperature conditions. This type of dynamic reassembly is likely to also be the mechanism 

behind the post-yield dip seen for many forced reeled silks in Figure 4.11. The specific conditions 

leading to this dynamic reassembly have not been asserted, but are likely to be linked to the 

stress and humidity history of the silk, both of which affect hydrogen bonding structure135, 177, 179. 

4.4.5.1 Naturally spun versus forced reele d silk s tructure -property links  

Compared to naturally spun silks, forced reeled silks were more variable in many aspects of their 

structure and properties - and in some cases seem more akin to derived RSF fibres. Previous 

research has suggested that such variation in mechanical properties might be attributable to 

ǘƻǇƻƭƻƎƛŎŀƭ ΨŘŜŦŜŎǘǎΩ ǎǳŎƘ ŀǎ ǎǳǊŦŀŎŜ ƛƳǇŜǊŦŜŎǘƛƻƴǎ ǇǊŜǎŜƴǘ ƛƴ ǘƘŜ ǎƛƭƪǎ34, which may be 

exacerbated by behavioural control of the silk press during non-paralysed reeling35. The data 

presented here suggest that this variation may be attributed to the amount of randomly 

distributed disordered protein structures present. The precise mechanism of the differences in 

structures between naturally spun and forced reeled silks is currently unknown, but is likely to 

be a product of both behavioural and physiological control exerted by the silkworm during 

processing.  

Behaviour during reeling may introduce the disorder. The paralytic agent used in this chapter is 

believed to inhibit muscular control around the spinning apparatus, specifically the silk press 

(Figure 4.5). This inhibition prevents the animal from using its behaviour to fine-tune the ratio of 
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applied force and reeling rate during fibre production. A lack of feedback and control during silk 

production could propagate rheological flow instabilities in the silk dope in the duct, as well as 

preventing any postdraw processing of fibres. 

CǳǊǘƘŜǊƳƻǊŜΣ ŦƻǊŎŜŘ ǊŜŜƭƛƴƎ Ƴŀȅ ƛƳǇŀŎǘ ǘƘŜ ǎƛƭƪǿƻǊƳǎΩ ǇƘȅǎƛƻƭƻƎƛŎŀƭ ŎƻƴǘǊƻƭΣ ƛΦŜΦ ǘƘŜ ŜȄǇƻǎǳǊŜ 

of the dope to chemical processing in the duct (changes in pH and ions), known to aŦŦŜŎǘ ǎƛƭƪΩǎ 

self-assembly properties233-237. For example, recent research suggests that specific chemically-

induced links between terminal groups on the protein chains might allow the flow field in the 

duct to stretch the macromolecules into an aligned structure. This mechanism is therefore vital 

to promote structural order and inter-chain hydrogen bonding and it is possible that it may be 

controlled during natural spinning, but not during forced reeling17-18. 

4.5 Conclusions 

In summary, the use of silkworm paralysis can eliminate the effects of silkworm behaviour on 

forced reeled silk mechanical properties. This allows silk to be reeled for hundreds of metres 

without breaking, with less variable properties due to the consistent reeling load. This opens up 

the use of silkworm paralysis for industrial-scale reeling. 

The removal of the influence of silkworm behaviour on silk properties allows the effect of a 

range of different processing conditions to be investigated, including reeling speed, postdraw, 

storage conditions, worm temperature and annealing. Forced reeled silks showed sensitivity to 

all these processing conditions, with direct effects on mechanical properties. This has revealed 

the large performance scope of forced reeled silks, from RSF-like properties, to fibres tougher or 

stronger than naturally spun silk. Based on these data, there appears to be a limit of the 

strength of Bombyx-derived silks of c. 600 MPa and an extension of 50 %.  

Processing conditions also influence the thermal properties of the forced reeled silks, which can 

be used to infer the structural basis of mechanical property differences. Processing conditions 
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alter the position of the forced reeled silks on a spectrum of disorder, from the highly disordered 

RSF to the most ordered naturally spun silk. In particular, postdraw and annealing under 

mechanical load can ameliorate the structural disorder of forced reeled silks.  

This chapter highlights the extent to which forced reeled silk mechanical properties can be 

manipulated, allowing the production of silks with desired mechanical properties for tailored 

engineering or medical applications. However, there is a trade-off. Forced reeled silks are 

inherently variable, with the exception of their fibre morphology. This variability stems from the 

structural disorder, which can only partially be ameliorated. 

Compared to naturally spun silk, forced reeled silks are a different class of Bombyx-derived silks. 

Despite using the same dope from the same spinning apparatus, disorder is introduced to the 

silk by unknown internal processes of the worm. The most ordered and least variable Bombyx-

derived silks come from naturally spun silks. Furthermore, the toughest silks were found at the 

average natural spinning speed. This shows how the spinning apparatus, rheology and behaviour 

of the worm have been shaped by evolution to allow optimal silk properties and structural order 

in natural contexts. 
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Chapter 5 High-rate ballistic impact of silks  

5.1 Synopsis 

This chapter builds on the low-rate experiments from Chapters 3 and 4 to study the mechanical 

properties of silks at higher strain-rates. Bombyx naturally spun and forced reeled silks are 

compared to Nephila major and minor ampullate silks, as well as nylon. Rate-dependence is an 

important source of variability in mechanical properties of polymers, and is relevant for the 

mechanical performance of silks during impact events, such as pecking of the cocoon, or prey 

impact into the web. Furthermore, these properties are important for harnessing the toughness 

of silks in high-rate engineering applications, such as air bags or composite panels.  

This chapter is adapted from a published paper (Drodge et al. 2012132), where my contribution 

was preparation of all the silk specimens, high-rate testing, low-rate testing, SEM cross-sectional 

area characterisation and data interpretation. Details on the experimental method and analysis 

techniques developed by D. R. Drodge and C. R. Siviour are given in Appendix B. D. R. Drodge, C. 

R. Siviour, C. Holland and F. Vollrath contributed to experimental design and data interpretation. 

5.2 Introduction   

Due to their viscoelastic nature, the mechanical properties of polymer fibres are expected to 

change as a function of their deformation rate, or strain-rate130. This has important implications 

for the biological function of spider silks, as the mechanical performance of silks in the web will 

change depending on the speed of the deformation event, from slow wind blasts to fast prey 

impact. In fact, many webs have to cope with prey impact not just from insects, but fast-moving 

vertebrates such as birds and bats106. Rate-dependence also has implications for the silks 

involved in protective functions in cocoons, which have to deal with varied impact rates, for 

example attempts of predators or parasitoids to penetrate the cocoon75. 
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There is conflicting evidence on the trend in mechanical properties of silks over strain-rate 

(Chapter 1)47, 97, 133-134. In particular, the trend in strength and toughness is unclear given current 

data, making understanding the link between rate-dependent properties and their biological 

function impractical. 

This chapter uses high-rate ballistic impact on polymer fibres to offer some insights into these 

differences and contribute to the understanding of polymer rate-dependence. In particular, a 

previously described ballistic impact method134 is further developed to assess whether pre-

stress affects the high-rate mechanical properties. In this method, a fibre is impacted 

transversely to produce propagating stress waves, whose behaviour can be used to infer fibre 

properties. Static pre-stress and impact speeds are varied to change the dynamic stress imposed 

on the specimen. The data obtained have implications for the pre-tensioning (i.e. static stress) of 

polymer fibres for high-rate applications. It is also important for understanding orb web 

function, where radial threads are tensioned, which is likely to influence impact performance for 

catching fast-moving prey with high kinetic energies109-110. 

5.3 Materials and M ethods  

5.3.1 Specimen preparation  

Spider silks were obtained from Nephila edulis through the forced reeling of immobilised 

spiders, described in (Chapter 2). Several Nephila individuals were reeled for both major (8 

spiders) and minor ampullate silk (5 spiders, 4 of which also gave major), where major was a 

single filament and minor was a double. Some spiders were reeled for their major ampullate silk 

from both glands, so the silks could be used for different experimental methods for comparison. 

Other materials were also measured: mulberry silkworm Bombyx mori naturally spun silk, 

Bombyx forced reeled silk at 10 and 20 mm s-1, and nylon. All silks were unravelled from a spool 

mounted at the top of the testing rig for the high-rate experiments. Therefore, specimens were 
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not kept at reeled tension at all times of their preparation. Nylon was unravelled from its spool 

and individual fibres were unravelled from the three-fibre twine. Density and diameter for nylon 

are given in Appendix A.  

Nail varnish was used to fix specimens at the beginning and end of reeling onto the spool for 

accurate SEM and stress-strain properties. Details of methods for SEM and stress-strain 

measurements are given in Chapter 2. For Bombyx silks, specimens were also fixed to the spool 

mid-way through experiments to keep an ongoing measurement of the cross-sectional area and 

tensile properties over specimen length (see Chapter 4, Table 7 for naturally spun silk results). 

Mean area was used for analysis and quasi-static stress-strain area allocation.  

5.3.2 Ballistic impact experimental set -up 

A diagram of the experimental set-up for ballistic impact is given in Figure 5.1. The set-up 

involves firing a projectile (a chisel-ended nylon cylinder), from a clamp-release gas gun into the 

centre of a long single fibre held under a static pre-tension and imaging its two-dimensional 

deformation during impact. 

 
Figure 5.1. Nylon projectiles are fired from a gas gun at a single fibre. Either the pre-stress on 
the fibre is varied, or the projectile speed. The fibres are unravelled from a spool and fixed to a 
guide the top. A weight (static load) is hung from the fibre and the fibre is kept vertical by a 
guide at the bottom. Specimens were up to 2 metres long. Fibre deformation is imaged using 
high-speed cameras, where the fibre is lit up by high-power flashes. Timings of cameras and 
flashes were controlled using a light gate on the gun barrel.  
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¢ǿƻ ǾŀǊƛŀǘƛƻƴǎ ƻŦ ǘƘƛǎ ǘŜŎƘƴƛǉǳŜ ǿŜǊŜ ǳǎŜŘΦ ¢ƘŜ ŦƛǊǎǘ Ψvary speedΩ ƳŜǘƘƻŘ uses a low, constant 

pre-stress on the fibre (usually under 10 MPa, up to 60 MPa) and varies the impact speed of the 

projectile (from 20 m s-1 to 450 m s -1). The ǎŜŎƻƴŘ Ψvary static loadΩ ƳŜǘƘƻŘ keeps the projectile 

speed constant (c. 115 m s-1), but varies the pre-stress on the fibre by applying different static 

loads (10 MPa to 1150 MPa). The first method varies the stress applied by producing a differing 

amplitude longitudinal wave at different impact speeds, where all applied stress is dynamic. The 

second changes the stress through applying a static load, so stress is applied statically and then 

dynamically.  

In both cases, the impact of the projectile causes a longitudinal tensile stress wave to propagate 

along the fibre. This is accompanied or followed by a transverse wave. Using appropriate high-

speed imaging, the speed of the observed transverse wave is measured and this gives a direct 

measurement of the fibre tension due to the combination of the static stress and longitudinal 

wave. By combining this stress with a suitable strain measurement (also from the high-speed 

images), high-rate stress-strain co-ordinates can be constructed (Figure 5.2). More detail of 

experimental set-up is given in Appendix B.  

Spools with reeled specimens were hung from the top of the testing rig above a guide. The guide 

is a retractable cylindrical rod with a notched end. A small pre-weighed amount of blue tack of 

0.03 g was added to the fibre end which enabled easy unravelling from the spool to the length 

required. If a low weight is used (up to 0.2 g), the fibre at the top near the spool is blue-tacked 

to the guide rod, where the fibre runs through the guide notch and bends 90 degrees onto the 

rod before fixing. If a higher weight is used, the fibre is additionally superglued into the notch to 

prevent slipping. Where possible, the specimens are not cut to allow the fibre to be easily 

located for the next experiment. In cases where a larger static load is needed, the additional 

weight is added after the fibre is fixed at the top (spool end). Labjacks were used to allow 

controlled application of the weight and prevent higher stresses being reached. The bottom end 
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of the fibre falls vertically within the notch of a lower retractable guide. This ensures that, 

although it is not fixed at the bottom, the fibre is unable to swing. Specimens were tested as 

soon as possible after the static load was added (usually less than 20 seconds) to reduce the 

effect of creep between specimens and minimise specimen breaking or weights falling off. 

 
Figure 5.2. Comparison of the loading of specimens using: a) the vary speed method or b) the 
vary static load method. For the vary speed method, the pre-stress is kept low and the high-rate 
stress-strain co-ordinates are governed by the impact speed, where higher speed (longer arrow) 
leads to a larger jump in conditions. Using this method, the stress applied is almost wholly 
dynamic. The vary static load method applies pre-stresses of different amounts and adds an 
elastic jump in properties from impact of a set speed. Using this method, the stress is applied 
statically and then dynamically. The quasi-static stress-strain curve is from naturally spun 
Bombyx silk, used here for illustrative purposes. 

The measured parameters from high-speed imaging were velocity of the projectile (V), 

measured from the light gates or the camera images, and the observed transverse wavespeed 

(Cw) ς the speed of the transverse wave/kink in the fibre during the early stages of deformation 

(the horizontal motion visible in Figure 5.3). Longitudinal waves also propagate in line with the 

axis of the fibre, but cannot be imaged. 
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Figure 5.3. High-speed images of the silk and projectile in the early stages of deformation, where 
timing between pictures is given at the top. The observed transverse wavespeed (Cw) is the 
speed of the propagation of transverse motion in the silk, visualised by looking at the speed that 
ǘƘŜ ŦƛōǊŜ ΨƪƛƴƪΩ ƳƻǾŜǎ ǳǇΦ hƴƭȅ ǘƘŜ ǎŜŎǘƛƻƴ ŀōƻǾŜ ƛƳǇŀŎǘ ƛǎ ƛƳŀƎŜŘΣ ŀǎ ǘƘŜ ŘŜŦƻǊƳŀǘƛƻƴ ƛǎ 
symmetrical about the impact point. 

Specimens were usually two meters long to ensure that the observed transverse wave is not 

affected by the reflection of the usually faster longitudinal wave from the guide. Spider silks 

were slightly shorter, but were long enough to ensure imaging of the transverse wave is before 

the longitudinal wave has reflected back (see Table 8). The lengths were varied in this case to 

conserve silk, to get the maximum amount of data points from a limited supply of silk from each 

spider (usually around 50 meters from one gland).  

Table 8. Length of fibres used for different projectile speeds for spider silks specimens. 

Projectile speed, V 
± SE Mean (m s-1) 

51.1 
(0.7) 

112.9 
(1.5) 

148.0 
(1.1) 

208.8 
(2.3) 

277.8 
(3.3) 

335.5 
(1.9) 

396.4 
(3.7) 

Specimen length 
(m) 

1.20 0.84 0.84 0.62 0.62 0.46 0.46 

 

For the speed method, either Helium or Nitrogen propelling gases were used, where the former 

allows higher speeds to be reached as it has a lower density at any given pressure. The pressures 

of the propelling gases were controlled to set projectile speed (examples given in Table 8). In 

order to fire the gun, projectiles were initially held in the clamps using a clamping gas pressure 

higher than the propelling pressure. The propelling reservoir was then filled to the required 

pressure, at which point the clamps were released. 
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A diaphragm was placed at the end of the gun barrel, to prevent air disturbances from moving 

the thread before the arrival of the projectile. At low velocities (up to 115 m s-1), a layer of tinfoil 

was used, and at higher velocities, layers of mylar tape were used. Both were kept in place using 

gaffer tape. 

Following each experiment, the broken ends of the specimens following impact were mounted 

for SEM imaging.  

5.3.3 Ballistic impact analysis  

Details of the analysis equations used are in Appendix B, which are published in Drodge et al. 

(2012)132. Data analysis is performed using the projectile velocity (V), observed transverse 

wavespeed (Cw), the density (́ ), the mean cross-sectional area (used to work out stress, ,̀ and 

mass per unit length, µ), the static tension in the specimen (T0) and the quasi-static stress-strain 

curves. A representative quasi-static stress-strain curve is selected based on the variability seen 

between equivalent specimens, where the median properties are chosen. This curve is then 

used to work out a pre-strain (ʁ 0) and pre-stress (̀ 0) on the specimen given the weight added to 

the fibre. 

In brief (more detail in Appendix B), the high-rate stress (̀1) is the sum of the initial tension (T0) 

and tension due to the passage of the longitudinal wave following impact (T1), divided by a 

cross-sectional area. The high-rate strain (ʁ 1) is calculated by summing the initial strain (0ʁ) to 

the strain caused by the relative motions of the longitudinal and particle velocities (Cl and W 

respectively). The transverse wave does not affect strain, but takes up slack caused by the 

passage of the longitudinal wave238, and hence allows strain to be reassigned. 

The equations make the assumption that the material stiffness does not vary during the impact 

loading step (straight lined arrows seen in Figure 5.2). These equations are therefore unable to 

model plastic flow behaviour following yield and is only sensitive in changes of Cw relative to V 
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(if, indeed, any plastic flow occurs at these strain-rates). Low static tensions were therefore used 

to minimise jumps in properties following impact to beyond yield, where plastic-flow decreases 

modulus. An additional assumption is that the slowest longitudinal wave component propagates 

more quickly than the transverse wave; if either the tension or impact speed is high enough, this 

will no longer be the case, and a different approach is required239. Appendix B outlines other 

assumptions of the equations and compares alternative analyses, including a justification for 

why this analysis technique was chosen. Data points for the vary speed method were excluded if 

the calculated modulus (E) was not similar to the trend in increasing impact speed seen from 

other equivalent specimens, which suggests an incorrect measurement. 

For the vary static load method, high tensions are often above yield, or the stress following 

impact reaches above yield. Since publication in Drodge et al. (2012), it has been suggested that 

these loading conditions invalidate the assumptions made in the equations, as plastic flow is not 

modelled by the equations, which is further discussed in Section 5.4.2. 

5.4 Results and Discussion  

5.4.1 Vary speed 

The mechanical response of polymers to high-speed impact differs from their measured 

response at a low-rate of deformation (Figure 5.4). For nylons and silk, the high-rate stress-strain 

co-ordinates follow an approximate straight line, in line with the quasi-static initial modulus. 

This is because both the stress and strain high-rate co-ordinates are calculated from the 

longitudinal wavespeed, which is governed by the elastic modulus in the current analysis (see 

also Chapter 6). All Bombyx silks show similar properties, as they have similar elastic, or initial 

moduli (see Chapter 4). 
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Figure 5.4. High-rate stress-strain co-ordinates calculated from vary speed experiments on 
naturally spun Bombyx silk (green), forced reeled Bombyx silk at 10 and 20 mm s-1 (cyan and dark 
blue respectively), and nylon (orange). 

This analysis suggests that fibres are stiffer at high-rate following yield compared to the quasi-

static curve. Previously published high-rate stress-strain curves of spider silks measured at a 

range of strain-rates also show increased apparent stiffness47, 97, but importantly, also show a 

yielding behaviour133. Plastic flow post-yield absorbs energy from impact, but this behaviour 

cannot be quantified using the equations in the analysis method. Alternative analysis equations 

outlined in Appendix B do show a yielding behaviour, but make different assumptions in their 

analysis. Therefore the equations used to generate Figure 5.4 model the elastic and sonic 

components of fibre impact, they do not fully model the high-rate stress-strain response if 

yielding is involved, with important implications for the energy absorption ability of these fibres 

following impact. 

The high-rate properties of spider silks are more variable than Bombyx silks or nylon, where 

major ampullate silks are more variable than minor ampullate silks (Figure 5.5). Even for major 

ampullate silk from the same spider reeled in a single session, the response following impact can 

be very different (dark blue and cyan in Figure 5.5). The general trend in properties is linear, 

resulting in higher stiffness post-yield, like the materials shown in Figure 5.4. Some higher speed 

data with minor ampullate silk appear to show a stress plateau following yield, matching the 
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quasi-static trend, but at a higher stress value. This indicates that the structure of the silk may be 

changing post-yield, discussed in the next section.  

 
Figure 5.5. High-rate stress-strain co-ordinates for the vary speed data of: a) Nephila major 
ampullate silks (single fibre) and b) Nephila minor ampullate silks (double fibre). Different 
colours denote silks from different individual spiders. Cyan and dark blue are from the same 
spider but different glands.  

The variability in major ampullate silks can be explained in part by errors introduced by the thin 

fibre diameters used, which affect the measurement of Cw. Air drag at the high speeds of impact 

affects all the experiments, but has a larger effect for thin diameter cylinders, as the ratio of 

drag forces to those due to inertia or internal stress increase as the fibre diameter is reduced240. 

Air drag causes the silk fibre to curve in the region affected by the transverse wave, which 

absorbs energy, alters strain measurement and has the potential to affect the wavespeed, 

increasing the error in the Cw measurement. The curvature of the different material fibres during 

impact is currently under investigation, and has the potential to provide strain measurements 

during yield, as well measuring drag coefficients. 

Additionally, major ampullate silks are particularly sensitive to humidity due to their MaSp2 

composition due to their proline content 87, 91, 135, 241. The humidity sensitivity directly influences 

the modulus, which in turn alters the longitudinal wavespeed directly, and transverse 

wavespeed indirectly through changes in tension. The silks are therefore sensitive to small 

changes in the testing conditions (room humidity and temperature), which increases variability 
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in properties, exacerbated by the loose fibre storage for these experiments. This variability has 

interesting implications for the use of major ampullate in the web as the main energy absorbing 

and sonic wave propagating component81, 96 ς factors which are further investigated in Chapters 

6 and 7. 

5.4.2 Vary static load  

The vary static load method produces comparable results to the vary speed method for naturally 

spun Bombyx silks (Figure 5.6a). This is in contrast to nylon, where the two methods produce 

different results, where the vary static load method follows a more quasi-static response after 

yield (discussed in Appendix B). 

 
Figure 5.6. High-rate stress-strain co-ordinates (stars) for the vary static load data for: a) Bombyx 
naturally spun silk and b) Nephila major ampullate silk from two different spiders. Closed circles 
give the pre-stress and pre-strain co-ordinates from the static weight added to the fibre, on the 
quasi-static stress-strain curve. Dashed line gives the approximate stress where fibres have 
yielded. Arrows give the elastic jump in properties following impact.  

However, the high static loads produce high-rate properties that highlight the limitations of the 

analysis method, especially evident for spider major ampullate silks (Figure 5.6b). Impact speed 

is constant using this method, so introduces a set amount of energy to be absorbed following 

impact. As the equations are elastic, the energy absorption is therefore modelled as an elastic 

jump in stress, seen for the Bombyx silk and the red major ampullate silk high static load high-
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rate stress-strain co-ordinates (Figure 5.6). A small amount of strain may accompany this jump, 

which is variable due to problems quantifying purely elastic strain post-yield. 

An alternative deformation at high-rate is suggested by the purple spider silk curve in Figure 

5.6b, which shows no increase in stress at high-rate following yield. This is explained by 

stretching of coiled structures following yield. Many silks show a post-yield plateau, or even dip, 

following yield in their quasi-static curves, which is caused by this effect (see Chapter 4). In 

simple terms, the purple silk stretches its structures following impact, as it has not done this at 

yield, whereas the red silk takes stress following yield, as it has already stretched out its 

structures. 

These classes of high-rate co-ordinates (vary stress, red; or vary strain, purple) appear to be a 

two-state phenomenon: for all spider silks measured (6 individuals), the post-yield high-rate 

stress-strain co-ordinates showed either an increase in stress with no strain, or an increase in 

strain with no stress. 

In reality, post-yield plastic flow strain may be absorbing energy, but this cannot be modelled 

with the current model equations. Current thoughts are that post-yield deformation in the 

impacted fibre occurs in two sections: first the purely elastic deformation behind the 

longitudinal wave front, but ahead of the transverse wave; second, the deformation behind the 

transverse wave front, which has high plastic strain that develops with time as a curve. By 

detailed analysis of this curve shape and length, it should be possible to calculate the post-yield 

strain at stress values calculated simply from the transverse wavespeed. 

Biologically, this is very important. If plastic flow occurs during high-rate impact, the energy 

absorption ability of silks following impact will be increased. Additionally, as only the silk within 

the transverse wave will yield, it also means that damage due to impact will be localised. This 

may help explain why webs are usually pre-tensioned242 ς to allow yield to take place following 
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impact to increase energy absorption and limit damage to the web. These effects have 

previously been modelled by taking yield into account in terms of a change of modulus109, 243, but 

an understanding of the role of sonic waves in these phenomena have not previously been 

presented. 

These data therefore highlight the need for further research on the analysis methods to 

accurately calculate high-rate stress-strain co-ordinates for specimens where the static stress is 

high and above yield, which is more common in the spider silks. 

5.4.3 SEM of shot ends 

The ends of the fibres following ballistic impact were also compared, which showed large 

variability (Figure 5.7 and Figure 5.8).  

 
Figure 5.7. Fibre ends following ballistic impact, where white bar denotes 20 µm: a) nylon (pre-
stress 245 MPa, impact speed 116 m s-1); b) Bombyx naturally spun silk (pre-stress 4 MPa, impact 
speed 118 m s-1). 

Whereas nylon does not show any evidence of micro-structures, Bombyx silk shows evidence of 

brin separation and fibrillation following impact, where sericin appears to have covered the 

brins. The energy absorbed therefore also contributes to thermal changes in sericin and 

macromolecular rearrangement between fibrils. 
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Figure 5.8. Spider silk fibre ends following ballistic impact, where white bar denotes 10 µm: a) 
minor ampullate (pre-stress 195 MPa, impact speed 118 m s-1); b) minor ampullate (pre-stress 
60 MPa, impact speed 330 m s-1); c) major ampullate (pre-stress 424 MPa, impact speed 110 m s-
1); d) major ampullate (pre-stress 10 MPa, impact speed 111 m s-1). 

Spider silks showed more variability in structures, which are unlike the broken ends following 

impact at slower strain-rates133. Minor ampullate showed flattening and larger scale splitting 

(Figure 5.8 a and b), indicating brittle failure, plastic flow or even thermal softening within these 

regions. Major ampullate repeatedly showed a skin-core effect (both skin and core can be seen 

in Figure 5.8c), where transverse wrinkling is seen, suggesting different forces are taken 

between the skin and core parts of the spider silk, or that there is movement of the skin relative 

to the core. This is an interesting feature for further study because the tension state of the skin 

will affect crack propagation through the fibres244. Longitudinal lines are also seen, suggesting 

fibrillation. Fibrillation in spider silks is commonly seen following processing treatments (e.g. 

anaeasthesia140), and a skin-core effect has previously been explored elsewhere245, but has not 

been a focus of explaining spider silk properties. 

5.5 Conclusions  

Analysing the high-rate properties of viscoelastic thin silk fibres during high-rate impact is a 

challenge due to the implicit assumption of the model equations that the material is purely 

elastic. The analysis methods have shown that the deformation following impact can be 

modelled by elastic jumps in stress and strain. When impact speed is varied and static load is 
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low, the assumptions of this analysis method give consistent results, with high-rate stress-strain 

co-ordinates following a linear elastic relationship. However, high speed and high static loads 

highlight the limitations of an assumption of an elastic response. At high static loads, the jump in 

stress-strain co-ordinates at high-rate is either mainly in stress or mainly in strain, not a 

combination of the two. The fibre can either elastically jump in stress, or stretch out coiled 

structures to introduce significant strain. The theoretical analysis does not quantify any standard 

post-yield plastic strain (if any exists), and this will be the next step in developing the data 

analysis.  

Further research is needed to quantify these post-yield effects, but the current analysis captures 

the elastic component through describing the effects of the sonic wave propagation, both 

longitudinal and tǊŀƴǎǾŜǊǎŜΣ ŦƻƭƭƻǿƛƴƎ ƛƳǇŀŎǘΦ {ƛƭƪΩǎ stress or sonic wavespeeds are further 

explored in the next chapter, where the elastic propagating waves measured here are compared 

to wavespeeds measured from acoustic standing waves.  
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Chapter 6 Sonic properties of silks  

6.1 Synopsis 

This chapter uses the technique outlined in Chapter 5 to further investigate the sonic properties 

of silks. The sonic wavespeeds of spider silks are quantified and compared to Bombyx naturally 

spun silk, as well as synthetic nylon and copper beryllium wire. Important for the biological 

function of spider silks, the consistency of vibration signalling is investigated, including the effect 

of tension, specimen length, number of fibres and fibre diameter. The physical basis of these 

ǇǊƻǇŜǊǘƛŜǎ ƛǎ ŘƛǎŎǳǎǎŜŘΣ ƛƳǇƻǊǘŀƴǘ ŦƻǊ ǘƘŜ ƛƴǘŜǊŀŎǘƛƻƴǎ ōŜǘǿŜŜƴ ǎǇƛŘŜǊ ǎƛƭƪΩǎ ƳŜŎƘŀƴƛŎŀƭ ŀƴŘ 

signalling functions. The data presented here are useful beyond biology as a study of one of 

ƴŀǘǳǊŜΩǎ ƘƛƎƘ ǇŜǊŦƻǊƳŀƴŎŜΣ ƳǳƭǘƛŦǳƴŎǘƛƻƴŀƭ ƳŀǘŜǊƛŀƭǎΣ ǇǊƻǾƛŘƛƴƎ ƛƴǎƛƎƘǘǎ ƛƴǘƻ Ƙƻǿ ƳŀǘŜǊƛŀƭǎ can 

be engineered to have signalling functionalisation. 

This chapter forms a published paper (Mortimer et al. 2014 in Advanced Materials). My 

contribution was designing the experiments, preparing all specimens and testing them, as well 

as data interpretation and preparation of the manuscript. C. Holland, C. R. Siviour and F. Vollrath 

helped with aspects of experimental design, data interpretation and manuscript editing, and J. 

Windmill and S. Gordon helped with vibrometer measurement and manuscript editing. 

6.2 Introduction   

From ancestral trip-wires to the highly evolved orb webs, silks play a key role in spider ecology 

and behaviour as both a structural material and a medium for information gathering and 

communication246-247. The focus of this chapter is major ampullate silk, which exhibits 

exceptional mechanical performance for its size and serves as not only scaffolding15, 56, 86, but 

also the primary communication material of the orb web119-120, 248-249. 
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Silk vibration is used for hunting, predator avoidance, and courtship across most spider 

families30, 119-120, 248-257. For example, many orbweavers are positioned in the web hub to detect 

vibrations on their radial threads from across the prey capture region96, 119, 258-260. Some spiders 

will actively pluck the radial threads as an object-location strategy or in response to intruders or 

mates119-120, 255, 261-264. Spiders detect vibrations using slit sensilla, most notably in their 

metatarsal organs265-266. Barth and Geethabali267 measured displacement sensitivity as a function 

of frequency in wandering spiders. They identified dramatic increased sensitivity with increasing 

frequency, with displacement thresholds as low as 100 nm at frequencies approaching 1 kHz, 

the highest frequency measured.  

The signalling and mechanical roles of major ampullate silks make these fibres multipurpose. 

This means there are likely to be as yet undefined evolutionary trade-offs that may limit the 

optimisation of mechanical and sonic properties ς important information to consider when using 

spider silks as inspiration for new-age materials. Hence, understanding the physical basis of 

ǎǇƛŘŜǊ ǎƛƭƪΩs sonic properties will be key to understanding the evolutionary interactions between 

mechanical and signalling performance. 

Fibres propagate both longitudinal (compression/tension) and transverse waves267, where the 

former consists of vibrations along the fibre length, and the latter those perpendicular to the 

fibre (see Figure 6.1)268. Theory shows that the longitudinal wavespeed is determined by 

material properties, whereas transverse wavespeed is additionally governed by applied tension 

(see section below)269. Behavioural experiments with orbweavers show that these spiders are 

more likely to respond to longitudinal over transverse waves when their webs are vibrated119, 270-

271. 

¢ƘŜ ǎƻƴƛŎ ǇǊƻǇŜǊǘƛŜǎ ƻŦ ŀ ǎǇƛŘŜǊΩǎ ǎƛƭƪ ŀǊŜ ŘƛŦŦƛŎǳƭǘ ǘƻ ƳŜŀǎǳǊŜ ƛƴ ǘƘŜ ƴŀǘǳǊŀƭ ǿŜō ŎƻƴǘŜȄǘΣ ŀǎ ǘƘŜ 

ǾƛōǊŀǘƛƻƴŀƭ ΨƭŀƴŘǎŎŀǇŜΩ ƛǎ ƘƛƎhly complex involving the geometry of interacting silk strands of 

different tensions and types (e.g. stiffer ampullate silks and elastic capture spiral silks)47, 97, 242. 
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Previous studies have measured wavespeeds in parts of the web using Brillouin light scattering, 

and web propagation speeds using laser vibrometry, both showing variable results120, 272. 

Vibration propagation distance has also been measured in webs, showing lower attenuation of 

longitudinal compared to transverse waves96, 120-121. Damping, caused by a combination of 

internal material effects and external factors, also contributes to attenuation, which has been 

found to differentially affect the two types of wave109, 121. Modelling techniques have used these 

data in part to infer web function, but few are validated by experimental data and none take 

into account the ad hoc variation of silk properties, which is controlled by spider processing 

through their behaviour97, 109, 121, 242, 273-275. 

Given the complications of the experimental measurement of wave propagation in webs, here 

silk fibres are investigated independent of the web, allowing accurate matching between 

material and vibrational properties prior to interpretation in the complex web engineering 

structure. Physical theory is combined with the complementary experimental techniques of laser 

vibrometry and ballistic impact to confirm the physical basis of the sonic properties of a range of 

materials. By comparing spider silk to other materials, the constraints on the evolution of 

signalling properties in terms of material structure can be inferred. Where these limitations are 

apparent, the means that the spider might employ to adjust the balance between structural 

support and signalling functions are discussed. The experimental techniques presented here 

provide novel contributions towards understanding complex web vibration and spider evolution 

ŀƴŘ ǘƘŜ ŀǇǇǊƻŀŎƘ ǇǊƻǾƛŘŜǎ ƛƳǇƻǊǘŀƴǘ ƛƴǎƛƎƘǘǎ ƛƴǘƻ ƴŀǘǳǊŜΩǎ ŘŜǎƛƎƴ ƻŦ ǎǘƛƳǳƭƛ-responsive 

multifunctional polymeric materials. 
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6.3 Materials and Methods  

6.3.1 Specimen preparation  

Spider silks were obtained from two orb weaver species, Nephila edulis and Araneus diadematus 

through the forced reeling of immobilised spiders, described in Chapter 2. Nephila of different 

ǎƛȊŜǎ όƭŀǊƎŜǊ ŀǊŜ ƻƭŘŜǊύ ǿŜǊŜ ǊŜŜƭŜŘ ǿƘŜǊŜ ǎƛƭƪ ŘƛŀƳŜǘŜǊ ǎŎŀƭŜǎ ǿƛǘƘ ǎǇƛŘŜǊ ǎƛȊŜΥ Ψ.ƛƎΩΣ ΨaŜŘƛǳƳΩ 

ŀƴŘ Ψ{ƳŀƭƭΩ ŘƛŀƳŜǘŜǊǎ ƻŦ ǎƛƴƎƭŜ major ampullate silks are 6.97, 4.23 and 3.38 µm respectively. 

Both single fibres and bundles of major (MA) and/or minor (MiA) silk were reeled from spiders. 

Other materials were also measured for comparison: Bombyx mori cocoon silk, nylon and metal 

wire (diameter and density given in Appendix A). Longer specimen lengths were needed for 

longitudinal experiments due to the fast wavespeeds involved; different lengths were used 

between materials to keep the resonance at similar frequencies. For silkworm cocoon silk, 

specimens of different lengths were additionally measured under the transverse set-up (Table 

9). 

Table 9. Specimens and specimen lengths investigated. 

Specimen Transverse tests 
gauge length (mm) 

Longitudinal tests 
gauge length (mm) 

Silkworm cocoon silk 5, 12.5, 50, 180 180 

Nylon 12.5 140 

CuBe wire 12.5 220 

Nephila ς big (1MA; 2MiA) 12.5 - 

Nephila - medium (1MA; 
2MiA; 2Ma and 2MiA) 

- 180 

Nephila - small (1MA; 1MA 
supercontracted; 1MA and 
2MiA) 

12.5 - 

Araneus (2MA and 2MiA) 12.5 - 
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For the small specimens of spider silk (12.5 mm or under), silk was reeled onto a spool, then 

glued under tension using cyanoacrylate onto dividers before fixing onto frames140. Non-spider 

silk specimens were glued loose into frames. For the long Nephila specimens, silk was obtained 

by reeling the spider at 20 mm s-1 directly onto the frames. A spool was used to control the 

reeling speed and frames were placed onto a laboratory jack, which was raised when the reeling 

was paused. Silks were glued at both ends into frames by sandwiching between cardboard using 

superglue. Minimal tension was applied and silk specimens were reeled horizontally, parallel to 

the jack.  

All specimens were imaged for cross-sectional area in a scanning electron microscope (SEM; see 

Chapter 2). The materials were also tested under quasi-static tension (Appendix Figure A.7). All 

fibres were measured at a rate of 1.5 mm min-1 until failure occurred (5 N load cell, model 5512, 

Instron, UK).  

6.3.2 Laser vibrometry  

To control tension during vibrometry experiments, specimens were clamped at both ends into a 

Deben Microtest tensile stage with a 2 N load cell. For the transverse experiments, the load cell 

was engaged and a constant tension was applied during the experiments. For the longitudinal 

experiments, the load cell was disengaged because it was found to affect fibre vibration, so 

extension was used to control tension. Above yield, three minutes were left before 

measurement, so the amount of creep was consistent. Between 3 and 7 specimens were 

measured for each material type, and two measurements were taken per fibre (low then high 

tension). 

Some major ampullate silks were supercontracted for experiments. These silks were loaded into 

the tensile testing clamps and a 50 % slack was introduced. They were then breathed on 7-8 

times to introduce a high humidity onto the fibre, which then supercontracted and shortened. If 
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the fibres were still slack, jaws were opened until visibly taut, or an increase in load was seen. 

The supercontracted length was taken as the fibre length. 

During the vibrometry experiments, silk strands were vibrated using sound, amplified (TA-FE370, 

Sony) and transmitted from a loudspeaker (ESS Air Motion Transformer) that was positioned 

either perpendicular or parallel to the silk fibre axis for transverse and longitudinal waves 

respectively (Figure 6.1). A reference microphone (Bruel & Kjaer 4138) was positioned near the 

silk, perpendicular to the speaker. A ~50 dB sound pressure level broadband linear chirp of 

frequencies 1-30 kHz was generated by the micro-scanning Laser Doppler Vibrometer system 

(PSV оллΣ tƻƭȅǘŜŎύΣ ǿƘƛŎƘ ƳŜŀǎǳǊŜŘ ǘƘŜ ǎƛƭƪΩǎ ƴŀƴƻƳŜǘǊŜ ƳƻǾŜƳŜƴǘ ǿƛǘƘ ŀ ŦƛǘǘŜŘ ŎƭƻǎŜ ǳǇ ǳƴƛǘ 

(OFV 056). The noise floor of the vibrometer system was typically 0.3 µm s-1 (48 pm) for 1 kHz 

increasing to 3 µm s-1 (16 pm) for 30 kHz. The maximum vibration amplitude measurement for 

these experiments was 50 mm s-1 (7.96 µm at 1 kHz to 0.265 µm at 30 kHz).  

 
Figure 6.1. Experimental set-up for laser vibrometry (view from above) for a) longitudinal and b) 
transverse experiments. A speaker (a) emits sound (b), vibrating the silk clamped between a 
tensile stage (c) with displacement measured by a laser vibrometer (d).The microphone was 
placed as close as possible at the intercept between the silk thread and the laser beam, 
perpendicular to the speaker. 

For longer silk specimens, a lower range loudspeaker (L20AT, Nikkai) was used from 100-2000 

Hz. The displacement amplitude of the silk was measured at several points (15 averages per 

point) along the length of the fibre to confirm the wave shape and mode of the vibration (Figure 
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6.2). Then, just the middle of the fibres was measured, where the amplitude was greatest for 

first mode resonance. 

 
Figure 6.2. Example output from vibrometer, plotting frequency against magnitude of 
movement. Peaks represent resonant frequencies, which will change depending on the mode 
and position of imaging. Here, CuBe wire is imaged both at the centre (blue) and quarter (pink). 
Two peaks can be seen, corresponding to the 1st or fundamental mode at the centre and the 2nd 
mode at the quarter, which is twice the frequency of the fundamental mode. 

Following the transverse vibrometry experiments, the specimens were tested in tension at a 

deformation rate of 1.5 mm min-1 to the full extension of the tensile stage (10 mm; ranges from 

5.6 % strain for 180 mm specimens to breaking for 5 mm specimens; Appendix Figure A.7). 

These force-extension profiles were aligned with non-paused force-extension curves to give the 

stress, strain and length of the fibres during the vibrometry experiments. For longitudinal 

experiments, the extension was used to infer the strain, stress and length using a reference non-

paused force extension curve. 

Data from the laser vibrometer were analysed in Origin software (v. 8), where magnitude (nm 

Pa-1) versus frequency (Hz) plots were used to infer resonant frequency (Figure 6.2). Frequencies 

below 3 kHz were cut off, as there is increased noise at these frequencies, presumably due to 

the movement/resonance of the apparatus at these frequencies. Equally, frequencies above 20 

kHz show low amplitude (so rarely were higher modes seen in these regions). To make sure 
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resonance occurred in optimal regions, specimen lengths were altered, aiming for fundamental 

resonance around 8 kHz.  

¢ƻ ǎƳƻƻǘƘ ǘƘŜ ŎǳǊǾŜǎΣ ǘƘŜ ƳŀƎƴƛǘǳŘŜ ǾŜǊǎǳǎ ŦǊŜǉǳŜƴŎȅ Řŀǘŀ ǿŜǊŜ ŦƛƭǘŜǊŜŘ ǳǎƛƴƎ hǊƛƎƛƴΩǎ ƛƴ-built 

FFT filter in low pass mode, using an ideal filter. The cut-off time in seconds was selected as 

0.004. CuBe wire data were not smoothed due to sharper peaks and a greater signal to noise 

ratio (see Figure 6.2ύΦ ¢ƘŜ ŎƻƭǳƳƴ Řŀǘŀ ǿŜǊŜ ǘƘŜƴ Ǌǳƴ ǘƘǊƻǳƎƘ hǊƛƎƛƴΩǎ ƛƴ-built peak-finding 

algorithm. Most data used a threshold of 40 % increase in height over 20 local points. Due to 

variation in the signal to noise ratio (especially for the longitudinal data), the threshold height or 

number of local points were sometimes decreased to allow the analysis of visibly obvious peaks, 

so manual filtering was also used. This does not affect the characterisation of peaks, so data are 

comparable between materials. The outputs were manually checked to locate the fundamental 

mode. Any adjoining peaks (peaks with no gaps between them) were treated as a single peak.  

The frequency at the centre of the fundamental mode resonant peak (f in Hz) was used to 

calculate the wavespeed (C in m s-1; Equation 1), using the silk length (l in m). 

2³³= flC           (1) 

The resonant peak shapes were analysed to give peak width, height and area, where transverse 

wave peak heights and areas were transformed to allow for comparison (see below). The angle 

of c. 30 ° used for longitudinal measurements is corrected for when working out longitudinal 

peak height/area.  

The transverse amplitude data were transformed to account for the different diameters of the 

fibres. For a given pressure, the force per unit length on the fibre drives the vibration, so to 

ŀŎŎƻǳƴǘ ŦƻǊ ǘƘƛǎΣ ŀƳǇƭƛǘǳŘŜ Řŀǘŀ ŀǊŜ ŘƛǾƛŘŜŘ ōȅ ǘƘŜ ŦƛōǊŜΩǎ ŘƛŀƳŜǘŜǊΦ {ƛƴŎŜ ǘƘŜ ŦƛōǊŜǎ ǿŜǊŜ ŀƭƭ ǘƘŜ 

same length, only the force per unit length needs to be considered. 

The force on the fibre can be calculated from Equation (2): 
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Ὂ ὅ”ὰὨὺ         (2) 

Where CD is the drag coefficient, ́ the density of air, l the length and d the diameter of the silk 

fibre and v is the speed of the incoming air. As the speed and density of the incoming air and 

fibre length are equal between materials, and the drag coefficient is comparable between 

materials due to the fibre shape, the transverse peak height ( in nm Pa-1) is divided by only the 

fibre diameter ( in nm) to give a force per unit length (F) for comparison between fibres (in Pa-1). 

Peak areas are also divided by the fibre diameter to give a similar parameter that can be 

compared between fibres. 

Average total diameter foǊ ǘǿƻ ŦƛōǊŜǎ ƻŦ Ŝǉǳŀƭ ǎƛȊŜ όŘƛŀƳŜǘŜǊ 5ύ ǿŀǎ ǘŀƪŜƴ ǘƻ ōŜ 5ϊόоκнύΤ ŀ 

combination of one big fibre (diameter D) and two smaller fibres (diameter d) was taken as 

ό5ҌŘύϊόнκоύΤ ŀƴŘ ŀ ŎƻƳōƛƴŀǘƛƻƴ ƻŦ ǘǿƻ ōƛƎ ŦƛōǊŜǎ όŘƛŀƳŜǘŜǊ 5ύ ŀƴŘ ǘǿƻ ǎƳŀƭƭŜǊ ŦƛōǊŜǎ όŘƛŀƳŜǘŜǊ 

d) was taken as (D+d). These calculations give a diameter that is roughly average and 

representative between multiple fibres that twist relative to each other, as an accurate 

calculation of the diameter facing the on-coming sound front from the speakers is not possible. 

6.3.3 Ballistic high -rate analysis  

Longitudinal and transverse wavespeeds can additionally be calculated using experimental data 

from high-rate ballistic impact on single fibres. Specimen preparation and full methods are given 

in Chapter 5. Here, wavespeed data taken from spider silks with a low pre-stress on the fibre (c. 

10 MPa, in the elastic region) at an impact velocity of 220 m s-1 were compared. For nylon and 

silkworm silk, the wavespeeds were compared across a range of low pre-tensions on the fibre 

(keeping impact speed constant, see Chapter 5).  

6.3.4 Theoretical equations  

Both transverse and longitudinal wavespeeds can be calculated in theory from known material 

parameters and applied conditions268. 
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The longitudinal wavespeed (CL) is given by: 

r

E
CL=           (3) 

Where E is the storage modulus (Pa) and ˊ is the density. E is taken as the quasi-static modulus 

for CuBe wire (1200 GPa; independent of pre-stress), whilst for nylon, silkworm silk and major 

ampullate silk it is taken from previously published data177. Storage modulus is a measure of the 

spring stiffness of the material, which scales with the pre-stress on the fibre177. The storage 

modulus of minor ampullate silk was taken from Blackledge et al. (2006)45, where its relationship 

with pre-stress is unknown. 

The transverse wavespeed (Ct) is related to the material properties by: 

r

es

m

e )1()1( +
=

+
=

T
Ct         (4) 

Where T is the tension on the fibre (N), ʁ is the strain on the fibre and µ is the mass per unit 

length of the unstretched fibre (kg m-1 calculated by multiplying the density by the cross-

sectional area). All parameters were measured during the experiments, with the exception of 

density (values given in Appendix A). The strain parameter acts as a correction for the mass per 

unit length as the fibre is stretched. 

6.4 Results and Discussion  

6.4.1 Physical basis of sonic properties  

In order to confirm the applicability of basic wave equations to the sonic properties of silk fibres, 

longitudinal and transverse wavespeeds are experimentally measured using high-rate ballistic 

impact132 and laser vibrometry in a range of materials and then compared to their theoretical 

values (Figure 6.3).  
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Figure 6.3: Wavespeed as a function of pre-stress. a) Longitudinal wavespeed (log axis) and b)-d) 
transverse wavespeed. Theoretical calculations are given by dashed lines, vibrometry data by 
squares (shown by speaker symbol), ballistic impact data, adapted from Drodge et al.132, by triangles 
(shown by bullet symbol), and ballistic impact data for spider silks at low tensions and 220 m s-1 by 
stars. Materials: copper beryllium wire (red), B. mori silkworm silk (dark green), nylon (orange), 
Nephila major ampullate (MA) spider silk (big size, black; small size, dark grey; small size 
supercontracted, blue), Nephila minor ampullate (MiA) spider silk (purple), mixture of Nephila silks 
(2 MA, 2 MiA: cyan), and Araneus spider bundle (2 MA, 2 MiA: green). For b) and c), the grey dashed 
line gives a reference spider silk theoretical curve. 

As silks and nylon have similar densities due to comparable polymeric structures, storage 

modulus is key to the differences in longitudinal wavespeed. For the transverse wavespeed, its 

response to stress is similar for all the polymeric materials tested (Figure 6.3b-d), due to their 

ǎƛƳƛƭŀǊ ŘŜƴǎƛǘƛŜǎΦ Lƴ ǘŜǊƳǎ ƻŦ ǘƘŜ ŎƻƴǎƛǎǘŜƴŎȅ ƻŦ ǎƛƎƴŀƭƭƛƴƎΣ ƛƴŘƛŎŀǘŜŘ ōȅ ŀ ŦƛōǊŜΩǎ ǊŜǎǇƻƴǎŜ ǘƻ 

tension, longitudinal wavespeed in both natural silks and synthetic polymers slightly increases in 

response to increasing static pre-stress above c. 50 MPa, by up to 16 % by 200 MPa (range 6 to 

16 % for the different materials). This is because the storage modulus has a shallow linear 

relationship with pre-stress177, 276. Transverse waves are less consistent than longitudinal waves 
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as their wavespeed is sensitive to pre-stress, showing an increase in wavespeed of up to 102 % 

from 50 to 200 MPa (range 83 to 102 % for the different materials). 

For all materials tested, the longitudinal wavespeed calculated from the two independent 

experimental techniques shows close agreement to theory, thus validating the approach (Figure 

6.3a). The high-rate data show some small differences when compared to the vibrometry data 

and theory, explained by artefacts in the way in which longitudinal wavespeed is calculated, 

where small errors in the high-rate stress-strain coordinates are converted to large errors in the 

modulus and wavespeed (see Chapter 5)132. 

Although the transverse experimental data support the application of the theoretical equations 

in this context, there are some deviations. For example, the theory applies to standing waves 

specifically, and therefore describes the acoustic data well (Figure 6.3b and d). The high-rate 

data do not intercept at zero as the transverse waves are propagating rather than standing 

(Figure 6.3c). Even at zero pre-tension, there is a longitudinal pre-cursor wave that propagates 

ahead of the transverse wave and causes additional stress in the fibre132.  

In summary, the measured longitudinal and transverse wavespeeds for major (and minor) 

ampullate silk are 2940-3230 and 117-557 m s-1 respectively, comparable to previous theoretical 

calculations on Nephila silks (longitudinal 2111-2183 m s-1, transverse 109-421 m s-1)120, 269. 

However, previously measured vibration propagation speeds in Nephila webs are slower 

(longitudinal 107-1070 m s-1, transverse 70-100 m s-1; frequencies of forced waves 10-1000 

Hz)120. This can be explained by material dispersion of the relatively low-frequency, high-

amplitude forced vibrations (see 6.4.2 and Figure 6.5), and also practical difficulties in measuring 

web silk fibres and keeping factors such as tension constant during the contact vibration used in 

these studies. 
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6.4.2 Consistency of wave signalling  

Given the experimental confirmation of the physical basis of the sonic properties, signalling 

consistency of spider silks compared to other types of materials can be further explored by 

analysing the shape of the resonant peaks as determined by laser vibrometry (Figure 6.4). The 

peak width and height give information on the bandwidth of resonance and the influence of 

internal and external damping, where more damping would lead to wider and flatter peaks268. 

The resonant peak area reflects the capacity for vibration information transfer. 

Data given in Appendix Figure A.8 show that, surprisingly, tension has no significant effect on 

peak shape. This may be explained by the small displacements used here. Higher displacements 

are expected to lead to internal damping due to plastic flow of polymer chains, causing a 

flattening of peak height130. Internal damping will be exacerbated by high tensions, not reached 

here due to limitations of the tensile stage (Appendix Figure A.7). Internal damping is expected 

to affect longitudinal more than transverse waves, because it directly affects modulus, on which 

the wavespeed depends (Equation (3)).  

The resonant peak area for longitudinal waves is approximately consistent for all the materials 

tested (Figure 6.4e). Affecting both wave types, the polymers show wider peaks than the metal 

alloy as there is an increased distribution of structures within polymers, more consistent in the 

nylon than in the silks130. In contrast, the resonant peak area for transverse waves is not 

consistent between materials, where spider silks have a larger peak area (Figure 6.4f). The 

inconsistency stems from the additional factor of external damping acting from air resistance on 

transverse waves. This is supported by the sensitivity of transverse resonant peak width to fibre 

diameter and to the number of fibres present. Thinner spider silks show broader peaks, 

explained by external air damping effects, where smaller fibre diameter leads to a larger relative 

damping factor, broadening the resonant peak240. Importantly, the thinner spider silks 
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additionally have higher amplitude peaks as they couple more readily with the air relative to 

their mass per unit area. 

 
Figure 6.4. Resonant peak width data for a) longitudinal and b) transverse waves; height data for 
c) longitudinal and d) transverse waves; area data for e) longitudinal and f) transverse waves. 
Height and area outputs are transformed for transverse waves. Given there were no observable 
effects of tension, average values of all data points for each material type are given where error 
bars give standard error of the mean. Abbreviations: BeCu is copper beryllium wire, Ny. is nylon; 
Swm. is B. mori silkworm silk where two fibres are bound together; Big, Med. and Sm. refer to 
the size of the Nephila spider being reeled, and so the relative diameters of the silk fibres; Min. 
is minor ampullate silk and Ara. is Araneus silk. Numbers in brackets on the x-axis give the 
number of fibres present (no number means there is only a single fibre, numbers greater than 
two include a mix of major and minor ampullate silks). 
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Importantly, multiple fibres of spider silk show the broadest transverse wave bandwidth out of 

all materials tested. Increased peak width is due to differential sharing of the load between 

different fibres, leading to diverging transverse wavespeeds. Divergence is enhanced by 

including fibres of different diameters and types, such as filaments of both major and minor 

ampullate silks. Peak broadening could be a property useful for the spiders, as resonance can 

occur over a broader frequency range. The animal could increase transverse resonant peak area 

by combining multiple fibre types in a web or even a single thread (as can be found in some web 

radial threads97), thus increasing capacity for information transfer. 

Another important factor affecting signalling consistency of materials is the sensitivity of 

wavespeed to frequency, known as dispersion. Theory suggests internal and external factors will 

cause a small amount of dispersion by damping the harmonic motion for either wave type268. To 

investigate the relationship between wavespeed and frequency experimentally, transverse 

resonance of silkworm silk specimens of different lengths were measured (Figure 6.5). 

Transverse wavespeed is approximately constant with changing frequency, but wavespeed is 

slowed down slightly at low frequencies (<1 kHz). Interestingly, this fits in with trends seen in 

plant material, which are dispersive at low frequencies, but non-dispersive at higher 

frequencies277. 

Theory suggests dispersion will have a greater effect on longitudinal than transverse waves, as 

the modulus term that directly affects longitudinal wavespeed (Equation (3)) is sensitive to 

frequency in polymers (log relationship)142. This frequency dependence may slightly decrease 

wavespeed for longitudinal waves at low frequencies, explaining previous observations of slower 

wave propagation speeds at low forced frequencies120. However, it should be noted that the 

overall effect of dispersion for any wave type will be very small, so wavespeeds are only 

marginally sensitive to frequency.  
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Figure 6.5. Dispersion in transverse waves. Frequency (log scale) versus transverse wavespeed 
for different length silkworm silk specimens at different tensions: squares 170 (± 5.3) MPa, 
triangles 66 (± 2.4) MPa and stars 49 (± 3.8) MPa. The dashed lines separate the specimens of 
different lengths, given by the label.   

Overall, the resonant peak shapes and the dispersion data highlight the importance of damping 

on the consistency of signal transmission. Experimental measurement of the relative 

contributions of internal and external damping in single silk fibres and their relationship with 

tension is an area for further research and will give a full picture of how damping affects 

different wave types. 

6.4.3 Evolution of spider silk as a signalling material  

For the first time the sonic properties of single fibres of silks independent of the web have been 

quantified. This allows the physical basis of sonic properties to be confirmed and the consistency 

of signal transmission and information transfer to be measured. These data provide interesting 

ƛƴǎƛƎƘǘǎ ƛƴǘƻ ǘƘŜ ŜǾƻƭǳǘƛƻƴ ƻŦ ǎǇƛŘŜǊ ǎƛƭƪǎΩ ǎƻƴƛŎ ǇǊƻǇŜǊǘƛŜǎΦ 

The transverse wavespeed of spider silk is determined primarily by its density, and hence differs 

little from other polymers. Density depends on the material structure, which constrains the 

shaping of transverse wavespeed by natural selection. In contrast, the value of the longitudinal 

wavespeed is tuned by the storage modulus, or spring stiffness, which differs between the 




















































































































