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[bookmark: _Toc526531299][bookmark: _Toc526532192][bookmark: _Toc526843074]Abstract
This thesis furthers our collective understanding of the flow behaviours exhibited by the silk proteins fibroin and sericin in their native state. This knowledge is both necessary for the creation of biomimetic spinning devices, and highly advantageous to those in need of bio-inspiration. 
The multiplicity of evolutionary paths which have found silk to be the solution to a given problem is testament to the versatility of this wonderful material. Evolution offers an unrivalled testing ground for new ideas, and when the convergence on fibre production is as broad and strong as it is for silk, it becomes an enticing target—first for understanding and later replication. However, much of the previous work on silk has opted to focus on more accessible areas of the field—studying fibres as a finished product—rather than the mechanisms by which they are formed. Thus, exploring the liquid precursors to solid silk fibres provides substantial academic freedom.
[bookmark: _GoBack]In this work, I use bulk computational flow models, supported by experimental data, to provide the first tangible evidence that spinning silk is a process dominated by pultrusion, and that typical soft bodied silk producers such as B. mori are incapable of spinning fibres in any other way. I use this evidence to explore the oft-touted suggestion that sericin provides lubrication to fibres and reduces the energy required for spinning. As a result, I present the first rheological characterisation of native, unadulterated sericin, which offers proof that contrary to previous work, it behaves in a non-Newtonian manner; and that although it is capable of lubricating fibroin flow, it is far too viscous to support the notion that silk is spun via extrusion, which allows me to conclude that sericin evolved primarily as an adhesive rather than a lubricant.
I also present a new model for silk spinning, built by exploring the difference in energetic requirements for solidification and gelation. I argue that fibre spinning is the result of controlled energetic application and work accumulation—again an important take home principle for bio-inspiration. Finally, I reflect on past research in our field, discuss the drawbacks of the biomimetic ideal, and offer suggestions on where our collective efforts might be best directed.
In summary, this thesis provides a valuable resource for further exploration of the flow properties of biopolymers for fibre spinning applications, and substantial alternative views on the conventional definition of what the silk community’s goal should be.
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If it could be established that spider silk makes a good silk thread, much would be gained for the use of mankind, although the material might never be made available for purses, gloves or stockings. Charles Dickens
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[bookmark: _Toc526843080]Chapter 1
Introduction



Abstract
So that the reader can understand the work presented, it is important to first introduce silk as a general concept—to detail commonly accepted histories, uses, applications and other knowledge pertaining to its production. The discussion in this chapter serves to contextualise later novelty. Let us begin with a question—what is silk—and answer it from both biological and industrial perspectives. To expand this narrative, I will describe the range of key mechanical properties observed within silks, and discuss natural and artificial silk production methods. To summarise, I will consider the historical, current and potential uses of silks, and where future research is best directed. 
[bookmark: _Toc526843081]What is silk
From a biological standpoint, silk is a general term used to describe a family of structural proteins synthesised by animals belonging to the phyla Arthropoda1,2 and Mollusca3. Silks are a good example of convergent evolution, wherein a remarkably similar solution24 has been independently selected for across multiple species. Silks are a broad material class, used in a multitude of environments for many different tasks, thus we define them as being spun on demand at the point of delivery4–6, rather than grown. This definition differentiates them from other structural proteins such as collagen (tendon) or keratin (hair) by the immediacy of their availability, rather than their structure or composition, with which they share several features. 
[image: ]
[bookmark: _Toc526530980]Figure 1: Common silk producers.
 Silks are used by a wide range of arthropods for a multitude of diverse functions. The above graphic illustrates this diversity, depicting (from top left) recognisable silk producers such as silkworms, lacewings, spiders, fleas, web spinners, ants, silverfish, crickets, millipedes and bees. Photo credits: see appendix.
The fabric most commonly recognised as silk is produced by the Chinese silkworm Bombyx mori5. Breeding B. mori was a closely guarded secret for millennia until it was smuggled into Europe by Christian missionaries in 550 AD7. The importance of silk in earlier civilisations is evident in both the extent to which the secrets of sericulture were guarded, and in later industrial development, which used silk as the basis of textile comparisons (The Denier, a measure of linear density, uses silk as its reference8).
Silkworms
B. mori has been bred to maximise the yield of pure white silk and remains a major industry today, though experimentation with other species, such as Samia spp., has occurred with the aim of finding species better suited to northern Europe. However, unlike B. mori, their silk is less easily processed, and must instead be carded, which reduces lustre and produces less valuable fibres9.
 [image: ]
[bookmark: _Toc526530982]Figure 2: Lifecycle of the silkworm B. mori.
 The natural cycle of the silkworm is depicted from egg to moth, with silk threads extracted from the spun cocoons woven into a wide range of textiles including shirts, ties, and curtains. Photo credits: see appendix.

Silkworm use silk to create a protective cocoon for pupation. They are constructed from the outside-in using a single strand of a fibrous protein known as fibroin. Fibroin is expressed in two silk glands, and can account for up to 30% of a silkworm’s mass10. As fibroin flows through the gland, it is coated in a secondary sericum (Latin for silk) protein known as sericin—before joining the paired gland to produce a twin cored fibre11,12. Different species produce silks with distinct chemical compositions, cross sections, and cocoon shape, which appear optimised for their function and habitat4,13–17. 
[image: D:\GoogleDrive\Projects\2 - pressure requirements model\Pressure requirements text\Nature communications submission\6 - Final submission\Figures\For submission\Sparkes_Pull_3_Figure_1.tif]
[bookmark: _Toc526530981]Figure 3: Anatomical overview of the B. mori silk gland.
 B. mori spinning apparatus, highlighting the gland surrounded by the haemocoel. Flow direction is indicated by arrows. The gland is described in detail in figure 7.


Spiders
While the majority of species produce a single silk that is well adapted, via natural selection, for a specific task4, spiders are unique in producing multiple silks. At present, over 40 000 spider species have been recognised, which collectively produce over 150 000 different silks6. Their ubiquitous nature has resulted in numerous myths, legends and folk tales. In fact, their classical name—arachnid—is derived from Arachne, a skilled weaver in Greek mythology18. Spiders produce silks for different applications within their lifecycle that must be optimised for function, since they have a uniquely high energetic demand4,5,8. Taxonomic convention describes seven different gland types19,20, with different species possessing some or all of the glands in varying quantities (figure 4). Of these seven sources, it is major ampullate silk from orb weavers such as Nephila spp. or A. diadematus that proves most attractive due to its combination of strength, toughness and extensibility5. Spider dragline silks are finer than silkworm silks, with a diameter of 3–5 µm compared to 20–30 µm respectively8,21,22, and typically consist of a single core4,11,20 rather than the dual filaments formed by silkworms. 
[image: D:\GoogleDrive\NMG Library\Library Images\Diagrams and Drawings\spider glands\OSGSpiderGlandBBCVersion081105.jpg]
[bookmark: _Ref523861602][bookmark: _Toc526530983]Figure 4: Spider silk glands and their functions.
 Orb weavers such as Nephila spp. spin different silks from independent glands located in their abdomen. Each silk is optimised for a specific function, whether that be for security, web construction, prey-wrapping, egg protection or an adhesive applied to capture threads in the web itself. Image credit: Natural Materials Group Library.


Major commercialisation of other silk producers has thus far proved impractical3. Although there have been sporadic ventures such as Termeyer’s reel23—used to harvest spider silk from live specimens—none proved commercially viable due to their small yield8,24–26. Although Bon produced threads both stronger and finer than silkworms and used them to weave gloves and stockings, the carded nature of the thread reduced the lustre and the results were discredited by Reaumur, who summarised that they were inapplicable to any purpose of commercial utility, a statement which effectively halted any further investigation3.
[image: D:\GoogleDrive\Library Images\Diagrams and Drawings\Harper'sMag.jpg][image: C:\Users\Home\Desktop\thesis bits\vlcsnap-2018-09-12-14h25m09s662.png]
[bookmark: _Toc526530984]Figure 5: Extracting spider silks.
 Termeyer's Reel27,28 (left) was used to forcibly pull silk from spiders in a manner which has changed little in the intervening 200 years, as evidenced by the modern reeling device shown (right) for comparison (adapted from NMG library). Forced reeling is discussed in depth below, and in chapter five. 
[bookmark: _Toc422910467]The main obstacle in rearing spiders is that they are cannibalistic in close confines29 and thus must be kept in relative isolation30,31, resulting in a system with much larger space requirements than B. mori, whose dietary interests lie solely in the leaves of the mulberry tree (see chapter five). Furthermore, while silkworms produce a single 900 m strand of silk, a typical spider’s web yields only around 12 m of fragmented strands and although forced reeling can produce longer fibres, their length depends on the spider’s reserves21. While silk production by spiders may seem paltry in comparison to B. mori, it reflects the difference in usage between the two species; spiders maintain a steady reserve for regular, periodic deployment, whereas silkworms stockpile for a single event. 
[bookmark: _Toc430855961]

[bookmark: _Toc526843082]Mechanical properties
The mechanical properties of silks are a function of their chemical composition, microstructure, chemical and mechanical processing4,6,32–35, resulting in a wide range of potential properties— summarised in figure 6. Some silks, such as spider major ampullate, exhibit remarkable strength and toughness4,21,36,37 as a result of needing to withstand large forces for short time periods38,but this is offset by a reduced yield of narrower diameter fibres when compared to silkworms29,31. Silk’s high toughness is attributed to a considerably higher molecular weight than synthetic fibres, allowing for greater extension, alignment and molecular level energy dissipation before fracture occurs5,11,33,34,3911,40. From a biological perspective, for spiders, this dissipation prevents recoil and loss of prey5. 

[bookmark: _Ref523859602][bookmark: _Toc526530985]Figure 6: Stress-strain relationship for a variety of silks and other benchmark materials.
 Of particular interest are the shaded regions denoting natural and artificial silks, whose stress-strain relations can be found right across their respective regions. It can be seen that spider silks gain their toughness through extension, and in their natural state are clearly unsuitable substitutes for Kevlar, whereas Rayon and Nylon have much more similar properties to the silkworm silks they were originally designed to replace. More specific properties of natural and artificial silks are discussed later in this chapter. Figure adapted from Vollrath et al.41.
When compared in ambient conditions, silkworm silks are naturally weaker, stiffer and more brittle11 than spider silk, however their properties can be raised to comparable levels through forced reeling21 (see chapter six) Several attempts have been made to improve the mechanical properties of silk fibres, from simple post drawing42–44, which has been shown to reduce entanglement, increase crystallinity, and reduce extensibility; pH change45,46; and doping with zinc, aluminium, or titanium, all of which produced weaker fibres47. 


[bookmark: _Toc526843083]Why study silk? 
There are many reasons to study silk, the most prevalent of which is that despite its use for thousands of years, relatively little is known about it compared to other materials in common use today. This is surprising, given the insights gleaned from comparatively basic and/or limited studies that show that silks possess a uniquely interesting and potentially incredibly useful set of material properties. 
Perhaps one of the most fascinating and contemporarily relevant facts is silk production (feedstock to fibre) is approximately one thousand times more energetically efficient than our best synthetic alternatives6,48. While we produce our polymers at high temperature and pressure, using environmentally unfriendly chemicals in the process, silk producers achieve much the same result in ambient conditions, with low energy input and with the added bonus of inherent biodegradability4. Thus by studying how silk is produced in its biological environment, we can guide the development of our own synthetic analogues.
The driving question behind this research is summarised succinctly by Ridley49, who states that Evolutionary systems are only energetically optimised as they need to be, not necessarily can be. And thus the question arises, can we improve them?
[bookmark: _Toc430855967][bookmark: _Toc430855974][bookmark: _Toc422910471]

[bookmark: _Toc526843084]Microstructure and chemical composition 
[bookmark: _Toc430855968]Overview 
Silks are long chain fibrous proteins comprising mostly glycine, alanine and serine8,11,44. The homogeneity between the primary structure of most silks suggests that there is a shared set of parameters for spinning50. However, it is the secondary structure that determines silk’s mechanical properties and the wide variation herein provides tremendous inspiration for novel biomaterials51. The relative abundance of α-helix, β-sheet and random coil conformations determines whether silk remains a thick, viscous substance, or becomes a strong, tough fibre when spun1. The spinning process—through shear induced alignment and increased acidity50,52—promotes polymerisation34,53 and the creation of a well-connected hierarchical anisotropic network which operates across multiple length scales34,54
[bookmark: _Toc430855969]Primary structure 
The primary structure represents the amino acid composition and distribution within the protein chains. The N- and C-terminal domains, which allow the proteins to form natural polymers, are highly conserved across all species53,55. While the C-terminal affects stability, aggregation and the formation of β-sheets, the N-terminal affects protein expression, solubility, and promotes fibrillation53. By contrast, the protein’s midsection dictates its mechanical properties21. Interestingly, more functionally advanced silks typically contain simpler, more flexible chain segments4, with the high percentage of alanine and glycine in highly conserved repetitive regions thought to prevent premature aggregation8,53,56,57. Spider silks generally have a higher proline content than silkworm silks, which contain more serine. Proline’s hydrophobicity affects how silk responds to moisture4 and, therefore, its structure. At present, little is known about the function of other amino acids in silk, which could be important in the design of novel tailored proteins51,58,59.
[bookmark: _Toc430855970]Secondary structure
In the first instance, silk proteins take on a metastable micellar structure60 which allows them to protect their hydrophobic central regions21 and remain water soluble. Flow within the duct deforms and elongates this micellar structure until the chains become sufficiently stretched34 to allow the secondary structure to adopt a mixture of random coils, α-helices, or β-sheets11,16,32,61,62. In the absence of stress, the feedstock is predisposed to return to its metastable state, on the condition that it remains sufficiently hydrated21,43,59. Current models describe many small β-sheets embedded within a larger amorphous structure39. These β-sheets are hydrophobic39,44 and axially aligned63, whereas the amorphous sections are plasticised by water, which prevents further hydrogen bonding39. It is this combination of order and disorder across multiple length scales which gives silk its outstanding mechanical properties39,64,65. 
Silkworm silks 
The high prevalence of small amino acids such as glycine, alanine and serine in fibroin allows for more densely packed crystalline regions than spider silks8. B. mori fibroin exists as a heterodimer of heavy (H-fibroin) and light chain (L-fibroin)15. Whilst L-fibroin is small, typically around 26 kDa8,21, H-fibroin forms larger ~350 kDa chains with highly conserved repetitive central regions composed almost entirely of glycine-alanine repeat units and a small serine component which combine to form the predominant (~66%16) β-sheet conformation66–68. Meanwhile, sericins have very few repetitive regions which results in an indefinite, globular structure and sizes ranging from 24 to 400 kDa69–72. The concentration of non-polar amino acids is higher further back in the gland, while polar and neutral ones decrease, meaning that the closer the sericin is to the fibroin, the closer their compositions become16,69,71,73, which may ensure good levels of adhesion between core and sheath.
[bookmark: _Toc430855971]Spider silks 
Spider fibroins—spidroins—are the main constituent of spider silks. Major ampullate Spidroin 1 (MaSp1) forms the core of dragline silk, while MaSp2 provides a coating above this11,21,53,74. While some studies have suggested that gland provides an opportunity for mixing proteins to provide a continuous fibre4,44,75, this seems at odds with evidence of a MaSp1 core coated in MaSp2 sheath50,52. Both proteins feature extensive repetitive glycine and alanine rich mid-domains8 and typically have molecular weights between 250 and 350 kDa21,76. While MaSp1 protein’s  high polyalanine content50 provides stiffness, MaSp2 is less so and thus provides a contrasting toughness4. The strongest spider silks contain 45–65% β-sheets21,44 within a matrix of α-helices4. Amorphous regions exist in a reduced level of hydration under normal conditions, which maintains their alignment5. Comparisons of crystallinity have found that crystallites in spidroins are both an order of magnitude smaller and less oriented than those in fibroin21. It has been suggested that spidroins’ 1:1 ratio of hydrophobic: hydrophilic residues34 is optimised to avoid aggregation53. 


[bookmark: _Toc526843085]Silk processing
Natural silk processing
It has already been noted that silks are produced on demand by many species—that they exist in an internal state of readiness43. In this section we will discuss synthesis and processing in greater detail. Silk production systems have similar overall architecture, consisting of a feedstock reservoir, a spinneret (figure 7), and a connection between them, which can, depending on both use and species, vary in complexity from a simple tube to a series of concentric, convergent channels4.
Spiders and silkworms lay down silk threads in a similar fashion, fixing a point along a fibre to a substrate and drawing the spigot away from this point to pultrude the nascent fibres. Spiders can also use their legs for additional processing or to generate longer fibres in a static position, but silkworms are limited to a rhythmic figure-of-eight looping of the head in combination with regular substrate reattachment to produce their cocoons. 
[image: ]
[bookmark: _Ref526514759][bookmark: _Toc526530986]Figure 7: Spider and silkworm silk glands.
 Both glands have a similar structure, with silk proteins expressed in the narrow, twisting posterior section (left), stored in the large central division, and spun through a spinneret in the anterior portion (right). Flow direction is indicated by arrows on each gland. The approximate cross section of spun fibres are also shown to highlight the differences between these silk producers. Figure adapted from Holland10.
Silk proteins are excreted into a reservoir and stored as a highly concentrated (20–50%) aqueous solution4,6,21 which is spun into a solid fibre through energetic input from a variety of sources, including shear flow77, extensional flow78, pH changes and heat4,11. This combinatorial processing mechanism allows silk producers to spin fibres with consistent mechanical properties despite variation in diet, temperature, pressure and hydration11,79. Shear and extension are induced by the taper of the gland duct, which has evolved to promote both lateral and axial ordering43; while pH regulation is made through ion exchange59, promoting refolding and reducing the shear required59. The result is that molecules are inclined to bond in an intermolecular rather than an intramolecular fashion, thus forcing water expulsion and aggregate formation21,80. 
Spinning a fibre may be considered to be the controlled denaturation and aggregation of a polymer feedstock in a manner which ensures intermolecular interaction—in this sense, the resultant output can only be considered a fibre in so far as there is hierarchical alignment from the molecular level upwards in the principal fibre axis.
This argument, which is discussed in detail in chapter six, allows us to differentiate between the different forms of energetic input, since although silk can form a solid by heat alone, it is bereft of the alignment and structure which can be induced through flow or condition changes and thus cannot be considered as a method of fibre production.
Un-natural silk processing
Forced reeling allows greater control of the pultrusion process than natural spinning as it fixes the rate and time at which silk is drawn from the host. Early work by Termeyer and Rolt showed the field’s potential29,31,81, and although the process is labour intensive and time consuming, it does allow for systematic analysis. Natural spinning rates for spiders and silkworms are similar, and appear to have been selected to optimise toughness82. 
Reeling faster than this is effectively post-drawing38, with stretching providing increased alignment in the fibre as it solidifies under tension38,83,84, resulting in a stronger, thinner37,82, less elastic fibre (Spider silks may be annealed via supercontraction38,85–87). At higher rates, the drawdown locus moves sufficiently back in the gland that the control valves fail, resulting in larger diameter fibres43,83. Moving the locus in this way produces weak fibres which are prone to fracturing internally, which will halt spinning temporarily in spiders43,82, and permanently in silkworms11,16,37. 
Paralysis removes behavioural aspects such as the effect of the silk press—which maintains fibre diameter and consistency—from silk processing. Fibres drawn from paralysed silkworms are stronger, thinner and less elastic than natural ones, and have smoother external surfaces46,82. However, despite the increased processing control forced reeling offers, it does not provide free reign over silk production, and so investigators have turned to methods which allow them to create silk fibres directly using synthetic silk feedstocks.
[bookmark: _Toc430855975]Synthetic silk processing 
[bookmark: _Toc430855976]Introduction
Attempts to spin directly from extracted feedstocks were first made in the early 20th century, and the general observation from the past century is that as silk feedstock has been selected to dehydrate and aggregate with minimal input, it tends to do so under the slightest provocation—for example during dissection—and thus extraction and handling is something of an art form in itself. Combine this with the fact that it will denature spontaneously when in contact with air, even when refrigerated43; that it will separate at interfaces and coagulate irreversibly88–91, and that it is a living, variable system, and it is clear that experimenting with silk can be a test of patience. However, as the principle aim of the synthetic fibre industry—producing a range of fibres, each tailored to an individual application—has already been achieved by nature (figure 4), silks remain worthy of further attention8. Beyond direct extraction, there are two further methods for creating synthetic feedstocks—reconstitution and recombination, and although they follow different procedures, both result in a protein solution.
[bookmark: _Toc430855977][bookmark: _Toc422910473]Reconstituted silk fibroin 
Fibroin can be reconstituted from its spun state by first soaking in hot alkaline solutions to remove sericin residues—a process made possible by their high proportion of hydrophilic amino acids73,92–94. After sericin removal, the remaining fibroin can be dissolved in certain chaotropic solvents. The solvent used affects the degree to which the polypeptide chains are fractured15,95–97. Chain length correlates with stability, storage time15,16 and the ease of β-sheet formation when the feedstock is sheared, with smaller chains more likely to form random coil structures. Environmental factors such as pH, exogenous salts, and concentration also affect feedstock stability98,99100.
[bookmark: _Toc422910474]In general, reconstituted silk fibres are shorter and stiffer44 than natural53, with lower strength and toughness as a result51 (figure 6). Longer chains create stronger fibres via more extensive bond formation within the network domain. By contrast, short chains have a tendency to dangle within the network and, therefore, cannot contribute to overall structure34. Despite this, recent studies have spun fibres with toughness approaching that of natural fibres, although this is partly due to the greater levels of extensibility which arise in the absence of post-processing52. Others have created custom length polymers that can be used to create fibres with strength approaching 20 GPa34. In summary, the primary structure of silk alone is insufficient to determine the mechanical properties of the resultant fibre, and reconstituted silks are generally inferior to those produced naturally from the same feedstock21. This notwithstanding, it does provide a valuable commodity for the biomedical fields, which would otherwise be wasted in the textiles industry101,102. 
[bookmark: _Toc430855978]Recombinant silk proteins
[bookmark: _Toc430855979][bookmark: _Toc526843086][bookmark: _Toc422910477]Many studies have tried to express silk proteins in hosts including Escherichia coli103, Pichia pastoris58, and transgenic goats2. However, appropriate rheological conditions and physical stresses have proved difficult to replicate in vitro53. These proteins are typically concentrated and extruded into a coagulation bath to form fibres58. There are still many problems to overcome with these techniques, as recombinant proteins are considerably shorter than their natural equivalents53 and at higher concentrations, or when pumps are required, aggregation becomes problematic52,53,58, with established techniques104 unsuitable for large proteins58.

Potential uses for silk 
Silk, as a natural, biodegradable, biocompatible material, has potential uses in a wide range of fields beyond clothing21. Silk has found a home in the cosmetics, skincare21,71 and food additive3 industries, where its non-essential amino acid composition allows the use of creative marketing to sell products using words typically used to describe silk cloth—such as bright, soft, glossy and silky21. Silk is a nascent material in the biomedical sciences, where its biocompatibility has allowed it to be deployed in a wide range of situations including wound dressings, where its super-contractive nature provides increased tension in sutured tissue51; and soft tissue scaffolds which benefit from long term degradation resistance6,21,68,71,105,106.
[bookmark: _Toc422910478]In summary, although production of artificial silk does threaten traditional sericulture, the knowledge gained vastly outweighs this cost, due to the increased variety in silk products. In 1960, Lucas noted that the further study of different silks will almost certainly help us in the quest for tailor-made protein fibres8. This should translate to significant energy savings in the synthetic polymer industry, while advances in our understanding of the mechanisms behind the fibrillation of fibrous proteins could help tackle amyloid degenerative illnesses such as including Alzheimer’s, which are believed to occur as a result of unwanted fibrillation11. 
[bookmark: _Toc430855980]

[bookmark: _Toc526843087]Scope
The difficulty in artificial replication of natural silk spinning suggests that the process is complex, with multiple latent mechanisms in synchronous operation. The isolation and exploration of these mechanisms provides the scope for this thesis. Over 150 years of dedicated research has yielded a considerably better understanding of how silks are spun, but areas remain which have either been previously overlooked, or the tools required to tackle them had not yet been developed. The most active area of research remains reconstitution—the art of returning a previously spun silk to a liquid state in order to re-spin in a more industrially appropriate manner. Although progress is being made in this respect, at a fundamental level, it does not improve our understanding of the natural system. 
Prior attempts to explore silk flow were hampered by a lack of understanding of silk’s rheology, and by the computing power available. It is thus good fortune that we find ourselves both at the end of a sustained period of research into silk’s flow properties and at the advent of much improved computational methods which provides ample opportunity to address this problem. 
The traditional view of sericin as a waste product has meant that little consideration has been given to it, barring the best methods for removal and disposal. As a result, what thought applied to its role in the spinning process has been primarily that of conjecture, not least due to the difficulty of isolating the protein in its native state. The greater availability of mutant silkworm strains arising from increased interest in genetic modification thus provides a serendipitous chance to explore the nature and function of these often overlooked proteins.
Several discussions in the literature consider the precise nature of fibrillation mechanisms, offering evidence that gelation can occur through different means. While silk’s flow behaviour has been extensively characterised in terms of its response to increasingly large shear rates, little time has been given to the length of application, or how different gelation methods may interact to spin fibres. 
These knowledge gaps have provided scope and direction throughout this thesis, leading towards an improved understanding of the flow properties of native silk proteins, which should further the design of both bioinspired and biomimetic fibres. The overarching themes addressed herein can be seen as seeking answers to the following broad research questions.
[bookmark: _Toc526843088]Aims
· Can reliable predictive flow models be created for silk which afford us the opportunity to explore design variables for synthetic analogues?
· What are the rheological properties of sericin and how do they affect silk spinning?
· What are the energetic requirements for silk spinning—what forms can this input take, and which are critical? 

[bookmark: _Toc526843089]Chapter summaries
This thesis is arranged in chronological order in seven parts. A brief summary of each is presented here, with more detail provided in each chapter introduction. 
Chapters 1 and 2
These chapters summarise relevant literature pertaining to both the historical and contemporary understanding and use of silk and silk-like materials, before discussing the major techniques used in this thesis—computational fluid dynamics and rheometry. 
Chapter 3
This chapter describes experimental work undertaken to verify earlier simulations, and extends them using a biologically focussed approach to provide computationally derived evidence that silk is pultrusion spun. This chapter forms part of the first paper published from this thesis—Analysis of the pressure requirements for silk spinning reveals a pultrusion dominated process107.
Chapter 4
In chapter four, several methods to support and corroborate the pultrusion hypothesis offered in chapter three are presented, describing why extrusion cannot be the dominant process in silk spinning. This validates the results in chapter three and comprises the latter half of the publication—Analysis of the pressure requirements for silk spinning reveals a pultrusion dominated process107.
Chapter 5 
This chapter describes the characterisation of native sericin extracted from a mutant strain of the B. mori silkworm. It details amino acid composition and spectroscopic responses, along with rheological responses from shear, oscillatory and temperature tests to provide an appropriate model for sericin flow behaviour, and a frame of reference for the sericin recovery industry. This chapter has been published as—The rheological properties of native sericin108.
Chapter 6 
This chapter describes fibroin’s response to steady shear. It is based on the hypothesis that silk gelation is best described by how much energy has been imparted, rather than how fast, how hard or how long it has been sheared, it describes how native fibroin feedstock gels as a result of total accumulated work within the sample. This chapter has been published as—The energy requirements for flow induced solidification of silk109.
Chapter 7
This chapter provides an in depth, rambling discussion of the implications and findings presented in my thesis. It seeks to contextualise my findings in the wider field of silk research, and offers suggestions for where future attention might be best directed. 






[bookmark: _Toc526843090]Chapter 2
Methods



[bookmark: _Toc526843091]Introduction to rheology
One of the principal techniques employed in this thesis is rheology, which is the study of how materials flow and deform. In this chapter, a brief summary of the method is provided for ease of understanding future chapters. The field of rheology generalises and combines the classic theories governing the deformation of a solid or flow of a fluid under the influence of stress110,111, with the name itself taken from a quotation attributed to Simplicius—panta rhei—which loosely translates as everything flows. We will now discuss how the material properties elasticity and viscosity—commonly used to denote springiness and stickiness110—are in truth, part of a wider property spectrum known as viscoelasticity (figure 8).
[image: Chapter 2 figure 1]
[bookmark: _Ref524265978][bookmark: _Toc526530987]Figure 8: The viscoelastic spectrum.
 Real materials occupy a continuum from solid to liquid, with their position defined by their tendency to deform or flow as a result of stress. This response is often time dependent and can be readily probed with a rheometer.
Elasticity, viscosity and viscoelasticity
Elasticity describes the tendency of an object to return to its original shape after the removal of an applied stress or load, and is a key property of ideal solids. This stress can be applied to solids in several ways, including tension, compression, torsion, or shear; fluids however, can only be sheared111.
Viscosity is a measurement of a material’s ability to resist the shear induced plastic deformation known as flow, with ideal fluids showing entirely viscous behaviour. Commonly envisaged as the degree of intermolecular friction, it is a function of many variables, including temperature, pressure, time, electrical voltage, shear rate, and chemical or physical structure111.
Although the above definitions state that solids have an elastic, and fluids a viscous, response to shear, this only applies to ideal materials. In truth, the majority of materials lie somewhere between these two extremes, and conditions can generally be found wherein a material will behave as an elastic solid, a viscous fluid, or anywhere in between. Thus, most materials can be classed as viscoelastic, with even seemingly solid objects—such as steel and glass—flowing under sustained loading through phenomena such as creep. 


Shear rheometry
Rheometry is the technique by which the rheological properties of a material are measured, and is typically conducted using a rheometer. While there are several different designs available, the fundamental principle remains the same. Samples are placed between two surfaces and the force (stress) required to move one surface a set distance in a given direction (strain) is then measured, and from these values significant insight can be gained. 
From an analytical perspective, the simplest rheometer would consist of a flat plate translating above a second, fixed plate. For practical reasons, such as the ability to consider effectively infinite strain in a finite space, rotary motion is preferred. However, since the velocity of a rotating object is a function of the radius, samples subject to rotation between two parallel plates would be subject to a range of shear rates. To counter this effect, the moving plate is substituted for a cone with the slant height determined such that it provides a constant shear rate across the entire radius, with torque and displacement being the measured values. 
[image: ]
[bookmark: _Toc526530988]Figure 9: Critical components of a rotary rheometer.
 A sample is compressed between the upper rotating cone (radius RC), and the fixed lower plate. Cone angle is dependent on RC and is specified to ensure constant shear rate across the region of interest. The highlighted region illustrates that the cone is in truth truncated by distance a so that parts are not touching and the sample is not pinned in place. Some error is induced by this, since the shear rate is variable in region RT, but this is small (1–5%).


Dynamic shear rheometry
Dynamic shear rheometry considers the phase difference  between a small applied strain and a resultant stress. In the case of a purely Hookean solid, there will be no phase difference, and the response is elastic, while for a Newtonian fluid, the phase difference will be at a maximum (90°), and the response purely viscous. Phase differences between zero and ninety degrees are thus viscoelastic. The total resistance of a viscoelastic substance to an applied strain is measured using the complex shear modulus, defined as:
	
	[bookmark: _Ref524351631][bookmark: _Ref524351625]( 1 )


where the storage modulus, which represents the recoverable elastic response (), and the loss modulus, the dissipated, viscous response (  ). The key point being that frequency of loading of a viscoelastic material affects the phase shift observed, which in turn results in variation of the complex shear modulus. In other words, whether the material acts more or less like a solid or liquid depends on the frequency of vibration (figure 10). 
[image: Chapter 2 figure 3]
[bookmark: _Ref521002934][bookmark: _Toc526530989]Figure 10: The frequency dependence of a material’s stress response.
 A sample is oscillated across a range of frequencies at a set strain, with the stress response measured. The extent to which stress lags behind the strain gives the phase difference , which can range from zero (Hookean solid) to ninety degrees (Newtonian fluid), with the viscoelastic spectrum lying between them. Viscoelastic materials commonly exhibit timescale dependent responses, with the relative proportions of elastic and viscous moduli, which together comprise the complex modulus, dependent on the strain rate. A simplistic assessment is that bulk material properties are those of the dominant modulus. In this example, at low frequencies (inset a), the material behaves more like a fluid and flows (high , but at higher frequencies (inset b), the elastic response dominates and the material exhibits more solid-like behaviour (low .


Viscometry
Under conditions where a material is sufficiently deformed to induce flow, there are two potential responses available. Newtonian materials show a linear strain response, whereas non-Newtonian materials have a non-linear response:
	
	( 2 )


Where  represents the dynamic viscosity,  shear stress, and  the shear rate. The most common non-Newtonian responses are shear thickening—where viscosity increases with applied shear rate, and shear thinning—where viscosity decreases with applied shear rate. These scenarios are depicted in figure 11. 
[image: Chapter 2 figure 4]
[bookmark: _Ref521011466][bookmark: _Toc526530990]Figure 11: Viscoelastic behaviours as a result of different shear rates.
 The application of increasing shear rates can prompt a range of responses in different fluids. While the viscosity of Newtonian fluids remains linear, that of dilatants and pseudoplastics appear distinctly different, with both exhibiting clear non-Newtonian behaviour—shear thickening in the former and in the latter, shear thinning. Silks are general classified in the latter, though their response does deviate from this idealised behaviour at high rates.
Many polymers undergo shear thinning between two plateaus, one representing the viscosity at zero shear, measured through extrapolation of low shear rate responses to dynamic (oscillatory) testing, and the other representing the minimum viscosity the material can achieve, measured through application of high shear rates. In general, shear thinning is reversible, though the return to the zero shear viscosity can be hysteretic111, but whether this applies to silk remains unclear (more detail in chapters 5–7).
In low shear rate flow conditions, polymer chains are able to relax through Brownian motion, hence the observed behaviour is quasi-Newtonian, but there exists a critical shear rate at which the regime first diverges from Newtonian behaviour. At very high shear rates, viscosity plateaus as optimum molecular alignment is reached and therefore shear thinning materials have 2 Newtonian and one non-Newtonian region111 (figure 12).
[image: Chapter 2 figure 5]
[bookmark: _Ref524267243][bookmark: _Toc526530991]Figure 12: Typical shear thinning polymer behaviour.
 The shear thinning behaviour of many polymer solutions is akin to the presented curve, which shows an initially Newtonian response under quasi-static conditions, which yields to shear thinning above a given shear rate, before returning to a lower Newtonian plateau beyond a second critical shear rate.
Rheological behaviour of silk 
There is a high degree of evolutionary convergence across silk rheologies, which have much in common with synthetic polymer melts6,51. In general, silks exhibit predominantly viscoelastic behaviour and are both extremely shear sensitive6 and strongly shear thinning11,22, facts which frustrated early attempts to measure their viscosity43. Their response to shear can be described in 4 stages (figure 13). Their initial state is quasi-Newtonian, with viscosities many orders of magnitude higher than, for example, water or oil. This gives them the appearance of a solid, but the application of shear to the system allows entry to the second state, wherein the feedstock shear thins substantially. Sustained shear eventually leads to protein aggregation (3) and formation of a strong, stable solid80,112 (4).
[image: Chapter 2 figure 6]
[bookmark: _Ref515992696][bookmark: _Toc526530992]Figure 13: Silk Rheology.
 (a) Silk’s response to increasing shear rates can be divided into 4 stages. 1—quasi-Newtonian, 2—shear thinning, 3—aggregation, 4—strong, stable solid. (b) Silk’s oscillatory response shows viscous behaviours dominate at low frequency, with a transition to elastic behaviour at higher frequencies.
It has been suggested that this shear thinning behaviour is an evolutionarily favourable development as it drastically reduces the system’s energetic requirements22. It is worth appreciating that, as with all natural systems, there is a wide degree of biological variation across species22,113. Of note is that concentration has very little qualitative effect (figure 13a) on the rheological properties, suggesting that their constancy is vital to successful spinning14. 
As with many non-Newtonian materials, silk’s oscillatory response is dependent on the frequency of oscillation. Probing this response has shown the frequency at which silk transitions from being dominated by viscous behaviour to elastic behaviour. This transition frequency represents the longest relaxation time, though further relaxation modes have been identified through more complex models114,115.
Extensional viscosity 
In addition to shear, silk proteins experience extensional flow in the converging duct78,116. Extensional viscosity is a function of both extension rate and the total strain imposed and is thus a measure of resistance to elongation. The difference between extensional and shear viscosity is analogous to that between Young’s and shear modulus for elastic solids117. Extensional viscosity typically increases with total strain imposed, due to increased molecular elongation, alignment and solvent loss, thus it is a strain hardening property, and can be estimated from surface tension, duct radius, and time22. From this it can be deduced that while shear viscosity decreases by several orders of magnitude during spinning, extensional viscosity undergoes a greater than a hundredfold increase22, suggesting that shear thinning occurs to allow extension to dominate. Quantification of extensional flow properties are beyond the scope of this work, but it is hoped that work currently in progress in our group will determine how best to assess it and further our overall understanding of how silk is spun.

[bookmark: _Toc526843092]Introduction to computational fluid dynamics 
Computational modelling uses numerical methods118 to address problems that cannot be solved analytically, either due to excessive complexity or the need for iterative solutions. In the last fifty years, computational modelling has come of age, allowing modellers to address the bane of numerical solutions—time119,120. Increasingly fast processing speeds have allowed progressively more complex systems to be analysed and solved on a point by point basis121. 
Computational Fluid Dynamics (CFD) is a branch of fluid mechanics that considers fluid flow within set boundary conditions, through numerical solutions to a set of governing equations120,122. In brief, the process can be described in several distinct stages:
1. Define the problem domain and create a representation of the system
2. Divide the volume of interest into a mesh consisting of discrete elements
3. Define the physical properties of the fluid and the boundary conditions at each interface 
4. Use numerical methods to determine approximate solutions to the governing equations
5. Post-process the results to generate easily understood graphics


The generalised Navier Stokes equations
The system of equations used results from the combination and application of three governing principles—conservation of mass, Newton’s second law of motion, and conservation of energy123. Their application produces a set of seven equations for viscous flow, composed of seven primitive variables (density, pressure, velocity in x, y, z direction, e, temperature), and thus distinct solutions are possible. They are presented here in their non-conservation form.
	Continuity
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Despite their apparent complexity, the Generalised Navier Stokes Equations simply describe the progress of an infinitesimally small fluid packet (with known mass) through space (though they can be readily reformulated to consider the flux within an infinitesimal volume fixed in space120,124).
Whereas older techniques were forced to use the finite volume method to overcome the complexities of fluid flow, the advent of modern processors means CFD can make use of the more mathematically complex finite element method to analyse problems in greater detail119,125. One of the major advantages of the finite element method is that it allows division of the domain using a non-uniform mesh, such that regions of interest can be considered in greater resolution, while those far from the action can be simplified124. Through consideration of the flow in each finite subdomain, approximate solutions to the flow problem can be determined iteratively. 
CFD in biological systems
The use of CFD in biological systems is a relatively recent application112,126–129 in comparison to more traditional uses such as the aerospace130 and automotive industries. It represents a departure from the more typical bulk flow properties seen at larger scales and instead progresses into the more constrained pipe flows first explored in food and chemical processing plant designs131,132. The use of small diameter pipes of definite length means that certain flow phenomena, such as surface tension, roughness, and viscous effects, have much greater influence on the overall system133. A welcome effect of small cross sections is that Reynolds numbers become exceptionally low in typical systems, which means that we have the luxury of working well inside the laminar flow regime, where computations converge more readily.
Simulation results presented in chapters three and four make the following assumptions unless explicitly stated. Flows are analysed in an isothermal environment, with outlets maintained at atmospheric conditions. Walls are assumed to be smooth, such that internal surface roughness does not affect flow, but are assigned a no-slip condition. That is, fluid in immediate contact with the wall is assumed to be stationary. These are standard assumptions in the study of viscous flow behaviour. 
Meshing of the flow domains followed an iterative process for each geometry in order to ascertain the required mesh density, which was considered as that when results for a test fluid showed less than 5% variation. A similar threshold operated on the principles of mass conservation—losses over 5% were not tolerated and resulted in further refinement.
Simulation outputs arrive as vast matrices which require further processing to provide useful results. Typical examples of post processing might be two-dimensional surface plots of a variable such as flow velocity, contours of pressure levels, or vector plots to show flow and streamline directions.
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[bookmark: _Ref524351670][bookmark: _Toc526530993]Figure 14: Exemplar surface plot.
 Surface plots allow for easy visualisation of changes in a given variable, in this case velocity, shown through use of a colour gradient. In this example, flow is in the z direction. 


While these plots are useful in early interpretation and assessment of model validity, since they readily show rapid changes in the geometry which often highlight the need to change the model’s geometry, or refine the mesh used, they do not provide much more than that. For deeper analysis, evaluation requires the consideration of a variable across the whole of the cross-section, or along a streamline from inlet to outlet. Examples of this might include average velocity along the duct (figure 15), determined by evaluating: 
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or the characteristic extension rate112 (figure 15):
	
	[bookmark: _Ref524351744]( 5 )


which allows an (admittedly primitive) assessment of extension in the duct along the centreline (intrinsically the line of greatest extension, as furthest from the walls).
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[bookmark: _Ref524352384][bookmark: _Toc526530994]Figure 15: Exemplar post-processed results.
 Average cross sectional velocity for the geometry shown in figure 14 calculated using equation 4, and extension rate along the centreline of the same geometry, calculated using equation 5.
Such figures are not comprehensive, but an example of the type of data which can be readily obtained from CFD simulation, further examples are available in chapters 3 and 4, and within the extensive body of work exploring CFD applications both in biological systems and beyond119,126–129,132. 
[bookmark: _Toc526843093]Chapter summary
In conclusion, this chapter builds on the introduction to the field offered in chapter one by providing knowledge of the tools needed to tackle the problems outlined in the scope. Discussion of the theory behind the methods here allows for a single reference point against which later chapters can be built upon, and avoids the need for tedious repetition of the same information. The details outlined here are not necessarily project specific, but general considerations in the realms of rheometry and CFD; with more particular elements of the methods discussed in detail when they arise in later chapters. 






[bookmark: _Toc526843094]Chapter 3
Simulation

Abstract
In this chapter we use the Chinese silkworm Bombyx mori to review the pressure requirements for natural spinning and discuss the limits of a biological extrusion domain. This provides a target for finite element analysis of the flow of silk proteins, with the aim of bringing the simulated and natural domains into closer alignment. Our results indicate that natural spinning is achieved, not by extruding the feedstock, but by the pulling of nascent silk fibres, which helps unravel the oft-debated question of whether silk is pushed or pulled from the animal, and provides impetus to the development of pultrusion-based biomimetic spinning devices.
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Prior publication
The material contained within this chapter has been published as part of the following journal article:
Sparkes, J. & Holland, C. Analysis of the pressure requirements for silk spinning reveals a pultrusion dominated process, Nat. Commun. 8 594 (2017). 
For ease of access, a copy is provided in the appendix. 

[bookmark: _Toc526843095]Introduction
The ability to artificially produce silk fibres has great commercial, industrial and scientific implications. Much has been made of natural silk’s remarkable mechanical properties4,97,134–136, but few have considered how they are imparted onto the initially liquid silk feedstock during the spinning process5. This chapter bridges this knowledge gap by exploring how internal pressure affects fibre production. Such efforts are important, both in terms of understanding the flow conditions in natural silk production and as design criteria for larger-scale production of customisable biomimetic fibres.
Although silk can be (and is) reeled from live animals, it is time, space and labour intensive, making industrial upscaling difficult8,21,83,84,137,23,24,26,38,40,43,45,82. Through forced reeling of B. mori silkworms, fibres can be extracted whose mechanical properties are much closer to those exhibited by spider dragline silks82,97,138–140, suggesting that processing, as well as the feedstock, plays a major role in silk fibre properties137,141. This chapter uses B. mori as a reference system due to the breadth of knowledge surrounding this species and the existing commercial market for silkworm silks. 
Prior to spinning, silk is stored inside the animal as a concentrated aqueous protein solution in a specialised organ known as the silk gland4,6 (figure 7). In the rear of the gland, the primary component is fibroin, which forms the solid core of the resultant fibres. Fibre formation is the result of fibroins flowing along the gland11, being coated in successive layers of additional proteins61—sericins—before reaching a tapering duct where fibrillation is thought to be induced through a combination of changes in both pH and ionic environment4,11,50,80,113,142–145, and mechanical shear1,80,146,147, arriving as a fibre when exiting the animal. However, the mechanism by which this flow occurs is not fully understood, and the roles of geometry37,43,112 and chemical changes have only been briefly explored21,50,113,140,142–145,148–150. 
There have been multiple attempts to create silk protein feedstocks2,58,103, but they have generally been frustrated by problems with molecular length53, aggregation104 and concentration52, with the fibres produced so far being comparable to synthetic textiles97,140. We believe that this is in part due to not fully understanding how nature processes a silk feedstock, and that this is key to successfully handling these wilful proteins. Over the past decade there have been numerous studies on silk flow10,14,58,113,135,140,149,151,152, but recent publication of extensive silk rheology data114,115,153,154 allows further progress in this direction. Therefore one of the further aims of this work is to address the limitations highlighted in previous silk flow models.
Although several studies have used molecular dynamics simulations34,64,65,155–159 to explore the flow and aggregation of silk at a molecular level, and despite pipe flow being a well-established engineering approach160 to exploring the flow in tubes, previous attempts to model silk flow at a microscale are described in just three studies. Kojic et al.116 made the first geometric approximations of silk spinning ducts, but although industrially relevant, the geometry used bears little resemblance to the biological system, and was limited by the absence of high quality rheological data. Moriya et al.146 produced a 3-D reconstruction from microtomography, but the complexity of the reported geometry would be extremely challenging to replicate industrially. Breslauer et al.112 improved on this by using Asakura’s161 approximation of the tapering duct as a hyperbolic function (industrially relevant), but was reliant on the same limited rheological data employed by Kojic116. 
Significant progress has been made in the last decade in the acquisition of robust rheological data for B. mori114,115,153,154, though the geometric aspect has rarely been considered, a notion which provides the impetus for this work. Recent work has shown that the spinning ducts of both B. mori and N. clavipes are reinforced using chitin in a manner which suggests that they will be less readily deformable than the initial part of the glands, and that precisely defined geometry may be important for efficient and effective fibre spinning37,162. The use of mathematical functions rather than data extracted from individual specimens allows control over this geometry in silico, which can be used to systematically explore the effect of geometric variation on the pressure requirements. It is hoped that by considering the pressure required to induce flow, we can answer the oft-debated question of how silk flows—is it pushed, or is it pulled? 
To resolve this issue and define silk’s processing space, finite element simulations have been carried out in COMSOL Multiphysics 5.2 to explore the internal pressure required to generate flow at a given rate through a range of geometries. By treating inlet pressure as the unknown variable rather than as a known parameter as in previous studies112,146,163, it is possible to explore the full range of pressures required for the known physiological spinning speeds of B. mori. We report that the pressure required for flow is significantly higher than silk producers can generate in their haemolymph, and conclude that rather than being extrusion based, silk spinning is dominated by pultrusion effects acting via the solidity gradient induced via fibrillation.


[bookmark: _Toc526843096]Methods
Finite element analysis of flow within silk ducts was performed using the computational fluid dynamics (CFD) element of the COMSOL Multiphysics 5.2 software package. Simulations have been run in an isothermal environment with ambient external pressure, both of which are considered representative of the natural system. 
Geometry
The silk duct has been simplified from the complex gland seen in figure 7 to a 2D, axisymmetric representation by considering the cross section of a single duct, rather than the spun fibre as a whole (figure 16 below) for computational efficiency and increased industrial relevance.
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[bookmark: _Ref510708786][bookmark: _Toc526530995][bookmark: _Ref510710232][bookmark: _Ref510710950]Figure 16: Overview of the silk duct approximation process.
 (a) Anatomy of the silkworm B. mori. (b) Duct profiles by function used (tables 1 and 2). (c) Duct cross section simplification. Following the fibre backwards into the silkworm and along the gland, we reach a cross-section which is relatively straightforward to model. 1—Spun fibre cross-section. 2—Twin circular fibres before entering the press. 3—Single fibre in the duct. 4—Treating the flow as single phase removes the complex problem of sericin interaction. 


Duct profiles have been modelled using both geometric approximations of experimentally determined data37,78,112,161,162 (figure 16 and table 1), along with exploratory profiles described with linear, exponential and parabolic functions (figure 16 and table 2). This is considered a suitable technique for describing the system geometry as it provides a more rigorous, general description than that utilised in other finite element studies146,163. Wall conditions have been modelled in the limiting cases of both no-slip and full-slip boundaries in order to fully capture the domain of interest. 

[bookmark: _Ref510710486][bookmark: _Ref510710489][bookmark: _Toc526525501]Table 1: Functions used to approximate duct geometries in previous studies
	Authors
	Duct geometry approximation
	Parameters

	Breslauer et al.112
	
	a=1.398 × 102 µm
b=1.97 × 10-2 µm-1
	c=5.845 x 101 µm
d=-3.58 × 10-5 µm-1

	Asakura et al. 161
	
	a =2.38 × 102 µm
b=6.18 × 10-5 µm-1
	c= 5.88 × 102 µm
d=3.00 × 10-3 µm-1

	Kojic et al. 116
	
	a = -4.9 × 10-3
	b=2 x 102 µm


[bookmark: _Ref510710551][bookmark: _Ref510710553]
[bookmark: _Ref526528443][bookmark: _Toc526525502]Table 2: Functions used to approximate the duct geometry in this study
	Type of taper
	Duct geometry approximation
	Parameters

	
	
	12.5% of inlet
	25% of inlet
	50% of inlet
	Zero taper

	Linear
	
	a = -8.44 x 10-3
b =2.065 x 10-4
	a = -7.28 x 10-3
b =2.065 x 10-4
	a = -4.95 x 10-3
b =2.065 x 10-4
	a = 0
b = 2.065 x 10-4

	Exponential
	
	a = 2.065 x 10-4
b = -9.836 x 101
	a = 2.065 x 10-4
b = -6.597 x 101
	a = 2.065 x 10-4
b = -3.373 x 101
	Not applicable

	Parabolic
	
	a = 3.928 x 10-1
b = -1.69 x 10-2
c = 2.065 x 10-4
	a = 3.386 x 10-1
b = -1.46 x 10-2
c = 2.065 x 10-4
	a = 2.304 x 10-1
b = -9.9 x 10-3
c = 2.065 x 10-4
	Not applicable





Mesh
Models were repeatedly re-meshed to determine mesh convergence, resulting in systems of approximately 20000 elements, which provides the optimum trade-off between computational accuracy and time, with the variation in results approximately 0.02% when compared with models comprising 15 million elements. 
Flow regime
The flow is assumed to be laminar (taking maximum values for density, velocity and diameter, and minimum viscosity yields Reynolds numbers in the region of Re<10), and is modelled as a single fluid phase (in the absence of data describing the rheological properties of sericin (this shortcoming is addressed in chapter five) we assumed this to be the best case). 
Density and concentration 
The density of silk feedstock has often been misrepresented in the literature, with previous studies treating spun and unspun density as equivalent146,163,164—this is unrepresentative due to the dehydrated state of spun silks. Later works attempted to account for this but were held back by smaller sample sizes, resulting in a 25% overshoot77,112. Closer approximation can be made via a mass fraction calculation assuming 24% (s.d. = 2.5%) concentration115 which gives a 1072 kg.m-3 density. 
The effect of concentration has not been explored beyond this due to unexpectedly weak correlation with viscosity114,115 (figure 40). Furthermore, proposed phase separation and water resorption165 in the distal regions are ignored as recent evidence has suggested that silk may be more hydrated as it exits the animal than has been previously reported166. 
Spinning speed 
Spinning speeds have been analysed from 1 n.s-1 to 2 m.s-1, which encompasses all verifiable previous recorded spinning speeds, forced or natural25,38,43,45,82,84,137–139. The single inlet/outlet model ensures that mass is readily conserved, thus we can use exit velocity (spinning speed) to determine inlet conditions, in this case specified by the pressure.


[bookmark: _Toc526843097]Results 
Comparison of existing silk geometries
There have only been three previous studies which have modelled the flow of silk, of which only two used geometries which can be considered industrially applicable, two were described by a hyperbolic function (Asakura161 and Breslauer112), while the third used a linear approximation (Kojic22, figure 17a). Since both hyperbolic functions are derived from the same data, this effectively leaves just two geometric models. Asakura’s, with an eightfold reduction, and Kojic’s, with a fiftyfold reduction from an inlet half the size of the natural system. Kojic’s outlet diameter is marginally smaller than is seen in an individual B. mori fibre (~10 µm), whereas Asakura’s is 2.5 times larger. 
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[bookmark: _Ref485659524][bookmark: _Toc526530996]Figure 17: Geometric and rheological considerations.
 (a) Previous geometric approximations of silk ducts showing variation in radius as a function of distance along the duct. Curves represent Asakura and Breslauer’s hyperbolic approximations, along with Kojic’s linear model. Equations describing each curve can be found in table 1. (b) Exemplar rheological response of silk feedstock to increasing shear rate, showing four distinct regimes: 1—Quasi-Newtonian behaviour at low shear rates; 2—Shear thinning behaviour; 3—Fibrillation, increasingly elastic response; 4—Viscoelastic solid, second plateau reached.
Comparison of existing silk viscosity models
Several different generalised viscosity models have been applied to empirically measured fibroin data14,22,113–115,135,146,149,151,163,167 in previous studies; these can be grouped as either Newtonian167, or Non-Newtonian14,113–115,146,149,151,163. Contemporary studies are in agreement that fibroin behaves, as expected of a polymeric solution, as a non-Newtonian fluid, but the methods used to describe this behaviour vary14,22,113–115,135,146,149,163,167. The response of silk to an increasing shear rate can be described in four distinct regimes (figure 17b). 
The mathematical models that have been used to describe fibroin’s viscoelastic behaviour are both complex and not well defined, particularly at higher shear rates where gelation starts. Early attempts to describe this behaviour used a different power law function to describe each of phases 1-4 in figure 17b 113,146,149,163. However, as we are not yet concerned with the fibrillation region (figure 17b, regions 3 and 4) (a biomimetic design limit—premature fibrillation will be naturally selected against, as duct blockages would prevent further spinning), models which describe the behaviour at shear rates below this point (regions 1 and 2 in figure 17b) are considered adequate. 
There have been a wide range of published values for fibroin’s viscosity over the past 40 years14,22,113–115,135,146,149,163,167–169. Their proposed low shear viscosities (  1 s‑1) are shown in figure 18, from which the lack of consensus is readily apparent. 
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[bookmark: _Ref485659695][bookmark: _Toc526530997]Figure 18: Variation in wild and domesticated silkworm feedstock viscosities.
 Measured values of the low shear viscosity of wild (⚫) and domesticated (▲) silkworm feedstocks from previous rheological studies14,22,167,80,113–115,135,146,151,163, the highlighted regions show the mean, and ranges proposed by Laity’s 2015 115 and 2016 114 studies. This suggests that a large sample size is key to understanding the variability in the viscosity of silkworm feedstocks. 
Fibroin’s shear behaviour is described using the Carreau-Yasuda model170:
	
	( 6 )


Here, the dynamic viscosity is modelled as a function of shear rate , which varies between two Newtonian plateau regions—the zero () and infinite () shear viscosities—between which lies a region of non-Newtonian, shear thinning behaviour which is curve-fitted using  and  (figure 12 illustrates the general shape of the SCY model). Note that  represents the fluid’s relaxation time. By assuming that the feedstock will gel above a certain shear rate, there is no need to include the infinite shear viscosity, as it does not have physical significance, and thus the model simplifies to: 
	
	( 7 )


The Simplified Carreau-Yasuda (SCY) model (equation 7) describes viscosity in terms of zero shear viscosity, relaxation time, and the rate of shear thinning. It seems appropriate, given that the primary difference between individual specimens lies in the reported values of the low-shear viscosity (figure 18), with successive studies showing values varying between ~800 and 108 Pa.s135,149. Recent work on a much larger sample size115 shows that B. mori feedstocks have a range of low shear viscosities, spanning 400-5000 Pa.s (mean = 1722 Pa.s, s.d. = 935 Pa.s, n = 125), which incorporates all previously reported values with one major exception149, which it suggests has gelled and is therefore irrelevant. This was further extended by considering viscosity as a function of percentage cocoon spun59, to show that the range spans ~200-10000 Pa.s114. Although this pertains to B. mori, many other silk producers (including other silkworms and spiders) lie within this bracket14,151.
Pressure
In order to determine valid pressures we must consider the physiological limitations which constrain the operating environment. The larval stages of most endopterygota (pupating insects) maintain a positive internal pressure, which gradually reduces to atmospheric levels as sclerotisation (exterior body hardness) increases in the adult instar (development stage) 171. Steady pressure is maintained via muscular contraction, with small variation observed to coincide with heartbeats172,173. This active maintenance is readily observed during anaesthesis, whereupon internal pressure is lost and the body becomes flaccid174. In soft bodied, non-segmented larvae, haemolymph (internal body fluid) pressure is effectively equivalent to the internal pressure of the whole body172.
The upper limit for internal pressure is defined as that which induces eclosion/ecdysis (shedding of the skin). Although silkworms are clearly capable of producing such pressures, to do so ruptures the haemocoel (primary body cavity), which could prove fatal if undertaken prematurely, therefore the pressure that could be applied to the silk glands must be less than this. This assumption is considered valid due to the non-segmented nature of the haemocoel, resulting in a uniform body pressure which cannot readily be directed or localised within the haemocoel itself. 
Figure 19 summarises previous estimations of internal pressure and the resulting predicted spinning speeds. To facilitate evaluation of previous studies, the following boundaries are introduced, which describe the limits of what is known as the biological extrusion domain. Although fibres may be spun outwith these constraints, they cannot be considered representative of natural systems. An initial constraint is the range of natural spinning speeds (0.01–0.03 m.s-1)82,175, but we widen this to incorporate forced reeling (0.001–0.5 m.s-1)38,43,82,84,176, since silks can be made by the animal across this range to provide the forced and natural biological extrusion domains.
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[bookmark: _Ref485659881][bookmark: _Toc526530998]Figure 19: Biological relevance of previous pressure estimations.
 A comparison of previous estimations (Kojic 2006; Moriya 2008; Moriya 2009; Breslauer 2009) of the pressure requirements for silk spinning in B. mori, highlighting the discrepancies between both spinning speed and pressure compared to the natural system. Although the most recent models have aligned spinning speed, the pressure remains too high. The biological extrusion domain is split into natural and forced spinning domains. 


The upper limit on pressure is the maximum recorded internal overpressure in the insecta class—40 kPa for hard bodied species177. This reduces to a lowly 5880 Pa—the haemocoelic rupture pressure of final instar B. mori entering pupation171 (adults have been recorded at marginally higher pressures (6750 Pa)178, but this is irrelevant, since they have exoskeletons and no longer contain silk glands).
Geometric effects
The use of different duct geometries allowed the effect of shape on the flow to be assessed (figure 20). From a given inlet diameter (413 µm161), ducts were created using mathematical functions (tables 1 and 2) to describe both the severity of the taper, and the outlet diameter. Parabolic, exponential, and linear ducts were analysed, each with outlet diameters at half, quarter and eighth of the inlet, and for the linear taper, an additional limiting case with outlet diameter equal to inlet (zero taper). It can be seen that both an increase in outlet diameter (figure 20a) and a reduction in the severity of the taper (figure 20b), serve to reduce the pressure requirements. However, even in the limiting case the pressure required to spin at natural speeds (5.4 x106 Pa) remains many orders of magnitude higher than that recorded in B. mori171,178, and is clearly unrepresentative. Of further interest is that the extensional flow rates are variable along the length of the duct (see Breslauer et al.’s figure 5)112, which directly contradicts the suggestion that hyperbolic tapers are used to provide a constant extensional flow78.
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[bookmark: _Ref464565447][bookmark: _Toc526530999]Figure 20: The effect of geometric variation on pressure requirements.
 (a) The relationship between required pressure at inlet, and duct geometry (linear, parabolic, exponential, zero taper, and literature values) at natural spinning speeds (0.02 m.s-1). Greater and more severe tapers both increase pressure required to flow representative feedstock. (b) The effect of geometric variation on required inlet pressure. A limited, representative dataset is shown for clarity (eightfold diameter reduction of parabolic, exponential, and linear tapers), all curves lie between the limits shown above of Kojic’s model, and the limiting case (zero taper). 
Viscosity effects
Variation in SCY models lies primarily in the zero shear viscosity, with the rate of shear thinning shown to be relatively similar14,22,115,135. This effectively provides a single variable whose effect can readily be explored. Figure 21 shows the effect of varying the zero shear viscosity across the range detailed in Laity’s 2015 study115 in relation to the biological extrusion domain. It is clear that reducing zero shear viscosity reduces the pressure required for spinning, yet silk feedstocks with this range of viscosities are viable feedstocks in vivo, suggesting that zero shear viscosity should have little effect on the spinning process. Moreover, reducing zero shear viscosity alone is clearly not sufficient to enter the biological extrusion domain, thus other factors must play a role in reducing pressure requirements.
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[bookmark: _Ref454987977][bookmark: _Toc526531000]Figure 21: The effect of viscosity variation on pressure requirements.
 The effect of varying the zero shear viscosity (across the 400–5000 Pa.s range115, 1722 Pa.s mean114, and 200–10000 Pa.s range114) on the required inlet pressure. Since geometry was earlier shown to have little effect on the pressure requirements, this study employed the same geometry as Breslauer112 to allow comparison with previously published work. The biological extrusion domain is split into natural and forced spinning domains.
The effect of wall friction
The effect of lowering friction at the wall of the duct reducing pressure requirements can be clearly seen in figure 22. Reduction of wall friction is a common theme in pipeline networks (e.g. for oil) via surface modification179,180 or addition of drag reducing agents181, yet even in the limiting case for B. mori where the wall is considered to be at 100% slip, the pressure does not drop sufficiently low across the biological range of feedstock viscosities to entirely enter the spinning domain. 
[image: ]
[bookmark: _Ref454373246][bookmark: _Toc526531001]Figure 22: The effect of wall boundary conditions on pressure requirements.
 The assumption of a slip condition at the duct wall (with the same geometric and rheological data as used in figure 21) brings the lower portion of Laity’s ranges (400-5000 Pa.s range115, 1722 Pa.s mean114, and 200-10000 Pa.s range114) into the biological extrusion domain. The biological extrusion domain is split into natural and forced spinning domains.


Changing the fluid
At the far end of minimising the interaction between feedstock and the silk duct wall is the possibility of a lubricating layer to minimise friction. Many authors have suggested that there may be some form of lubrication present in silk ducts11,74,151,161,182–184. Of the ~80 different proteins identified in silk feedstocks185, most opt for it being a secondary function of sericin, though there is little evidence to support this (Chapter five considers this aspect in greater detail). Brown182 suggests that unbound water may perform this role, while data originally dismissed as erroneous due to phase separation186 (thus reducing measured forces in Holland’s 2006 study151), and the layering effects seen in 201280, actually strengthen this suggestion. A simplistic approximation is to assume that if this is the case, then plug flow can be assumed, which allows us to determine the pressure requirements by modelling the flow as solely consisting of a lubricant. 
If we consider the case where interaction between fibroin and the duct wall is minimised, yet it remains impossible to reach the biological extrusion domain, then another option is to consider using other fluids in lieu of fibroin. Although B. mori glands are considered to contain primarily fibroin, since it becomes what is commonly regarded as the end product, there exists also a relatively large proportion of sericin which forms up to 30% of the final fibre. However, both of these are eclipsed by the primary solvent in the system, water, which accounts for 76% of fibroin115 and 86% of sericin167 feedstocks. Thus, assuming the fluids are immiscible and that plug flow is appropriate, we can model the flow as a single phase consisting solely of lubricant in order to estimate the reduction in pressure required due to lubrication by sericin or water. However, using sericin167—which Kataoka described as a Newtonian fluid ~1000 times less viscous than fibroin (challenged in chapter five)— we still did not reach the spinning domain, and it is only by using Newtonian water (million times less viscous) that we begin to enter the domain, yet the upper limits for spinning speed remain inaccessible. 
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[bookmark: _Ref482106557][bookmark: _Toc526531002]Figure 23: The effect of using an alternative working fluid on pressure requirements.
 The use of lower viscosity fluids (in the same geometry used by Breslauer with a no-slip wall condition) reduces the pressure required compared to fibroin ( 1700 Pa.s) when the working fluid is sericin ( 7.6 Pa.s,  order of magnitude variation), or water ( 8.9 x10-4 Pa.s). Water only just reaches the biological extrusion domain, with the higher natural spinning speeds remaining unattainable. 

[bookmark: _Toc526843098]Discussion
Through the use of computational models, we have demonstrated that previously reported requirements for extreme pressure to induce silk flow can be reduced through a variety of factors, which furthers our understanding of the natural system.
The first factor involves reducing feedstock viscosity, yet even reducing this a million-fold—to that of water—proved insufficient to access the entire biological extrusion domain. Secondly, changing the geometry employed, either by increasing outlet diameter or by lessening the severity of the taper, serves to reduce the required pressure. However, the reinforced nature of the tapered section of many silk ducts162 suggests that internal structure is critical, and the use of a larger outlet is clearly unrepresentative of the natural system, since spun fibres are much smaller than the diameters required. The final factor considered involves reducing wall friction, with a slip regime used to model the effect of a lubricating layer in the duct. Yet even if these all these means were employed by the animal, how would the internal pressure be generated? Previous studies have suggested mechanisms responsible for the creation of such a pressure, such as peristalsis187 or osmotic pressure188.
Peristalsis seems a plausible explanation, given its prevalence in natural systems—it is used for fluid ejection/excretion/expectoration by many hard bodied animals, including ants189 and spitting spiders190, and those with soft bodies such as cephalopods191. However, the argument against this is that unlike the above examples, the silkworm’s gland is not lined with musculature161,192, and thus the peristaltic effect would need to be transmitted through the haemocoel onto the entire gland at once from the external musculature of the body. Although this may be appropriate for a simple, linear gland, it seems unlikely that such a whole body contraction could create peristaltic flow, due to the twisted, folded nature of the gland itself (figure 7), with pressure applied at the haemocoel unable to be directed at specific sections of the gland due to the unsegmented nature of the body cavity.
Another suggestion is that continuous production of silk proteins in the rear of the gland creates a concentration gradient which drives flow through osmosis. However, this would require continuous protein production to maintain the gradient, which is at odds with the knowledge that protein synthesis rates are reduced to zero during cocoon construction in B. mori. This is also substantiated by the knowledge that fibroin concentration increases in the flow direction148, in direct contradiction to the principles of osmotic flow. 
In summary, it seems improbable that there is an active pressure system within silkworms capable of generating the high pressures suggested by the flow models. However the use of a lubricating layer allows plug flow to be considered, and thus the following generalised silk production flow model is presented: 
During flow, fibroin proteins first align and after a critical shear rate and cumulative stress is exceeded, denature and aggregate together. This results in phase separation and drives water to the edges of the duct. Here it forms a lubricating layer between the nascent fibre and the duct walls, allowing the system to be treated here as plug flow and as if it were water. Furthermore, it is suggested that the nascent fibre, initially composed of nano and then microfibrils, exhibits a solidity gradient along its length, in which the fibre increases in modulus as it travels down the gland, allowing fibres to be pulled from the animal by themselves.
[bookmark: _Toc526843099]Chapter summary
Of course, these push/pull effects are not mutually exclusive, and thus several could be in use within the system. This means that, although we cannot conclusively say that there is no pushing in the system, we can state with certainty that it cannot be considered as the dominant force acting within the system. Rather, our data shows the rates achievable through pushing alone, hence the difference between this and the natural system represents a minimum force requirement for the pultrusion applied in the natural spinning process (see chapter 2). At this juncture, it is important to validate the models presented and provide real world grounding. This is the focal point of chapter four, with chapter five exploring the rheological properties of sericin, so that the assumptions made here can be assessed before their function and effects can be incorporated into future models. In conclusion, this study represents a step forward in our understanding of the conditions by which natural spinning occurs and shows that the development of artificial silk spinning devices must be based on pultrusion rather than extrusion if they are to be considered biomimetic.







[bookmark: _Toc526843100]Chapter 4
Validation



Abstract
This chapter describes the experimental validation performed in order to support the arguments made for a pultrusion dominated spinning mechanism in the preceding chapter. A two-pronged approach is taken, which aims to address the original research question of whether silk is pushed or pulled. Techniques centred round pultrusion and extrusion are presented, with the measured stresses comparable to each other and to previously conducted simulations. 
[image: chapter 4 figure 0]
Prior publication
The material contained within this chapter has been published as part of the following journal article:
Sparkes, J. & Holland, C. Analysis of the pressure requirements for silk spinning reveals a pultrusion dominated process, Nat. Commun. 8, 594 (2017). 
For ease of access, a copy is provided in the appendix. 

[bookmark: _Toc526843101]Introduction
While chapter three focussed on simulating native silk feedstocks flowing through idealised channels representing the silk duct and variations thereof, there were several assumptions made within the work which highlighted the need for validation, since simulation without some form of validation is effectively meaningless193. The intention of this chapter is to provide real world grounding for the models presented in chapter three, which will reinforce the conclusions made therein. 
Although previous attempts to model flow in the gland were informed by and based upon real world measurements in terms of the rheology of the working fluids, be that B. mori fibroin112, the major ampullate spidroins of Nephila spp.,22 or the gland geometry which describes the flow domain116,163, the primary source of validation was in the use of reasonable assumption. While not in itself an invalid approach, confirmatory testing provides a more robust approach to modelling as a research tool. Given that we asked whether silk is pushed or pulled from the gland, it seemed appropriate to devise experiments which replicated both actions and compare the results of each with those predicted through simulation. Measuring polymer extrusion pressure is a common industrial process, providing sufficient inspiration to devise an equivalent system by coupling hypodermic needles to a high sensitivity load cell of a universal testing machine (UTM) in compression mode. 
From a pulling perspective, forced reeling has suffered from several limitations in terms of live monitoring of fibre properties. Although fibres can be forcibly pulled from a silkworm or spider under strictly controlled conditions using a UTM in tensile mode82,194, or reeled for considerable lengths using more conventional spooling devices84, the former suffers from an inability to collect fibres longer than the UTM frame length, while the latter lacks the precise force measurement required to directly assess the pultrusion requirements instantaneously. Herein, we overcome this through judicious use of a rotary load cell repurposed from a rheometer to provide continuous strain controlled torque measurement in a process affectionately called forced rheoling. This technique allows the collection of significantly longer fibres than previously possible, whilst still providing the same level of information regarding the forces required to spin silk. 
In summary, simulation validity was confirmed using two methods. The first extrudes fibroin through geometries corresponding to the simulation study’s limiting case. From an analytical perspective, this scenario requires the minimum extrusion pressure and hence provides a suitable threshold from which to compare with both literature values of pressure generation in insects and our previous work, while thankfully being considerably simpler in terms of experimental design than the complex geometries used in silico, hence we are relieved to find our arguments strongly supported by this experiment. The second argument—that pultrusion is the dominant mechanism in silk fibre spinning107—is supported by the measurement of stresses generated in the spinning process at speeds across the natural range, providing confidence in earlier conclusions. 

[bookmark: _Toc526843102]Methods
Extrusion
To assess the validity of extrusion in generating sufficient flow rates, native silk fibroin feedstock from the middle and anterior portion of the silk gland was extracted115 and loaded into 1 ml syringes treated with a super hydrophobic coating (Rain-x) for ease of loading. A modified universal testing machine (Zwick Roell, Z0.5, 500 N load cell) was used to flow the feedstock through hypodermic needles (0.26–1.5 mm diameter), which were cut to 20 mm to ensure constant length and cross-section (figure 24). Plunger speed, i.e.—the rate of compression in the universal tester—was determined by considering mass conservation and assuming that fibroin is incompressible. 
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[bookmark: _Ref518994277][bookmark: _Toc526531003]Figure 24: Extrusion apparatus.

 (a) The system comprises a Zwick Z0.5 universal testing machine in compression mode modified to accept a standard 1 ml hypodermic needle, and provided with an aqueous environment into which to spin. (b) The key parts of the apparatus are depicted in the schematic on the right.


Forced reeling
Final instar B. mori silkworms in their wandering phase were force reeled using a rheometer as a high sensitivity force transducer. Worms were kept in cold storage (11°C) but returned to ambient temperature for 2 hours before reeling. Fibres were reeled in 5 mm.s-1 intervals (equivalent to 1 rad.s-1 angular velocity) across the biomimetic domain, with a focus on the natural range. To ensure fidelity, each speed was reeled separately onto individual spools consisting of a 10 mm diameter tube friction fit onto a standard 8 mm parallel plate geometry. Fibres remain spooled after reeling, thus each required a new spool, which was mapped and calibrated before reeling. Torque, angular displacement and velocity measurements are used to derive reeling speed, force, and fibre length. Fibre cross-sections are assumed to be approximately circular and are determined by averaging measurements along the reeled fibre length using imageJ195. 
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[bookmark: _Toc526531004]Figure 25: Forced reeling apparatus.
 (a) Key components of the forced reeling system used to validate the pultrusion hypothesis described in chapter three. The torsional load cell is from a rheometer, with silkworms restrained a set distance from the take up spool. (b) A silkworm undergoing forced reeling, with a thread just visible. Silkworms are restrained with a band of masking tape fastened behind the prolegs, with a tab of tape protruding from the back of the specimen to provide an attachment point for the clamp. Band tightness is key—too tight and the specimen suffers, too loose and the silkworm will simply walk out of it. Threads are manually pulled from the silkworm to the spool and fixed in place with cyanoacrylate before reeling commenced. Clamp height is adjustable to allow for neat coil formation. 


[bookmark: _Toc526843103]Results and discussion
Extrusion
To assess the validity of the effects of geometric variation in our extrusion models, we extracted native fibroin feedstock and subjected it to extrusion tests designed to mimic the limiting case of a 20 mm zero taper duct (figure 26). This is intuitively the least demanding scenario, and thus provides an obvious starting point—if the feedstock cannot be spun in a larger diameter duct using biologically relevant pressures—then it cannot be done in a smaller duct either. Duct diameters ranged from 1.5 mm down to 0.26 mm, the lower limit being set by the high probability of Luer-slip connection failure or the plunger critical load being surpassed when tests were attempted using smaller diameter ducts, but since both  (~2.4 MPa) and the Luer-slip failure pressure (ISO minimum: 0.3 MPa) are several orders of magnitude higher than the previously determined biological limit (5.9 kPa rupture pressure), it seemed unnecessary to explore beyond this. Extrusion rates between 0.16 and 6.04 mm.s-1 were successfully applied to 10 specimens and are biologically relevant, but at higher rates, again either the Luer connection failed, or was exceeded, invalidating the test. 
Despite the duct diameters being considerably larger than the natural system, the results are in broad agreement with previously published values, and our analysis of duct geometry and fibroin viscosity (figure 26c). This confirms both that flow in smaller diameter ducts requires greater pressure, and that our simulations are predicting pressure requirements of the correct orders of magnitude.
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[bookmark: _Ref517878546][bookmark: _Toc526531005]Figure 26: Linking extrusion pressure and diameter.
 The relationship between pressures required to extrude native silk feedstock through a non-tapering duct and its diameter. Coloured lines (a, b) and filled squares (c) refer to the correspondingly coloured hypodermic needles used as extrusion dies. The internal diameter of each is constant over a 20 mm length, and is provided for each size. Values presented are maximum pressures attained. For lower speeds and larger diameters, the measured forces showed an initial rise to a steady plateau where the sample continued to flow through the needle, the value of which is presented in these cases. In the higher speed and/or lower diameter cases, failure during the initial rise in pressure was often experienced, hence maximum pressure reached is presented as an indicator of minimum pressure required, though it is likely the plateau region would be higher. (c) Comparison of experimental data with previous simulations (Kojic 2006; Moriya 2008; Moriya 2009; Breslauer 2009), our extension of Kojic’s work, and the limiting case of our geometric explorations shows good agreement, with pressures of similar magnitudes to those predicted (through simulation) necessary to extrude native silk feedstock through a non-tapering duct.


Forced reeling
Given that the predicted and measured forces required to push silk appear to be well in excess of the animal’s biological limits, we are left with the consideration that silk is spun by being pulled from the body by the motion of the animal relative to a point on the substrate whereupon the fibre is fixed. To support this hypothesis, we conducted a series of forced reeling experiments which allowed us to measure the normal stress required to forcibly pull fibres from a silkworm, and compare it with the axial stress (i.e. pressure) from our simulation and extrusion results (figure 26c).
A total of 13 silkworms were reeled across a range of spinning speeds (5–75 mm.s-1). Although the possible range of forced reeling rates is broader than this, for ethical reasons we did not explore the full range reported in the literature (1–500 mm.s-1)25,38,43,45,82,84,137–139 due to the requirement of paralysis for low rates and the potential for permanent damage to the animal at higher rates11,16,37. A total of 63 samples were reeled across the natural range, although several were discarded, primarily due to excessive fluctuation in the torque corresponding to improper restraint, dropped spooling, or specimen discomfort (figure 27a). The remaining data is shown in figure 27b separated by specimen to highlight the range of reeling speeds covered for each silkworm. 
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[bookmark: _Ref523919247][bookmark: _Toc526531006]Figure 27: Data processing and quality control.
 (a) Number of samples collected at each reeling speed. A good distribution of samples were collected across the natural range, and some way into the forced range. The extremes of the forced reeling were not fully explored due to the damage incurred to specimens when reeled at high rates. Data are separated first according to whether the reeling was stopped, or if the thread broke during the test. Post-processing of the data led to rejection of approximately a third of samples for various reasons, including specimen discomfort, misloading and machine error. (b) The same data separated by sample number, in order to best appreciate the range per sample.
The raw torque data followed a sinusoidal pattern due to the silkworm’s ingrained response to spinning, which is to move the head in a figure of eight motion during spinning. It was processed in several stages—start-up and break data (if present) were removed, followed by outliers more than 3 standard deviations from the mean. Further processing confirmed that mean and median values were approximately equal, once take up and end procedures were accounted for (figure 28a), suggesting that, like many biological systems, the variation is systematic and follows a normal distribution. A direct comparison of torque and reeling speed was made (figure 28b), but although a slight positive correlation is observed, this was not deemed significant. Separation of the dataset by method of completion shows no correlation between whether the specimen or operator halted the reeling procedure (figure 28b).
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[bookmark: _Ref523919387][bookmark: _Toc526531007]Figure 28: The torque-reeling speed relation.
 (a) Comparison of mean and median torque values shows high correlation (raw data, corrected data), suggesting that variation in torque readings follow a normal distribution. (b) Torque compared against reeling speed. Mean values are overlaid upon the raw data set, which is split by end method (stopped, broken). There is slight positive correlation between the two, but this is not significant. There is no apparent relation between end methods.
Reeled fibres were assumed to have a circular cross-section, with average diameter determined from 77–295 independent measurements from photos taken through a reflection microscope under 20x magnification (lasertec E414) and manually quantified using ImageJ195. Data was assessed for normality by comparing median and mean values for each reeling speed (R² = 0.8491). Outliers identified as lying more than 1½ times the interquartile range from the median were discarded and averages recalculated accordingly.
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[bookmark: _Toc526531008]Figure 29: Spooled fibres.
 Fibres collected from each sample were kept on the spool for size measurement. Each turn of the fibre was measured at multiple points along the portion in focus. Sections where fibre edges could not be distinguished from their neighbours due to proximity were omitted. Scale bar represents 100 µm. 
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[bookmark: _Ref517878682][bookmark: _Toc526531009]Figure 30: Forced reeling validates pultrusion hypothesis.
 Experimental validation undertaken by pultruding silk fibres using forced reeling. Plotting stress against reeling speed shows an approximately linear relation between the two variables. The stress encountered during forced reeling is of the same order of magnitude (3–12 MPa) as the pressure predicted through our computational models (6–13 MPa), which supports the argument for pultrusion as the dominant spinning mechanism.
Figure 30 highlights the stress-reeling speed relation, which shows not only a strong linear correlation, but that silk production across this range of speeds requires stresses of magnitude 3–12 MPa, which agrees with and further validates our simulation results of 6–13 MPa (figure 31). 
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[bookmark: _Ref524447044][bookmark: _Toc526531010]Figure 31: Comparison of extrusion and pultrusion pressure requirements with simulated values.
 Key values from forced reeling and extrusion experiments are plotted in a simplified format for ease of comparison. Discrete values from Moriya146,163, Breslauer112 and Kojic22 are plotted for context, along with the limits of the extended geometric analysis from chapter three.
[bookmark: _Toc526843104]Chapter summary
Our results show that the forces required to extrude silk feedstock in silico/vitro agree with those achieved through pultrusion in vivo and can clearly be generated by the silkworm. Therefore we can conclude that while B. mori may not be capable of extruding silk fibres, it is capable of generating forces of this magnitude through pultrusion during cocoon construction. This validates the preceding chapter’s models, and lays the groundwork for further exploration of flow processing requirements in silk spinners, allowing us to proceed with confidence and explore sericin rheology in chapter five.






[bookmark: _Toc526843105]Chapter 5
Sericin



Abstract
In this chapter we characterise sericin feedstock from the silkworm Bombyx mori in its native state, and by employing biochemical, rheological and spectroscopic tools, define a natural sericin gold standard for use in theoretical modelling and practical application. This demonstrates that native sericin behaves as a viscoelastic shear thinning fluid, but that it does so at a considerably lower viscosity than fibroin, and that its upper critical shear rate (onset of gelation) lies above that of fibroin. Together these findings provide the first evidence that in addition to acting as a binder in cocoon construction, sericin is capable of lubricating fibroin flow in the silk gland, which has implications for future processing, modelling and biomimetic design using these materials. In particular, this addresses the limitations set out in chapters 3 and 4. 
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Prior publication
The material contained within this chapter has been published as:
Sparkes, J. & Holland, C. The rheological properties of native sericin, Acta Biomater. 69, 234–242. (2018)
For ease of access, a copy is provided in the appendix. 

[bookmark: _Toc526843106]Introduction
In nature, silks can be spun under ambient conditions to achieve a wide range of strength5,51,137,196–198, elasticity39,82,84 and toughness4,5,84,141,199–201, inspiring many to try and replicate these materials industrially48,58,103,140,202–206. However, a major limiting factor in furthering our understanding of silk production is that while much has previously been published on the function, properties, and structure of the primary proteins responsible for the fibrillar structure of silks (fibroins in silkworms and spidroins in spiders)58,61,207, much less is known about the secondary proteins. Whilst not responsible for the impressive mechanical properties of a silk fibre per se, in their natural environment they perform a diverse range of functions that effectively extend the phenotype of silk by imbuing additional functionality, such as non-woven composite formation12,208–210, water retention211 and adhesive qualities212. In this chapter we focus on the group of secondary silk proteins produced by Bombyx mori, known as sericins, which act as the binder between brins (fibroin core from each gland) and adjacent cocoon fibres in their spun state71,84,209,210,213. These proteins account for approximately 30% of the spun silk fibre’s weight214, and thus represent a considerable resource investment for the silkworm, which pertains to their biological significance. 
Sericins are water soluble, globular proteins16,71. They are most accurately described as proteins with indefinite structure, which are secreted at various points along the gland, beginning in the middle posterior section16,69,71,73. These proteins have marginally different compositions, solubility, and levels of crystallinity69,71. However whilst we have insights into their structure, little is known about sericins’ functions within the gland, with only suggestions or assumptions that they act as a lubricant for fibroin 112,146,163,184. This may be in part due to the experimental difficulties in extracting and testing this material with minimal processing, as although fibroin can be readily extracted in its native state from mature B. mori larvae115, isolation of native sericin in a similar fashion has thus far proved problematic. 
Large quantities of sericin solution are produced industrially from wastewater in the cocoon degumming process215–217 and find uses in the food218–220, cosmetic71,221–224, biomedical15,225–228, and health supplement industries229. Much of the recent work on sericins has focused on the extraction methods71,230–233, characterisation of94,220,230,234–238, and potential uses71,101,223,227,233,239–242 for this by-product, with the primary aim of commercial diversification. Nevertheless, the combination of high temperature, pressure, and solvents typically used affects the quality of the sericin produced through changes to its conformation or molecular weight15,16,71,234,242–245. Therefore, while these industrially derived sericins represent promising advances in their respective fields, and a significant waste reduction in traditional silk industries71,231,232,243,246, the mechanical247–250 and rheological16,219,247,248,251–253 sericin characterisation undertaken in these studies cannot be truly considered representative of the natural system.
Looking towards alternative methods for sericin extraction, early studies suggested that sericin could be extracted through time limited dissolution of B. mori glands214,253, however this proved difficult to control, being subject to contamination from fibroin and requiring re-concentration and as a result I did not pursue it in earnest. Other techniques, such as surgically removing the posterior (fibroin producing) section of the gland and dissolution of the resultant fibroin deficient feedstock254,255, have not gained traction in the silk community due to the time-consuming, complex, and invasive nature of the operation. The use of the standard LiBr fibroin reconstitution method256 has been employed with mutant B. mori strains to dissolve sericin only cocoons238,257, but this can hardly be considered less degrading than wastewater extraction methods. 
To this end, we have opted to apply existing native fibroin extraction techniques 115,151 to a fibroin deficient strain, thus providing a ready source of native sericin feedstock without the need for several interim processing steps. To our knowledge there is only one study which details the rheological properties of native sericin taken from the glands of a fibroin deficient B. mori strain, but the number of samples (n=1) used, and the unlikely supposition that a polymer solution is a Newtonian fluid limits the applicability of this data167. Hence, looking to extend our understanding of this area, we present rheological data obtained from large sample sizes in an attempt to gain fundamental insights into this material. This work seeks to define native sericins’ processing parameters and provide baseline data to both further our investigations into the pultrusion dominated spinning mechanism (see chapters 3 and 4)107, and address the major limitations identified in previous flow studies22,112,114,115,163. We show that sericin is a polymer solution which exhibits non-Newtonian, shear thinning behaviour; that its viscosity lies significantly lower than fibroin, and that its upper critical shear rate (onset of gelation) lies above that of fibroin (see chapter 7). All of which allows us to conclude that as well as binding cocoon fibres, native sericin can also act as a lubricant. 


[bookmark: _Toc526843107]Materials and methods
Silkworm rearing
Fibroin deficient B. mori silkworms (Nd-s strain, supplied by Silkworm Genetic Resource Database, Kyushu University, Japan) were raised over a period of 6 weeks on black mulberry (Morus nigra) and silkworm chow (Silkworm store, UK) in a temperature, light and humidity controlled environment (28°C, 80–85% RH, reduced to 26°C, 70–75% in the final instar). 
On arrival, silkworm eggs (approximately 4000) were incubated for 7–10 days until hatching. During this time, black mulberry trees were located and juvenile leaves collected on the day of hatching. During their first instar, silkworms are best handled using a fine bristled paintbrush to avoid damage and contamination. Freshly picked leaves must be shredded to provide a suitably weakened leaf edge structure that their jaws can bite. As a domesticated species, B. mori suffers from many diseases which can decimate stock and thus their housing must be cleaned out and disinfected every 8 hours as a maximum, or at feeding time. In the first and second instar this process requires manually moving each individual silkworm onto fresh food in clean housing, and is perhaps the most time consuming part of the process. 
Food must be provided fresh and at room temperature, as silkworms will ignore leaves picked more than twelve hours ago, or those cooled to retain freshness, necessitating regular, twice daily leaf picking trips to ensure steady growth. During the later instars, silkworms develop a voracious appetite, and the food processing rate increases rapidly, meaning that they require cleaning and re-housing at increasingly regular intervals to avoid contaminating food with excrement. 
To further complicate the process, silkworms at the point of moulting will anchor themselves to a substrate (typically a leaf stem) for a period of up to 36 hours whilst shedding their skin. During this time it is important not to move the silkworm relative to the substrate else this process may be interrupted, which will typically kill the silkworm. When fifth instar worms were observed to have begun wandering (loss of appetite, increased motion, voiding (at later stages) they were transferred to a cool (10°C) environment to delay spinning. 
The strain used has an incomplete penetrance of the phenotype responsible for the undeveloped posterior gland and resultant fibroin deficiency, meaning that not all silkworms of this strain produce sericin only. Identification of specimens carrying this phenotype was aided greatly by bimodal variation in their appearance (figure 32)—Dark, with a mottled body (dark grey patches over a pale grey-white) and Light—which were a uniform pale grey-white (similar to regular B. mori). 
[image: chapter 5 figure 1]
[bookmark: _Ref509243543][bookmark: _Toc526531011]Figure 32: Identification of fibroin deficient Bombyx mori silkworms.
 Individual sericin only mutants are readily identified through stark differences in patterning. Initially this was assumed to be variation in sex, but all colour pairings produced viable offspring. In keeping with this natural colouring, all future graphs use dark grey to represent sericin data and pale grey for fibroin. Panel (a) shows one of only six black mulberry trees growing in Sheffield, which provided a vital food source for the silkworms. (b, c) Newly hatched first instar silkworms and their egg cases. (d–f) B. mori pass through five instars, and from the fourth it is easy to differentiate between regular and mutant sericin only phenotypes. 

Sample preparation
Feedstock was extracted from silk glands as per previously described fibroin extraction methods115. Adjacent portions of the middle division of the gland were used for rheological and concentration characterisation for all samples and assumed to be of equal concentration. Feedstock concentration was determined through evaporation to dryness and is expressed as mg/mg %.
Material identification
Amino acid analysis
Gland contents were dissolved in type I water and submitted for analysis in the Protein & Nucleic Acid Chemistry Facility at the University of Cambridge. Samples were hydrolysed with 250 nmol norleucine standard, with 1% of the sample analysed using ion exchange liquid chromatography, and post column derivatisation achieved using ninhydrin (Biochrom 30, Biochrom, Cambourne, UK). 
Gel electrophoresis
Gland contents were dissolved in type I water, diluted to 0.1 and 0.05% (mg/mg) and reduced with an equal volume of 4% (mg/mg) SDS in 4 mM 2-mercaptoethanol. Gel electrophoresis was used to determine the molecular weights (MW) of the proteins in each sample. An SDS-PAGE system comprising a 4–20% poly-acrylamide gel was run in ambient conditions at 160V, 100mA, using an Amersham ECL Gel kit (GE Healthcare, Chicago, USA). A high molecular weight ladder ranging 30–460 kDa (HiMark, ThermoFisher Scientific, Waltham, USA) was used as the protein standard. Gels were fixed and scanned at high resolution (1200 dpi) using a photo scanner (HP Scanjet G2710). Pixel intensity was measured as a function of distance along each lane using ImageJ195 (NIH, USA), and normalised against full lane length to allow comparison across lanes and determination of MWs.
Spectroscopic characterisation 
Attenuated Total Reflectance (ATR) Fourier-Transform Infra-Red (FT-IR) spectroscopy (Nicolet 380, Thermo Scientific, Waltham, USA and a Golden Gate heated ATR, Specac, UK) purged with dry air (118ml/s Parker Balston, UK) was performed on the same samples as those used for amino acid analysis. Samples were progressively scanned as they were evaporated to dryness using a custom built vacuum chamber mounted above the ATR sampling area to leave a thin film on the diamond ATR crystal. Spectra were obtained from 800 to 4000 cm-1, performing 64 scans at 4 cm-1 resolution and are presented after correction for background absorbance and ATR sampling depth, and normalised against the amide I peak at (1618 cm-1).


Rheological characterisation
Rheological testing was carried out on a Bohlin Gemini rheometer (Malvern Instruments, UK) equipped with a Peltier stage and moisture trap for temperature and humidity control. Experiments were performed using a cone and plate geometry (10 mm diameter, 1° cone, 30 µm truncation gap). See chapter two for further details. After dissection, extreme care was taken to minimise loading whilst placing the samples onto the static plate before lowering the cone onto the sample to ensure a completely filled gap. In order to avoid skin formation at the sample-air interface affecting the results, the sample was flooded with a minimal sheath of water, which was maintained throughout each experiment115. All tests were performed at 25°C unless otherwise stated.
Specimens were subjected to a period (100 s) of pre-shear (1 s-1) to improve sample homogeneity between the plates114,115,153,154. Apparent viscosity measurements were made by averaging the final 30 s of this test. Afterwards an oscillatory sweep from 25–0.1 Hz at an applied strain of 0.02 (below the material’s linear viscoelastic limit) was performed to ensure that the sample had not gelled (presence of a crossover from viscous to elastic modulus as the dominant response) before principal testing commenced. 
Principal tests either took the form of a shear ramp (ranging from 0.01–300 s-1) followed by a further oscillatory sweep to confirm gelation, or a temperature ramp at a fixed frequency (0.1 Hz) and strain (0.02) at 1°C.min-1 from 25°C, down to 2°C, up to 80°C, where a second oscillatory sweep was performed before finally returning to 25°C and a final oscillatory sweep. Some test runs incorporated slight variations in this sequence, in order to better probe the material properties. The reference samples presented show the traits discussed with most clearly, while samples showing unusual viscoelastic responses (such as stress overshoot, ejection, or skin formation) were discarded. 
For viscosity measurements SCY fitting was performed by first trimming the data at the lowest shear rate region to remove data influenced by excess instrument noise. The upper shear rate regime was curtailed beyond γ̇UC (determined as the point at which the normal force begins to rise rapidly, minimum viscosity and gelation begins). Model parameters were estimated to provide starting values for MatLab’s curve fitting toolbox. Goodness of fit was assessed using Escudier’s258 modified sum of squares approach, which provides a better fit across the wide range of shear rates. The severity and influence of outliers were identified through the combined use of Student’s T and Cook’s Distance/DFFits tests, with those ranking highly in both aspects removed from the data sets if found to exert significant influence on the goodness of fit.
Statistical Analysis
Data is presented as the mean ± standard deviation and based on n repeats. Significant difference between samples was determined by an unpaired t-test with a two tailed P value of P<0.0001. 
[bookmark: _Toc526843108]Results and discussion
The first requirement was to determine that silkworm specimens were producing the anticipated native sericin feedstock. Natural, biological, variation was minimised by using samples from the same batch at the same life cycle stage. After feedstock extraction, we performed several experiments on the native samples to confirm their composition—amino acid analysis, gel electrophoresis data and FT-IR spectra agree that Dark specimens produce a fibroin deficient silk feedstock consisting primarily of sericin, while Light specimens produce a regular fibroin feedstock. 
Our findings are consistent with previous studies of this strain, where fibroin deficient individuals produced a native feedstock composed of ~98.5% sericin17 and molecular weights from 24 to 400 kDa 69,72,259,260. Given that we are primarily interested in the rheological properties of sericin, beyond confirmation of sericin presence, Light specimens also serve as a useful internal control, as their feedstocks are consistent with regular B. mori fibroin14,114,115,140,151,153,154. Hereafter, when we discuss native sericin’s properties, these relate to samples from Dark specimens, whereas native fibroin’s properties are gleaned from Light specimens and the wider literature. 
[bookmark: _Ref508977810]Amino acid analysis
[bookmark: _Ref524384966]Amino acid analysis was used to confirm that the mutant strain produces a sericin feedstock. As can be seen in table 3, the composition of the feedstock extracted from Dark specimens is remarkably similar to previously published data for sericin237, while that produced by the Light specimens appears to be akin to fibroin of regular B. mori237. Key components include the high proportion of glycine and alanine in Light specimens, versus more appreciable Ser, Asp and Thr fractions present in Dark specimens, both of which are considered key components in the wider literature. 
[bookmark: _Ref526367116][bookmark: _Toc526525503]Table 3: B. mori feedstock amino acid analysis
	Mol. %
	Light
	Fibroin
	Dark
	Sericin

	Gly
	42.17
	42.62
	18.45
	17.85

	Ala
	26.04
	33.38
	7.79
	6.70

	Ser
	12.47
	7.65
	28.34
	25.5

	Tyr
	5.02
	5.84
	4.01
	3.10

	Val
	2.59
	2.58
	3.74
	4.05

	Asp
	2.85
	1.79
	13.86
	18.38

	Glu
	1.73
	1.36
	3.70
	5.74

	Thr
	1.60
	0.85
	7.83
	7.47

	Phe
	0.64
	0.81
	0.45
	0.67

	Ile
	0.67
	0.72
	0.77
	1.02

	Leu
	0.60
	0.54
	1.24
	1.49

	Pro
	0.41
	0.47
	0.72
	0.81

	Arg
	0.68
	0.44
	2.80
	3.12

	Lys
	0.59
	0.33
	2.41
	2.08

	His
	0.49
	0.21
	1.42
	1.32

	Met
	0.09
	0.15
	0.11
	0.31

	sum
	98.62
	99.74
	97.66
	99.61


[bookmark: _Ref508977842]Molecular weight determination
As a secondary analysis, the molecular weight of samples taken from both Dark and Light specimens were subjected to gel electrophoresis (figure 33a, inset). Light specimens showed the typical fibroin heavy- and light-chain distribution59,237, whereas Dark specimens offered a range of molecular weights, again typical of previously identified sericin components237.
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[bookmark: _Ref526367428][bookmark: _Toc526531012]Figure 33: B. mori Nd-s feedstock characterisation.

 (a) Amino acid analysis of Dark and Light silkworm feedstocks shows remarkable similarities in the composition of each when compared to previously published composition data237 for sericin and fibroin respectively. In particular, note the high proportion of serine in Dark specimens—the typical indicator of sericin, and the high glycine and alanine proportions typical of fibroin in Light specimens. Categories are ranked in order of abundance in fibroin, which highlights the distinct compositional differences between fibroin and sericin. For ease of reference, table 3 provides numerical values of the amino acid composition. (a, inset) Gel electrophoresis scan showing the differences in molecular weight and composition in sericin (Lanes 1 and 2) and fibroin (Lanes 3 and 4) against a ladder of known constitution (L). Fibroin shows the expected split between heavy chain at ~420kDa, and light chain at ~25kDa, whereas sericin shows several discrete regions (~400, 360, 250, 58 kDa) representing the multitude of sericin proteins present in B. mori silk glands. The figure has been straightened, cropped and lightened for clarity. (b) FT-IR Spectra (normalised against amide I peak) of native sericin compared to fibroin shows distinct differences. Peaks used in the identification of each protein are labelled with their respective wavenumber. Of further note, the native sericin presented here provides a gold standard for comparison of processed sericin materials against the native system. For further details on assignments, see tables 4 and 5. (b, inset) further spectra show good agreement between samples.
[bookmark: _Ref496015492]
FT-IR spectral peak assignments
Further confirmation of the gland contents was undertaken using FT-IR spectroscopy on both the specimens used for amino acid analysis and gel electrophoresis (figure 33b, inset), with good agreement between all specimens. Several distinct differences can be seen between the spectra. Both clearly show peaks assigned to the Amide I, II, and III bands (~1630 cm-1, ~1530 cm-1, and 1238 cm-1) characteristic of protein structures. Comparison of Light and Dark spectra shows distinct infrared signatures, with Light showing many of the principal features observed in FT-IR spectra of fibroin, and Dark showing similarities to that of sericin. We observe substantial growth in Dark spectra at 1395 cm-1 (attributed to C-H bending261), which masks a peak at 1410 cm-1 in Light. This was previously assigned as Zhang’s signature sericin peak262, and Boulet-Audet’s sericin marker band263. This is further validated by Chen208, who also shows a clear peak at 1394 cm-1 in sericin, which appears as a lower shoulder on a peak centred at ~1410 cm-1 in fibroin.
Light has clear additional peak at 1335 cm-1, and defined peak at 1451 cm-1, both of which were observed by Chen208 in fibroin at 1334 cm-1 and 1441 cm-1—symmetric and asymmetric bending modes of CH3 respectively, but not sericin. Dark has comparatively broad, flat peak spanning 1440–1470 cm-1, again observed only in sericin and not fibroin by Chen208. A further peak visible at 1312 cm-1 in the Dark spectrum (also visible in Chen, unlabelled) may be assigned to γ(CH2) vibrations in sericin261, while Light has an additional peak at 1170 cm-1 which is assigned to N–Cα stretching208.
The split peak observed at 1055/1074 cm-1 is skewed toward 1074 cm-1 in Dark, and 1055 cm-1 in Light, and compares favourably with 1041 cm-1 peak structures observed in spectra for sericin/fibroin and assigned to C-C bending vibrations208,261. Chen208 assigns further small peaks in the low wavenumber region to β-sheet formations in fibroin, which are not particularly evident in our spectra, though their samples were sheared to form films, rather than evaporated to dryness, which may account for this difference. 
The amide I peak lies at 1636 cm-1 in the Light spectrum, but at 1617 cm-1 in the Dark. The amide II peak also differs from 1527 cm-1 in Light to 1513 cm-1 in Dark. This differs from previous data208 that offered amide I peaks at 1637 cm-1 & 1617 cm-1, and amide II at 1510 cm-1 & 1500 cm-1, for sericin and fibroin respectively. For fibroin this discrepancy can be attributed to the film production methods, as amorphous silk fibroin is shown to have an amide I peak In the region of 1640–1660 cm-1, 264–267 whereas increasing the β-sheet content (through methanol treatment or similar) reduces this peak266,268,269 to ~1620 cm-1. A similar shift is observed in the Amide II band, moving from 1541 to 1529 cm-1 268,269. We suggest that the differences between sericin208 and Dark spectra are likely due to conformational changes arising from the sericin recovery process. 


The FT-IR spectra of samples used in SDS-PAGE show the same signatures as those used in amino acid analysis, which provides a link between the three techniques. Further to this, analysis of both glands from a single specimen allows the variation between glands to be examined. Spectra from both glands of a single specimen proved to be remarkably similar, allowing us to choose the gland which was best preserved after dissection for use in further work. A summary of the peak assignments described here can be found in tables 4 and 5.
[bookmark: _Ref509234995][bookmark: _Toc526525504]Table 4: FT-IR spectral peak assignments for silk feedstocks taken from Dark specimens
	Wavenumber (cm-1)
	Attributed to
	Sericin supposition supported by:

	Split (max) 1055/1074
	C-C bending vibrations
	(1041) Barth261, Chen208

	1312
	γ(CH2) vibrations
	Barth261

	1395
	C-H bending
	(1394) Chen208,
(1400) Zhang’s signature sericin peak262,
(1384–1403) Boulet-Audet’s sericin marker band263

	Broad 1440–1470
	
	Chen208

	1513
	Amide II
	(1510) Chen208—difference due to conformational change

	1617
	Amide I
	(1637) Chen208—difference due to conformational change



[bookmark: _Ref509234997][bookmark: _Toc526525505]Table 5: FT-IR spectral peak assignments for silk feedstocks taken from Light specimens
	Wavenumber (cm-1)
	Attributed to
	Fibroin supposition supported by:

	Split (max)1055/1074
	C-C bending vibrations
	(1041) Barth261, Chen208

	1170
	N-Cα stretching
	Barth261, Chen208

	1335
	CH3 symmetric bending
	(1334) Chen208

	1410
	
	(1410) Chen208

	1451
	CH3 asymmetric bending
	(1441) Chen208

	1527
	Amide II
	(1500) Chen208,
 (1541) amorphous268,269, 
(1529) crystalline268,269

	1636
	Amide I
	(1617) Chen208,
(1640–1660) amorphous264–267,
(1620) crystalline266,268,269





In brief, we believe that we have carried out sufficiently broad material characterisation, and that the widespread agreement between amino acid analysis, FT-IR spectra, and gel electrophoresis results justifies focussing our efforts on further characterising the feedstocks found in the Dark variants of the Nd-s B. mori strain, which we firmly believe to be primarily composed of sericin.
There are of course several limitations and assumptions made in our approach to characterising a fibroin deficient/native sericin feedstock, however we have taken the same approach to native feedstock rheology as in previous studies22,115,146,151,167 and assume that a native proteins’ contribution to the bulk viscoelastic properties is a product of its molecular weight and abundance and that the minor protein constituents of a silk feedstock are likely to play a less dominant role in the bulk rheological properties185,270. As a final comment on sample impurity, given our principal aim of determining the ability of the sheath proteins to lubricate the flow of fibroin during natural spinning, it seems appropriate to assess the native feedstock as a whole, rather than purification to 100% sericin, as it better represents the natural system and avoids the potentially altering steps incurred during further processing. 
Rheological characterisation
Concentration and low shear viscosity determination
Beyond our confirmatory experiments above, comparison between sericin and fibroin feedstocks revealed significant concentration differences between the two (figure 34). Fibroin specimens show a mean dry weight concentration of ~20%, marginally lower than that reported by Laity et al.115, but within their expected range. However, the sericin samples show a considerably lower mean of ~13%, albeit with a similar level of spread, which is consistent with previous measures of sericin concentration (14%)153.
Not only are there differences in concentration between feedstocks, we also observed differences in their rheological properties. As shown in figure 34, sericin appears to offer a broad range of apparent viscosities, from 4–220 Pa.s and a mean of ~40 Pa.s—two orders of magnitude below that of fibroin (our fibroin mean was 1931 Pa.s, comparable to Laity’s 1722 Pa.s115). When concentration is accounted for we find that for a given concentration of feedstock, sericin has a considerably lower viscosity than fibroin, despite their reportedly similar molecular weights259 (figure 34c, inset). Furthermore, unlike typical polymer solutions, both sericin and fibroin viscosity show little overall correlation with concentration, agreeing with previous observations of fibroin (figure 34)114. 
Taken together these results suggest variations in viscosity may be due to compositional and conformational differences of the proteins moderating the level of intermolecular friction/interactions. Although structural studies of sericin183,254 and fibroin271–275 suggest that they both exhibit random coil conformations in solution, in sericin, the combination of longer side chains115, and an increased hydrophilic amino acid fraction115 (53 vs. 19 mol%) present a protein that although exhibiting random coil behaviours, has a greater affinity to water than itself, resulting in weaker gel formation in its native aqueous solution. [image: ]
[bookmark: _Ref520911891][bookmark: _Toc526531013]Figure 34: Sericin concentration and apparent viscosity determination.
 (a) Empirical (bars) and probability (curves) density functions for concentration of fibroin and sericin feedstocks. For the probability density functions, P<0.0001. Cohen’s d = 1.67, suggesting that the effect size Is very large and thus the difference is both significant and meaningful276. (b) Plotting viscosity against concentration shows very little correlation between the two factors for sericin or fibroin. Horizontal error bars represent the variation due to measurement uncertainty due to small sample sizes. (c) Mean apparent viscosity for samples compared with literature values for fibroin and sericin. An unpaired t-test with a two tailed P value of P<0.0001 suggests extreme statistical significance, while Cohen’s d = 1.77, confirming that the difference is also meaningful. Bars represent standard error.


Oscillatory response
Probing the rheological properties of sericin further, oscillatory sweeps were used to determine the viscoelastic response of the feedstocks, with both sericin and fibroin behaving as weak gels161,277–279. However, as can be seen in figure 35a, the bimodal distribution of crossover points shows that there are clear differences between sericin (crossover frequency ωX = 105 Hz; crossover modulus Gx = 482326 Pa) and fibroin feedstocks (ωX = 0.580.47 Hz; Gx = 29061297 Pa), with the former showing a greater viscous response and substantially lower modulus, whilst the latter provides further evidence that Light specimens produce fibroin, with mean crossover values similar to previously published work14,115,135,140,151,152. In the case of sericin feedstocks, the presence of a shorter relaxation time (estimated as 1/ωX), and a larger lower critical shear rate (γ̇LC, which marks the rate at which the transition between Newtonian and power law behaviour can be said to occur, is numerically equivalent to ωX) identifies a more liquid-like behaviour which remains Newtonian until higher shear rates are encountered.
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[bookmark: _Ref466884688][bookmark: _Toc526531015]Figure 35: The frequency dependence of sericin.
 (a) Variability in the frequency response of samples is shown by plotting the crossover points for sericin (conc. 13.3%) and fibroin (conc. 20.5%). The two sets of oscillatory data (elastic, viscous) are representative of the viscoelastic response of sericin and fibroin. The presence of a bimodal distribution shows that there are distinct viscoelastic responses from each group, with sericin’s reaction remaining in the viscous domain much until much higher frequencies than fibroin. (b,c) Normalising modulus and frequency data against crossover modulus and frequency reveals master curve alignment in fibroin and sericin specimens. The greater level of spread shown by sericin indicates variation in the molecular weight distribution attributable to the less conserved nature of sericin production compared to fibroin.

Maxwell model fitting
Although a single Maxwell model was not sufficient to describe sericin’s behaviour, it has been shown that binary models provide a good fit for biopolymer solutions114, thus the elastic and viscous moduli of individual sericin samples were curve-fitted using a binary Maxwell model  of the form:
	
	( 8 )

	
	( 9 )


Where  represents the weighted modulus contribution of each Maxwellian element, and  represents the corresponding relaxation times. Comparison between shear and oscillatory measurements was undertaken to assess cross-experimental data reliability. Through further application of the Maxwell Model114,115,153, which states that: 
	
	( 10 )


We can estimate the mean zero shear viscosity from oscillatory data as 46.59 Pa.s, which is comparable to that predicted by the Carreau-Yasuda model (58.63 Pa.s). Linear regression (figure 36) of the date, constrained about the origin, shows strong correlation (R2=0.9543) for the relation, and while the coefficient is perhaps marginally higher than expected (for a truly representative non-Newtonian model, η1 should be marginally lower than η0, but given that this low shear rate was chosen so as to remain in the quasi-Newtonian regime, it is perhaps unsurprising that they are practically equivalent), this strong correlation confirms the reliability and consistency of the experimental design, suggesting that the main source of variation is biological. 
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[bookmark: _Ref526527428][bookmark: _Toc526531014]Figure 36: Zero shear viscosity comparison.
 Comparison of zero shear viscosity estimated from the binary Maxwell model to that measured through steady shear shows a high degree of correlation between the two, suggesting good experimental consistency.


Fitting the aforementioned binary Maxwell model (à la Laity et al.115) to the data suggests the presence of two relaxation modes in sericin feedstocks, at around 1.22 and 0.02 s, which are of similar magnitude to relaxation modes three and four reported for fibroin (0.44 s and 0.055 s respectively)114,153,154. Furthermore, normalisation of the oscillatory data with respect to each sample’s crossover point114 demonstrates the consistency of the fibroin feedstocks (figure 35b) and the apparent variation in properties of sericin feedstocks (figure 35c). This consistency has been hypothesised to be related to a feedstock’s molecular weight distribution, thus our results are consistent with reports that while fibroin’s production is relatively consistent, there are up to 7 different sericin proteins93,259,280,281 secreted into the gland in quantities that vary on a specimen by specimen basis72,281, with molecular weights ranging from 24 to 400 kDa 69,72,259,260.
We conducted temperature sweeps between 2 and 80 °C in order to explore the effect on sericin’s flow properties across a range of natural and unnatural spinning temperatures. Sericin shows a typical protein response to elevated temperatures (figure 37), denaturing permanently into a strong gel (indicated by rapid increase in both moduli, and the temperature independent frequency response after reaching this temperature) at approximately 60°C. The most productive rearing temperatures for B. mori lie between 23 and 28 °C, though a range between 20 and 30 °C is commercially viable. Outwith this range, silkworm health deteriorates and is thus undesirable282. The inclusion of complex viscosity measurements in figure 37 allows appreciation of the fact that over the range of natural spinning temperatures, the viscosity remains relatively invariant.
[image: chapter 5 figure 6]
[bookmark: _Ref526367266][bookmark: _Toc526531016]Figure 37: The effect of temperature on sericin.
 Representative response of a single sericin sample (conc. 15.7%) subjected to temperature sweep under steady oscillation (0.1 Hz). First from 25°C to 2°C, then 80°C, where a frequency sweep was undertaken, before returning to 25°C. A minor reversible increase occurs in both elastic and viscous moduli in response to reduced temperature. A steady reduction is observed until a sudden take off in both moduli occurs, marking the transition to an elastic dominated regime. Further conversion is observed during the latter stages of the temperature sweep (increased moduli), with the gel formed shown to be strong (plateau G’, G’’) and permanent (G’> G’’). Background colours depict the preferred and possible rearing temperatures. (Inset) The relative invariance of the complex viscosity across the range of viable spinning temperatures, suggesting that spinning is not dependent on temperature.


In order to probe sericin’s flow response to shear rates encountered during silk spinning107, shear rate ramps were applied to samples (figure 38). All samples were found to exhibit the shear thinning behaviour expected of concentrated polymer solutions, with the transition from Newtonian to shear thinning regime occurring above a lower critical shear rate (mean = 10 s-1, which is comparable to the only previously reported283 value of 3 s-1). At higher shear rates a distinct change in viscosity is accompanied by a change in shear stress and normal force (figure 38). Drawing on previous work into fibroin rheology80,114,115,135,140,151,154, this upper critical shear rate () is that at which the onset of shear induced gelation occurs within the sample. Here a general trend can be observed that the critical shear rate  varies inversely with the apparent viscosity, with lower viscosities relating to higher upper critical shear rates (see chapter 7 for further discussion). 
[image: ] 
[bookmark: _Ref524097494][bookmark: _Toc526531017]Figure 38: The viscosity-shear rate relation for sericin.
 Comparing sericin’s (conc. 11.3%) dynamic and complex viscosities via the Cox-Merz relation shows high correlation at low shear rates/angular frequencies, but divergence above this, with the measured dynamic viscosity exhibiting much stronger shear thinning behaviour than Cox-Merz predicts, suggesting unequally284 weighted polydispersity170. The normal force response to the shear ramp is also shown on the secondary axis, along with the upper critical shear rate. The rapid increase in normal force at this point represents the sudden rise in elasticity due to shear-induced gelation. For ease of comparison, several fibroin shear-ramps (conc. 15.3-24.6%), with zero shear viscosities across a broad range are shown. The final point in each represents the upper critical shear rate (gelation onset), all of which occur in the region where sericin is still effectively acting as a Newtonian fluid. 
More insight can be gained by interpreting our viscosity data using the SCY model170, which has been shown to accurately depict a wide range of shear thinning behaviours in polymer solutions. Models fitted to individual specimens showed considerable variation in both the extent, and the rate of shear thinning (figure 39). Comparisons were made between experimentally measured apparent viscosity and the modelled zero shear viscosity, with a high degree of correlation (R2 = 0.98) between the two, allowing for further simplification of the model by reducing it to three parameters (relaxation time, shear thinning rate, and transition breadth) to improve model validity. 
Model fitting parameters are shown in table 6. General trends that can be observed include that the rate of shear thinning and lower critical shear rate are inversely proportional to the zero shear viscosity, and that transition breadth rises in line with zero shear viscosity. We suggest that this may indicate that it is possible to infer sericin’s shear response from its zero shear viscosity alone (see chapter 7 for further discussion). A further observation is that despite the wide range of encountered for sericin, the proportional reduction in viscosityremains roughly constant at approximately 80%. Fibroin was also observed to undergo a similar reduction of 90%, suggesting that whilst sericin does exhibit shear thinning behaviour, it is to a lesser extent than fibroin. 
[image: chapter 5 figure 9]
[bookmark: _Ref524097545][bookmark: _Toc526531018]Figure 39: Shear dependent viscosity models for sericin.
 Exemplar shear response curves calculated from fitting the SCY model to sericin samples shows the variation present. Solid lines indicate the best fit to the data, while the dashed lines have an instant transition from Newtonian to power law behaviour in order to appreciate the variation in the upper critical shear rate.
As explained above, whilst it is not currently possible to directly compare rheological properties of fibroin and sericin from the same animal, considering our rheological data as a whole, we propose that for a typical non-fibroin deficient silkworm, the upper critical shear rate γ̇UC for sericin gelation must only be higher than that of its fibroin (0.1 to 10 s-1,14,22,80,113,135,146,151,163), else sericin would aggregate before fibroin and inhibit fibre formation. Therefore the natural constraint on the system is simply to ensure that sericin has a greater upper critical shear rate than fibroin () (see chapter 7 for further discussion). With this in mind, sericin may not have undergone as strong a selection to gel during the natural spinning process, which may be responsible for the wider variation in rheological properties.
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Table 6: Summary of rheological properties of native B. mori sericin solutions
	Measurement method
	Physical property
	Mean
	Standard deviation
	Sample size n

	Gravimetry
	Concentration (mg/mg %)
	13.26 %
	4.65
	22

	Steady shear
	Apparent viscosity 
	39.57 Pa.s
	53.96
	24

	Oscillatory sweep
	Crossover frequency 
Crossover Modulus 
 Relaxation time 
	10.48 Hz
482.14 Pa
0.019 s
	5.01
325.63
0.01
	29

	Temperature sweep
	Gelation temperature
	63.86 °C
	8.16
	3

	SCY model
	Relaxation time 
Zero shear viscosity  
Parameter 
Parameter 


	0.51 s
55.66 Pa.s
3.85
0.05
10.09 s-1
58.47 s-1
	0.44
87.52
3.17
2.61
15.30
50.85
	14


	Binary Maxwell model
	Modulus contribution 
Modulus contribution 
	44.89 Pa
888.98 Pa
	61.64
723.00
	22

	
	Relaxation time 
Relaxation time 
Zero shear viscosity 
	1.22 s
0.02 s
46.59 Pa.s
	1.86
0.01
49.07
	



Furthermore, we observe that sericin flows in a quasi-Newtonian manner throughout the fibroin shearing range (i.e. until γ̇UC,Fib), at which point its viscosity drops, which may be the result of selection for the need to maintain the consistent sericin-fibroin interface required for stable long-term fibroin storage285, but later thin in order to ease the transport of an increasingly solid fibroin core through the recently proposed solidity gradient model107 (see chapter three). These arguments are further supported by recent work into drying rates of newly spun fibres which could be interpreted as the external (sericin) layers remaining wet for several seconds after leaving the animal135, and that when spun under high humidity, flow can continue between cocoon layers213, suggesting sericin does not solidify within the animal. 


[bookmark: _Toc526843109]Chapter summary
In conclusion, mottled specimens of the fibroin deficient W14 strain of B. mori are a good source of large quantities of unadulterated native sericin and this work provides a new standard for use in assessing the quality of recovered or reconstituted sericin. We have also shown that sericin’s response to temperature changes is in line with other protein solutions, exhibiting extensive, rapid permanent denaturation above 60°C.
As with fibroin, sericin’s viscosity varies across several orders of magnitude, but despite their similar molecular weights, these ranges barely overlap, with sericin occupying a much lower viscosity domain in the region of 1–250 Pa.s, whilst fibroin ranges from 200–10000 Pa.s. Given this, we ask whether, in terms of their shear response behaviour, they could be considered as part of a single spectrum. 
The Cox-Merz relation has been shown to not be particularly applicable, as while the zero-shear viscosities are comparable, it systematically underrepresents the rate of shear thinning at higher shear rates. Furthermore, native sericin is more readily shear thinning, has a lower initial viscosity, and a higher upper critical shear rate than native fibroin, all of which combine to provide a solution capable of providing a lubricating effect on the flow of fibroin. As a final observation, since apparent viscosity relates to zero shear viscosity, and as relaxation time, transition breadth, and shear thinning all relate to this, then we suggest that we may be able to predict sericin’s shear response from apparent viscosity measurements alone, which would remove the need for destructive rheological testing. 
In summary, we present evidence for the rheological properties of native sericin which is used to support the oft repeated (see chapter three), but previously unsupported, argument that in addition to acting as a binder within the cocoons, sericin performs a lubricating role in its liquid phase within the gland. 
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Work



Abstract
Natural silk spinning has undergone strong selection for resource efficiency and thus presents a biomimetic ideal for fibre production. Industrial replication of natural silk fibres would enable access to low energy, cost efficient processing, but is hampered by a lack of understanding surrounding the conversion of liquid feedstock into a solid fibre as a result of flow. Previously, shear stress, shear rate or time have been presented as criteria for silk fibre formation, but here we propose that spinning requires carefully balancing all three, and is a result of controlled energy accumulation in the feedstock. To support this hypothesis, rheology is used to probe the energy required for conversion, compare differences between amorphous solid and ordered fibre production and explain the energetic penalty the latter demands. New definitions of what constitutes an artificial silk fibre are discussed, along with methods to ensure that each spinning criterion is met during biomimetic spinning.
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Prior publication
This chapter has been published as:
Sparkes, J., & Holland, C. The energy requirements for flow induced solidification of silk, Macromol. Biosci. 18 1800229 (2018) 
For ease of access, a copy of which is provided in the appendix. 
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Emulating the process of natural silk spinning is a long held aim in the field of biomaterials. Unfettered access to silk’s attractive properties will provide huge commercial benefits due to efficient continuous fibre production without the hindrances associated with traditional methods97.
While spider silk is perhaps the most well-known, or at least promoted, super material, the vast majority of everyday silk products are woven from fibres produced from cocoons spun as a protective layer by the Chinese silkworm Bombyx mori. In their native environment, B. mori spin, via pultrusion107, a dual filament fibre composed primarily of fibroin1, coated in layers of sericin, which acts as a lubricant in the duct108 and a binder238,253 in the cocoon, a non-woven composite structure12. Whilst B. mori’s fibre mechanical properties84 are less desirable than those of, say the dragline filaments of N. clavipes141 (chapter one) there is abundant evidence to suggest that they can be further processed to comparable performance levels21,44,82, and their generally more abundant, accessible nature makes them a more practical technology platform34,203,268,286–289.
The majority of studies exploring aspects of spinning fibroins have opted to focus on recombinant feedstock production103,290, die design37,116,161,162,168,291, fibre spinning, the mechanical properties of natural and artificially spun fibres, and post processing methods that can be undertaken in order to improve initial mechanical properties292–294. Our previous work has supplemented these industrially relevant methods at a more fundamental level by exploring the flow properties of silk protein feedstocks14,108,114,115,140,151,154, and how these relate to the aforementioned aspects of spinning. 
The criterion for silk fibre formation, i.e. solidification through gelation (alluded to in chapter one), has been much debated in the literature, with successive studies putting forward evidence for gelation as a product of how hard (stress), how fast (rate), or how long (time) the sample is sheared. Here we propose a new approach, which seeks to combine all three, suggesting that fibroin gelation occurs due to energy accumulation. Following in the footsteps of earlier synthetic polymer research by Mykhaylyk et al., we build on the approach recommended by Dhaese et al.295 by implementing the second phase—application of steady shear—in order to precisely probe silk’s flow behaviour (phase one—simultaneous application of variable shear rates to determine threshold values—was undertaken by Holland et al.48) We describe this behaviour in terms of work per unit volume, expressed as a function of shear stress, shear rate and time295–298. To demonstrate this, we subject fibroin samples to steady shear until gelation and assess the total work done to reach this point. In doing so we identify a threshold for gelation which, as with synthetic polymers298, remains relatively constant, despite variation in material properties59. We consider the implications of this within the wider context of understanding the fundamental mechanisms behind shear-induced denaturation, as it allows industrialists wishing to mimic silk fibre spinning to employ much less stringent conditions in feedstock production.
[bookmark: _Toc526843112]Methods
Sample preparation
Native silk fibroin feedstock was extracted (using our previously described method115) from the glands of Bombyx mori silkworms in the wandering stage without any further preparation before testing. Fibroin concentration was assessed by drying out the portion of the gland next to that used for rheology and given as dry weight percent.
Rheological characterisation
All rheological tests were conducted on a Bohlin Gemini Rheometer (Malvern Instruments, UK) at constant temperature and humidity, with a cone and plate geometry (10 mm diameter, 1° cone, 30 µm truncation) used to ensure a constant shear rate in the sample. After loading, a low viscosity fluid sheath (water) was created around the sample to avoid dehydration and subsequent skinning effects in the pre-test environment115. See chapter two for more details on the principles of rheometry.
The pre-test procedures began with 100 s of steady shear (1 s‑1) to ensure homogeneous sample distribution, with apparent viscosity noted as the mean viscosity recorded from the final 30 s. A low strain (0.02) oscillatory sweep across a range of frequencies (25–0.1 Hz) was used to ensure that the sample remained fluid, before the main tests were run. Samples were grouped on the basis of their apparent viscosity  in 500 Pa.s intervals and subjected to an extended period of steady shear at a rate between 3 and 15 s-1, chosen to ensure a wide range of shear rates was considered. 
Determination of the shear rate dependent viscosity  was assessed through the assumption that the well-known Cox-Merz relation299 is valid for fibroin, which means that  is well approximated by . Application of the Simplified Carreau-Yasuda model:
	
	( 11 )


to this data yields values for the zero shear viscosity , along with the longest relaxation time (), lower critical shear rate (), and both the rate () and severity of shear thinning (). Goodness of fit was gauged via Escudier’s method258, while model validity was assessed by its ability to correctly predict the apparent () and test () viscosities.
Oscillatory data was superimposed onto a master curve in order to assess the consistency of both the batch, and the experimental method. Higher rate steady shear data was curtailed beyond the time where a rapid rise in both viscosity and normal force were observed. Since the viscosity under steady shear was observed to transition from an initially high viscosity () to a lower, steady, final viscosity () as a function of time () it seemed appropriate to fit a model which is numerically equivalent to the full Carreau-Yasuda model:
	
	( 12 )


Where  and  describe the breadth and rate of the transition respectively. Goodness of fit was again assessed using Escudier’s method258, Evaluation of total work done to the system was undertaken on a per unit volume basis using the methods first espoused by Janeschitz-Kriegl et al.296, and later applied, first to synthetic polymers by Mykhaylyk297,298, and later to native silk fibroin by Holland48, which states that the work applied in a test of length  can be determined as:
	
	( 13 )


Rearranging this to account for the fact that in our case, shear rate is constant, and that shear stress, rather than viscosity, is measured, results in the following definite integral which is readily evaluated.
	
	( 14 )


This analysis was applied to both the apparent and test viscosity data to determine the total work done to each sample. 
Statistical analysis 
Unless otherwise stated, data is presented as mean ± standard deviation from n repeats, with significance determined using unpaired t-tests with P<0.0001. 


[bookmark: _Toc526843113]Results and discussion
Oscillatory and low rate steady shear response
Initial testing confirmed that the fibroin samples tested were representative of typical B. mori feedstock and therefore suitable for characterising work to gelation (figure 40). Specifically, application of low rate steady shear provided a homogeneous starting point and, when combined with the oscillatory response, allows estimation of zero shear viscosity (figure 40a, b). Concentration determination shows the typical fibroin spread (figure 40c), and expected lack of correlation with viscosity (figure 40c, inset). The combinatorial pre-test confirms the use of a typical fibroin feedstock which was unaffected by the extraction and loading procedures, before principal testing commences. [image: ]
[bookmark: _Ref526515566][bookmark: _Toc526531019]Figure 40: Preliminary testing. 
 (a) Apparent viscosity distribution. Mean of 1524  1166 Pa.s (n = 50), slightly lower than Laity’s115 2015 result. (Inset) Low rate steady shear response: Example responses of fibroin samples with high, medium, and low apparent viscosities highlight the behaviour, which shows the typical stress overshoot, followed by a slight reduction to a plateau viscosity . (b) Fibroin’s oscillatory response: In sample variation is shown by plotting crossover points (frequency where elastic and viscous moduli are equal), with the moduli of the most and least elastic samples also plotted across the entire frequency range in order to better illustrate the range of responses. (Inset) Close similarity in the superposition of oscillatory sweeps with frequency and modulus normalised against crossover shows consistency between samples, allowing us to treat the normalised data as repeated sweeps of a generic fibroin sample which can be fitted with a binary Maxwell model (dotted lines). (c) Fibroin concentration, determined as a dry weight fraction is 21.7  5.5% (n = 50), comparable to previous studies115. (Inset) Comparing viscosity and concentration shows little correlation, with a wide range of viscosities present for a given concentration.



The Cox-Merz relation allows for the extraction of data equivalent to destructive test results such as that gleaned from shear ramps, without the need to perform said experiment, providing us with insight into how silk compares to typical synthetic polymers.48 To this end, oscillatory data fitted well using the SCY model (R2 = 0.999), with model parameters  and  showing good correlation with zero shear viscosity (figure 41a), while the third (), which describes the breadth of transition to shear thinning behaviour, is less clearly linked. 
The degree to which native silk feedstocks match these models is largely predicated on the assumption that they behave like polymer melts under flow. However, whilst the small strain, elastic deformation of oscillatory tests is useful, it does not replicate all aspects of the material response to the actual plastic deformation that occurs during steady shear flow. Therefore, it is imperative that these models are tested and validated before further use, and as such, steady shear data provides a useful tool to probe silk’s response to larger deformations. 
Comparing the measured viscosity at low shear (1 s‑1) with that predicted by the relevant converted oscillatory response data shows excellent agreement between the two techniques (figure 41b, i) and anchors the Cox-Merz generalisation for silk under low flow conditions. However, application of the same model at higher rates (figure 41b, ii) shows considerable under-representation of the extent of shear thinning and hence over-estimates the viscosity by a considerable margin. Hence the Cox-Merz generalisation is most suited to determining the zero shear viscosity of silk samples. As a result, new approaches and interpretations—such as the aquamelt hypothesis48—will be required if we wish to predict silk’s behaviour under higher shear rates. 
[image: chapter 6 figure 2]
[bookmark: _Ref524368203][bookmark: _Toc526531020]Figure 41: SCY model fitting parameter determination.
 (a) Relation between Simplified Carreau-Yasuda model parameters fitted to Oscillatory data via the Cox-Merz relation. (b) Oscillatory-shear equivalence. Normalised complex viscosity data (against crossover), again fitted with a SCY model. (Insets) Relation between measured apparent viscosity (η1, η ), and that predicted by the Cox-Merz relation at corresponding low (i) and high (ii) shear rates.


High rate steady shear response
Assessment of the work required for gelation at higher rates of shear allows for some interesting observations. From an experimental perspective, perhaps the most important is the time required to reach an equilibrium viscosity (i.e. flow response) under steady shear, with length scales far in excess of that assumed in typical shear rate ramps14,80,108,114,115,140,151,154, meaning that there is a far greater dependence on rates of change than previously assumed. This suggests that prior attempts to describe the shear thinning behaviour of fibroin feedstocks using, for example, the SCY model, may also be under-representative of the true steady state viscosity of a given feedstock. However, the alternative, which involves subjecting samples to a stepped shear rate with step lengths longer than the expected equilibration time, is unlikely to prove more worthy across a useful range of rates, since total work accumulation in such a test is likely to exceed the point of denaturation itself, thus rendering a sample void before complete mapping of the regime is achieved.
[image: chapter 6 figure 3]
[bookmark: _Ref526527723][bookmark: _Toc526531021]Figure 42: High rate steady shear responses.

 (a) Two examples of fibroin’s response to high rate steady shear are plotted. Both transition from a quasi-static viscosity to a lower plateau viscosity, after which a rapid increase in shear stress indicates sample gelation. The point at which gelation initiates is indicated, and forms the upper limit for the integral in equation 14. The total work done for each sample (Shaded areas) are grouped in (b), with colours representing each J.g-1 interval. (c) The relation between applied shear rate and time to gelation is shown, with points coloured according to the total work done (see (b) for colour key). 
Looking to the total work input required to induce gelation, as defined at the point by which the material changes from shear thinning to thickening163, when considered in isolation, high shear work to gelation results cluster around an average of 2.751.37 J.g-1 (n=44), or with the inclusion of the work done at low shear rates as a result of pre-shearing of the sample at 2.901.43 J.g-1 (figure 42). Although it is in direct contradiction with Mykhaylyk’s 2008 conclusion297—that only work above a given threshold shear rate is useful—the inclusion of low shear rate work is in line with observations that, due to the polydispersity of real polymer solutions, some orientation will always occur at any applied shear rate. Thus, in that sense, all work done is useful, even if the observed effects are small. 
This compares very favourably with our recent differential scanning calorimetry (DSC) measurements of thermally induced changes in fibroin feedstocks (1.7780.245 J.g-1, n=27)300 and supports the argument that, as with synthetic polymers295,297,298, silk solidification is best described in terms of total energetic input. Comparing our results with DSC data for other common model proteins such as albumen (17.0 J.g-1)301, we see that the minimum energetic input required for fibroin to undergo denaturation—defined as the energy required to first dehydrate and then subsequently alter the bonding configuration in a protein302–304—is nearly an order of magnitude lower for both shear and heat-based energy inputs, which perfectly highlights the superb efficiency of silk solidification48. 
The differences between shear and heating energy input values become clear when the difference in end product is considered. In DSC experiments, the end result is an amorphous, isotropic mass formed through spontaneous denaturation of the fibroin solution. However, for sheared samples, the end result is anisotropic, with alignment of structures across multiple length scales seen in the direction of shear48,80,135. This confirms that although silk gels incredibly easily, the generation of solid multiscale hierarchical structures (i.e. spinning a fibre) without premature gelation is a more energy intensive process—i.e. work must be done to align polymer chains, but at a rate low enough to avoid the spontaneous amorphous denaturation observed through calorimetry, a point which has clear parallels with the controlled morphology techniques mooted for synthetic polymers298
Perhaps at this juncture, most pertinent to the broader discussion is to question what a fibre actually is. Classical descriptions (figure 43) hold that they are simply long, slender objects which possess sufficient flexibility to allow them to be woven into fabric, but I argue instead that, with the increased interest in biomimetic silk spinning, a stricter definition is required. While extruding protein solutions into a long, thin mass may have the macroscopic appearance of a fibre, and may represent promising advances in their respective fields, to call these short, stiff, or brittle protein extrudates fibres is perhaps misleading, unless they exhibit more of the interconnected hierarchical structural motifs present in natural silks97,145,305,306. 
[image: ]
[bookmark: _Ref520121950][bookmark: _Toc526531022]Figure 43: Traditional definitions of filament, fibre and thread.
 Traditional dictionary definitions are circular in nature, resulting in different authors applying them to different structures, which makes comparison difficult.



During the production of a natural silk fibre, silk protein feedstocks are converted into a solid through alignment, denaturation, crystallisation, aggregation and fibrillation (figure 44). Therefore we suggest that natural silk production requires a controlled application of energy to facilitate this entire process over a specific timescale, first generating structures via intra then inter-protein interactions. Whilst it is evident that flow plays a key role in energy accumulation during natural spinning and is the animal’s primary tool for generating precise structures in its materials78,82,107, this is in stark contrast to the current state of the art in artificial fibre production. Although alternative methods of energy application such as thermal or chemical approaches may seem more efficient or convenient, they may not facilitate structure development in a similar way, leading to products that do not exhibit all the traits of a natural silk fibre97. We believe that the data presented herein offers a new window into artificial spinning, in that although silk will denature once a certain energetic threshold is passed, how that energy is supplied must be controlled in order to truly spin silk. 
[image: chapter 6 figure 5]
[bookmark: _Ref520121783][bookmark: _Toc526531023]Figure 44: A comparative framework for silk fibre production.

 Whilst there are several means to solidify silk, not all are able to generate the hierarchical structures present in a natural fibre. Here we present the ordered steps necessary for spinning as a means of highlighting why current techniques are struggle to produce high quality fibres on their own. 


[bookmark: _Toc526843114]Chapter summary
Natural silk spinning is a process dependent on the careful application of energy to the feedstock through a combination of flow stresses, at different rates, for different lengths of time. Through a combination of steady shear experiments at a range of different shear rates, we present a map of the work required to induce solidification in the native silk feedstock from B. mori. By comparing our findings to calorimetry studies it is clear that there is an energy penalty associated with fibre formation that is not seen in other forms of feedstock solidification. This leads us to the proposition that not all solidification routes are equal, causing us to reconsider what constitutes a natural silk fibre and the steps taken to produce it. 
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Early on in my research I experienced intense frustration at the tendency in the literature to produce overly lengthy pieces of work, which made it hard to extract relevant content from the padding, with a suspicion that oftentimes, experiments were included simply because they had been done, and not because they were relevant to the central hypothesis. As a result, in my own work I have lent firmly in the direction of brevity, which the preceding chapters have shown and for which you are hopefully grateful. That notwithstanding, in this chapter I’ve given myself a little more freedom for rambling discussion of the trials and tribulations that lay behind the discoveries presented herein. In essence, it provides me an opportunity for reflection on the PhD process and the significance of my work in the silk and wider field. This ultimately allows me to develop, if not a map, then a signpost or two which point in the direction that future efforts might appreciate (or if you prefer, a list of things that I tried and didn’t work, since as they say, forewarned is forearmed!). 
Looking back to the start of my PhD, my initial aim was to advance the work started by Breslauer112 in 2009, which used simplistic computational models to explore flow behaviour in silk glands. A perhaps overambitious plan was laid out as 1) build new flow models using accurate rheological data; 2) validate models by flowing native silk solutions through glass capillary with the same geometries; 3) link flow properties from models to fibre performance in mechanical testing; 4) hope that artificial feedstock production advances sufficiently far as to be able to provide the volume required for continuous fibre production. However, with the benefit of hindsight I suggest that even calling this overambitious might be an understatement. My efforts to date have thus focussed primarily on the first point on this list, and this chapter will lay out how my results work towards this goal, and what needs to be done next. 
Chapter one closed with a list of aims, or questions to be answered, which are reprinted here for ease of reference:
· Can reliable predictive flow models be created for silk which afford us the opportunity to explore design variables for synthetic analogues?
· What are the rheological properties of sericin and how do they affect silk spinning?
· What are the energetic requirements for silk spinning—what forms can this input take, and which are critical? 
Let us now consider the key results from chapters three through six and how they provide answers to them.
[bookmark: _Toc526843117]Discussion
The key findings from chapters three and four are that spinning silk requires pultrusion and that as a result they are naturally post processed through further drawing once they leave the animal. This result was made possible by combining advances in our rheological knowledge of silk feedstocks with software advances in the realm of computational fluid dynamics, and ultimately grounded through a series of validation experiments which provide the surety and confidence lacking in previous work. So how is this novel? 
Whereas before we had observed that silk producers do pull silk from their gland, what we did not know before was that they must pull it, that it is in fact a vital part of the spinning process, meaning that true biomimetic fibres will have to be both dry spun and post drawn. This leads to a question of industrial relevance—should fibre spinning be moving towards pultrusion systems, or should they be content with extrusion? This is effectively a question of where a manufacturer’s desired aims lie—pultrusion offers a low energy route (desirable from a marketing perspective48), but extrusion is readily available and in common use—the driving pressures required are easily achievable in a non-biological system307, and if post processing can be carried out regardless, wherein lies the advantage of biomimicry? 
Much has previously been made of the remarkable properties of spider silk, which are oft compared favourably against those of B. mori6,84,145,198. In advance of writing this chapter I reviewed Breslauer’s work112 and noticed something which tips the balance back towards the humble silkworm. From the perspective of gland geometry, it appears that in B. mori, aggregation may be started by a rapid initial convergence, beyond which silk molecules travel at similar speed, allowing for the formation of greater levels of beta sheet observed in several previous studies8,66–68. Meanwhile, the steady acceleration and resultant extensional flow in N. clavipes ensures that molecules are subjected to greater draw and alignment before aggregation occurs. This will ensure that the inter-molecular structures formed are spread across a greater number of individual molecules, rather than small groups of repeatedly connected strands. I believe that this is likely responsible for the greater performance of spider silks in mechanical testing41.
Continuing in this vein brings us to consider the solidity gradient model put forward in chapter three. This model relies on the feedstock having a high average molecular weight in order to provide the necessary intermolecular interactions staggered in the axial direction, but high molecular weight feedstocks are both difficult to store, and flow, and thus remain industrially undesirable. Having explored the relevance of this work to both the silk community, and industrial interest, the last major stakeholder is the general public who, as a result of the increased interest in environmentally friendly alternatives to plastic production, are likely to provide considerable motivation for continued research into artificial silks. It is this pressure which tips the economic balance in favour of bio-inspiration for novel textiles. 
Although there are some superficial uses of the word, I would argue that true bio-inspiration first requires understanding the natural system before being able to improve upon it, and that in this respect it is perhaps a more desirable end product than biomimicry, which provides no opportunity for further synthesis and improvement (figure 45).
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 Whereas biomimicry aims to copy a natural system simply through virtue of its “naturalness”, bio-inspiration seeks to combine the best elements of several systems to produce an improved output.
Notwithstanding this, it remains imperative to understand the natural system, which leads neatly onto further consideration of how to improve the models presented in chapter three. The logical next step is to progress from a single phase (not representative, but achievable) to a two phase flow model (more representative, but computationally challenging). Pursuit of this objective led to my most abrupt change of research direction, requiring what, on the face of it might seem a fairly simple objective—characterise the rheological properties of sericin so that they can be built into future models. Acquiring native sericin provided the first hurdle, with the literature suggesting several potential methods214,253–255, of which washing sericin from peeled B. mori glands appeared the most promising and readily accessible. I conducted pilot studies with the aim of developing a protocol, but the lack of consistency in dissolution behaviour between samples and the resulting low concentration solutions were not conducive to further exploration, hence the shift in focus to rearing a mutant strain and hoping that existing feedstock extraction techniques would suffice. 
Raising a non-native species in a climate to which it is unable to adapt is manageable in a laboratory environment, but when the food source is also disinclined to survive in a temperate maritime climate, there are important side effects on the keeper which are not readily apparent from the published version of chapter five, primarily the extreme tedium of spending six weeks driving twice daily to a park to pick fresh leaves, returning to the lab to shred them in to morsels of appropriate size for the current larval stage before painstaking picking each individual caterpillar out from a pile of decaying leaves and excrement and presenting it with fresh food so that it can repeat the process with increased vigour. 
All cynicism aside, I am particularly pleased with this study108, I feel that it takes a suitably robust approach to characterisation which stands well with previous work into fibroin rheology59,114,154 and provides much more than just SCY parameters for inclusion in two phase flow models. Quite apart from anything else, the discovery and confirmation that this strain can provide ample quantities of native sericin affords us the opportunity to ask many new questions. The main conclusions drawn in chapter five are that sericin is more than capable of lubricating flow in the gland, along with a description of that flow behaves, but that it is not sufficient to access the biological extrusion domain.
At this point, it seems apt to deviate from the main thrust, and consider what sericin actually is. From an evolutionary perspective, we can view silk’s beginning as saliva which evolved, through successive mutations, to become increasingly glue like and sticky. If, as is often argued in the literature, silk fibres gained their mechanical properties through accidental replication of the simplest, most abundant amino acids—glycine and alanine—then it seems that mutations which both prioritise the use of simple building blocks, and that confer a competitive advantage in their adhesive qualities would likely be selected for, resulting in transition from sericin to fibroin production, which in turn suggests that sericins are simply primitive precursors to fibroin. However, there is perhaps significantly less advantage in a purely dry fibre—which leads us to question what constitutes the optimum ratio of matrix (sericin) to reinforcement (fibroin). 
Returning to the rheological behaviour of sericin, whose upper critical shear rate remains unbounded (assuming Work hypothesis presented in chapter 6 does not apply to globular proteins) and hence is free to remain liquid after excretion, are cocoons simply a serendipitous result of the ability to flow and bind to other substances, be they sticks, leaves, or previously laid excretions. Furthermore, is sericin’s lower viscosity range107, despite the similar molecular weight to fibroin59, due to variation—is sericin simply a dumping ground for amino acids not required for fibroin or other body functions? Or alternatively, which parts of a sericin constitute the critical active sites—identifying those responsible has implications in the field of designer bioinspired adhesives308–310. Temperature sweeps suggest that sericin viscosity remains constant across the natural temperature range. The mechanisms by which this might occur remain unclear, and given that this represents a thermally stable storage solution for protein feedstocks, may warrant further investigation
In discussing sericin’s rheology, I made the observation that the SCY variables appeared to follow trends in relation to the zero shear viscosity, and that with a sufficiently large data set, it may well be possible to infer a silk feedstock’s nonlinear viscoelastic properties from its quasi-static behaviour alone—a prospect that would considerably simplify the process of modelling flow behaviour. Discussion311 of how this hypothesis might apply suggested that, with a known molecular weight distribution and concentration, then this level of prediction may be possible. For simplicity and ease of access, I opted to first test the hypothesis using fibroin, fitting SCY models to 44 sets of shear ramp data. However, this showed little correlation between the parameters and whilst the hypothesis would provide a useful tool if true, the insights gained in chapter six do overturn several of the assumptions made in this observation, not least the suggestion that SCY is perhaps not the most appropriate depiction of biopolymer flow behaviour, given the innate conversion processes occurring within (more on this later).
My initial aim was to develop multiphase flow models to assist in industrial die design, and while the work presented in chapter five represents a significant advance in our understanding of the natural system, in hindsight it ignores the conclusion presented in chapter four—that while sericin does lower the pressure required for spinning, that the silkworm is capable of generating stresses of the magnitude required for unlubricated flow through pultrusion and that from an industrial perspective, since these forces are easily reached, what benefit is gained from the addition of a lubricant whose natural purpose appears to simply be to bind fibres together in a non-woven composite structure, and the removal of which is perhaps the most energy intensive part of traditional processing. Thus, while creation of the multiphase system is useful for exploring the natural system, it seems un-necessary in terms of bio-inspiration.
Movement in the B. mori silk gland is a complex process involving multiple concentric flow regimes, but simplification of this to two-phases still represents progress. Armed with shear dependent viscosity (SCY) models for fibroin115 and sericin108, I attempted to build this model but was frustrated by multiple dead-ends and setbacks, which I will discuss here. 
The inclusion of additional fluid phases in CFD is a relatively new field, with typical research either considering mixing of liquid and gaseous phases such as bubble behaviour312, air/fuel sloshing in a closed tank313,314, or microfluidics applications such as targeted drug delivery315. Natural silk flow differs significantly from this. Instead of studying a system of low viscosity fluids with Newtonian shear behaviour flowing within a known geometry, and exploring their response to different conditions, in the silk gland we know the geometry, and also that the behaviour of the interface should be steady, since mixing or droplet formation (the aim of drug delivery microfluidics) will not lead to fibre spinning. 
Two phase flow modelling effectively boils down to describing and tracking the fluid-fluid interface. In a macroscale system, boundary effects are negligible, meaning that mesh density and interface design can be the main focus. However, in a microscale system the close proximity of boundary and interface means that interactions between them are common, and will typically tend towards the lowest possible energy state—in this case droplet formation.
Describing the interface means describing how mass and stress will pass across it. In order to provide stability to calculations, there cannot be a step change—instead, a smoothing function (e.g. smoothed Heaviside) must be applied to the relative proportion of each fluid across the boundary—in effect, to create a solvable problem, we must allow for localised mixing at the interface, regardless of whether this best represents the natural system. A key part of the puzzle concerns fibroin-sericin interactions—interfacial tension between the two phases will determine how the system behaves as a whole. Although specific measures of interfacial tension are not known, we can make assumptions about the limits of this parameter, and sweep through iterations to determine if the effects have a discernible difference on the overall flow behaviour. 
It should be clear now to the reader that no two phase flow models have been presented in this work, and the reasons for this are as follows. While knowledge of the shear dependent viscosity of sericin provides a good first step, and the lack of knowledge surrounding the interfacial tension between sericin and fibroin can be neatly sidestepped through parametric sweeps in the CFD software. The combination of two high viscosity fluids with non-Newtonian flow behaviours in a microscale geometry results in competing instabilities from a variety of sources, including boundary conditions, interface tracking, phase mixing and loss of mass across the interface. While these problems can be countered to some extent through simplifications such as increasing the cross-sectional thickness of each phase to be significantly larger than the interface or boundary layer; reducing viscosity; increasing geometry; defining a wide, smooth interface; and reducing flow speed, none of these simplifications further our understanding of the natural system, or improve on the conclusions made in chapters three and four off the back of a single phase model.
So we must again ask—what benefit do we gain in building a two phase flow model? The principles of bio-inspiration tell us that if the aim is to use our knowledge of natural silk spinning to spin artificial silk-based feedstocks, then it is not necessary. But if the aim is instead to either reduce the energetic cost of synthetic fibre production, or simply the pursuit of better understanding the natural system, then biomimicry becomes an admirable goal in itself. We have built upon, and addressed some of the limitations identified in previous flow simulations, but what more do we need to achieve this? If we continue to assume that the SCY model provides an acceptable depiction of fibroin behaviour, and that the assumption in chapter five—that sericin is effectively Newtonian to the point of fibroin fibrillation—remains valid. Then a halfway model can be considered progress, but the sticking point remains the description of the interface—how can sufficient resolution be described so as to track the interface without loss of mass, while remaining parallel to the boundary wall and avoiding the wave formation typical at fluid-fluid interfaces, which under sustained flow results in droplet formation or other turbulent effects?
The segue between chapters five and six is perhaps a little less obvious, but hopefully the discussion presented above shows how deeper consideration of how to simplify viscosity models for fibroin and sericin naturally leads to the question of whether the current models are well suited. This combines well with two phase flow model development, in that before developing simulations based on SCY behaviour, it would be wise to first confirm their suitability.
In the course of trying to develop models capable of predicting the results of destructive testing through non-destructive means, the effects of variation in SCY parameters became much more apparent than immediately obvious in the typical presentation of mean, standard deviation and normal distribution. Although previous studies have highlighted that gelation can be achieved through different means154,300,316,317, none have attempted to bring these factors together—the proposition put forward in chapter six does just this. By describing gelation as the result of total energetic input, we can offer a more uniform approach to determining when fibrillation may occur. 
In chapter five I suggested that a potentially useful consistency of response may be observed in the percentage reduction of both fibroin and sericin’s zero shear viscosity to that at the point of gelation, but in light of the evidence offered in chapter six, this is likely to have reduced significance due to gelation now being recognised as a multivariate response rather than simply a result of surpassing a particular shear rate. 
Both this, and the preceding chapter have questioned the continued suitability of the SCY model as a means of describing silk in light of the conclusions drawn in chapter six—that time is likely the critical factor in determining apparent viscosity. From this we can infer that the current SCY model only remains strictly valid for geometries which induce an increasing shear rate which precisely mirrors that which feedstocks experience in the standardised shear rate ramp used in house. Now, if, as argued in chapter six, good quality fibres are formed as a result of gradual alignment through flow at rates insufficient to shock the feedstock into instantaneous gelation, then there is a clear disparity between the feedstock assessment method—a standardised test designed to reduce run time so as to allow better consideration of biological variation—and the flow behaviour bioinspired spinning requires to be industrially useful. 
This may at first appear to be an overly pessimistic view, but I would argue that it only validates the conclusions made in chapter six—that given the lack of alternatives, this remains the closest approximation to natural flow behaviour and should continue to be used until the dataset generated therein can be extended sufficiently far, both in reducing the breadth of apparent viscosity groupings and increasing the sampling frequency at a given shear rate so as to be able to (hopefully) infer the rate and extent of shear thinning in response to a given level of shear, and from which a more generalised shear response model can be developed. Admittedly though, this does rely on the assumption that silk feedstocks of a given zero shear viscosity (from separate specimens) will behave in broadly similar ways to a given shear rate—a hypothesis which will require confirmation as the data set expands.
Let us now return to consider whether a generalised shear response model has industrial relevance, or whether the high level of specificity (to B. mori) renders it suitable only for biomimetic processes. In this case I believe that the proposed model actually has greater merit in artificial feedstock processing—primarily due to greater consistency and volume over natural feedstocks, which will allow for faster flow behaviour characterisation before initiating spinning with a given synthetic feedstock. As a short term starting point, perhaps the method could be explored using synthetic polymer solutions such as polyethylene oxide or hydroxyl-propyl methylcellulose for ease of comparison with previous work114?
In summary, the techniques presented in chapter six provide a threshold which can be used to determine where spinning will initiate in a given die design, but CFD models will require development to allow accumulated energetic input to be tracked across the flow domain. The SCY model, although not perfect, provides a suitable approximation of silk’s flow behaviour and should continue to be used whilst more in depth methods, such as generalised shear response or combined shear-extensional models, are explored. 
[bookmark: _Toc526843118]Outlook
If we take the crowning achievement in the silk field to be the production of tailored high performance, eco-friendly biopolymer fibres through low energy spinning techniques, then it is useful to question whether we, as a community, have spun (or can spin) biomimetic silks. But I would argue that this is perhaps the wrong question. We have vastly improved our collective understanding of natural silk processing in recent years, from increased recombinant feedstock production (both in volume290,318 and molecular weight319), through geometric conditions37,107,162 and flow behaviour59,108,114,115, all the way to latent mechanisms such as high concentration storage stability290,320 and future polymerisation159,321 through ph55,322 and ion regulation59,142,323. Yet despite this, we still have not spun our own silk. So let us change the question, and ask instead, must these fibres be biomimetic, or is bio-inspiration enough? And what constitutes an artificial silk anyway? Returning once again to Ridley49—[that] evolutionary systems are only [as] optimised as they need to be, not necessarily can be—should we be aiming to replicate nature, or to improve on it? I can only conclude that any future work should not forcibly restrict itself to the silk field, but take inspiration from everywhere, be that the natural world or our man-made alternatives. 
As I reach the end of my thesis, reflection on the PhD process ensures that I ask myself, had I known then what I know now, what might I do differently? I remain convinced that although my original plan was perhaps overambitious in terms of time, that the intended method remains valid and look forward to extending this work in the future. I feel that I have matured as a researcher across the course of my studies, and hopefully this final chapter has highlighted my increased ability to think critically, even about my own work; to change my mind, and to ask fundamentally interesting questions about what has gone before and about what is yet to come. 
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