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Silks are biomaterials made by spiders and silkworms, evolved for natural funetiaisgfrom
protection to predation.The research presented in thiedsis combines principles and methods
from engineering, physics and biology to study the material properties of single silk fibres from a
biological perspective. In particular, the factors that contribute to the variation in properties of
single silk fibre are investigated. The first part of the Thesis focuses on silks made by silkworms.
Whether naturally spun or forced reeled, the mechanical properties of these silks are sensitive
to a range of environmental and processing conditions, such as humidejcheng and reeling
speed. The research presented in this section contributekgéanderstandingdf how these
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protein structure and biological context. Teecond section compares both silkworm and spider
silk single fibres to other materials in terms of their sonic propegibsw the materials

propagate sound waves, whether following impact, or propagating vibrations. The results are
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spider web) and vibrational signalling (spider silks). The Thesis ends with a discussion of how the
presented techniques can be applied to help further our understanding of orbfuvedion

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

understanding of the structurproperty-function links of theséascinatingpiomaterials.



D. Phil Thesis in Zoology Beth Mortimer



Beth Mortimer D. Phil Thesis in Zoology

For David Porterz
agreatly valued colleague, mentor and teacher
whose talent and dedication to science was
unmatched.



D. Phil Thesis in Zoology Beth Mortimer

Acknowledgements

LOQ@PS KIR KStLJI FYR adzLIL2NI FNBY I Nry3IS 2F LIS2 LI S

Firstly, a reallybig thank you to all my supervisors who have provided so much help and support.

LQY a2NNEB FT2N yIF3I3FJAy3ad GKSY AyoOSaalyidftex yR NBI ¢
gone above and beyond in all aspects of my academic development, andfiorthaQY SEGNBY St &

grateful. Clive was always available for thoughtful advice and | really appreciate hantime

kind wordsfor me. Lastly, Fritz is fulf so many creative ideas that areally inspiring, and has

been a real help in my progression forwéxd DA @Sy ¢KSNB L adFNISRX Ad Aa

got to the end, withresearchto be proud of.

A big thanks to my collaborators at the University of Strathclyde, without them | would not have
made the jump into the vibrational properties of silksdahhas saved my Thesis as well as being
the basis of my futureesearch So James and Shira, thanks for hosting me in your lab and your
support with theresearch

There are so many people who have been a help in the Oxford Silk Group and Engiseering,
really big thank you to them for their part. A special thank you to David Porter, who practically
supervised me for half of the time! | really appreciate his time and sound advice and it really
helped me in the last few months to have someone to talkgkithrough within the lah Also to
Alex Woods, for sharing hissearchon the paralysis of silkworms before his patent was
finalised, and Sophie Scott and John Sherwin for their help reeling silkweomtheir helpand
data Nick Hawkins, Juan Guamgdailex Greenhalghall of whom it has been a pleasurewmrk
and be friends withFor their support and advioghen needed, thanks go t@&wilym Davies,
Maxime Bolet-Audet, Fujia Chen, Darshil Sh&ibm Gheysens, Imke Greving d@jdern
GrevingForthe help| really neededn the Engineering Science Department, thanks go to
Richard Duffin, Kalin Dragnevski and Daniel Drodge.

For funding, | thank the Leverhulme Trust, who kindly agreed to an extension on theytaee
grant, as well as Polytec for thaain of the vibrometer equipment.have also been lucky

enough to work as part of Jesus College for the last two years, who have partially funded some
of theresearch The lectureship has brought me a welcome break from academic work,
confidence, developma of my teaching skills, as well as rewarding relationships across all
levels of the College. Special thanks to Graham Taylor for his trust and support.

LOR +f&a2 tA1S (2 GKFyl GKS ALARSNE FyR AAf1 62NV

Lastly,| thank my friends and support network fdrdir patience and kindnessany thanks to
past and current members of the Animal Flight GraDgely and William, and Mum and Dad.
Last, but by no means least, Blake® 2 dzf Ry Qi KIF @S R2yS Al gA0K2dzi @& 2c



Beth Mortimer D. Phil Thesis in Zoology

Publications

Drodge, D. RMortimer, B.,Holland, Cand Siviour, C. R. 2012. Ballistic impact to access the
high-rate behavior of individual silk fibre3, Mech. Phys. Solj@® (10), pp. 171a.721.

Mortimer, B, Drodge, DR, Dragnevski, K., Siviour, C. R. &adland, C. 2013n situtensile

tests of single silk fibres in an Environmental Scanning Electron Microscope (ES@EMgr.
Sci, 48, pp. 50555062.

Mortimer, B.,Holland, Cand Vollrath F2013. Forced reeling @ombyx morsilk: separating

behavior and processing conditis, Biomacromoleculed.4 (10), pp. 3653659.

Mortimer, B and Holland, C. The use of spider silk as a biomaterial. ChapteAd&ances in

Silk Science and Technologyoodhead publishing. In press.

Mortimer, B, Gordon, S Siviour, C. Rdolland, G Vollrath, F. and Windmill, The speed of

sound in silk: linking material performance to biological funct@pen Access online at
Advanced MaterialDOl 10.1002/adma.201401027

Mortimer, B.,Guan, J.Holland, G.Porter, Dand Vollrath, FBomby morisilks: A structural

basis for processing, properties apdtential. Submitted toActaBiomaterialia.

Mortimer, B, Siviour, C. R., Holland, C. and VollratB@ider silks as structural and sitjimay

components in the web dflephila edulisinprep.

Mortimer, B, Holland, C. and Vollrath, Fibrational properties of the signal thread in the web

of Zygiella xnotata. In prep.

Drodge, D. RMortimer, B, Holland, C. and Siviour, C.Mechanical properties and drag
effects on spider silks dung highrate impact. In prep.

Porter, D., Drodge, D. Rlprtimer, B, Holland, C. and Siviour, C.Acounting for plastic flow
during the highrate impact of polymers. In prep.



D. Phil Thesis in Zoology

Vi

Beth Mortimer



CHAPTER 1

11

1.2

1.3
131
1.3.2
1.3.3

1.4
141
1.4.2

15

1.6
16.1

CHAPTER 2

2.1

2.2
221
222
2.2.3

2.3
23.1
2.3.2

2.4

2.5
251
2.5.2

2.6
26.1
2.6.2

2.7
271

2.8

CHAPTER 3

3.1

3.2

3.3
3.3.1
3.3.2

3.4
3.4.1
3.4.2
3.4.3

3.5

CHAPTER 4

4.1

4.2
4.2.1
4.2.2

Beth Mortimer

Table of Contents

INTRODUCTION.....ce ittt am e 1
S N0 ] IS 1 7R 1
WWHAT IS SIK . ttteeeeee e e ettt e e e e e e eistteeaeaeeesnstaaeeeeeeessnnsbaeeeaeeeeenssnneneeneeannns 2
SLK FIBRE DIVERSITY. ..tttttteeiiiittititteeeeasssssseeeesssssssssensesessasssssssssessanssssseesees 3
SPIART SHIKS...eeeeeee e s 3
INSECE SHIKS...ceeeeeeieei et 7
Harnessing Silk dIVEISILY.........coooiiiiiiiiiiie e 8
SLKS AND THEIR NARURTRUCTURES.......uuuiiiieeesinirrneneeeesssssnnnereeesssssssnseneeens 9
Orbweaver ampullate silks and the orb web............cccccooii 9
Bombyx mori silk and the cocaan...................coo oo 14
SLK RATHDEPENDENCE .....citittttiiteeeessittteeeaeessssnibeeeeeeessssssnneeesesasnnnneeeseens 16
RESEARCH SCOPE .....uviiiiiiiiiiiiiiiieaeassittteeae e e s ssibaeeeeeessssnntareeeeesaanssneeeaees 18
Chapter INtrOUCTIONS.......uuiiiiiiiiiieeeeee e 19
METHODS. ...t 21
INTRODUGCTION . ..tttttteeeeesnitteeeeeessssssteeeeeeesssnsnsseeeeessassnsssseeeseessnnssseeeeeessanns 21
SLKWORM SILKS...utttttieeeiiiiitieeeessasitsteeeeesssssssseeasssssssssseeeesesssnssssseeesssannns 22
(OfeToT0 o] o = SO PP PPPRUPPPPPPTPPRY 22
SIKWOIIMIS. .. e e s e e e e e e e nneees 23
Forced reeling of SIKWOIMS..........cooiiiiiiiii e 23
SPIDER SILKS tttttteeeeiittirereeeesesastnsseeeeesasssssaeeaeeessssssnaeeaeesaannnsseeeeeeesannnsnnes 24
FOrced re@led.......oooo e 24
WED SIKS ...ttt 25
NON-SILK MATERIALS. ... tttteeeeeeiaistteeeaaesassssssseesesssssssssessasssssnsnnneesaesssnnsnnns 25
SPECIMEN PREPARATION. ....vttttteetiiitttieeeaesasssteseeaeesssssssnesssesssnsssnnseeessannnes 26
SPBCIMEN STOTAGE ... .ueeiiiieiiiitii et s et e e e 26
SPECIMEN MOUNTING.....eeiiiiiiiiiiiiiiiie et e e e e 26
COROSSBECTIONAL AREA......iiittiiieeeeeeeiiteteeaeeesssstasaeeeessssssaneeeaesaansnnsneeaaeas 28
SIKWOIM SIlKS. .. 28
Area allOCALION. .....ueiiiie i 29
LOW-RATE TENSILE TESTING ..ttteteeeeeiiuurnreeeessssannseeeeeessasnnsseeesesssnsnsneeesesanns 31
Modifications Of SEUP ......uuviiiiiiieiieeeee 32
7. 1 I T2 PR 33
HUMIDITYSENSITIVITY OF NARURY SPUROMBYX MORIILK............. 35
S N0 ] TS 1 7SR 35
INTRODUGCTION . ...tttttteeeeeuetteereaeesssnstseeeeeeesansssneeeeeeasasnssseneaeeessanssssneeeeseanns 35
IV ETHODS ettt ieteeet e e e e e ettt e e e e e e ettt e e e e e s st eeaeeeaaannneeeeaeeesennsssneneeeeeannns 38
TeNSIE tESHING....coeiiieeieiie e 38
BT =11V oo T 1110 o 1R 39
RESULT& DISCUSSIQN. ....uuuiiiiiiiieeieeiiiinseeeiiiseeseeti s e e eeesisssesessansesaessnsaaaees 42
Measuring humiditySENSITIVITY...........uveiiieeiiiiiii e 42
Specimen preparation and NUMIGILY........c..ooriiiiiiiiieenni e 45
Humidity sensitivity Of SilK..........ccooiiiiiiiii e 50
(6 0] (ol 0 L] (0] N1 TSP PPPP 51
FORCED REELED SDEEEBOMBYX MORL......uuuiiime e 53
S [0 2T PSSR 53
INTRODUGCTION .ttt tteeeee e e e e e e et e e et e e e e e et e e e e e e e e e aeeaaaeeas 53
Forced reeled silk variability............coeeeviiiiiiiiiiiiii e, 55
Effect of processing conditions.................co oo ee e 57

D. Phil Thesis in Zoology



D. Phil Thesis in Zoology

4.2.3
4.3
4.3.1
4.3.2
4.3.3
4.3.4
4.3.5
4.4
441
4.4.2
4.4.3
4.4.4
4.4.5
4.5

CHAPTER 5

5.1

5.2

5.3
53.1
53.2
5.3.3

5.4
54.1
5.4.2
54.3

5.5

CHAPTER 6

6.1

6.2

6.3
6.3.1
6.32
6.3.3
6.3.4

6.4
6.4.1
6.4.2
6.4.3
6.4.4

6.5

CHAPTER 7

7.1

7.2
721
7.22
7.2.3
7.2.4
7.2.5

7.3
7.3.1
7.32

viii

Beth Mortimer

OVEIVIEWL. ...ttt ettt e e e e et et e e e s e b e e e e e e e ennnbeeees 58
IVIETHODS .1ttttteeeeetitteee e e e e e ettt e e e e e e et e e e e e e s ssasteaeaeeeseanssaeeeeeeeesnnnnneeeaens 59
SIKWOIM PArGISIS. ...eeeeeieeiiiiiiiiie et 59
Load dUuring r€lING.......coueeiiiiiiiiie e 60
Modifications of forced reeling of Silkworms.............ccccooiviiini e, 61
Thermogravimetric analysisS (TGA).......oo i 64
Dynamic mechanical thermal analysis (DMTA)........ccooociiieieeriiiiiiinnee 64
RESULT& DISCUSSION. ..ttt eeeiutttrireeeeesssrsneeeeeesassnnsneeseeesssnsssssseeeesssnssnsseeees 65
ParAIYSIS. ... s 66
REEIING SPBA. ... 69
Naturally spun versus forced reeled...........ccccoviiiiieii i 72
Processing CONAITIONS........ccccccuuuriiiiiiiiiiiiiiieeeerreer e e e e ea e e e e e e e e e e e e e 76
Structural basis Of ProOPerties........cccccuviviiiiiiiiiiiiree e 81
CONCLUSIONS. ... teetteeeeeeeeessiitteee e e e s s assbee e e e e e s s ssbbaae e e e e s s snbaneeeeeeaaannnnreneeens 84
HIGHRATE BALLISTIC IMRATF SILKS........uuuiiiiiiiiiiiiiiiiinneeeeeeeeeeeeeeeen 87
I N0 IS 1 TSP OPPPPPRPP 87
INTRODUGCTIQN .. tttttteteeeeesanttteeeaseeaasssseeeaeessssnsseeeaesssssssnseeeesssssssseeeanens 87
MATERIALS ANMIETHODS. ....vvetteeeeiiiiiiieieeeessssssieseeeeessssnssnneeeeesssnsssneeesessannns 88
Specimen PreparatiQn.............oooeeieeiceiice e e e e 88
Ballistic impact experimental SED...............cooeeeeeiiiiiiiie e 89
Ballistic Impact analySiS...........uuueuiiiiiiiiiieieiiieeeeeee e 93
RESULTS ANDISCUSSION ....cevieiitieeeaiuireeessaneeeessstseeessssseessassseeesssssesessseeeesas 94
VAIY SPEEM. ...ttt e e 94
Vary StatiC l0ad..........oooiuiiiiiiie e 97
SEM Of SNOt €NAS.....oooiiiiiiiiiiiee e 29
(6001 U IS [ N PR 100
SONIC PROPERTIESIDRS.........ooiiiiiiieeei e 103
N0 IS 1SRRI 103
INTRODUGCTIQN . ..ctttttteteeeeeeitttereseeessssssesaseaessssssssseeaeesaasssssnesaeessansssnneees 103
MATERIALS ANIETHODS. .. .eetieeeiiititieeeeesaasssnseeeeeesesssseseeeesesnsssneeesesannes 106
SpeCimeEN PreparatiQn............cocoeeeciiiiiiiiiirrrere e e e e e e e e e e 106
LasSer VIDIOMEIY .. ..o e e e e e e e e e 107
Ballistic highrate analysSiS...........cvvvvviiiiiieii e 111
Theoretical eqUALIONS...........ccoeiiiiiiii e 111
RESULTS ANDISCUSSION ......uttviieeeesaaineieeeaaesssnntneeeesesssnsssneeesessssnsssneeeeeens 112
Physical basis of sonic properti@S........ccccccvvviiiiiiee, 112
Consistency of wave signalling...........cccccciviiiiiiiiiiiieiieeeeeeeeeee e, 115
Evolution of spider silk as a signalling material...............cccccoiiiinnnnnnee. 118
Silk as a multifunctional material..............ccciiii 121
CONCLUSIONS. .. e et eetteteeeeeeesntneeeeeaeeassssteeeaeeeesasssaneeeeeesannnnseeeeeeesannssnnees 123
FUTURE OUTLOOKS. ... oottt een e e e 125
INTRODUGCTION ...ttt ettt e ee ettt e e e erais e e eeeeta s e e e eebi s e e e eana e e e eesba s e e eeebn e aeeennn 125
MATERIALS ANVETHODS. .. .ceecttuieeeettieeeeeani e e eeeatnseesessnneeseesnneeseessaaaaees 127
SPEeCcimMeEN PrepParatiQn...........cooveierieiee i 127
SEM IMAGING .. ttteteeeeii ittt e e s s e e e e e e ibb e e e e e e aaaa 128
LaSer VIDIOMEIIY . ... 128
SHESSSIIAIN ... 130
Zygiella signal thread repail...........ccuvveeiieiiiiiiiiie e 130
RESULTS ANDISCUSSION ...t eeeeeeeeeeetti s e e e e e e eeeeennneas s e e e e e e e eeeennennans 130
Capture sPiral SilKS.........vviiiiiiiiiiee e 130
Stressstrain properties of combined spider SilKS..........ccccveveeiiiiiiiennen. 133



Beth Mortimer D. Phil Thesis in Zoology

7.3.3 ZYGIEHA SIIKS....coiiieiieeeeee e 134

7.4 CONCLUSIONS. ..ttt e aiteee e ettt e ettt e e e et e e e sttt e e e sana e e e e anbae e e e nnnneeeaannneeeeas 139
CHAPTER 8 GENERAL CONCLUSIONS......cooiiiiiiiiiee e 141
8.1 VARIATION IN PROPEFSTOF SILK SINGBREB.........ccciiiiiiiieeiiieeeesiieeeeaineee e 141
8.1.1 Mechanical ProPertiES........coviiiiiiiiiiiieee e 143
8.1.2 SONIC PrOPEITIES. ....eeeeeieeeiieiitie et e e e et e e e e e e e e e eeeeeas 145

8.2 GONTROLLING VARIATIRRPROPERTIES ......eeieiiiiieeiiiieeesineeeesnneeesanneee e e 146
8.2.1 Silk variation iN NATUIe...........covviieeeee e 146
8.2.2 Harnessing silk variation for applicatiQns...........cccevvveeviiiiiieeee e, 148

8.3 TOWARDS UNDERSTANINMGURAL STRUCTURES.....ccuuviieeiiiieeesinieeeasiieeeens 149
8.4 FUTURE EXPERIMENTS ....cciutttiieiiieteeaiteee e st e e e s e e e st e e e s nbeeeeanneeaennnnes 150
8.4.1 Erergy abSOrplion.........ccoooi oo 150
8.4.2 Multifunctional orb WeDS.........c.uviiiiii 151
8.4.3 Major versus minor ampullate SilKS............cooooeciiiiiiicii e, 152
8.4.4 BeYONd SIlKS.... . —— 153

8.5 GONCLUDING REMARKS. ...t i iuttieittaeeaaiiiteeeaeesssssstteeeeeessasssaneeeessssnsnnsseeens 154
APPENDIX A SUPPLEMENTARY INF@RMN........ccooeiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeee 155
Al (@ = = PP PUPR PP 155
A2 (@ = < TP PRPR PP 156
A3 CHAPTER ...ttt ettt e e e e st e e e e e s et a e e e e e e e nnnbbaeeeae s 157
A3.1 Supplementary figures and table...........ccccvviviiiiiiiiieii, 157
A.3.2 Supplementary diSCUSSION............uviiiieiiiiiiieie e 160

A4 CHAPTER ...ttt ettt ettt ettt ettt e ettt et a e e s bt e e e e st et e e e nnbe e e e anreeeeans 162
A5 CHAPTER ..ottt ettt e e s b e e e e nab et e e s nreeeeans 164
APPENDIX B CHAPTER 5 APPENDILX.....ccciiiiiiiiiiiiieieiee et 165
B.1 LIST OF TERMS.....tttieiiuiitie e ettt e e sttt e e sttt e e e et e e s enbbe e e e s nbb e e e s anbbe e e e snbeeeesnanes 165
B.2 IMETHODS ..ttt ettt ettt ettt ettt ettt e e e bbb e e e esb e e e e st b e e e e nnbeeaeannneeeeea 165
B.2.1 EXperimental SEUPD ...........uviiiie e 165
B.2.2 NUMETCAl ANAIYSIS......eeiiiiiiiiiiiii e 167
B.2.3 AlLErNAtiVE @NAIYSES........eeiiiiiiiiiie e 170

B.3 RE UL TS ettt ettt e e e e e et e e e e e e e e e e e e e e e nnrnreeeeeeaann 171
APPENDIX C REFERENCES..........uuiiiimee et 175



D. Phil Thesis in Zoology Beth Mortimer



Beth Mortimer D. Phil Thesis in Zoology

List of Tables and Figures

CHAPTER: INTRODUCTION

Table 1.Protein sequence and secondary structures for different spider.silks.......................... 4
Figure 1.1 Stressstrain curves of silks compared to other materials.............ccccccvvvevvvviieeeeennen.. 6
FIgUre 1.2The OFb WED.....ueeeeeeeeeee e e e e e e e 11
Table 2. Mechanical properties of dragline silks over different rates........ccccccevvvvviiieieniinnnnnn... 17

CHAPTER METHODS

Figure 2.1Photos of a spider and SilKWOIM.............oooiiiiiiiie e 23
Figure 2.2Experimental seup for silkworm forced reeling............ccccevveeeiiiiimieieeiiieeee e 24
Figure 2.3Sp00IS USEA IN TRESIS ...t 27
Figure 2.4SEM iMages Of SIKS.......ouiiiiiiii e 29
Figure 2.5Comparison of stresstrain spread of silks with different area allocatian................. 30
Figure 2.6 Area deviation from the mearnf B. MOTiSilKS...........uuuiiiiiiiiiiieiiiieiiieiieeeeeeeeeeeeeeee, 31
Figure 2.7Cardboard frame in teNSile tESLEL..........uuiiiiiiiiiiieeieeeeeeeee e 32

CHAPTEB: HUMIDITY SENSITIVITY OF NATURALLYBERUBY X MORBILK

Figure 3.1Silk under tensile load in ESEM...........ccooiiiiiii e 38
Figure 3.2Vapour PresSsure CUrVe fOr WALEK..........cuiioiiiiiiiieeee et e e e e e e ee e e e 40
Table 3.Treatment deSIN........cc.uuviiieiiiiiiieee e e e e e snnnnreeee e s snnneee e AL
Figure 3.3 Stressstrain responses d. morisilk under different humidity conditions................. 42
Figure 3.4 Stressstrain response before and after Vacuum.............cccuvvviveirnniiiiieeees s 44
Table 4. ReSUltS Of SIFESSIIAIN TESTS.......uiiiiiiiiiiiiiii e 45
Figure 3.5Break strain of silk fibres under different treatments.............cccceoviiiiiiiiiiiieeen 46
Figure 3.6Silk fibre in ESEM following purdpwn iN t€NSION...........uviviiiiiiiiiiiiee e 48

CHAPTER FORCED REELED SILKSEO®BY X MORI

Figure 4.1Silkworm claw and iNTErNal PreSS.........uuuuiiuiiiiiiiiiiieeiieeeeee e e e 56
Figure 4.2Photos of paralysed andchparalysed SilKWOrms..........ccccuvviiiiiiiieiieeieeeeeeeeeee e, 60
Figure 4.3Experimental setp for load reeling............cccoiiiiiiiiiee e 61
Figure 4.4Experimental setup for wet postdraw reeling...........cccoovevieiiieeniniiiiiieee e 62
Table 5.Reeling conditions for the postdrawn forced reeled Silks...........cccccociiiiiiiiiiiiiiiennen. 63
Table 6.Temperature treatment PAraMETEIS..........uuviiiiiiiiiiiiieee e 64
Figure4.5. Silkworm fOorce OVEr rEEIING........cuiiiiiiiiiiiiie e 67
Figure 4.6 SEM image of a flattened silkworm thread.............cccccooiiiiiinii e 68
Figure 4.7Reeling speed versus mechanical PropertieS.........coovvviriiieeiiiiiiiiieee e 70
Figure 4.8Forced reeled versus naturally spun silk: properties and structure........................ 71
Table 7.Shape andirea compariSON Of SIlKS..........cooiiiiiiiiiiiiii e 73
Figure 4.9Area diStrIDULION. .......coiiiiiiiiiii e e e e e e e e ane 74
Figure 4.10TGA Plot 0B. MOFISIIKS........uueeieiiiiiieiieii e 76
Figure 4.11Stressstrain plots of silks under different processing conditions.............cccccc..vee.. 78
Figure 4.12Effect of worm temperature on Stresgtrain PropertieS........ccccccceveeeeieeeieeeeeeeeeeee 80
Figure 4.13DMTA loss tangent plots f@&. moriderived SilKS..........ccccuvviiiiiiiiiiiiiiiieeeeeeeeeee 82
CHAPTER HIGHRATE BALLISTIC IMPACT OF SILKS

Figure 5.1Ballistic impact experimental SEID ............covii i 89
Figure 5.2Vary speed versus vary static [oad methads..............ccooooiiciiiiiiiiiiieeeeeeee 91
Figure 5.3Highspeed images of silk during impacL.........ccccccvviiiiiieieee e, 92
Table 8.Length of fibres used for different projectile speeds.............ccoocociiiiiiiiiiiiieiieeeeeee, 92



D. Phil Thesis in Zoology Beth Mortimer

Figure 5.4Highrate vary speed results f@. morisilks and Nylon..............ccccocviiiiiiiiiiieeeeenn! 95
Figure 5.5Highrate vary speed results for spider SilKS...........ccuvvviieiiiiiii e 96
Figure 5.6Highrate vary statiC l0ad reSUILS............ccuviiiiiiiiie e 97
Figure 5.7B. morisilk and nylon ends following iMpPact..........ccccooiiiiiieiiiiiiieeeeeen 99
Figure 5.8 Spider silk ends folloWiNg IMPACL...........oeiiiiiiiiiiiieee e 100
CHAPTER: ONIC PROPERTIES OF SILKS

Table 9.Details on Specimens iNVESHIgated............uuuiuirieiiiiiiiiiieiirecee e 106
Figure 6.1Experimenal setup for laser vibrometry............cccccccco oo, 108
Figure 6.2Example output from laser VIBrometer............evvvvveeiiiiiiniiiieee, 109
Figure 6.3Wavespeed as a function Of PREESS........uuiiiiiiiiiiiceiieecceee e 113
Figure 6.4Resonant peak shape data for longitudinal and transverse waves...................... 116
Figure 6.5Dispersion Of traNSVEISE WAVES............ccciieiiiiriiniiirir e e e e e e er e e e e e aaaaaaaaeaaeeas 118
Table 10.Summary of fINAINGS......ooooiiiii e e e e e e 120
Figure 6.6 Storage modulus versus longitudinal wavespeed for different materials............. 122

CHAPTER FUTURE OUTLOOKS

Figure 7.1Zygiella Motata WeD .........cuvviiiiiiiiiiii e 127
Figure 7.2Ilmages of capture spiral SilKS.............coo i 131
Figure 7.3Sonic properties of capture spiral SiKS..........ccccciiiiiiiiieiiiieee e, 132
Figure 7.4Mechanical responses of bundlesMdphilaspider SilkS............ccccccciiiiiiiiiiiiiiicne, 134
Figure 7.5Mechanical responses of bundlesdfgiellaspider Silks..............ccccceeiiiiiiiiiiiiiicnn, 134
Figure 7.6Loadextension curves aZygiellasilks..........cccccciviiiiiiiiiiiiiiieeeeeeeeee e, 135
Figure 7.7SEM images @YgIellasilKS. ...t 136
Figure 7.8Sonic properties aZYgiellasilKS........cccccciiiiiiiiiiiiiiieere e 138
CHAPTEB: GENERAL CONCLUSIONS

Table 11.SumMMAry Of TRESIS......ccoiiiiiiiii et e e e e 142
Figure 81. Web sections from different SPIdersS..........cc.uvviiiiiiiiiiiiieee e 151

APPENDIA: SUPPLEMENTARY INFORMATION

Table 12 Density and crossectional area for different materials.....................ccooeeeiieiiicinne, 155
Figure A.1Example stresstrain curves of different materials...............ccooeeeiiiiiiiiiiiiiieeneeeee, 156
Figure A.2Cocoon disks in the DM over varying humidity.........ccccccccvviiiiiinn, 156
Figure A.3The effect of reeling speed on initial modulus of forced redednorisilks................ 157
Figure A.4Reeling speed vs. mechanical properties where samples around break are excllisied
Figure A.5DMTAloss tangent plots for differerB. MoriSilKS............cccovvvveieiiiiiiiieiee e, 159
Figure A.6Effect of annealing on mechanical reSPONSE...........coocviiiiiiiriiiiiiiieee e 159
Table 13Further details on forced reeled silks reeled at different speeds............cccveeeeennnns 160
Figure A.7Vibrometry data stresstrain CEOrdiNates.............ccocveeiiiiiiiiiiiie e 162
Figure A.8Resonant peak shape versus {3teess (non averaged)..........evveevvvneieieeeeeeiiiivieeenn. 163
Figure A.9Loadextension curves for capture spiral SilK..........cccoooiiiiiiiiiiiii e, 164

APPENDIB: CHAPTER 5 APPENDIX

Figure B.1Example Streak iMage ... . ... e e 167
Figure B.2Physical situation during ballistic Impact................eeeiii, 168
Figure B.3Comparison of higihate analysis methods..............ccccuvviiiiiiiiiieeee 172

Xii



D. Phil Thesis in Zoology Beth Mortimer Chapter 1

Chapter 1 Introduction

1.1 Synopsis

Biological structures made by organisms for use outside the bodyocdn G SN¥Y SR WSEG S
LIK Sy 2 & 8idéravebs and silkworm cocoons are excellent examagesilks have evolved

for use outside the body througihe process otontrolled protein denaturation. Several aspects

of silk have been shaped leyolution: the silk primary protein sequence, processing ia dry

fibre, and behaviour duringonstructioﬁ"‘. However, evolution acts on therationality of the

end producthow the structure increases th¢'iRA @A Rdz f Qa FA Gy Saaod

The functionality of a structure stems from its propertiesn the case of silks, its material
characteristics including mechanical, thermal and sonic (sound propagation) properties.
Understanding thecharacteristic®df the whole silk structure is complex due to the combinations

of multiple types of silks that behave and interact Horearly.

My approach as presented in this Thesis,to study the properties of individual silk fibres to
help understand whole biolacal structures. Tére is a wealth of variability giroperties in dry

silk fibres;variability that stems from environmental, processing and physical factors. Linking
these properties to their structural basis and biological function is useful not onrnwering
biological questions about the evolution of silk, but enables us béttenderstand and harness

the diversity of silk for engineering applications.

This introduction starts with a brief discussion on the defining features of silk. An ovestiiew
the amazing diversity of silk types is then laid out: between taxa and even within an individual,
in the case of orb weaving spiders. This Thesis concentrates on only three of these silks
orbweavermajor and minorampullate silks and the silk of trdomesticated silkwornBombyx

mori, which are then introduced along with their natural silk structure context. One particular

1
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factor affecting silk variability is then discusse&d rate-dependence, where mechanical
properties change due to the speed @d¢formation. The introduction finishes with an overview

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

1.2 What is silk?

Silks are defined as hierarchigastructuredbiopolymersthat are spurng they are proteins that

are defined by their pro@sing from a gelike dope to a dry fibre Importantly, ks are not
grown, unlike other biopolymer proteins suels collagen and keratin, and are used exclusively
outside the body. Silk proteins are stored agehlike dopes in silk glands, where the primary
protein chains are around 250 kDa I6n@hen silk is pulled, the dope flows through a tapering
duct” . Water is removed during this process, which is controlled by pH changes along the
duct. Water removal enables hydrogen bonds to form between araitiide groups, rather

than amidewater hydrogen bonds °. The loss of water, a kind of controlled protein
denaturation, as well as the shear stresses ia thuct cause protein secondary and tertiary

structures to form, such as ordered beta she&té

Due to their impressive mechanical properties ($égurel.1), there have been a number of
attempts to produce silk syntheticgllto obtain large yields ofilk protein. For example, silk
genes have been expressed in organisms sudbsakerichia colind even goats, whexpress
0KS WaAft 18" These prdtedid axd ndt Sdur] in a duct, so according to the definition
are not silks and do not contain similar protein sturets or mechanical properti€s There is
therefore a need to be able not ontp make thesilk dope protein in large quantities, but to
mimic the duct and spinning process as well. This is not soceth®re appears to be order in
the packing of silk proteins within the gland that predispose the silk to form the fibre in the
duct'®. Furthermore, terminal domains at the end thiese silk proteins may enable controlled

assembly of the proteins during spinnifi§f. These small details of the structure acllemical
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makeup of the natural silk dope and spinning apparatus are needed to successfully artificially

produce silks" *°

Silks have evolved many times independently within the Arthropods, incladiteast23 times

within the insects, once within thepders and at least once within the crustace®@ié Whereas
insects will produce one type of silk at one particular life stage, spiders produce multiple types
of silk throughout their life. These silks have independently evolved similar protein sequences
and processing conditions, but they differ in the origin of the-stitiking gland(s) ** #* These
convergences reveal remarkable constraints on the protein composition and processing of silk,
indicating that there are a limited number of ways to make a silk fibras ABownbelow, this
creates a paradox with the astonishing diversgen in silks in terms of functional uses and
material properties. Due to the nelinear viscoelasticity of silk and its dependence on hydrogen
bonding, a limited number of sequences and possible protein structures can lead to many

different mataials.

1.3 Silk fibre diversity

1.3.1 Spider silks

All 40 000known species of spider produce silk from spinnerets located on their abdérfien
Basal spiders, the Mesothelae and Mygalomorphaentain a small proportion of spider
diversity, whereas the more derived Araneomorphae contain 38 000 speaies differ in their

silk production and useBasal spiders produce silks from three glands that are used
indiscriminately to make egg cocoons, line burrows and make webs whose support is substrate

dependent, such as funnelebs*?,

The low diversity of basal spiders and their-ggle can be explained by the relatively poor
mechanical properties of their silkks compared to the more derived Araneomorphae: basal silks

are ten times less strong, withnaassociated reduction in toughness (eneafsorption

3
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ground-dwelling habitats. Despite the comparatively poor strength, basal spider silks are used
for their sensory propertieso propagate vibration§®, rather than asmechanical or adhesive
CKSNBEF2NB> GKS LINP LISNIIASa 27

Ayl NBao a2yA0

early on in spider evolution.

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

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

basal silks contain some unique repetitive sequences in their silk genes involving amino acids
such as serine and threonitfé. However, all spider silk genes share repeats of alanine (polyA),

suggesting that these sequences have been maintained over 240 milliorf'years

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

Silk type Repetitive sequence | Suggested secondary Reference(s)
structure

Basal spider fibroins A, S, GX and\Q, Varied/unknown 3132

Nonorbweaver MaSp | A,, GA, GV, G$ Orientated beta shee{ 3%

Major Ampullate: MaSp] A,, GA, GGX Orientatd beta sheet| 33

Major Ampullate: MaSpZ GPGX Beta spiral ®

Minor ampullate: MiSp1
and 2

GGX, GAr+ serine rich
spacers

Orientated beta shee

36

Flagelliform

GPGGX (GGX and
spacer)

Beta spiral, no
preferential
orientation

37

Cylindriform/Tubuliform:
TuSpl

Long repetitive
sequence

Orientated beta shee

38-39

Aciniform: AcSpl

Long repetitive
sequence

Less orientated beta

sheet, alpha helix

3940

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

million yeas ag8®*" ** This group contains waering spiders with an active hunting predatory

AAE
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niche, such as jumping and wolf spiders, anésitwait web spinners, such as the orb web and
cobweb spinners. Across the Araneomorphae, ampullate silks show consistent high toughness
and high strength, wi variability controlled by external processing conditifnsMajor
ampullate, or dragline sillkhas similar gene sequences across the Araneomorphae, including
glycinealanine (GA) and polyA repeats (Tablg" £} The orb web spinning families Araneidae
and Nephilidae in the Araneomorphae make the major and minor ampullate silks (genes named
MaSp and MiSp respectively) that are studied in this Thesis. However, they make many more

silks thanyst ampullate silks, which are outlined in the next section.

1.3.1.1 Orbweaver silks

Orbweavers produce up to seven different types of silk, with different protein primary
sequences (Table 1). Spiders use gigpecific expression of these silks, and thefdies leave
the body through different spigots on the spinner&tsThe seven different types of silks made

by orbweavers show an impressive range of mechanical performiger¢1.1)** .

Aciniform silks (gen@cSp) form the wrappingilk forprey, as well as the inner part of the egg
saé’. These silks are very thin and are relativelylenstudied due to the diféulty in forcel
reeling the silks under controlled conditidAisHowever, they show impressive toughness, often
quoted as having the best toughness out of all spider ilk3apture spiral silk is formed of a
core flagelliform silk, witha coating of hygroscopic aggregate silk flu€apture spiral silks
show impressive extensibility and poor strength, with contradictory evidence on their relative
toughness (resulting from difficulties in consistent testing conditions and s@dt&nal area
measurements, see Chapter'7}*®. The role of flagelliform and aggregate silks in the orb web
is further discussed in SectidM.1.1 Cylindriform, or tubuliform silk (gene TuSp) is used in the
outer coating of egg sacs. It has been relatively understudied and shows intermediate

mechanical performané@ Piriform silks form adhesive disks to enable the spider to stick its

AAtl1a G2 GKS adzoaid NI FSLasty majpKadd ndiroaRSuNeIe dough y S A N2
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silks are used in the orb web and contain proteins that are expressed from two §efi&s

Thesesilks are further discussed ie@ion1.4.1

3.6]g ’ Kevlar
167 ¢~

1.4} Major Ampullate Silk
o) 1.2 +Aciniform Silk
o
S 1o Minor Ampullate Silk
Inor Ampuliate ol
@ o8 Polypropylene
]
Glass
+= 0.6
» /
0.4 , )
Silkworm Silk . Cylindriform Silk  Flagelliform Silk
0-21 Wool Dry Wet
0 - TAAAAS - :
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Figurel.l. Stressstrain curves comparing silkworm silk (blue) to spider silks: major ampulla
(orange), aciniform silk (purple), minor ampullate silk (red), cylindriform silk (yellow) and wi
and dry flagelliform silk (green, where the latter contains an aggregjiteoating). Reference
curves for synthetic and other biopolymers are also given. Data taken*ffSm*>2

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

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

less tough cylindriform silks show less oriented beta sheet and alpha helix structures, whereas
flagelliform silks have no preferential oriextion and are thought to contain beta spiral

structures Table1)®® > These structures, in turn, are explained by amino acid composition

and sequence, whera higher glycine and alanine content leat more ordered structures,

whereas the presence of proline leads to matisorderedstructures dueto its nortlinear

0 Wl A Y1l SR dGhat perds]clve ya8kiny Major ampullate silk combines both types of

structures at the nanometer scale, whichd (K2dzZ3K&G G2 €SFR (G2 RNJ 3If A

toughness®.

The spider silk gene sequences give imi@tion on the evolution of orbweaver spider silks.
Ampullate and flagelliform silks have very repetitive sequences, which are conserved across the
orbweavers, suggesting that selection has maintained these sequences over 150 millidh years
.57 The cylindriform silk gene also has a single origin in the orbweavers, and oftetrifyim

glands will also express major ampullate silk prot&irByexamining the terminal sequences of

6
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these genes, the relatedness between the different silk genes can be determined: aciniform
genes are most closely related to ampullate genes, suggesting that they are a very divergent

YSYOSNI 2F GKS le¥radz ¢ 1 6S aAat |1 WTFlF YA

As well as shaping the silk composition, natural selection has also acted on other traits within
the spider, which have coevas with the silk sequences. The silk gland and duct shapes are
particularly important for the processing of the silk dopes into the dry protein fibre, as well as
their associated biochemistfy® **°. Spider silluse has also coelved with the prey insect
species, resulting in an arms race and leading to varied behaviours to construct effective web

architectures oubf the silksfor catching pref:.

1.3.2 Insect silks

The ability to spin silk in the insects has evolaedtbast23 times independently, with evidence
from different glandular origins of silk expressidft. Unlike spiders, insects will typically make
only one type of silk at one particullifie stage Across the insects, functional uses for insect silks
match those of spides, from prey capture (glow worm sifls to reproductive uses
(bristletail$?), egg protection (book 1i€8, lining burrows (webspinn&), structural functions

(wasp$?), lifelines (midge®) and protection from predators (thrip3.

Compared to spiders, there is relatively litlesearchquantifying the diversity of insect silk
mechanical properti€s ®*"* (with the exception of lepidopteran cocoon silks, which are
discussed beloy This has been attributed to the difficulty in obtaining sufficiently large
specimers for mechanical testing, althougbdimensions and sufficiently sensitive testing
equipment may be another fact6t There has, however, been a focus on the diversity of the
structures of insect silks and four main types of secondary structures have been identified,
includirg: alpha helix, beta strand, ®elix and 3 helix*. Whereas the alpha helices lead to

coiledcoil structures, which show extensible properties with low strength (up to 200 % strain
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and 200 MP4}™, beta strands lead to beta sheet structures, with strong and tough properties,
like lepidopteran silks (see silkworm silkFigure1.1)°. Therefore, there are not only analogous
functional uses of silk between insects and spiders, but also analogous protein structures and

mechanical properties.

Lepidopteran silks are used to make protective cocoons during pupalnmogpdosisand are
studied in this ThesiButterfly and moth cocoons show diversity in the material properties of
silk fibres, binding between fibres and layers, porosity of layers and chemical compd4ttion
These properties in turn affect cocoon morphology and physical properties, including impact
behaviouf®”>. Some chemicals act as deterrents to potential predators, for example calcium
oxalate is a toxic chemical present on several cocoons, and is deposited when the caterpillar
urinates during cocoon constructiéh’® Studies on the chemical composition of cocoons reveal

a fascinating diversitg where differences are so common thatepidopteran phylogeny can be
reconstructed based on the chemical fingerprint of their $ilké\s well as silk and other
introduced chemicals, cocoons will often use surrounding vegetation such as leaves or twigs to
help camouflage their cocoon, and mayea incorporate predatedeterrent spines from their

caterpillar body?.

1.3.3 Harnessing silk diversity

Silks are incredibly diverse in properties and functional uses, and it is likelyh#ratis more
diversitythat is yet to be discovered. This diversity is an incredible resource from which novel
biopolymerscan be developet. Nature has developed these materials through over 300 million
years of research and development, providing bioinspiration for the next generation of
materials®. The biological approach is critical to understanding the links between structure,
property and function, as shaped by natural selection given evolutionary constraintse Hen
harness the diversity of silk for bioinspired devices or materials, researchers must understand

silk as a biological material, which is the approach taken in this Thesis.

8
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1.4 Silks and their natural structures

This Thesis studies major and minor ampellailks from three species of orbweaver spider:
Nephila Araneusand Zygiella as well as some capture spiral silks frdephila These silks are
compared toBombyx mortocoon silk for a comparison across independently evolved silks, and
are further comp@red to synthetic materials. Further details on ampullate and naturally §un
mori silks are given below in the context of the natural structures in which they are used, with a

focus on the more heavily researched spider silks.

1.4.1 Orbweaver ampullate silks and the orb web

Out of all the spider silks made by the natural world, the material that has received the most
research interest is orbweaver major ampullate, or dragliné®sftk This is undoubtedly due to

its impressive mechanical performance, particularly its tmags. This is illustrated Figure

1.1, where spider dragline silk combines high strength and extensibility, resulting in high energy
absorption tobreak (area under the curve)’. The superior mechanical properties of dragline

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

the energy of a falling spider, or prey kinetic energy in the éf®’. The toughesknown
ALIARSNI RN 3t AyS aAraft| o0Sft2y3a iviaich makétheNady&st 2 Nb ¢ S |
webs recordeff. These mechanical properties make spidiagline silk a gold standard for

bioinspired material design, which opgap a range of potential applicatiotis”

An important and often overlooked contributor to these tougtoperties is simply thesmall
diameters of these silks (typically3lum in diameter)wherea small size allows for higher fibre
strengtHf®. This has negative implications for the attempta@ate dragline silkike properties
from genetic engineering of silkworms to include spider silk genessiles produced via
silkworm spinning ducts are largé¥0¢ 20 pm)> 3 Major ampullate silk ducts have evolved to

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

reducing visibility to aerial pré&y?®.

Despite their credentials, spider dragline silk is inherently variable when compared tonaw
polymers. The variation in dragline silks from an individual spider can be explained partially by
differences in spider behaviour that alter specific processing conditions on the silks, such as
spinning speed or silk stretchitfg®*®®. This variability is useful to the spider, as processing
conditions can rapidly alter silk fibre propesi, making them suitable for a wide range of

condition$®.

Environmental conditions have an effect on mechanical property variability, particularly
important for dragline silks, which contract in response to water, in a process known as
supercontraction. Dragline silks are mageof two proteins: MaSp1 and MaSp2t is the latter

that causes supercontraction due to the high proportion of proline in its protein seqd®nce
Different species contain different proportions of proline, which directly alters the extent to
which their dragline silks can supercontrdcimportantly, the silks can be stretched following
supercontraction to alter mechanical properties predictably, allowing spiders to tailor their
dragline silk mechanical properti@sThe link between supercontraction and protein structure
has been quaritiably modelled to explain the range of mechanical profiles possible for a given

proline content™.

Minor ampullate silk shows impressive toughness, but without the ability to supercofitract
These silks d&ve been relatively understudiéd®, and there are unanswered guestions on the
evolutionary pressures leading to two ampullate silks. Interestingly, the glands of major and
minor ampullate silks are remarkably sianiin shape, where the minor ampullate is smaller
(hence the naméf. Evidence suggests that both ampullate silks evolved at similar times with

the emergence of the Araneomorph@e

10
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Combined, processing and environmental conditions alter fibre hydration, hydrogen bonding
and proportion of order within the fibre structure. These parameters can be quantified to model
the range of mechanical properties of notlgrdragline silk, but the whole range of other spider

and insect silks

1.4.1.1 Orb webs

An orb web is a twalimensional composite silk structure made of four different types of silks

(Figurel.2)®,

——— Radial thread

\Capture spiral

—Frame

/ Mooring thread

Figurel.2. A schematic drawing of the structure of an orb web. The spider sits in the hub of
web, which is formed of converging radial threads, made fromomapnpullate silks (orange)
that propagate vibrations to the spider froprey (purple arrow). Bcircling capture spiral
threads aremade from flagelliform and aggregate silk (green). There is often a free zone ar
the hub where no capture spiral is laid to allow the spider to move to the opposite side of tl
web. The web ifixed to the environment using frame and mooring threads, attached via
piriform silk disks. Minor ampullate silks sometimes form an additionalsticky spiral.

There is evidence of a single origin of the orb welthase are ampullate and flagellifor silk
gene analogues in both the basal cribellat® weavingspiders, as well as the more recent and
diverse ecribellate orbweavefs®. Spider behaviour is vital fousing these silk types
appropriately to engineer functional structuresn fact, orb webs are multifunctional structures

as they are used both as prey capture devices and as platforms to transmit vibtations

11
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1.4.1.1.1 Orb webs for prey capture

l & -aH@AIOA 0 Q LINBRIG2NBRZ Fff 2NDboSIFOISNER NEge 2y (KS
prey. The spider requires a certain level of prey mass, rather than number of prey, to sustain

itself, leading to selection for webs that are able to catch large, but rare®pr@hisis

experimentaly supportedacross orbweavers, where large prey make up 17 % of catches, but 85

22 2F LINB® WoA2Yl aaQ

Prey interception is related to choiad web locationand aspects of web architectuf8 Cross
species trends have shown tha generalthe bigger the web, the larger the prey that they can
catch, andgenerallythese webs are made by larger and older spitféf€® Spiders adjust the
mesh size and prey area of their webs to allow interception of prey of the appropriat&®size
Also, under space constrag) web geometry will be adjusted to allow sufficient web capture

area for prey interceptiof?®.

Large webs are also prone to intercepting flying animals that are rarely considered edible prey
by spiders, such as birds or bdfsWeb decorations, ostabilimenta, may provide a signal to
warn these large prey that the web is thegeseen in some species includiAggiopesp”’. It is
hypothesised that these stabilimenta are not seen in all species as they are costly to produce,
and in some cases lead to reduced success of prey caPtutds also argued that stabilimenta

function for prey attraction, which is not supported in all cdSes

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

art1Qa @Araldoz2StlradcAaoarde G2 FEkparidnantalstiudes Sy SNA & =

(V)

i K
suggest that radial threads absorb most of therergy during higlenergy prey impact (fast

a LIS SR 2 N 8%8rossidrb@agets (the proportion of energy damped by radial threads
internally is conserved', meaning that only silk volume (diameter and use) affects total internal
energy absorption. This is supported by the ability of large webs to absorb more energy than

smallerones®.
12
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One unresolved factor is the relative importance of air drag on orb web energy dissipation,
argued to be very important, or not involved. Two factors may contribute tdhis
disagreement. Fstly the experimers differ in the amount of energy being applied to the webs,
the former being small and the latter often breaking through the webs. When small energies are
applied, internal damping is less likely to have an effesilks do not yield, which may increase
the importance of air drag. Secondly, the diameter of the silks interacts with the speed of impact
to determine the air drag factog these studies make different assumptions about the relative
role of inertial andviscous forces on the silks, which have direct effects on their quantified effect
of drag. Further studies are needed in this area to determine the role of air drag on silks of

different diameters moving at different speeds.

The flagelliform/aggregate capte spiral has been shown to have little effect on energy
absorption, but increases web area, leading to higher air ®drd§} In fact, under high wind
conditions, spiders will lay down less capture spiral to avoid high ait'drdgye capture spirals

are believed to function primarily for prey retention, illustrated by expentally increasing
mesh size, which decreases prey retention tifidn addition, as the capture spiral ieetrically
conductive, it can attract and retain pollen, a potentially vital energy source for small or young

spiders, who are less likelly catch flying preysuccessfully}”.

Humidity is vital for the function of the welllhe aqueous aggregate glue in the capture spiral
provides extensibility by both plasticizing tfiagelliformsilk and creating droplets with surface
tensior®. Drying the water coating results in stiffer and less extensible mechanical properties, as
well as redued stickines&’. The aqueous coating allows the silk to remove water from the
atmospheré™, as it is in equilibrium with the air humidity, and when eatéme capture spiral
makes up a significant proportion of the daily water intake for the sptdénet webs have also

been suggested to have better prey catching ability compared to dry webs, but with variability

13
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between species’. This is possibly explained by the interaction between capture spiral function,

supercontraction ability of the major ampullate siéind web geometry.

1.4.1.1.2 Orb webs as multifunctional structures

The orbweb is an ideal model for lighteight composite functional structures. Whereas high

energy absorption and the use of webs for aerial prey capture is a relatively recent spider
innovation*® spidersilk has been used for its vibrational signalling function since the basal
ALARSNES F2NJ SEFYLX S |a wiRNiihedoroNBL Gbrafibh RA | G A y 3
signallingplaysa vital role following prey retention, as a rapid signal to the spider that prey has

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

from the capture area to the spider in the web centre, or hilg(rel.2). Spiders will orientate

towards the vibrating radii within millisecontis'*®

The vibrational properties of spider silks have been measured usingcomact laser
vibrometry, allowing the signalling functions of webs to be expldréd. Silk fibres in the radii
can transmit longitudinal, transverse and lateral vibrations, where the former has the lowest
attenuation over distancegxplained by the damping action of the silk junctions on transverse
and lateral wave$’. This also correlates with behavioural data, showing that spiders
preferentially respond to longitudinal waves when their webs are vibratedowever, the
vibrational properties of webs are complex, making the role of the individual silk typ#seon

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

1.4.2 Bombyx mori silk and the cocoon

Silks are made by all lepidopteran speciegdrm cocoons to protect the gaa from predators,
parasitoids and the environment duringetamorphosis into an addft “*’>. Bombyx moris a
common model organism for scientific research and its silk has been used for over 500@ years i

the textile industry. These moths have been through extensive artificial selection, primarily

14



D. Phil Thesis in Zoology Beth Mortimer Chapter 1

selecting for white cocoons that can be easily unravéffed@his domestication complicates the
relationship between natural selection and cocoon function (and silk properties), but
comparison to other types of wild cocoons supiptirat the strength ofBombyxsilk is not a

particular outlier in the Lepidoptefa’ %

The caterpillar oBombyx motiknown as a silkworm, uses silk to form a protective-naven

composite cocoon around itself before metamorphd%isThe unwound fibres of these cocoons
O2yarail 2F Go2 O2NB FAONBA OWONARYyaQu 2F FAONI
forming a composite fibré. Using minimal specimen preparation, cocoon silk fibres can be
unravelled from cocoons by softening thenitwwater'?2. The fibres can be further processed

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

fibre mechanical propertié®’.

The silks are produced from two labial silk glands, making up around 20 % of the dry caterpillar
body mass prior to spinning. The silks are pulled from trelkworm spinnerets by a figuref-

eight head movement from the silkworfi. The rheology of these silks in comparison to spider
silks and even synthetic polymer processing has been shown to be remarkably'Sifjlahe

time the ducts from the silk glands converge, a dry fibre is formed and sericin is added as a
coating®®. The behavioural influence of the silkworm on silk processing following this point is

further outlined in Chapter 4.

Silkworms use theirdure-of-eight movement to construct a cocoon of several laj@érsSericin

forms the bonds between the fibres and layers to form the composite struttlirehese bonds

can be modelled to explain and quantitatively predict the mechanical response of the cocoons
and other composite’$’. Furthermore, the layered structure and relatively weak sericin binder
increases the toughness and damage limitation of cocoons, as layers can delaminate from each

other during compressidi If cocoon layers areeparated experimentally, the inner layers
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show stronger mechanical properties than the outer layers, contributing to the protective

function of the cocoott”.

Cocoons also act as barseto the environment for the pupa, which influences their structure
and properties. The interaction between tHgombyx moricocoon and humidity is further

outlined in the introduction of Chapter 3.

1.5 Silk rate -dependence

One particular focus of this Thesis the variation in properties caused by the stradte
(Chapter 5), which is relevant for both the spider and silkworm sililes have functional uses

by silkworms or spiders for a range of mechanical events, from impact protection to supporting
the weight of a fallen spider. These events have different time componestsme apply stress

or strain very quickly, whereas others apply the stress or strain sestaimer a long period of
time. To date, st studies quantifyig silk mechanical properties Y% beenat low strainrates

(e.g. 0.00258in Chapter 3), which have advantages of obtaining high resolution data. However,
the response of silks to faster events, such as impact, is vitally important for understanding their
natural function. Athigh speds of impact, stress and strain are often dissipated using
propagating sound waves; hence studying s#dke-dependence can be a complementary

method for studying the sonic properties of silk.

Most polymers exhibit increasing stiffness and yield strengith increasing straimate, with
higher strength accompanied by lower extensibiliEpis is due to the strairate dependence of
the viscous flow of polymer chains relative to each other after yieldss time for this flow
results in an apparent incase in stiffness’. In order to test these predictions experimentally, a
range of diferent techniques are used to access straates from 10 s to highrates of 10 s*

131 The ligh-rate techniques are particularly difficult for silks given their thin diameters and low
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axial stiffnes§?. Results of stresstrain properties for spider dragline silks gathered using

different methods employing different strairates are given iffable2.

aSiK2Ra (2 LiN®meSharical propriies dre2thie most common and are typically
used to generate the stresstrain curves seen ifrigure 1.1. At these rates, fibres can be
mechanically pulled apart using a tensile tester. One of the first studies cflestendence of
dragline silk used this technique across the straite rangeof 0.0005 to 0.0245%". Spider silk

stiffness andstrength almost doubled over this ranggaple2).

To access higher strarates, objects may be dropped onto the silk, normal to the fibrés.

When dropping objects at the speed of 1 nif,sstrainrates of up to 30 § can be accessed
resultng in an increase in stiffnesstrength, and toughness of dragline $ilkHowever, as
stresses up to 4 GPa are reached, the validity of this method is called into question, due to the

theoretical limit of strengthI A Sy &Af 1 Q& LINRGSAY &0 NHzOG dzNB

Table2. Mechanical propertiesf spider dragline silk over different rates.

Technique| Strain | Maximum | Maximum | Initial Energy | Reference
rate stress strain (%) | modulus | absorbed
(sh (GPa) (GPa) | (MJnid)

Tensile 0.0005 | 0.65 24 9.8 91 o7

tester

Tensile 0.001 |0.83 12 12.1 63 133

tester

Tensile 0.002 |0.72 24 8.9 106 o7

tester

Tensile 0.024 |1.12 27 20.5 158 o7

tester

Object 2050 | 2-4 20-50 2540 500-1000 | */

dropping

Miniature | 1700 | 1.43 19 34.4 193 133

Kolsky bar

Ballistic | 3000 | - 10 20 - 134

impact

17
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More recently, an experimental approach has been developed to access highratesaround
1700 $" using aminiaturized Kolsky bar apparafid$ Using this technique pgcimers are pulled
apart athighrates using an air pressutkiven mechanism. At these speeds, measuring load and
extension of a thin gecimenof spider silk bcomes particularly problematigs the mechanisms
for high-speed loading also create mechanical noise. In this papkasear isused to measure
displacement and thepgcimenis mounted in contact with a sensitive load celhich replaces

the transmission bar commonly found in Kolsky bar appat&tughe results also indicate an
increase in stiffness and strength, although not to the levels seen in the ediegping
experiments(Table2). Minor ampullate silk was also tested using this technique, and showed

similar trends in mechanical properties over increasing straie.

Even higher straimates can be accessed using ballistic impact, to over 30603 This
technique involves higbpeed imaging of the sonic transverse stress wave produced from

transverse impact of a projectile fired from a gas gun, and is outlin€thapter 5.

Studying the higiiate mechanical properties of silk is relevant for understanding the natural
performance scope of these materials, both in the web or in cocoons. Furthernasre,
propagating stress waves can be imaged at &k following impactthe sonic wavespeeds of
fibres canbe measured This isuseful for understandingspider dragline silks, as their sonic

properties are vital foweb function asthey transmitvibrational sensory informatidf®*2°.

1.6 Research scope

This Thesis aims to contribute to the understanding of variation in the mechanical (Chdpter 3
7) and sonic propdies of single fibres of silks (Chapters/)s This variation stems from
environmental factors (Chapter 3), applied processing conditions (Chapter 4), rate of
deformation (Chager 5) andeven the tension and number of silk fibres (Chapter 6 and 7).

Throughstudying single fibres, an understanding can be built up of the properties of complex
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composite structures in terms of their constituent parts. Furthermore, | hope to shed more light
on the evolution of silk, and how its properties can be harnessed fiialde engineering

applications.

1.6.1 Chapter introductions

1.6.1.1 Chapter 2 Methods

Using a combination of physical scie@ctchniques, including tensile testing, scanning electron
microscopy, laser vibrometry and ballistic impact, the mechanical, morphologicakamd
properties of silks were measured. This chapter outlines the various techniggezsin the
research presented, as well as the silk harvesting methods, including forced reeling of spiders

and silkworms.

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

Dry silk fibres are inherently sensitive to changes in humidity, which affects their mechanical
properties. This chapter investigates the humidity sensitivityd omoricocoon silk and applies
the silk as a humidity sensor inside thevEEonmental Scanning Eleotr Microscope, to help

inform bestpractices folin situfibre deformation, with the potential for higlhoom imaging.

1.6.1.3 Chapter 4 Forced reeled silk s of Bombyx mori

The forced reeling of silkworms is a relatively new endeavbut was required in order to
generate samples fothe varied experiments This chapter explores the potential of silkworm
forced reeling to prepare consistent silks with desired properties for engineering applications. In
particular, methods taestrain he worms to allow sustainetkeling and the effect of applied
processing conditions are investigated, such as reeling speed and stretch. Importantly, these
silks are also compared to naturally spun cocoon silks in terms of morphology, mechanical

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

As outlined in this introduction, silks are ratependent, with implications for their mechanical
properties during impact. This chapter proposes higte ballistic impact as a method for
quartifying the change in mechanical properties strainrates approaching 5000*s The

method images and quudifies the stressvaves that propagate during impact, which are further

investigated in Chapter 6.

1.6.1.5 Chapter 6 Sonic properties of silks

Spider silkare used in the orb web as both mechanical and vibration signalling materials. This
chapter explores the structural basis of the sonic properties of silks, by quantifying the sonic
wavespeeds using ballistic impact and laser vibrometry, and comparing@dodtical equations.
The consistency of these properties is explored, as well as the potential-afadetween

mechanical and vibrational functions.

1.6.1.6 Chapter 7 Future outlooks

The combinations of techniques given in this Thesis are then further appliedne difficult
and unanswered questions on spider silks, relevant for whole web function. In particular,
capture spiral silks are explored, as well as the properties of the signalling thread of the sector

web spiderZygiella

1.6.1.7 Chapter 8 General conclusions

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

structure and natural function.
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Chapter 2 Methods

2.1 Introduction

In order to study the mechanical asdnicproperties of single fibres of silks, a range of standard

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

from the naturally spun structures andNiE OG F2 NOSR NBStAy3a FTNRBY (KS
gave a wide range of materials, natural and seatural, which were variable in structure,
properties and morphology. These silks were also compared to synthetic viscoelastic polymers

and metals to dbw interpretation of silk properties in the wider context of marade

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

of silks.

A particular challenge for studying these materials is employing suitablé sensitive
techniques to cope with the thin fibre diameters, which can be less than 1 um in diameter
(Zygiellaminor ampullate 0.89 um) and up to 30 um (silkworm cocoon silk). High resolution and
low force load cells were used for mechanical testing fibck dimensions were accurately

measured using a scanning electron microscope (SEM).

Furthermore, the silks are sensitive to humidity. For all silks, to a greater or lesser extent, water
acts as a plasticizer, influencing hydrogen bonding structuretbyaicting with fibre tensiof®™.
Formajor ampullate silk, water causesupercontaction, which results in a significant reduction

in modulug” * ** For these reasons, the humidity and tension history of thes dias to be

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

In the case of silkworms, this Thesis presents techniques that are a major step forward in the
controlled collection of silk; allowing hundreds of meterso® harvested from one worm using

forced reeling®’. Additionally, novel methods to accurately measure the irregular esestional
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area of silkworm silks are also presented. These techniques are vital for realistic calculations of

the stresslinked mechanical propertyarameters, enabling fair comparison to other materials.

This chapter gives an overview of the methods common to all or many of the chapters in this
Thesis. For chaptaspecific methods, including the majority of the novel and specialised
techniques devioped for material property testingplease refer to the methods section of the

chapter concerned.

2.2  Silkworm silks

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

2.2.7) and directly from silkworm spinnerets through forced reeling g&@2and2.2.3.

2.2.1 Cocoons

Naturally spun cocoon silk specimens were taken from a sBgiebyx morcocoon. Over 800
metres were gathered from one cocoon, which wa®egh for all the experimentddr area
variation see Chapter 4,Table7). Variability between different cocoons has been shown to be
low when reelingand storage conditions are consistent, so the results from this single cocoon
are assumed to be representati¥& The cocoos were sourced from China and were expected
to be around seven years old at the time of unravelling. The unravelling technique is similar to
that of the silk industry’®. The cocoon was softened Tiype Ilwater andthen unwoundwhilst

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

relative humidity).

Cocoon specimens run in the dynamic mechanical theamalysis (DMTA) in Chapter 4 were
taken from a different cocoon, prepared in a similar way by Juan Guan, sourcediiogsu

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

Final instaBBombyx morsilkworms were rared on a mulberry diet iPavona, Italyln the lab
worms were stored in an incubator at 9 °C for up to two weeks (after which spinning was
unlikely due to silk gland coagulation (C. Holland pers. commuho))encourage spinning,
worms were taken fromlte incubator and stored in lab conditions (c. 20 40 % RH) in falcon
tubes. After the worms had been out of the incubator for one hour, some of them were selected
for reeling. Worms were selected if they had started the construction of their cocoowde®

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

pictures were taken against a background of graph paperKgpee2.1a).

Figure 2.1. Example pictures ofa) Bombyx morisilkworm and b) Nephila edulis spider
(anaesthetized). One large orange square is 10 mm.

2.2.3 Forced reeling of silkworms

To permit forced reeling, the silkworms were immobilised after they started spinning. Native
worms were restrained either by hand around the head or suspended from a pole using tape
around their body (seé&igure2.2). Similar worm head movement was still possible with both

methods. Other worms were immobilized using paralysis, details can be found in Chapter 4.
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Figure 2.2 Experimental setup for silkworm forced reelinga) post holding silkwornb) tape
restraining worm, with one between the true legs and prolegs, and another on the prc
Reeling device viewed from the side withspoold) reeling motorand e) horizontal translation

Motor. Reprinted with permission fronMortimer, B.,et al. Biomacromoleculed4 (10): 3658659. Copyright2013 American
Chemical Socigt

Silk was reeled onto a spool that was rotated by a calibrated métigufe2.2). The spool was
translated horizontally using another motor, or moving by hand. Both temperature and humidity
were recorded per reeling. In this sap, reeling speed was modified by contioly motor
voltage. For silkworm forced reeling, speeds between 6 anth®G&™* were chosen, spanning
most of the natural range for spinnitfd(faster speeds were not practically possible). Specimens

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

2.2.3.1 Modifications of forced reeling of silkworms

In brief, the forced reeling of silkwolnwas further modified, allowing: dipping the silk into
water during reeling, changing the temperature of the silkworm during reeling and stretching

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

2.3  Spider silks

Spider silks were obtained eithehrbugh the forced reeling of immobilised spid&rs* (see

2.3.1) or using naturally spun web silkésee2.3.2).
2.3.1 Forced reeled

Nephila edulisspiders were housed in a greenhouse 35 °C, depending on season) and

reared onDrosophilaand Calliphorasp. diet. Spiders selected for reeling were anaesthetized in
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carbon dioxide for 80 minutes, and then caged dorsaide-down using pins. The number of
fibres and the type of silk required (major and/or minor ampullate silk) were determined by
observing spidr spinnerets under a dissection microscope (Olympus SZ40, Tokyo, Japan). The
spiders were then reeled using the basic forced reelingupebf silkkworms (sed-igure2.2)

where a constant reeling speed of 80ns* was used, similar to the average natural spinning
speed®. Some long specimens (over @8n) were reeled directly onto cardboard frames (see
Chapter 6). Per reeling, pictures were taken of the spider Egere2.1b), spider weight was

taken, and temperature and humidity were recorded.

LargeAraneus diadematuand Zygiella xnotata were also forced reled for their silks. These
were sourced from the urban areas in Oxford and housed in 30x30x5 cm Perspex frames. The
immobilisation techniques and reeling techniques are similar to those mentioned above, except

a shorter time was used in the carbon dioxide

2.3.2 Web silks

Where web silks were requiredpiderswere moved into Perspex fram@dephilain 40x40x10
cm framesy. The spiders were kept in lab conditions2@.°C, 40 % RH and a 16h:8h kighark
cycle). Every day the spiders that had builteb were given #ly (Drosophileandadult
Calliphorafor Zygiellaand Nephilarespectively) taken from the spider greenhouse, and their
web was collapsed for the spider to-irggest. Spiders had to make at least two webs in the
frame for a web to be ugk Methods to mountNephilacapture spiral web silks @ygiellasignal

threads are outlined in Chapter 7.

2.4 Non-silk materials

For comparison, a synthetic polymer was also studjetiedium tenacity nylon (Goodfellow
Cambridge Ltd). Nylon in particular wasexted as it represents a synthetic analogue to natural

silks: both are semicrystalline polyamides, but nylon has much coarser-distgder domains
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of larger size (micrometre¥}. The nylon was supplied as a te#lament twine, from which a

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

As a control, a ratindependent linear elastic material was also selecte@opper beryllium

alloy (CuBe; Cu98:Be2, Goodfellow Cambriddsg.L

Crosssectional areadensity andareference stresstrain plot of these materials can be found in

Appendix A

2.5 Specimen preparation

2.5.1 Specimen storage

Most silk was stored under tension on a spool in lab conditions (8C2@0 % RH) to minimise
variation due to extrinsic factors, such as storagenidity"*®. To fix the silk onto the spool under
tension, nail varnish was used. Some forceeled silkworm silks were sted under tension in
sealed dry conditions to infer the effect of such storage conditions (see Chapter 4). Spools with a
large amount of silk were stored loose, where btaek was used to secure the loosedeof the

silk (used only i€hapter4 (labelledand Chapter 5)Nylon was kept in a sealed box to minimise

humidity variation and CuBe was stored in lab conditions.
2.5.2 Specimen mounting

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

(Figure2.3).

1 Some spools were fixedrigure 2.3), where specimens had to bemoved from the
spool one at a time using dividers. Using a micromanipulator, the silk was glued to the
dividers. Specimens were then either glued into frames for tensile testing (sandwiched

between cardboard, seé&igure2.7) or glued directly onto carbetape-coated SEM
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stubs for imaging (not silkworm silks, s2®.1). Care was taken at both stages not to

apply additional tension to the fibre.

9 Other custoramade spools allowed each inteung section to be removed-{gure2.3).
This allowed many specimens to be mounted simultaneously directly onto cardboard

frames (sed-igure2.7) or SEM stubs.

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

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

Figure2.3. Different types of spools used indfT hesisFixed (left) and custom made spool
where interrung segments can be removed (right).

All spools had an interung distance of c. 30 mm, limiting the lengthfofced-reeled silks under
tension. Therefore, specialisedethods were developed to allow specimens ud8)mm to be
mounted under tension, by mounting the specimens during reeling (see Chapter 6). For the most
part, frames for tensile testing were madé cardboard and had a gauge length of 10 narhich
waschosenfor consistency with previous studies from the group and within the {ieéegtFigure

2.7)° % 142 Other frame sizes were used afsw the vibrometry tests (see Chapter éndthe

effect onmechanicaproperty measurementsnay be an area for further studgs gauge length

is likely toplay a small (akst minor) effect For theexperiments at high humidity, frames were
27



Chapter 2 Beth Mortimer D. Phil Thesis in Zoology

made of acetate (Chapter 3). All frames were custom designed and then cut using a laser cutter

(LS3040, HPC Laser Ltd., UK).

2.6 Cross-sectional area

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

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

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

sectional area d.g. spider silk irFigure 2.4). Nylon and copper beryllium specimens were
OKSO1SR F2NJ GKSANI RAFYSGSNI Ay (KSnet¢rOPaicttog KA OK Y
imaging, specimens were sputter coated, most for 150 seconds, 18 mA, giving a 12.5 nm coating

of gold/palladium (Quorum Technologies SC7620).

2.6.1 Silkworm silks

Crosssectiors of silkworm silks tend to be highly irregular and variabldimensions figure

2.4), meaning that they cannot simply be assumed to be a circle for which the area could be
calculated from a diameter measuremeror accurate crossectional measurement, silk was
carefully transferred from the spool onto dividéfs Whilst maintained under tension, the silk
fibres were glued with cyanoacrylate along their length onto a section of solder wire, as straight
as possible. The solder wire wHwen either glued into rigid plastic tubing and transversely
sectioned into discs, or sectioned directly using razor blades. The thin discs were then treated
with 200 mg T protease solution in a 38 °C water bath for around 24 hours. The protease digests
a2YS 2F (GKS &aAat|l FAONBI tSIGAy3d | ysetamiTheyS Ay
outer section of the silk fibre was digested more than the inner, suggesting that sericin is easier
to break down due to its less ordered structtffe The time in the water bath was found to be

sufficient to partially digest the silks, creating a dark hole during imaging that ma&esiliis

more visible and easier to find. The discs were mounted onto SEM stubs and sputter coated and
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imaged as above, where aréall YR a2YSGAYSa | RRA (was2méasiirdddn CS NEB

ImageJ.

Figure2.4 SEM images of silks. &aturally spurB. morisilkworm silkb) forced reeledB. mori
silkworm silk anct) Nephilamajor ampullate silk, where white bars denote Rfh and black
bars denote 10 umd-e) show the proteasaligested crosssections for naturally spun an
forced reeled silkworm silks respectively. NB the dark hole in the glue represents the sha
area of the fibre in the crossections, rather than the white brins which have been digested

protease beforemaging. Forced reeled silks were reeled at 6 nmRsprinted with permission from
Mortimer, B.,et al. Biomacromolecule4 (10): 36538659. Copyright2013American Chemical Soget

2.6.2 Area allocation

For spider silks, the mean diameter from at least five spider silk speciffvemsre each
specimen area is an average 61@ measured disksyas used to calculate the cresectional
area per spider reeling (only one speed was used). Diameter variation was loApseedix A
and specimens were taken from throughout the reeled length, excluding the beginning and end

specimens.

Unlike spider silks, the variability in cressctional area of silkworm silks was large, even within
one individual and one reeling speed (¥€bapter 3. Data inFigure2.5 give the difference in
stressstrain curves spread for forced reeled silkigh different area allocation. A®nsile testing
and crosssedional area measurement are destructive, separate sdlplesare used for both
measurements. Two approaches are used: either assigning the area meé&sumethe nearest
specimen to thdensile tested specimen, or assigning the mean area. For the |#teespread
between sampless idenical to the loadextension curvesas the sameareais assigned to all

curves Therefore,assuming that silks are likely to be consistent in their mechanical properties
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during spinning at a consistent ratesthe mean area gives less spread for the curves, the mean
area for each speed of a worm is used for area allocakarthermore, ly using only one area, a
source of experimental variation is excluded, minimizing the variation in the strisked

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

a) b)

Stress (MPa)
Stress (MPa)

|
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Strain (%) Strain (%)
Figure 2.5. Stressstrain curves of an unparalysed worm reeled at 10 mimusing a) area of
specimennearesttensile testedspecimen,b) mean area, which is identical to the spread in loi

extension raw CurveReprinted with permission froriMortimer, B.,et al. Biomacromoleculed4 (10): 3653659. Copyright2013
American Chemical Sogjet

Further analysis of these data revealed the number of specimens required to give an area with
good chance of being representative (comparedthie mean from over 100 specimen For
cocoonsilk, amean of at least 4 specimens is required to achieve a comparable area and
suitable error (quantified by repeating the method 10 times). For forced reeled silk, the
minimum was slightly higher, at 5 specimens. Due to the random fluctuaticarea for both

silks (i.e. position on the silk length does not predict area; see Chapter 4), the benefit of
averaging more specimens only gradually decreases the chance of deviating from a mean taken
with over 100 specimens. The specimens should bieaed randomly across the entire

reeled/spooled specimen length, to keep it representative.
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the different area is usedkeprinted with permission fronMortimer, B.,et al. Biomacromoleculed4 (10): 365365,
Copyright2013American Chemical Sogjet

2.7 Low-rate tensile testing

Three tensile testers were used, one for standard experiments (5 N load cell, model 5512,
Instron, UK), one for specialised experime(@dN, 20.5, Zwick GMBH, Germangid another

one for portable experiments (2 Weben Microtestensile stage, UK

Common to all tensile tests, specimens were mounted into clamps and cardboard frames were
cut prior to experimenting (se€igure2.7). Specimens were pulled apart until broken, where
load and extension were measured throughout the experiment. Only specimens that broke in
the middle were used as data. For spider silks, this was difficult to assess given their small
diameter, so speciens were only excluded if they did not fit with the general pattern of five
other specimens. For most cases, these experiments were performed in lab conditions (c. 20 °C,
40 % RH). In other experiments (see Chapteh@yidity was controlled during expementing

using a Wetsys system (Wetsys, Setaram). The most coneomarolled strainrate was 40 %

min, but the Deben stage had a limit of TrBn min™. For Instron experiments, loagktension

data were analysed using a Microsoft Excel macro. For Debe@\wait#t experiments, the data
31



Chapter 2 Beth Mortimer D. Phil Thesis in Zoology

were analysed in Microsoft Excel. Figures were drawn using Origin Software (OriginPro8). Any

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

Figure2.7. Spider silk specimen in 10 mm laser cut cardboard frame, cut and placed in the
crocodile clipclamps of the Zwick tensile testéfithere possible, gaps between the clamp and
the sample were minimised.

2.7.1 Modifications of set -up

Tensile testing equipment wassed extensively in the Thesis a variety of experimental set

ups, set out below:

1 The Deben tensile stage is designed to fit into an environmental scanning electron
microscope(ESEMCarl Zeiss Evo LS 153EM), where specimens can be pulled apart

in situduring imaging (Chapter 3).

9 Additionally, the Deben stage was used during laser vibrometry experiments to control
the load and extension whilst theonicproperties of the materials were characterized

(see Chapter 6, 7).

1 The Zwick was also modified toeasure the load and extension of silk being reeled

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

silkwormsunder different immdilisationtechniques (see Chapter 4).

1 Specimens were also measured for their higte mechanical properties, to allow

comparison to the lowate properties (Chapter 5).

2.8 Statistics

Statistical analysis was performed using Minitab (v. 13) software-pgdametric tests were
used with a 95 % confidence inter/al Paired (oneailed) MannWhitney andMoods sign
statistical tests were performed, and Krusk#allis tests were performed when more than two
groups were compared. For the MaiWhitney tests, assumptions are made that the treatments
only differ in their medians and not in their variatio’Whenthis is not the case, the Moods sign
test was used, which is less powerful but does not assume equal variBmeeme cases, p
values were not calculated to minimise the number of tests performed and so decrease the
likelihood of a Type Il error. In thescases, significance can be inferred by tests already

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

spun Bombyx mori silk

3.1 Synopsis

This chapter applies the techniques described in Chapter 2 to investigate the sensitivity of the
mechanical properties of single fibres of naturally spummoricocoon silk to humidity. Humidity is

an important factor forthe natural function of silkworm silk, as cocoons are mechanical and
environmental barriers between the pupa and the outside Moduring the vulnerable stage of
metamorphosis. Furthermore, the humidity sensitivity of silk fibres makes them useful asidityum
detector, and here silk is employed for this function inside an Environmental Scanning Electron
Microscope (ESEM), which allows mechanical testing within a humid environment combited wit

imaging of fibre deformation.

This chapter is adapted from aulplished article (Mortimeret al. 2013*%) and my contribution
involved preparing alspecimens testing them, analyspg the data and writing the manuscript. C.
Holland, C. R. Siviour, D. R. Drodge and¥agnevski helped in experimental method and design,

as well as data interpretation and edits to thenuscript

3.2 Introduction

Silk cocoons are composite structures filiiroin fibres and sericin glt® Sericin is hygroscopic,
absorbing water from its environmeHit, which has direct influences on its action as a binder in the
composite cocoon structure. Therefore, humidisyan important environmental factor affecting the
mechanical properties of the cocoon, important for its protective function. Cocoons spun in high
humidity are less stiff, but with a higher extensibility, resulting in no change in tougfihdsigh
relative humidities also result in less distinct cocoon layers that astee to separate, due to the
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spreading of the softer sericin. Indeed, softening of the sericin to allow cocoon unravelling has been

selected for during silkworm breeditfg

The cocoon structure also interacts with humidity to influence silkmoth development during
metamorphosi§®**®. Silkworm cocoons from a range of species have cocoon porosities to
appropriately match silkworm ecology and environméntFor Bombyxcocoons, one study has
shown how the layering structure of the cocoon controls water permealsfiitfhe outside layers
provide a barrier to liquid water, keeping the cocoon from being saturated, whereas the inner layers
create a humidity trap within the cocoon to prevent pupal desiccation. Other studies contthidict

and conclude that cocoons present no barrier to oxygen or water diffif€ion

Few studies have assessed the humidity sensitivity of unrav@mdbyx morisilk fibres*. In
agreement with silks from other animals, drier fibres tend to be stiffer and break earlier, whereas
wetter fibres are less stiff and more extensfB1é** *% These trends can be explained by the action
of water as a plasticizer within the disordered regions of the silk fibre, increasing the mobility of
protein chains and ecreasing the attractive forces between chdfnd****°. This effect has been
modelled in terms of a shift in glass transition temperature, where drier fibres are more brittle and

wetter fibres are more rubbery® **®

hy G2L3 2F (GKS Ay Tt dzSyOS 2drairkrehohsk, Anfoinatidnyis ndisairig] ¢ 2 NI
on the failue mechanisms involved at different humidities. Due to the small size of the silk fibres,
imaging of specimen deformation has to be performed within a ‘négolution microscope, for

example electroAimaging microscopes. The Environmental Scanning Eledioroscope (ESEM)

allows high magnification imaging of fibre deformation durimgitumechanical testing within a gas
environment Figure3.1)"****% This potentially allows the matching of strestgin properties at

different humidities to fibre imaging. Additionally, silk properties can be used as a calibrant to assess
ESEM humidity levels, as wellassesghe effect of specimen preparation techniques on specimen

humidity.
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The ESEM allows imaging in a gas environmentldyiag higher pressures in the imaging chamber
compared to the electron column, which must be under a high vacuum. This is achieved through a
process called differential pumpitid Unlike the traditional SEM, this means that imaging gasses,

such as water vapour or niigen, can be present in the specimen chamber. It also removes the
necessity foicoating of norconducting specimens, which is required in a traditional SEM to prevent
charging®.

PaAYy3 61 GSNI O L2 dzNY2IRS QO ¥ BAYSOAYISY KERSH GA2y O
g1 GSND& G L2 dzNJ LINB&aadzNB OdzNBSs o6& aSiadind@ OKIF YO
section).In theory, the capability should minimise drying effects, whilst simultaneously preventing

free water from covering and obscuring the specifidh®. This makes this technique popular for

imaging the deformation of humidensitive biological specimens, from cells to fibres (Segire

3. 1)160—171.

An idealin situ experiment would allow the colleicin of both valid mechanical properties and
informative ESEM images. Pictures of the mechanical deformation of silk can provide information on
failure mechanisns™ *®*and crack propagatidf’ "2 Due to the fine diameters of silk (e.g. the
fibres used in thischapter were 2535 um across), a high magnification is required to obtain
sufficient surface detail to be useful. However, increasing the magnification increases the electron
beam intensityand thus the risk of beam damage, which will accumulate when a region is imaged
continuously or repeatedly’. Metallic coating can mitigate beam damage both byvprging
charge accumulation, and reducing image noise, in turn reducing acquisition times, thus allowing for
highermagnification images % However, the beneficial effect of coating is reduced when it
cracks Figure3.1). Additionally, the effect of metallic coatiran the mechanical properties of silk is

not well understood.
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|
Cracked sericin 10 Um
coating

R T

Figure3.1. Gold/palladium coated forced reeldgl morisilkworm silk fibre imaged in an ESEM at
100 Pa (1.3 nm coating) at low zoom and higtam (inlaid). White bar denotes 10 um. Two inne
brins can be seen in the centre through cracks in the sericin and metal coating. The cracks ha
formed due to then situapplication of load. The magnification is high, proving good detail, but ¢
poor @mnditions for specimen charging unless coating is used. The white regions show chargin
the fibre is limited to within the crack, due to the lack of coating within the damaged fibre.

This chapter investigates the mechanical properties Bdmbyx morisik in experimental
environments of different humidities. The interaction between specimen humidity and specimen
preparation techniques are also investigated, including the effects of metallic coating, specimen
tension and pumglown procedure in wemode. hese data give insights into the mitigation
techniques that can be used to finely control specimen humidity inside the ESEM, applicable to a
range of humiesensitive biological specimens. The humidity sensitivity of these silks is also

interpreted in the mtural context of the cocoon.

3.3 Methods

3.3.1 Tensile testing

All tensile tests were performed in a Deben Microtest tensile stage with a 2 N load cell at a
deformation rate of 1.5 mm mih The stage is designed to fit into the ESEM (Carl Zeiss Evo LS 15 VP
SEMN for in situ microscopy experiments, with 10 mm gauge length specimens. As described in
Chapter 2, silk fibres were mounted in frames, which were cut just prior to tensile testing and ESEM
pump-down. For some specimens, jaws were closed by 0.5 mm afterfridanes were cut,
introducing a 5 % slack on the fibre prior to the pudgwn procedure (labelled Low Vacuum Slack,

Table3).
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Furtherex situtensile tests were conducted at controlled humidities (180 % RH). The data for the

40 % RH specimens use room humidity, which was measured using a humidity sensor (labelled
Ambient). Humidities for the other fibres were controlled using a Wetsys system ygy&staram).

Fibres were left in the humid environment for 10 minutes before experimenting. The time was
picked due to the quick rate of hydration/dehydration in silks, of which the latter is slowed following
high humidities, only reached here in Humidclgy(see cocoonpgcimers in AppendiXigureA.2,

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

in Chapter 2.

3.3.2 ESEM conditions

For all specimens measured in the ESEM, specimens were left at the experimental conditions
outlined in Table 3 for around ten minutes before tensile testing. All specimens within the
treatments outlined inTable3 had the same waiting time. The electron gun wagaved off for all

tensile tests to prevent charging effects and dantfage

For Low Vacuum and Humid specimens, the imaging gas was dry Nitrogen and water vapour,
respectively. Humidity in the ESEM was controlled by varying the pressure and temperature inside
the vacuum chamber to achieve the target humidity, as calculated using a vapour pressure curve
(Figure 3.2)'"°. A calalated relative humidity of 40 % was assumed to be equivalent to lab

conditions.

Temperature was controlled using a commercial coolstage (Deben UK) fitted 2 mm below the length
of the specimen and between the jaws of the tensile tester. This ensureshibapecimen is held as
close to the desired temperature as possible throughout the experiment, important for the
specimen humidityRigure3.2)'®®. Prolonged and repeated use of the ESEM-metle leads to an
increase in humidity inside the ESEM chamber, making the actual humidity difficult to quantify,
adding to the error of humidity estimates shownTable3. This effect led to the formation of ice

crystals at-1 °C after continued wethode usage. As th effect wasparticularly pronounced for
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Humid Cycle, pressure and temperature were increa®el °C to produce an equivalent humidity.
Experiments resulting in ice crystals were rejected. Due to the low free water content in silk (~ 5 %,

see Chapter 4) temperatures below 0 °C are not expected to affect strésdll Ay NBaLl2yasS |
storage nodulus does not change much over this temperature rafigé.
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Figure3.2. Vapour pressure curve for water. At a certain pressure and temperature, water vapc
will have a specific value of relative humidity (RH). Black star gives the coordinate for lab cond
(c. 40 %, 20 °C), blue star gives the conditions in the ESEMrfud Cycle specimens and red star
gives the conditions in the ESEM for other Humid specimens. All are equivalent to c. 40 % RH
Adapted from www.conservationphysics.org/vapap/vapap.

With the exception of Humid Cycle, the experimental pressure was redmhedramp pumglown

from ambient pressure to experimental pressure, which often overshot the intended pressure. This
means the machine control often reached pressures below the intended experimental pressure (see
lowest pressure for pumplown conditionsn Table3). The Humid Cycle experiments involved a
pump-down cycle between high and low pressures multiple times, to ensure gas in the chamber is
replaced with water vapour® followed by a rammlown to experimental pressure. Both
temperature and vacuum range were recorded during different treatments, to track humidity
variability through the duration of the experiments (s€able3).
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Table3. Treatment design. Experimental conditions and pudapvn conditions are given. For raptiown pumping method, the pressure often overshoo
the selected experimentagdressure so lowest pressures will be lower than experimeptassure These are includeatgive a range of humidities
encountered during purmyjolown for humid specimens. For Humid Cycle specimens, the pressure is cycled 6 times before ramping down to the exp
pressure Higher pressures were chosen for the cycles to replace the gas ¢hadngber with water vapour. Pressure was then pumped down to the low
humid experimental pressure. All fibres were held at the final experimental conditions for 10 minutes before measurement.

Experimental conditions Pump down conditions
Pressure Pumping Lowest Cyclic pressure | Lowest RH| Specimen
Treatment (Pa) Temp (°C) | RH (%) | Atmosphere method pressure (Pa) range (Pa) (%) preparation

Ambient ~100 000 ~22 ~ 40 Air Ambient

1.3nm of
Ambient Coated ~ 100 000 2D ~ 40 Air Ambient Au/Pd coating
Low Vacuum 100 vacuum 0 Nitrogen Ramp down 98

1.3nm of
Low Vacuum Coated 100 vacuum 0 Nitrogen Ramp down 98 Au/Pd coating
Low Vacuum Slack 100 vacuum 0 Nitrogen Ramp down 98 5% slack
Humid 250 -1 £0.2 30-40 | Water vapour Ramp down 198 30

1.3nm of
Humid Coated 250 -1 £0.2 30-40 | Water vapour Ramp down 198 30 Au/Pd coating

Cyclic - 6 cycles,
then ramp to

Humid Cycle 285 1+0.2 35-40 | Water vapour | testing pressure 282 412-811 35
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Some specimens were coated on each side for 15 seconds at 18 mA with an Au/Pdntarget i
sputter coater (Quorum Technologies SC7620), giving a 1.3 nm coating (labelled Cdaiiele in

3). The metallic coating on the fibre representdyoa minor increase in fibre area (0.02 %), so is
not expected to offer any mechanical reinforcement. The plasma of metal ions used in the
sputtering process may cause damage to the fibre, but this effect cannot be separated from the

effect of the coatingtself.

3.4 Results & Discussion
3.4.1 Measuring humidity sensitivity

Silk mechanical properties are sensitive to environmental humidity, shovim $ifutensile tests

in an ESEMF{gure3.3a), and experiments under controlled humidity conditioRég(re3.3b).

By referencea the latter, it is possible to infer the relative humidity conditions inside the ESEM.
For the Low Vacuum nitrogen experimental atmosphere, relative humidity is just under 10 %,

and for the Humid Cycle water vapour atmosphere, relative humidity is ar6Qrid.

450 — a) 450 4 b)
400 400
350 - 350 ]
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Figure3.3 a) Stressstrain curves of silk fibres, comparing ambient conditions versus the ESEM |
vacuum and wetnode set to ambient humidity. Scatter points give the break points of other fibr
measured under the same conditions with lines showing a representsypeimen from the
treatment. KruskaWallis showed significantly different break strains between the three (p < 0.0
b) Effect of relative humidity during experiments on the streisin curves of silk fibres measured
outside the ESEM. The data of 4R are taken from the Ambient data set.
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Silk break strain is significantly different between experimental environments (Kii&das
statistical test, p < 0.01). With reference to both panel&igure3.3, at humidities under 60 %

RH, silk failure occurs at a constant stress, and above, silk failure occurs at a constant strain. This
trend fits in with previousesearchon the humidity sensitivity ofiaturally spun silké’. Reduced
strength and initial modulus at high humidities is explained by the onsatrobistureinduced

glass transition in the disordered fraction, beginning at about 50 % RH at room tempéfature
Either side of this transition, the type and combination of hydrogen bonded structures in the

amorphous region set the limits of the maximum stress and sttain

Vacuum would be expected to affect mechanical properties by removing free water from the silk
structure, resulting in a loss of plasticizer. Timsreases the attractive forces between the
protein chains in the amorphous regions of the “6ilk° leading to ahigher yield stressstiffer
material postyield and failure at lower strains. Indeedhet postyield modulusis significantly
higher for Low Vac compared to Ambient fibres (MaWhitney test, p < 0.01; postield data
given inTable4). The effect of dehydration is rapid, as silk properties changed within a few
minutes of being irthe vacuum. Unlike other fibres measured, the failure points of repeated
specimens measured under vacuum show high variability, and do not fail on -straeiss
contours. This suggests that drying the silks increases structural variability, whether-macro
structure, such as cracking or brin separation, natracture, such as distribution and
proportion of disorder, or molecular structure, with the numbend typeof hydrogen bonds.

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

for all Low Vac specimens.

To further investigate the importance of hydration history of these silk fibres, the specimens
were put into vacum and then removed for tensile testing in ambient conditions. These

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

rehydration happens at similarly quick rates. This is supported by data in AppagdirA.2.
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Figure 3.4. Stressstrain profiles of ambient and vacuutreated cocoon silks.Vacuum
treatment involves norcoated silks which have been through a vacuiientical to that used
in the sputter coater for the coated silks), but measured in identical conditions to the Am
treatment. These tensile tests were carried out using an Instron 5512 tester (model

Instron, UK) with a 5 N load cell at 40 % Mméamd analysed in an Excel macro. Ambient
Vacuum are not significantly different in their breaking strain and stress (Ménmitney two-

tailed test, p = 0.95 and p = 0.18 respectively). Vacuum effect is therefore reversible,

fibres are hypothesed to rehydrate before measurement under ambient conditions.

Humid Cycle used a temperature and pressure that predicted a humidity equivalent to that of
Ambient fibres (c. 40 % RH). However, the silk mechanical propeuiggest that the humidity
washigher than intended (c. 60 % RH). This could be explained by the saturating humidities (100
% RH) during cyclic purgiown at the higher pressures, from which the silk has not completely
dried. This is also seen AppendixFigureA.2, where dehydration is slower than rehydration,
following relative humidities of 80 %. This means dehydration time is dependent on the
humidity level reached, and is slowilowing saturation. A longer period at the environmental
conditions may ameliorate this (i.e. longer than 10 minutes between pdown and
measuring), to make sure equilibrium in humidity between the silk and the experimental

environment is reached.
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However, despite measurement after consistent times, this trend is not seen in all fibres within
this treatment, as the variation is larg€gble4). Ths suggests that there is variation in humidity
inside the ESEM chamber between subsequent experiments, and highlights potential

weaknesses in using vapour pressure curves to control humidity.

3.4.2 Specimen preparation and humidity

Details of stresstrain charateristics of silks measured in different ESEM environments using
varied specimen preparation techniques are giveMable4. Specimen preparation technique
therefore influences fibre performance. Variation in the break strain was seen to be the largest
between treatments, which mirror the posfield modulus trends. Therefore, break strain can be
proposed as a single propertydicator of the effect of specimen preparation technique on fibre
mechanical propertiedtigure3.5 compares the break strain values for all the expents. Lines

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

Table4. Stressstrain results for all treatments, giving mean value, number of experimébts (
Coloured conditioning dfells indicate specimens that exhibit mechanical properties lower (red)
higher (green) than those of the Ambient control (yellow).

Treatment N |Break Strain|Breaking Stress|Breaking Energy |Initial modulus |Post-yield modulus
(%) (MPa) W em?) (GPa) (MPa)

Ambient 7 121.50 302 25.2 7.05 559

Ambient Coated 9 [16.70 313 20.5 8.44 669

Low Vacuum 6 |10.30 300 11.6 7.74 794

Low Vacuum Coated |9 292 8.05 852

Low Vacuum Slack |8 [13.40 306 15 6.71 697

Humid 7 [13.50 284 15.2 9.36 671

Humid Coated 7 |14.80 284 16.9 10.7 607

Humid Cycle 5 |25.40
Lower Ambient Higher
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Figure3.5. Effect of different specimen preparation techniquesheak strain of silk under
different experimental humiditieswvhere error bars give the standard error of the measterisk
denotes statistically significant difference between paajEffect of introducing slack (5 %) onto
the silk fibre prior to pumgown on the break strain compared to no slack, low vacuum and
ambient conditionsb) effect of vacuum and coating on the break strain of silk fibcgsffect of
pump-down procedure and coating on th®eak strain of silk fibores measd in the ESEM wet
mode.

46



D. Phil Thesis in Zoology Beth Mortimer Chapter 3

3.4.2.1 Tension under low vacuum

Adding slack to a silk fibre prior to purdpwn significantly increases break strain compared to

Low Vacuum (p < 0.01), but did not restore break strain to ambient levels, which is still
significantly higher (p < 0.0Ejgure3.5a). During specimen deformatiphow Vacuum Slack and

Low Vacuum specimens are essentially the same, as slack is removed as the specimens are
pulled apart. Therefore, it is the tension during pwtpwn that causes this significant effect,
possibly due to fibre contraction when dehydratéfibre length contraction can be seen in
AppendixFigureA.2). Tension can therefore be considered to affect the loss of water from a

fibre, or otherwise ifluence the breaking mechanisrsuch as proportion of surface flaws.

Adding slack is hypothesis¢éo make the sericin less likely to crack due to specimen contraction
during evacuationFigure3.6 shows longitudinal cracking in a silk fibre daebrin separation
under low vacuum conditions when the fibre was under tension. Unlike the transverse cracking
in Figure3.1, due to applied load anthetallic coating, the longitudinal cracking shown here is
due to brin separation following fibre contraction, which is likely to affect a greater proportion
of the fibre. This type of cracking is also seen in cocoons spun undéulondity conditions™.
Sericin cracks could lead to stress concentration that might hasifnd, although the modulus

of sericin is comparably I0®. However it is more likely that the sericin coating prevents water
loss fom the main structural components of the fibgethe brins, and that cracks weaken the

fibre by allowing additional water loss under vacuum.
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Figure3.6. Uncoated silk fibre imaged in an ESEM at 15 Pa (under a nitrogen atmosphert
fibre was pumped down under tension, so is analogous to the Low Vacuum specimer
white bar denotes 10 um. White arrow points to the start of a longitudinal crack irsé¢hiein
coating, running to the left from the arrow inside the highlighted box. To the right the seri
uncracked, and the surface structure is smooth. The imaging pressure is used for better
imaging and is not expected to differ in humiditporh 100 Pa, which was used as t
experimental pressure for mechanical measurements (effectively 0 % RH).

3.4.2.2 Coating

When measured in ambient and low vacuum conditions, coated specimens also showed
significantly lower break strains (ambient, ®91; and low vacuum, p = 0.0Bigure3.5b), but

with little effect on breaking stress or initial modulus. Water diffusion can also explain the
mechanical properties of fibres subjected to sputter coating, as diffusion rates into/out of the

fibre will be impeded by the metallic layer. This layer may prevent rehydration of the fibre
following sputter coating, which occurs under vacuum. The low humidithe plasma coating
OKFYOSN) Aa GKSy STFSOGA@Ste wWi201SR AyQr (Kdza
break strain is also lower for coated specimens under vacuum, it is also likely that the metallic

coating exacerbates sericin cracking antension, further decreasing break strain.

Despite the effect of coating on mechanical properties, there are advantages to applying coating
as it helps to reduce specimen charging and is conventionally used in SEM. The use of some
degree of fibre coatindgor imaging in low vacuum mode may therefore be preferable to no
coating in order to obtain images at sufficient magnification to resolve features of interest.
However, the coating only protects the surface of the fibre, and may not maintain this benefit
after sericin cracking has occurred and the uncoated fibroin is exposed to the Iégumne(.1

andFigure3.6)'".
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3.4.2.3 Pump-down procedure in wet -mode

However, for humid experiments, coating didtrdecrease break strain and is not significantly
different from the norcoated humid specimens (p = 0.7). This is explained by the cracking of the
metallic coating during pumgdown in tension Figure 3.5a), which would then allow the

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

Cyclic pumping also significantly increases break strain compared to ad@amp(p < 0.01), up

to levels similar to those seen in ambient specimens. Previous studies have also shown that a
ramp-down procedure leads to a higher degree of specimen dehydrdfiofihis is because a
non-cyclic pumpdown leads to a higher proportion of dry air present, as air is not replaced by
water vapou to the same exterlf®. The degree of specimen dgdration caused by the pump

down procedure will inevitably effect the time to equilibrate at a specified humidity prior to
measurement, affected by the pressure, target humidity and machine capabilitiesal) the

data supportthe use of cyclic pumgdown as the optimal procedure for humid specimen

observation.

These data also highlight theeed for improvement in the application of this procedure and
machine control. In particular, all fibores measured in \weide showed increased mechanical
property varability, which is assumed to be due to changes in humidity between repeat
experiments of the same treatment. The theoretical lowest humidity for Humid and Humid
Coated based on lowest recorded values of both pressure and temperature in the chamber gave
30 % RH. Inferring fronkrigure 3.3b, the silk break strains from Humid and Humid Coated
suggest that the humidity may in fact be as low as 10 % RH. &yidbenexplained partially by

the specimen being at a higher temperature than the Peltier chip, leading to a lower humidity at
that pressure due to the vapour pressure cuiieHowever, this is unlikely as specimens were
consistently placed a close as possible to avoid such a temperature gradient andsthere
evidence of a similar effect for the Humid Cycle specimens.
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3.4.3 Humidity sensitivity of silk

What are the implications of the sensitivity of mechanical properties of the individual fibres for
the natural context of the cocoon? A simple scaling up ofpttegerties suggests that toughness

of the individual fibres will only be negatively affected at very high or very low humidities, as
shown by the areas under the curvesHigure3.3. However, due to the nowoven composite

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

Compared to single fibres, cocoons have a greater capacity to store water as they have a higher
proportion of sericin. As the relative humidity increases, the water mass in cocoon sections
increases, up to 47 % for 100 % RH speciffiemsore than the maximum for single fibres (5 %;
see Chapter 4). The 3D structure of the cocoon and the unravellinggsooay also contribute

to the difference in water mass between cocoongldibres At high humidities, this leads to
sericin expanding due to its higher volume. This has two implications. Firstly, the porosity of
cocoons could change as a function of their humidity, becoming less porous as humidity
increases, creating a passipermeability control. Secondly, very high humidity can lead to
composite collapse, as the binding sericin will become too soft, explaining the easy separation of
cocoon layers in cocoons spun in humid condittéhsThis may also explain the selection for
oxidative phenolic tanning, which requires water to become activd areates crosfinking

bonds within the cocoon structuté&: &

¢ it provides a control mechanism to increase cross
linking in the cocoon structure to increase stiffness when the integrity of sericin may be lost.
However, in terms of the artificial selection Bbmbyx this sericirsoftening is exactly what was
selected for to allow easy reeling, and correlates with white cocoons with low proportion of
tanning and so crosinking'?. Overall, although the humidity sensitivity of the fibres will play a

role in cocoon function, the interaction between sericin and humidity in the composite structure

is lkely to have a larger effect.
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The humidity sensitivity of silk also has useful applications in engineering as a calibrant material
for certain techniques. In particular, specific material behavicam be matchedo observable
structure in the ESEM. In aedto achieve this, the next step will be to measure which ESEM
environments and specimen preparation techniques minimise beam damage of the specimen

during imaging’®

3.5 Conclusions

Naturally spunBombyx morisilk has different mechanical properties depending on its
environmental humidity. At lower humidities, break strain reduces and fibres fail at a constant
stress. Whereas at higher humidities, fibres soften, shgwieduced strength and breaking at
constant failure strains. This transition is explained by a moishdeced glass transition in the

silk structure, causing increased molecular chain mobility at the higher relative hurrfdities

Storage humidity, however, has been shown to be relatively unimportant, as silk can dehydrate
and hydrate rapidly and reversibly. Silk saturation with wateowever, leads to longer

dehydration times needed to equilibrate with the experimental environment.

5dz8§ G2 GKS TILOG GKFEG &aAft1Qa YSOKFYAOFf LINELISN.
effect of preparation techniques on specimen humidity dgriexperimentation can be
investigated. For example, tension exacerbates water loss, proposed to be due to promotion of

fibre cracking. A metallic coating can prevent water diffusion in and out of the fibre, but if
cracked, may promote sericin cracking @ndher water loss. Lastly, cyclic purdown during

ESEM wemode ensures chamber hydration, but leads to specimen saturation.

In the context of the cocoon, the humidity sensitivity of the individual fibres is unlikely to play a
role in cocoon functionampared to the interaction between sericin binder and humidity, which

expands and softens significantly at high humidities. This may explain the need folirdkss
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enzyme activity at high humidities that lead to cocoon tanning, particularly seendrsilkinoth

cocoons in order to maintain mechanical integrity.

Thischapterhas also shown how the humidity sensitivity of silk fibres can be used as a calibrant
to assess how experimental environments and techniques affect specimen humidity. This is
usefulbeyond understanding silk properties to a range of husgdsitive specimens that can be
measuredin situin the ESEM. The next step is to assess how these specimen preparation
techniques affect specimen imaging sity, to allow useful matching between enhanical

properties and specimen deformation.

The manipulation of stresstrain properties of silkworm silks is explored in the next chapter,
using forced reeling of silkworms. Naturally spun silks are compared to forced reeled silks in

terms of their fiwe morphology, mechanicarpperties and protein structure.
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Chapter 4 Forced reeled silks of Bombyx mori

4.1 Synopsis

This chapter continuegesearchinto mechanical property variation iBombyxsilks, comparing
naturally spun cocoon silks used in Chapter 3 to forced reBlaohbyxsilks. Forced reeling
allows processing conditions to be manipulated, enabling specific factors that affect mechanical
property variability to be investigated. Here, ways to immobilise silkworms for reeling, as well as
the effect of reeling speed, applied postdraw, and storage conditions on the mechanical
properties are investigated. Data provided from J. Guan complements réssarch by
investigating the different structures formed by these processing conditions. This chapter
provides insights into the importance of natural spinning conditions for silk structure and
properties. Furthermore, it allows the performance scopeBoimbyxsilks to be investigated,
beyond the natural processing conditions, useful for the us¢he$e silks in engineering and

medicine.

This chapter is adapted from two papedata in Sections 4.4-4.4.3 ispublished (Mortimeret

al. 2013*" anddata from 4.4.24.4.5 issubmitted (Mortimeret al. to Acta Biomateriali My
contributions were preparation of all the si#pecimers, mechanical testing and SHMaging as

well as analysis of the data, interpretation and writing the papers. C. Holland and F. Vollrath
helped with experimental design, data interpretation and manuscript editing for both papers. J.
Guan and D. Porter provided the DMTA data and interpretation, as well as editing for the second

paper. TGA data was provided by N. Hawkins, with interpretdt@n C. Holland and D. Porter.

4.2 Introduction

As well as collecting silk from the cocoon, where the silk is naturally spun, silks can be forced

reeled directly from the silkworm. Forced reeling uses the natural silk dopeispiivg but the
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processing coRA A2y a IINB a2YS6KIG Wdzyyl GdzNF £ Q airAyoOoS (K
spinnerets®” *" 11 As these silkslo not go though the cocoon layering and unravelling

process, forced reeling provides the potential to produce silk fibres with more consistent fibre
morphology.Alsqg unlike industrial processingpiiced reelingavoidsfibre unravelling from a

cocoon under wet heatni a chemical environmehf, which will be expected to affect the

inherent properties of the thread due to the viscoelasticity of sitks’” Importantly, foced

reeling allowsthe control of processing and environmental conditions under which the silk is

spun, allowing greater control of fibre variability than is possible with naturally spun silk.

This leads to the potential to tailor the mechanical propestief a threadf’ by reeling under
controlled experimental conditiod®. The potential for detailed hypothesis testirggsignificant
because this technique allows the investigation of a wide range of vari@blashave been
previously investigated with spider silR 878 140 18485 " gch as spinning speed, body
temperature, postdraw medium, animal physiology (e.g. anaesthesia, blood pH) and air

humidity.

Whereas naturally spun and forced reeled silks are sipuwivo using natural protein dope
FSSRaG201x waArt|1Q FTAONBa OFy |tftaz2 o6S alldzy FNLAT
molecules that have been obtained from native silks after dissolving in strong chaotropic
agents®™*®’ Importantly for industrial uses, RSF can be processed in a number of ways to

produce films, fibres, and a variety of 3D structures, with a wide range of potential applications,

principally for use in biomedical reseat®®’. Studying forced mded silks bridges the gap

between the naturally spun and artificially producBdmbyxderived proteins. For example, the

influence of processing conditions on the structym®perty links of forcedeeled silks gives an

indication of the performance rangand limitations of materials derived from this protein

sequence, which can inform RSF research.
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4.2.1 Forced reeled silk variability

However, forced reeled silks still have high intelore variability. This complicates the
quantification of the exact effect gfrocessing conditions on the properties of silks. Additionally,
alert and resisting silkworms are ableliceak the threadr otherwise interfere with the reeling
processthrough other physiological or behavioural megnahich explains the relatively li&
research on the forced reeling of silkwortifs This isadditionallya problem for the industrial
use of forced reeledilkworm silksas long consistent fibres (with high strength) would be most
desirable. The key to addressing these issues is the sepaddtimhavioural influence from the
effect of processing conditions. In spiders, the behavioural control of load during rdwelgg
been shown to influence predictably variability and properties of drawn fifite'S> Hawever,

until now, reeling forcein silkworms has not been controlled or quantified

A silkworm can apply load on to the nascent thread through internal and/or external means.
External loading could occur using either or bothvad pairs of facial palpémaxilla and labial)
2N GKS WiNHZSQ o00K2NI OAOy fS3a LRarAdGA2YySR 0S5f 2
electron microscopgSEM) images, the first pair of leigsproposed to bebest positioned to
hook onto the sk. In support of this assertiorthe claw on the leg has a nook of a size
comparable to a naturally spun silk fibreigure4.1a). Although the legs do not interfere with

silk duringcocoon construction, noBombycoideacaterpillars use their thadc legs to climb
back up thesilkthread, which is used as a lifeliffput how the silkworms slow down during the

fall is untested**®. The exact metho@f load application is presently unknown, but is not
important for the interpretation ofthe experiments. Moreover, it mightvell be possible that

total loading history on a thread is likely to differ between individual worms and between
multiple reeling events due to the speed and angle of reeling and the status/experience of the
worm. This multiptity of contributing factors may explain the high variation in forced reeled

silks between different silkworm¥.
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Internally, silkworms possesssik press which, when activated, increases the diameter of the
silk fibre$®®. Although it has been a long observed feature of silkworm anat¥mso far the
mechanics of the press have only bemferred from superficial structural analysis. Using data
from silkworm dissection, as well as recent histological and r@dfoobservatiort§> 9%
Figure4.1b aims to summarise the known anatomy of the silk press. Both the dorsal and ventral

muscles act to increase the silk duct lumen when contractédufe4.1b inset). Lumen size

narrows when the muscles are relaxed due to elastic recoil of the clitield wall. Detail of the

musculature may be found elsewhéfé '

Figure4.1. a) SEM false colour image of the claw at the end of the first thoracic leg of a silkworn
Black scale bar denotes 50 pm. Note the notch on the inner side of the claw that corresponds 1
pum, the diameter of a naturally spun silk fibkg.Drawing of thesilk press inside a silkworm before
the spinneret (green, a). The two ducts (blue, b) run from the two silk glands and then merge. [
FNRBY G(GKS CAfALIIIAQA 3FfFYyR 6LIzZNLI Sz OO0 22Ay
(yellow, d) ad a thickening of the tube wall (turquoise, €). There is a long ventral plate that mee
the lumen and a smaller plate imbedded in the wall (orange, f). Ventral (red, g) and dorsal (bro
muscles control the press to increase lumen size when theyareacted. Elastic recoil of the
cuticlelined wall enables lumen contraction. The inset image gives the transverse section throt

the [Press Reprinted with permission frorivlortimer, B.,et al. Biomacromolecule$4 (10): 36538659. Copyrigh2013American
Chemical Socigt

This chapter presenta novel method that induces natural silkworm paralysis by using the
FYAYLFf &aQ-dedRpQy -pkfaicd defence, which is induced hormonally by a specific
paralytic peptidé®. The paralytic peptide is naturally qauced by silkworms in their
haemolympt®. The peptide was first isolated and purified by édaal. (1999), who confirmed

its ability to cause rapid ahrigid paralysis when injected back into the haemolyAipHThe
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peptide is naturally produced immediately following bleedffigThe paralysis serves to prevent
AAT 162N Y20SYSY(d YR WofSSRAYy3 2dziQ F2ff26AYy:

responsé™.

4.2.2 Effect of processing conditions

Using these techniques for silkworm immobilisation, the effect of processing conditions on the
forced reeled silks can then be investigated. Example, reeling speed affects the mechanical
properties of forced reeled spider and silkworm $fk¥” 8% 2%3|t js assumed that the reeling
speed affects the shearing of the silk dope whilst in the Huthus a faster reeling speed would
result in an increase ibeta sheet content while at the same time leading to a decrease in fibre
diametef® 2% In spiders, it has been shown that there is an optimum speed for breaking energy
and stress, which matches the average natural spinning®tatdowever with silkworms,
increasing reeling rate does not affect breaking energy, and mamwirstress increases to an

impressive one Giga Pascal (GP&f?

Like reeling speed, processing conditions such as postdraw (stretching the fibres during reeling)

or wet-reeling (dipping the silk through water during reeling) would also be expected to create
additional ordet®. Adding tension to the fiboré@ ST2NB Al A& 7T dahduded Wa SiQ
molecular alignmerff*, allowing hydrogen bonding during dryy 3 (2 Wt 201Q GKS
placé®. Indeedin spider spinningsuch postprocessing additions affect mechanical properties

by increasing order within the fibfé *3 something also seen in synthetic polymer spinffifig

%% To further increase the degree of molecular order in a finished silk fibre, processing
conditions of parameters like tempature, stress and solvation would need to exceed the yield

point or glass transition temperature to allow macromolecular moBiiity

Understanding the relationship between protein structure and mechanical properties iala vit

step towards using silk or sitlerived proteins for specific applications. One of the most useful
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analytical tools allowing the matching of properties and structure is dynamic mechanical
thermal analysis (DMTA), with detaileg@searchto date helping © elucidate the protein
structure of RSE® 2°%13 native silk fibre§> """ 17° and artifcially spun fibres from natural

é%?1% Thisresearchhas revealed differences in thermal behaviour between the

silk dop
different silk-derived proteins; most importantly, differences in glass transition temperatures
(Tg) that can be linked to the degree of order in the protein, which in turn is a key component of

protein structure determining mechanical performante

Processing conditions such elemical or isothermal treatment, or applying postdrawgve
been shown in RSF to influente structures presert® 29910 21%221 Other studies make the
important link between the treatment, the mechanical properties and the protein struétbire
190, 222224 T date, artificiallpun silks (unless treated considerably pgsinning) are unable to
match their natural counterparts. This is most likely because the processing conditions used

lead to dissimilar suprenolecular structures.

4.2.3 Overview

This chapter aimdirstly to measure the effectiveness of the naturafiyoduced paralytic
peptide as a way to control silkworm behaviour during forced reeling, and so control forced
reeled silk variability. Themsing appropriate worm immobilisation techniques, the effect of a
range of processing conditions on the mechanical properties of silkworm silks will be
investigated, to explore the extent to which silk properties can be tailored for specific
applications.To provide insights into the effect of processing conditions on strugbuoperty

links, the thermal properties of a diverse range of forced reeled silks will also be studied. These
results should provide insights into the potential and limitations Bambyxderived silks,

bridging the gap between naturally spun and artificially produced RSFs.
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4.3 Methods

Methods for the preparation of forced reeled silkworm silks (basicuggt silk storage and
mounting, tensile testing and crosectional area are given Bhapter 2. Presented here, novel
methods were developed in silkworm immobilisation using paralysis, as well as modified forced
reeling techniques. The forced reeled silks were also probed for their thermal propbytibis
Hawkins and J. Guda infer the structures present using standard thermogravimetric analysis

(TGA) and dynamic mechanitdaérmalanalysis DMTA.

4.3.1 Silkworm paralysis

This Thesis develops the use of silkworm paralysis as a method of immobilising silkworms.
Worms were injected with 0.1 ndf 10 mg T paralytic peptide in water solution into the first
pseudopod base into the haemolymph. A shallow injection is used to help ensure the silk gland

is not pierced. The paralytic peptide was custom synthesised by Activotec, Cambridge. The
peptidesequence is ENFVGGCATGFKRTADGRCKPTF, modified so that the two Cys amino acids at

positions 7 and 19 have an inttasulfide bond®. This is to increase the stability of the peptide.

Following injection, all silkworms ceased movement, becoming rigidly straight and stopping
spinning even if silk was protruding from thepimnerets (seeFigure4.2, Figure4.6). After
approximately 30 minutes of complete paralysis, they would recover their ability to spin silk,
which agrees with observations of anaesthetized spid&rFherefore worms were left for 30

minutes after injetion in lab conditions (c. 20 °C, 40 % RH) until they started spinning again.

Paralysed worms were then reeled in a sqraralysed state by suspending them, as described

in Chapter 2. Silkworm movement appears normal, but they were less likely to breadlith
thread and can be reeled for long periods of time (up to 6 hours). During reeling, the appearance
of unpailysed and paralysed silkworms svdentical, where only the head and body movement

differs.
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Figure4.2. Pictures of silkworms: unparalysed (left) and a few minutes after paralysis inject
(right). Arrow gives the site of injection, at the base of the first pseudopod. The paralysed v
was rigid and immobile.

4.3.2 Load during r eeling

t I N} f@aSR |yR dzy LI NI feaSR 62N¥aQ NBSftAy3a o6SKI FA
exerted during reeling. To quantify this, a silk thread from a stationary silkworm was fixed to a

load cell that was then moved, similar to other publisliedeard (setup in Figure4.3)'® 2% A

tensile tester (500 N, Z0.5, Zwick GMBH, Germany) was used to record load and displacement
over the reeling period. The silk was attached to the load cell by covérengilk end in tape,

which was then placed into a crocodile clip attached to the load cell. The position of the tape
and silk within the crocodile clip was kept consistent between trials. Spinning silkkworms were
held carefully around their head duringelng using thumb and forefinger, rather than the bull

clip shown inFigure4.3 (where the worm was more likely to move and wriggle out). The silk was

reeled at a constant speed of 10 mrhfsr up to 70 cm.

All data wereprocessed in Microsoft Excel by removing slack from the initial stages of reeling
then zeroing the initial load. Background levels of load over displacement without silk

attachment wee also measured to provide a control.

60



D. Phil Thesis in Zoology Beth Mortimer Chapter 4
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Figure4.3. Measurement of load versus displacement during silkworm forced reeling. W
were immobilised at the bottom and their silk was attached to the loadwelk crocodile cli
by taping the end of the silk. The load cell then moved up at a constant speed, reeling t
from the worm. In the experiments, worms were held by hand rather than using thecliqul
shown here.

4.3.3 Modifications of forced reeling of silkworms

Forced reeling allows processing conditions to be manipulated, which have direct influences on
the structures, and so the thermal and mechanical properties of the silks. Here, applied

postdraw and the effect of worm temperature were investigatkding forced reeling.

4.3.3.1 Postdraw reeling

Instead of reeling the silk straight onto the spool, silks can be stretched during reeling to
influence the mechanical properties before the silk has fully formed all its hydrogen Bdnds
These postdrawn silks were run thrdug water bath (at 19C) via a Teflogoated guide before
winding through motorised wheels, which applied a controlled postdi@igure4.4). Cold weer

was necessary to minimise sticking to the underwater guide, assumed to be due to sericin.
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X1.16 slow

€ 20 water bath

worm

motorised wheels

X1.16 fast 20

X1.1 slow 20

Figure4.4. Experimental setip for wet postdraw experiments. Worms were suspended from
pole and silk waseeled at a speed of 20 mni through a water bath under a Teflon coated
guide. The silk then ran on three motorised wheels before collection onto a rotating spool.
Speedsand directionof silk at differentpositionsin the apparatus are given (in mri)sThe
number on the wheels gives the diameter of the wheel in mm (turns per second is the sam
all wheels). Stars give the comparable positions of rotating axels not occupied by wheels. |
row of wheels rotated aniclockwise, bottom row rotated ctkwise.

The second wheel during reeling was foundcemtrol the reeling speed from the worm, which
was set to 20 mm’s This was expected to be due to the 1&dntact with the silk and was
inferred using nail varnish on the silk as a marker and maasuts speed through the
apparatus. This method also showed that wheels should be covered in tape, to allow better grip
on the silk. The purpose of the first wheel was therefore not to control the speed of the silk, but
the angle through the apparatus, swas not covered in tape. The third wheel was placed at

different distances away from the second wheel, giving fast (close) or slow (far) postdrawn silks

62



D. Phil Thesis in Zoology Beth Mortimer Chapter 4

(seeTableb). Following the third wheel, the silk was collected onto a motorised spool, travelling

at the same speed as the third wheel.

Table5. Reeling conditions for the postdrawn forced reeled silks. Error on the postdraw applied
comes from the error in measured wheel diameter covered in tape, which was used to work out
the circumference and speed of the rotating wheel.

Silkworm Initial reeling Postdraw Distance between | Postdraw applied
speed (mm 8) | applied postdraw wheels | per second (3)
(mm)
x1.16 slow | 20 0.16 (+0.04) | 226 0.014
x1.16 fast | 20 0.16 (+0.04) | 99 0.032
x1.1slow |20 0.10(+0.04) | 226 0.009

4.3.3.2 Temperature reeling

As outlined irChapter 2, the worms were immobilised by taping them to a pole. If a copper pole
is used, the high thermal conductivity can be exploited to influence the tempeyadf the
worm during reeling, as silkworms are poikilothermiéorms were attache@long thelength of

their body toa copper pipe through which either cold or wamater was runningFor the cold
reeling, a water bath with a cooler was used, where water flows through the copper pipe by use
of a water pump. During reeling, water temperature remed constant within £0.2°C. For the

warm reeling, a water bath was used, including an inbuilt pump and thermostat.

The copper pole temperature was measured using a thermometer against its surface, labelled

YO2ftRQ YR Wgl N¥YQ NGB ateddéritured hbuiatibn i¢ @ided atzNdd kh8 NJ A y C

A 2 4 A ~

g2NY (2 AyONBlIasS GKS SELISOGSR 62N¥ GSYLISNI

measured using a thermometer; however, gradients of temperature are expected, so the
NEI RAy3a | NB | LILINBgE terperdiBedmeasardidentdt thé fipe N&s Sot
possible due to the practical difficulties of measuring through the insulafiable6 gives the

temperatures and reeling speeds used for each treatment. The properties of the silks are
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compared to worms reeled in the basic 4gi at ambient conditions, where worm temperature

is c. 20 °C.

Table6. Temperatures and eding speeds of different temperature treatments. Worm
temperature is given as a range as temperature measurements using a thermometer were not
exact.

Label | Water temperature | Pipe temperature| Worm temperature | Reeling speeds
°C) (°C) (°C) (mm s

Cold 8 10 11-14 10, 20

Warm | 59 45 32-36 10, 20

Hot 59 - c. 40 20

4.3.4 Thermogravimetric analysis (TGA)

These experiments were performed by Nick Hawkins, using a methodology developed in the
Oxford Silk Group. TGA allows the thermal properties of the silks tonvmstigated, by
measuring the weight change over temperatugegiving information on bound water and
thermal decomposition. Aluminium pans and 100 pl crucibles weretgedd on the TGA
balance prior to adding the specimen (TA Instruments Q500 TGA). mately 0.3 mg3 m)

of silk (naturally spun and forced reeled) was unravelled from a spool and carefully transferred
into the aluminium pan. The specimen was then heated at a rate of 3 °€froim ambient

temperature to 300 °C in Nitrogen gas flowing through the TGA furnace at a rate of 100*cc min

TGA also measured degummed naturally spun silk as a comparison. The degumming process is

described in detail elsewhef®. Juan Guan prepared thegummed silk specimens.

4.3.5 Dynamic mechanical thermal analysis (DMTA)

These experiments were performed by Juan Guan, using a methodology developed ietGuan
al.*>. DMTAexplores the dynamic mechanical properties of silks by applying a deformation

frequency over a temperature range. This gives information on the structures present in the
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silks, particularly the amounof order or disorder. All the dynamic mechanical thermal
experiments were performed on TA Q800 unde@MTA multi-frequency strain mode. The
parameters kept as constants were (i) temperature ramp rate at 3 °C, fiinfrequency at 1 Hz

and (iii) dynamicstrain at 0.1 %. The selection of these constant parameters was based on the
most common polymer testing procedure as well as a compromise between experiment
duration and data quality> *'" 1”2 A preload force equivalent to 50 MPa stress was applied in

order to keep the fibre in tension throughout the dynamic oscillation.

Two types of temperatre scans were conducted for forced reeled silks. Firstly, adude
temperature scan from100 °C to +270 °C, and secondly cyclical temperature scans with the first
ramp up to +120 °C or +180 °C, which are abbreviated as 120 °C annealing and 1&ali@yann

respectively.

RSF fibres were also used DMTAexperiments. They were supplied by Wang Qin at Fudan
University. The RSF solution was obtained using the same method asétaif§’ and the

fibres were obtained through wedpinning similar to the methods used in Yeiral >,

4.4 Results & Discussion

The results from thigesearchfall into five sections. First, the effect of paralysis peptide on
silkworm reeing behaviour is investigated. Theny ltomparing paralysed and unparalysed
worms, the effect of reeling spéeon forced reeled silks ipresented. These results suggest
inherent differences between naturallgnd forced spun silks, which afarther explored in
terms of fibore morphology and area, and thermal properties. To explore the full range of
mechanical properéis open to forced reeled silks, the effect of a range of praiogsconditions

is then presented. Lastly, the structural differences between naturally spun silks and varied

forced reeled silks are explorédrough the use 0DMTAIN collaboration with J. Guan
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4.4.1 Paralysis

The results indicate that silkworms are able to effect load during forced redliggré4.5). The
likelihoad of a worm applying load was unaffected by reeling repeats. Paralytic peptide injection
causes this force to be smaller and more consistéingure4.5a and b). Both paralysed and
unparalysed silkworms showed a maximum load that vesgnificantly higher than the

background (Mann Whitney twtailed test, p=0.0197 and Moods sign test p<0.01 respectively).

Importantly, unparalysed worms are able to applyreaking load during spinningigure4.5a).
These instances were rare during the load reekgeriments (mean is c. 0.01N), but in the
basic setup every unparalysed silkworm broke the silk thread during reeling at least once, with
rare exceptionsand regardlessthe animas interfered with reeling in almost every instance
Force measurementsf this maximum load curve give loads of around 0.08 N, equivatent
over 700 MPa based on an average area for a forced reeled silkworm fibre at 10" (tine s
speed of reeling for these experiments: 1.05 ¥ Hm? n= 23). Such a load would exceed the
breaking stress for these silks, which is up to 550 MiRgufe 4.10 In contrast, the maximum
force that spiders have been observed to apply during forced reeling (using their internal friction
breaking mechanisf?) has not exceeded 60 % of the breaking 8ad®® %> This may be
explained by the more natural context of forced reeling for spidethe sensory inputs of
forced reeling are likely to be similar to falliAy Therefore spiders may not apply high loads as
breaking should be prevented during falling. Silkwornasyever, maybe less likely todll due to

their arboreal locomtion?°, so maynot recognise the sensory inputs of reeling and respond by

breaking the fibre to conserve their silk.
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Figure4.5. Silkkworm force over reelm Zeroed load over extension fayunparalysed worms (6
worms, 30 reelings): blue line gives maximum load curve, red the median, pink the minimu
and black a representative background curve (out of ApParalysed worms (8 worms, 27
reelings) c) Average maximum load for the moving crosshead for background (no worm
attached) and paralysed and unparalysed worms, where errors bars give the standard errc
the mean between worms. Unparalysed silkworms show a maximum load significantly higt
than the background level (i.e. no worm attached; Moods sign test, p<0.01**), as do paraly
worms (Mann Whitney p= 0.0197*%)eprinted with permission fromortimer, B. et al. Biomacromolecule$4 (10):

36533659. Copyright2013American Chemical Socgyet
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In contrast, the silkworms injected with the paralysis peptide were unable to apply a high force

during reeling. These worms were sepairalysedg they were able to move and spin silk, but

there appeared to be a lasting effect of the paralytic peptide in the muscles that exert load onto

GKS aArAtloe !'a &Sidx F FdzZt dzyRSNBGIFIYRAY3I 2F (KS
expain these findings. Regardless, the method of paralysis spinning prevents fibre breakage

during reeling, allowing reeling for over seven hours (our record was >500 m).

The significant difference between the background and paralysed reeling load remdbent
force taken to pull the fibre out of the worm. It can be explaimegart by the inherent viscosity

of the silk dope as it flow§ Silkworm anatomy is also likely to contribute to this force as the
press is applied when the muscles are relax&édmmediately after paralysis, the silk shows a
ribbon shape Figure4.6), consistentwith a compressive action of the press on the silk. When
spinning restarts in the senparalysed state, the press constrains the thread without cutting it.
The silk press will therefore be acting as a friction break on the silk during paralysed reating. T

could be further explored using a more sensitive load cell during reeling.

Figure4.6. SEM image of a flattened silkworm thread following injection of the paralysis pep

where white bar denotes 5pm. Reprinted with permission frorilortimer, B.,et al. Biomacromolecule&4 (10): 3653
3659. Copyright2013American Chemical Soget

Only one reeling speedias measured using this sep. Offerent reeling speeds may lead to
different results. In particular, personal garience reeling unparalysed worms suggests that
silkworms are more likely to break the silk at slower speeds, so behavioural infloemcde
more pronounced at thesspeeds. The force required to pull the silk out of the worm is also
expected to increaswith increasing reeling spe&d
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Overall, these experiments have shown that the behavioural application of load by the silkworm
during reeling can be removed by injecting the silkworm with a paralytic pepiities is
important as variable load during reeling has been shown in spiders to affect mechanical
property variability®> '3 By removing the effect of behaviour on mechanical property variation,
the effect of applied processingpnditions can be investigated. This is investigated in the next

section by reeling paralysed and unparalysed silkworm silks at different speeds.

4.4.2 Reeling speed

The data inFigure4.7 supportthe hypothesis that silkworm behaviour influences silkworm silk
mechanical properties. Some unparalysed worms broke the thread during relglisgecimens

close to the break (most commonly before 15 mf), $ appears that the animals were applying

load to the fibre. Research on spider silks has shown that higher reeling force increases modulus
and breaking stress and decreases breaking stfaifi* Theunparalysed data agree with it
showing higher strength and modulus (see AppenBigure A.3) and lower extensibility
compared to paralysed silkworm silks at 15 mih suggestig a higher reeling force.
Importantly, if the specimens surrounding a break are excluded from comparison, the paralysed
and unparalysed worms show more similar properties, suggesting more comparable reeling

loads (AppendikigureA.4).

Paralysed worms give the best indication of the relationship between forced reeling speed and
mechanical properties (as their reeling load is consist&mngure 4.5b). This observation is
underpinned by the consistency of sdkea data for paralysed wormg-igure 4.7d), which

shows a nodinear relationship and is consistent with findings in spitférs

¢tKS YSOKFYyAOIt RIEGFE FTNRY &aatia aGr1Sy FNRBY LI N
maximum stress and breaking energy. This feature is also observed for spitfesilieover,
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speed (100 mm sfor spiderd®, 20 mm & for silkworms FEigure 4.7)). For silkworms, the
maximumthread toughness was seen at 10 mih at the average natural spinning spé&d
Toughness ikkely to be the mechanical property on which natural selection acts as the cocoon
structure will be selected for high energy absorption ability for protection against predators
Both the composite structure of the cocoon and the fibre properties will contribute to this
energy absorptioff’. Individual fibres will therefore be selected to have high toughness at
biologically relevant reeling speeds. Therefore, the relatively poor breaking energy above 20 mm

s'is unlikely to have an effect on fitness, as thesdingespeeds will not be used by the worm.
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Figure4d.7. The effect of reeling speed on the mechanical properties of paralysed (green) and
unparalysed silkworm silks (purple: includes data where the silkworm broke the thegdkg: break
strain,b) maximum stress;) breaking energy and) mean crosssectiond area. Stars give a
comparison taneanvalues for naturally spun silk (not shown in d). Error bars give the standard

of the mean. Number of specimens measured is given in Appdiathibe13. Reprinted with permission from
Mortimer, B.,et al. Biomacromolecule44 (10): 36538659. Copyright2013American Chemical Sogjet

The patterns of mechanical properties obsenlete differ from previously published literature

data on the effect of reeling speed on silkworm silk propertighich shown highestiffness,
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strength andtoughness with increasing reeling spe€d®®® This will balue to differing methods

AY I NBI YSIadaNBYSyid IyR AyadzZFFAOASYyld O2y (NPt
The methods presented here will provide more robust data as silkworm behaviour was
controlled, with consistently low fibreading during reelingFigure4.5b), giving a much more

reliable relationship between mechanical properties and reeling speed.

Taking silks from onparalysed wormFigure4.8a compares the mechanical property envelope

of forced reeled silks taken at different speeds compared to naturally spunonosiik. In
support ofFigure4.7, silks reeledrom paralysed worms at the intermediate speé@tere 15 mm

s1) displayed the highest average toughness. Importantly, the toughness is also similar to the

naturally spun silk, it the forced reeled silks showslightly higher variability.
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Figure4.8. Differences between forced reeled silks from one paralysed worm reeled at different
speedsa) stressstrain profile showing thenvelope of properties per material type. Blue denotes
mm s (n=7), green 15 mm’gn=5) and orange 25 mnT $n=>5) and black denotes naturally spun
silk.b) Loss tangent taken frod@MTAtemperature scamun by J. Guarshowing 2 or 3 repeats per
speed.

Naturally spun and forced reeled silks from the same worm spun at different speeds were then
measuredby J. Guarfor their dynamic mechanical propertiegigure4.8b). The higher the
temperature of the loss tangent peak, the more ordered the polymer structure is, due to the
higher glass transition temperatures efronger bonded structure§®. The height of the loss
tangent value also indicates the relative amourittbe type of polymer structurepresent

Hence this canbe interpreted asnaturally spun silks hanvg drastically higher amounts of order
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in theircompositioncompared to forced reeled silkurthermore, he paralysed silkworm forced
reeled silks show lge amounts of disorder, and evidence of multiple types of structure,
indicated by the presence ahultiple tan delta peaks. The effect of reeling speed on the
structure of forced reeled silks also minimal, with a slight increase of order for the 15 riim s
reeled silk.lt has been assumed thahe trends in the dynamic mechanical properties are
representative as the stresstrain trendsfor this individual wormare similar tothe average

trend (Figure4.7).

These results raisguestions about the inherent differences between naturally spun and forced
reeled silks. Whereas the stressain profiles between forced reeled silks and naturallyrspu
silks are similar, especially under more natural processing conditions (i.e. match average natural
spinnng speed), theDMTA data suggesttheir structures are very different, forming two
different Wlasse€of materials. The next section investigates tfiferences between naturally

spun and paralysed silkworm forced reeled silks further.

4.4.3 Naturally spun versus forced reeled

4.4.3.1 Fibre morphology

Differences between the fibre morphology of the two silk types presentedin Table 7.
Differences in crossectional area are particularly important for understanding the variability in
the stressstrain profiles seen ifrigure4.8, as variation in area directly influences variation in

engineering parameters (excluding strain).

Forced reeled silks are thinner than their naturally spun counterpdiablé?7), which is in part
due to a more even sericin coatinghapter 2Figure2.4). For naturally spun silks, the interlayer
bonding that was present in the cocoon is not completely removed during cocoon unravelling.

This uneven coating may be removed by degumfifng
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Furthermore, crossections show that thérins themselves are smaller in forced reeled silks
when compared to naturally spun cocoon silks (taking into account protease digestion). This is
hypothesised to be due to the silk press contributing a load that decrddsesdiameter.Other
factors tha may reduce forced reeled silk size is an increased draw ratio during reeling (speed

that silk leaves the spinneret versus reeling speed), whialsighjectfor further investigation.

Paralysed worms appear to have the press consistently applied, tegalithe thinner and less
circular crosssections Table7). Unparalysed worms have control of their silk press, enabling
them to increase silk ducuinen diametet”® making fibres morecircular on average. The
implication of this finding is that unparalysed worms are not only able to apply load during
reeling using external mechanismisiqure4.5), but they can also decrease load by removing
their silk press. Combined, this increases the variation in reeling load. These relationships hold

across the range of reeling speedsfle?).

Table7. Shape and area comparison of sSIBSS NB & Qa4 a Kl LIS O2STFFAOASY
and smallest diameters of the shape, where a value of 1 is circular.

Silk type N Area CSNBGQa akKl LIS ¢
(speed in — —
mm 3 Mean | Standard | Coefficient | Mean | Standard | Coefficient
(x 10° | Deviation | of Deviation | of
mm? | (x 10° Variation Variation
mm?) (%) (%)
Naturally 145, | 3.79 0.65 17 2.25 0.57 25
spun 67
Unparalysed | 69 2.0 1.2 58 1.52 0.33 22
(6)
Paralysed (6)| 67 1.57 0.59 37 1.66 0.42 25
Unparalysed | 44 0.76 0.43 57 1.48 0.24 16
(30)
Paralysed 67 0.72 0.19 26 1.77 0.63 36
(30)

Given the morphological differences in the fibre crgsstional area between forced reeled

and naturally spun silks, variability at different scales along the fdmgth was investigated
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(Figure4.9). This ensures thaccurate allocation of crosectional area for stress calculations;

another source of variation in mechanical properties.

Forced reeled silks are more consistent than naturally spun silks in theirsgossnal area

over their length Figure4.9), in agreement with previous literatut&. This is primarily due to

the decreased variability in crosgctional area as well as less variability in sericin coafiabl¢

7). For naturally spun silk, the variation in spinning speed due to the natural figure of eight head

movement may also contribut?.
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Figure4.9. a) Average area over d@nce for naturally spun (blafkand paralysed forced reelet
silkworm silk from one worm reeled at 20 mfh(green), error bargstandard error of the meargan
be seen as variation at the millimetre scale, vaoiatacross the x axis as varigtiat the metre scale
b) Probability distribuions ofareadata (bars) and random normal distributions with equal mean |
standard deviations of measured data (lines) of paralysed silkworm forced reeled (green;

area=8.97 x 1Omm? + 2.26)and naturally spun silk (blaghlata given in Table I§eprinted with permission
from Mortimer, B.,et al. Biomacromolecule44 (10): 36538659. Copyright2013American Chemical Socjet

The SEM crossectionalarea measurements cannot be modelled with a normal distribution,
which was unexpectedFigure4.9, AndersorDarling normalitytest, p<0.05) There is a slight
right skew in both distributions. This appears to be an artefact of the method where
overestimation is more likely than underestimation. This will therefore slightly underestimate

the stresslinked mechanical properties tie silks.

These data have deto the outlined methods for area allocation and minimum number of

specimens required for a representative area, outlined in Chapter 2. It should be noted that
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degumming would decrease variation for naturally spun silks tilady decreasing the number

of specimens required. As sericin contributes little to the mechanical performance of'fibres
repeaing this technique on degummed fibres wouwjdantify thevariation of the fibroin cross
section in naturally spun silks, which directly contributes to the mechanical properties.
Repeating this method on silks from multiple individuals (both forced reetednaturally spun)

would also validate the conclusions.

4.4.3.2 Thermal properties Zzthermogravimetric analysis (TGA)

Aside from the morphology of the fibres, the thermal properties of paralysed silkworm forced
reeledsilkand naturally spun (native and degummesilks were comparetly N. Hawkinén the

TGA to support the findings Figure4.8b showing that forced reeled silks are more disordered
than naturaly spun silkgFigure4.10). This technique gives information on the water content of
the silks (taken by the difference in weight up to 100 °C) andpilgmer structure, which
influences the temperature at which thermal decomposition starts (dramatic loss in weight at

high temperatures).

The water content of the forced reeled silks (three repeats, slack storage) was higher than
naturally spun and degumed naturally spun silk (c. 7 %, 6 % and 4.5 % respectively). Since
water is associated with hydrogen bonding to disordered §jlkhis suggests that forced reeled
silks are intrinsically more disordered, with higher amorphous fractions. The earlier onset of
thermal decomposition in forced reeled silks also suppdrtts propositionthat they are more
amorphous.Polymers with a greater proportion @morphous structures have lower thermal
decomposition temperaturedue to higher vibrational energy in their less rigidipnded
polymer chain backbort€ #*2 A higher amount of disorder in forced reeled silikben
compared to naturally spun silks also explains the lower and more numerous temperature loss

tangent peaks in forced reeled silks seefrigure4.8b.
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Figure4.10. TGA plofrom N. Hawkin®f naturally spun (black), degummed naturally spun
(grey) and 3 repeats of a nguostdrawn silk (slack; red) forced reeled silks. The solid lines g
the weight loss over temperature and the dotted lines give the weight derivative over
temperature.

4.4.4 Processing conditions

As already shown with reeling speefigure4.7), forced reeling allows a range of processing
conditions to be applied to manipulatthe properties and structures of the silks. Looking
exclusively at paralysed silkworm silks, where variation due to behaviour is rembBigeae(
4.5h), a range of other processing conditions were investigated. Due to the time constraints in
setting up the reeling procedures, each treatment shows data from only one worm, where the
worms are different between treatments. With the use of paralysis, mterm variation is

reduced Figure4.7) but may still affect the data. Therefore trends, rather than the values, will

be analysed here.

Applying variedprocessing conditiongan be used to investigatevhether the mechanical
property envelope can be further extended beyond the effects of reeling speed, giving
information on the limitations and potential of forced reeled silkaportant for the application

of these silks in engineering and medic¢te\dditionally, the effect of processing catidns on

the structural disorder of the forced reeled silkSdure4.8 and Figure4.10) is also investigated

(seed.4.9), to inferhow the material structure is influenced by these processing conditions, and
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if the structural disorder of forced reeled silk can be manipulated to approach that of naturally

spunsilk

Figure 4.11 shows that forced reeled silks have a greater variety of mechanical properties
compared to naturally spun silks, usually accompanied by higher specimen variability within
each treatment. All forced reeledliss were from paralysed worms reeled at 20 nifn Applying
a greater postdraw and higher stretch rate forced reeled silks leads tthe strongest
properties seen which were accompanied by greater specimen variability in the -yiesd
region. These dat also indicate sensitivity to specimen storage conditions such as silk tension

(d) and specimen storage humidity (d and e; mainly affecting specimen consistency).

Higher postdrawn specimens (x 1.16 in b) displayed higher average failure stresseduihis is
higher fibre stiffnesgaused by a higher molecular orientation, which in turn is enhanced by the
increased stretching forceAdditional techniques such as birefringence could support this
assertion.Interestingly, the postdraw not only affected tmechanical properties, but also the
fibre crosssectionalareas. Reeling from the same worm and applying the same amount of
stretch (x1.16), allowing less time to respond to this stretch (i.e. faster stretch rate) lead to a
significant decrease in fibrerasssectional area (from 2.60 ¥0* mm? to 1.44 x10* mm?

p<0.01 Moods sign test).

Additionally, the postdrawn specimens showed high variability throughout the ssteais
profile, resulting in variable stress and strain to failure. This is in asinto the nonpostdrawn
specimens in d and e, which followed more consistent ststgsn contours, and only varied in
their failure points along the contours. The postdrawing itself may be causing this effect by
increasing structural variability. Thefférent secondary structures (such as different helix or
random coil structures) formed during spinning can be stretched to different extents by the

postdraw process, thereby enhancing structural differences.
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Figure4.11. Stressstrain plots in order of decreasing streng#):naturally spun (blackp-c)
postdrawn silks: x1.16 slow and fast (light and dark green respectively) and x1.1 slowddelus)n-
postdrawn silks: tension and skafdark red and red respectively), and dry storage (piRSF silk
provided by J. Guaforange). Scatter points give the breaking points of other specimens measur
from the same treatment. Specimens on the same plot are comparable as they are g®@artie
worm. All worms were paralysed for forced reeling and reeled at 20 im s

Maintaining tension in the nopostdrawn specimens gave consistent, high failure stresses and
strains, thereby producing the highest toughness seen in any of the fibresdiEhese fibres

were the most similar to naturally spun threads, but with an increased-piesd plastic flow in
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the disordered structures resulting in slightly higher energy uptake, i.e. area under the- stress

strain curve.

Storing the norpostdrawn speimers under dry conditions induced a different kind of
variability. Many of these fibres were slightly embrittled by the dry conditions, with associated
low failure stress near the yield strés Without water acting as a plasticiser fsitk, the silks
become less ductile (Chapter*3) Some of tle specimens, however, appear to have rehydrated
back tothe humidity of the measuringconditions (c. 40 %), decreasing the influence of brittle
failure. Alternatively dry-storagecould lead toembrittlement of the sericin binder coating on
the fibres, whch weakens the whole fibre structure when cracks are initiated in the sericin layer

and propagate through the whole fibre (Chapter 3).

A disordered (largely amorphous) RSF fibre is shown for refererféigune4.11f. These fibres
have little to no posyyield modulus due to their structural morphology. In contrast with silks,
they have larger and wider distributed ordered regions in the amorphous rfifitrizading to

little contribution of the ordered regions after yield.

To further investigate the mechanical property scope of paedysilkworm forced reeled silks,
poikilothermicworms were heated or cooled during reeling at two reeling speé&itsi(e4.12).

In general, reelingemperatures above room temperature are not significantly different from
the room temperature control. Cold reeling, howeverpduced silks that arsignificantly less
extensible and hee a lower maximum stress at the higher reeling speed of 20 Mifp<001,
Mann-Whitney one tailed test)but werenot significantly different from the norold specimens

at 10 mm &.

Cold body temperatures effect silkworm silk properties due to the lower enavgylablefor
rheological flow of the silk dope during spingirthus reducing the energy available for disorder

to order structural transition of the silk proteitfs Additionally, there may also be influences of
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metabolic ion pumping, which influence fibre formation he the spinning procesFinally,
there are known to be enzynsepresent in silkworm silks with tanning and crédisking
functions®®, however, he data here do not support the effect of temperature on the enzymes
at these timescales. Thactivity of these enzymes would be expected to increase fibre

stiffnes<®.

The trends seen here are unlike those found with tropical spifienshere spider silk breaking
energy increases asigpr body temperature increases from 5 to°@) assigned to an increase

in breaking strain. (This is different from the effect of temperature on the dried silk fibre, where
increasing temperature in spider silk leads to higher stiffffé3dt may bethat silkworm silks
respond differently to body temperature during reeling as their protein composiioa duct
morphologyis different to spider sifk'?® In particular, extension of silkworm silk may be at its
limit at c. 45%, which is the highest strain recorded from all processing condfimuse4.11).
Additionally, as a wide temperature range is common for tropical spiders (compared to
domesticated silkworms25 °C recommendétf), the change of silk properties at different

temperatures may have been selected for.

Stress(MPa)

0 1lo 2|o 3|0 4|0 5F0 0 1|0 2|0 3|0 4|0 5|0
Strain (%) Strain (%)

Figure4.12. Effect of worm temperature on the mechanical properties of paralysed silkworms re

ata) 10mm s' andb) 20 mm §.. Black curve gives a reference naturally spun silk specimen.

¢CSYLISNI GdzNB 2F 62NXYY WO2ftRQ 606f dSOESNR2&0

(pink). Scatter points give the breaking points of other specimens measured from the same

treatment.
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This finding also highlights the importance of controlling silkworm acclimatisation to room
temperature after removing worms from theool storage incubator. This was controlled for in

these experiments, where worms were not reeled for an hour after removing (Chapter 2).

Another interesting feature of the stresdrain curves irFigure4.11 and Figure4.12 is the post

yield plateau in stress seen immediately after yield, whiclicetgs molecular chain elongation.
Goiled molecules relax through yield until they are stretched sufficiently to sustain the applied
load with the equilibrium posyield modulué*. Postdraw removes this feature, as well as
higher temperature on average. All naturally spun silks yield gradually, with neyietdtdip. It
would therefore be expected that postdraw and higher temperature would increase the

structural order othe forced reeled silks.

4.4.5 Structural basis of properties

This last section useatata from J. Guan, usifgMTAto explore the extent to which processing
conditions affect the amount of structural disorder of forced reeled giWyspendixFigureA5,
Figure 4.13, Appendix Supplementary Discusgio®venll these data support Figure 4.8,
showing that all forced reeled silks have complex combinations of partially disordered fibroin
structures that havebeen introduced by the forced reeling spinning process. By comparing
reeling speedsHigure4.8) and the effect of postdrawAppendixFigureA.5 and Figure4.13), it
appears that psttreatment can only partially compensate for this increased and variable
disorder. Postdrawing had the strongest effebut silk retained strong evidence of multiple
types of disordered structure. The highest level of disorder was seen in theosidrawn

specimens that had been slastored.

The greatest order seen in forced reeled silks emerged following annealing to 18pF&hdix
FigureA.5b). Importantly, this suggests that thermal treatment under mechanical load would be

the most effective wayd create ordered structures isilk. Not surprisingly, this feature is
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similar to the common practice of annealing synthetic polymer fibres suclE@suRder load at
elevated temperatures in order to increase the orientation and crystal fractions, which in turn
increases stiffness and strength Similarly, annealed silks show stiffer mechanical properties,

with lower breaking strains, explained by the higher order and lower waatailability (Chapter

3, AppendixigureA.6).

Processing conditions therefore influence the properties and structures of forced reeled silks to
cover a spectrum of disorder ranging from the disordered artificially spun RSF to the more

ordered naturally spun silk&igure4.13).
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Figure4.13. a)Loss tangent over temperature prand post120 °C annealing (dark and light
respectively) on naturally spun silk (black and grey), postdrawn (x1.16 fast; dark and light gree
non-postdrawn (dark and lighurple) forced reeled. morisilks. Bar gives y axis scdlgthe post

120 °C annealed loss tangent, including RSF (orange). Black baragiiescale for the top and
bottom section.
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The postdrawn forced reelesilk inFigure4.13 showed an interesting rapid change around 175

°C. This change started out like an RSF structure peak and then jumped rapidly to a more
ordered structure similar to natural silk, which has the higher level of coordinated hydrogen
bonding. This specimen finer supports the assertion that the loss peaks are associated to
specific hydrogen bonded structures, and that combinations of temperature and mechanical
load can anneal the silks, giving better bonded stabkeshe specifidoonding arrangemenof

this postdrawn silk the structure can dynamically reassemble under specific load and
temperature conditions. This type of dynamic reassembly is likely to also be the mechanism
behind the postyield dipseen formany forced reeled silks Figure4.11. The specific conditions
leading to this dynamic reassembly have not besserted but are likely to be linked to the

stress and humidity history of the silkoth of which affect hydrogen bonding structdfe " 172

4.45.1 Naturally spun versus forced reele d silk structure -property links

Compared to naturally spun silks, forced reeled silks were more variable in many aspects of their
structure and properties and in some cases seem more akin to derived RSF fibres. Previous
researchhas suggested that such variation in mechanical properties might be attributable to
G2L1R2t23A0I ¢ WRSFSOGaAaQ adzOK & & deMiEh a8 bed Y LIS NJF
exacerbated by behavioural control of the silk press during-pemalysed reelin§. The data

presented here suggest that this variation may be attributed to the amount of randomly
distributed disordered protein structures present. The precise mechanism of the differences in
structures between naturally spun and forced reeled silkauisently unknown, but is likely to

be a product of both behavioural and physiological control exerted by the silkworm during

processing.

Behaviour during reeling may introduce the disordEne paralytic agent used in thebapteris
believed to inhibit nuscular control around the spinning apparatus, specifically the silk press
(Figure4.5). This inhibition prevents the animal from using its behaviour to-fiime the ratio of
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applied force and reeling rate during fibre production. A lack of feedback and control during silk
production could propagate rheological flow instabilities in tH& dbpe in the duct, as well as

preventing any postdraywrocessing of fibres.

CdzNII KSNXY2NB>X F2NOSR NBStAy3a YlIeé AYLIOG GKS airf
of the dope to chemical processing in the duct (changes in pH and ions), knofdSaO i aAf | Qa
selfassembly properti€d*?*’. For example, recentesearchsuggests that specific chemilya

induced links between terminal groups on the protein chains might allow the flow field in the

duct to stretch the macromolecules into an aligned structure. This mechanism is therefore vital

to promote structural order and intechain hydrogen bondingnd it is possible that it may be

controlled during natural spinning, but not during forced reelifg

4.5 Conclusions

In summarythe use of silkkworm paralysis can eliminate the effects of silkworm behaviour on
forced reeled silk mechanical properties. This allows silk to be reeled for hundreds of metres
without breaking, with less variable properties due to the consistent reeliad. [dhis opens up

the use of silkworm paralysis for industridale reeling.

The removal of the influence of silkworm behaviour on silk properties allows the effect of a
range of different processing conditions to be investigated, including reeling spesttiraw,
storage conditions, worm temperature and annealing. Forced reeled silks showed sensitivity to
all these processing conditions, with direct effects on mechanical properties. This has revealed
the large performance scope of forced reeled silksnfirRSHike properties, to fibres tougher or
stronger than néurally spun silk. Based on theskata, there appears to be a limit of the

strength ofBombyxderived silks of c. 600 MPa and an extension of 50 %.

Processing conditions also influence the thatmroperties of the forced reeled silks, which can

be used to infer the structural basis of mechanical property differences. Processing conditions
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alter the position of the forced reeled silks on a spectrum of disorder, from the highly disordered
RSF to lte most ordered naturally spun silk. In particular, postdraw and annealing under

mechanical load can ameliorate the structural disorder of forced reeled silks.

This chapter highlights the extent to which forced reeled silk mechanical properties can be
marnipulated, allowing the production of silks with desired mechanical properties for tailored
engineering or medical applications. However, there is a tw@ifle Forced reeled sitkare
inherently variable, with the exception of their fibre morphology. Thigability stems from the

structural disorder, which can only partially be ameliorated.

Compared to naturally spun silk, forced reeled silks are a different clé&snabfyxderived silks.
Despite using the same dope from the same spinning apparatus, disirdntroduced to the

silk by unknown internal processes of the worm. The most ordered and least vaBialnbyx
derived silks come from naturally spun silks. Furthermore, the toughest silks were found at the
average natural spinning speed. This shows Hte spinning apparatus, rheology and behaviour

of the worm have been shaped by evolution to allow optimal silk properties and structural order

in natural contexts.
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Chapter 5 High-rate ballistic impact of silks

5.1 Synopsis

Thischapter builds on the lowate experimentdrom Chapters 3 and 4 to study the mechanical
properties of silks at higher stranates. Bombyxnaturally spun and forced reeled silks are
compared toNephilamajor and minor ampullate silks, as well as nylon. Rigigendence is an
important source of variability in mechanical properties of polymers, and is relevant for the
mechanical performance dfilks during impact events, such as pecking of the cacooprey
impact into theweb. Furthermorethese properties are important for harnessing the toughness

of silks in highrate engineering applications, such as air bags or composite panels.

This clapter is adapted from a published paper (Drodge et al. 281 avhere my catribution

was preparation of all the silpecimers, highrate testing, lowrate testing, SEM crossectional

area characterisation and data interpretation. Details on the experimental method and analysis
techniques developed by D. R. Drodge and C. RuBare given irAppendix BD. R. Drodge, C.

R. Siviour, C. Holland and F. Vollrath contributed to experimental design and data interpretation.

5.2 Introduction

Due to their viscoelastic naturehé mechanical propertie®f polymer fibresare expected to

change as a function of their deformation rate, or straite'®.

This has importantmplications

for the biological function of spider silks, as the mechanical performance of silks in the web will
change depending on the speed of the deformation event, from slow wind blasts to fast prey
impact. In fact, many webs have to cope with prey aeipnot just from insects, but fashoving
vertebrates such as birds and b¥fs Ratedependence also has implications for the silks

involved in protective functions in cocogn@hich have to deal with varied impact rateer

example attempts of predators or parasitoids to penetrate the co¢aon
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There is conflicting evidence on the trend in mechanical properties of silks over-rstr@in
(Chapter 13" %" 13334 |n particular, the trend in strength drtoughness is unclear givearrent
data, makingunderstanding thelink between ratedependent properties and their biological

function impractical.

This chapter uses ¢ftirrate ballistic impact on @glymer fibres to offer some insightsiio these
differences and contribute to the understanding of polymer rdgpendence. In particulag
previously describedallistic impact methot* is further developedto assess whether pre
stress affects the highate mechanical propertiesin this method, a fibre is impacted
transversely to produce propagating stress waves, whadgbiour can be used to infer fibre
properties.Satic pre-stress and impact speeds are varied to change the dynamic stress imposed
on the specimenThe data obtained have implications for the gemsioning (i.e. static stress) of
polymer fibres for highrate applications. It is also important for understanding orb web
function, where radial threads are tensioned, which is likely to influence impact performance for

catching fastmoving prey with high kinetic energfé%'*°,

5.3 Materials and M ethods

5.3.1 Specimen preparation

Spider silks were obtained fromlephila edulisthrough the forced reeling of immobilised
spiders, described in (Chapter 2). SeveMabhilaindividuals were reeled for both major (8
spiders) and minor ampullate silk (5 spiders, 4 of whildo gave major), where major was a
single filament and minor was a double. Some spiders were reeled for their major ampullate silk
from both glands, so thsilks could be used for different experimental methods for comparison.
Other materials were also measured: mulberry silkwoBambyx morinaturally spun silk,
Bombyxforced reeled silk at 10 and 20 mm, and nylon. All silks were unravelled from a spool

mounted at the top of the testing rig for the highte experiments. Therefore, specimens were
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not kept at reeled tension at all times of their preparation. Nylon was unravelled from its spool
and individual fibres were unravelled from the thrébre twine. Density and diameter for nylon

are given in Appendix A.

Nail varnish was used to fix specimens at the beginning and end of reeling onto the spool for
accurate SEM and strestrain properties. Details of methods for SEM and ststemin
measurements @ given in Chapter 2. FBombyxsilks, specimens were also fixed to the spool
mid-way through experiments to keep an ongoing measurement of the etessonal area and
tensile properties over specimen lengtbee Chapter 4Table7 for naturally spun silk results)

Mean area was used for analysis and giugdaiic stressstrain area allocation.
5.3.2 Ballistic impact experimental set -up

A diagram of the exerimental setup for ballistic impact is given iRigure5.1. The setup
involves firing a projectile (a chisehded nylon cylinder), from a clamiplease gas gun into the

centre of a long single fibre held under a static-pgasion and imaging its twdimensional

Fibre
reeled
Fibre from spool

fixed to
guide

deformation during impact.

Variable: projectile speed

Gas 1 \
gun D . ~ R
Light gate
High-speed
camera
0000

Variable: Pre-stress on the fibre
Figure5.1. Nylon projectiles are fired from a gas gun at a single fibre. Either thsetprss on
the fibre is varied, or the projectile speed. The fibres are unravelled from a spool and fixed
guide the top. A weight (static load) is hung from the fibre andfitre is kept vertical by a
guide at the bottom. Specimens were up to 2 metres long. Fibre deformation is imaged usi
high-speed cameras, where the fibre is lit up by hpgiwer flashes. Timings of cameras and
flashes were controlled using a light gate thhe gun barrel.
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¢o2 GFENARFGAZ2Yya 27F KA a vailySpdddy AYj IrSEs2aRBvW Bonstizdt S R ©
pre-stress on the fibre (usually under 10 MPa, up to 60 MPa) and varies the impact speed of the
projectile (from 20 m$to 450 m s%). Thed S O Agfystati’ load) Y S Ke&p? tRe projectile

speed constant (c. 115 nT)s but varies the prestress on the fibre by applying different static
loads (10 MPa to 1150 MPa). The first method varies the stress applied by producing a differing
amplitude longitudinal wave at different impact speeds, where all applied stress is dynamic. The
second changes the stress through applying a static load, so stress is applied statically and then

dynamically.

In both cases, the impact of the projectile causdsrgitudinal tensile stress wave to propagate
along the fibre. This is accompanied or followed by a trarseverave. Using appropriate high
speed imaging, the speed of the observed transverse wave is measured and this gives a direct
measurement of the fite tension due to the combination of the static stress and longitudinal
wave. By combining this stress with a suitable strain measurement (also from thesgdghd
images), highate stressstrain coordinates can be constructedrigure5.2). More detail of

experimental seup is given ilAppendix B

Spools with reeled specimens were hung from the top of the testing rig above a guide. The guide
is a reractable cylindrical rod with a notched end. A small-preighed amount of blue tack of

0.03 g was added to the fibre end which enabled easy unravelling from the spool to the length
required. If a low weight is used (up to 0.2 g), the fibre at the topr tlea spool is blug¢acked

to the guide rod, where the fibre runs through the guide notch and bends 90 degrees onto the
rod before fixing. If a higher weight is used, the fibre is additionally superglued into the notch to
prevent slipping. Where possibléhe specimens are not cut to allow the fibre to be easily
located for the next experiment. In cases where a larger static load is needed, the additional
weight is added after the fibre is fixed at the top (spool end). Labjacks were used to allow

controlledapplication of the weight and prevent higher stresses being reached. The bottom end
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of the fibre falls vertically within the notch of a lower retractable guide. This ensures that,
although it is not fixed at the bottom, the fibre is unable to swing. Spens were tested as
soon as possible after the static load was added (usledly than20 seconds) to reduce the

effect of creep between specimens and minimise specimen breaking or weights falling off.

500 4 a) Vary speed 500 1 b) Vary static load
400 - 400
& 300 & 300 -
£ | 2 High-rate stress
% § combination of
52004 . £200 1 dynamic and static
ool by Impact speed siresses
100 Y Impact sp 100
] i ’; Varying static
Low pre-stress pre-stress
0 — ) 0 —————
0 5 10 15 20 0 5 10 15 20
Strain (%) Strain (%)

Figure5.2. Comparison of the loading of specimarsng:a) the vary speed method dy) the
varystatic load method. For the vary speed method, the-pness is kept low and the highte
stressstrain ceordinates are governed by ¢himpact speed, where higher speed (longer arro
leads to a larger jump in conditions. Using this method, the stress appbdmost wholly
dynamic. The vary static load method applies-gptiesses of different amounts and adds an
elastic jump in propéres from impact of a set speed. Using this method, the stress is applie
statically and then dynamically. The quakiticstressstraincurve is from naturally spun
Bombyxsilk, used here for illustrative purposes.

The measured parameters from higpbeal imaging were velocity of the projectilev)(
measured from the light gates or the camera images, and the observed transverse wavespeed
(G)) ¢ the speed of the transverse wave/kink in the fibre during the early stages of deformation
(the horizontal motiorvisible inFigure5.3). Longitudinal waves also propagate in line with the

axis of the fibre, but cannot be imaged.
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Figure5.3. Highspeed images of the silk apdojectile in the early stages of deformatiowhere
timing between pictures is given at the tophe observed transverse wavespe€g) (s the
speed of the propagation of transverse motion in the silk, visualised by looking at the spee
0§KS TFYAIONBY 23 a dzldd hyfte GKS aSOiGA2Yy |062@.
symmetrical about the impact point.

Specimens were usually two meters longemosurethat the observed transverse wave is not
affected by the reflection of the usually faster fitudinal wave from the guide. Spider silks
were slightly shorter, but were long enough to ensure imaging of the transverse wave is before
the longitudinal wave has reflected back (sE&ble8). The lengths were varied in this case to
conserve silk, to get the maximum amount of data points from a limited supply of silk from each

spider (usually around 50 meters from one gland).

Table8. Length of fibres used for different projectile speeds for spider silks specimens.

Projectile speedY | 51.1 | 112.9 | 148.0 | 208.8 | 277.8 | 335.5 | 396.4
+SE Mean (Mm% | (0.7) | (1.5) |(@.1) |(3) |(33) |19 |@.7)

Specimen length | 1.20 | 0.84 0.84 0.62 0.62 0.46 0.46
(m)

For the speed method, either Helium or Nitrogen propelling gases were used, where the former
allows higher speeds to be reached as it has a lower density at any given pressure. The pressures
of the propelling gases were controlled $et projectile speed dxamples given iTable8). In

order to fire the gun, projectiles were initially held in the clamps using a clamping gas pressure
higher than the propling pressure. The propelling reservoir was then filled to the required

pressure, at which point the clamps were released.
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A diaphragm was placed at the end of the gun barrel, to prevent air disturbances from moving
the thread before the arrival of the pjectile. At low velocities (up to 115 rit)sa layer of tinfoil
was used, and at higher velocities, layers of mylar tape were used. Both were kept in place using

gaffer tape.

Following each experiment, the broken ends of the specimens following imgetmounted

for SEM imaging.

5.3.3 Ballistic impact analysis

Details of the analysis equations used aréAppendix Bwhich are published in Drodg# al.
(2012)*. Data analysis is performed using the projectile velocify Observed transverse
wavespeed @,), the densiy ('), the mean crossectional area (used to work out stress,and

mass per unit lengthy), the static tension in the specimely) and the quasstatic stressstrain
curves. A representative quastiatic stressstrain curve is selected based on theighility seen
between equivalent specimens, where the median properties are chosen. This curve is then
used to work out a prestrain §,) and prestress { o) on the specimen given the weight added to

the fibre.

In brief (more detail iMppendix B, the hgh-rate stress () is the sum of the initial tensiory)
and tension due to the passage of the longitudinal wave following impatdivided by a
crosssectional area. The higlate strain ¢;) is calculated by summing the initial straig)(to
the strain caused by the relative motions of the longitudinal and particle velociGesn W
respectively). The transverse wave does not affect strain, but takes up slack caused by the

passage of the longitudinal wai’& and hence Bows strain to be reassigned.

The equations make the assumption that the material stiffness does not vary during the impact
loading step (straight lined arrows seenRigure5.2). These equations are therefore unable to

model plastic flow behaviour following yield and is only sensitive in chang@grefative toV
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(if, indeed, any plastic flow occurs at these straites) Low static tensions werdérefore used

to minimise jumps in properties following impact to beyond yield, where pldlstic decreases
modulus. An additional assumption is that the slowest longitudinal wave component propagates
more quickly than the transverse wavegither the tension or impact speed is high enough, this
will no longer be the case, and a different approach is req@ifedppendix B outlines other
assumptions of the equationand comparesalternative analyses, including a justification for
why this analysis technique was choseatdpoints for the vary speed method were excluded if
the calculated modulusg wasnot similar to the trend in increasing impact speed seen from

other equivalent specimens, which suggestsrecorrectmeasurement.

For the vary static load method, high tensions are often above yield, or the stress following
impact reaches above yield. 8mpublication in Drodget al. (2012), it has been suggested that
these loading conditions invalidate the assumptions made in the equations, as plastic flow is not

modelled by the equations, which is further discussed in Seé&tibr2

5.4 Results and Discussion

5.4.1 Vary speed

The mechanical response of polymers highspeed impact differs from their measured
response at low-rate of deformation(Figure5.4). For nylons and silk, the higate stressstrain
co-ordinates follow an approximate straight line, in line with the gtstatic initial malulus.

This is because both the stress and strain g coordinates are calculated fromthe
longitudinal wavespeed, which is governed by the elastic modulus in the current analysis (see
also Chapter 6). ABombyxsilks show similar properties, as they have similar elastic, or initial

moduli (see Chapter 4).
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Stress (M

! ' I . I y 1
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Figure5.4. Highrate stressstrain ceordinates calculated from vary speed experiments on
naturally spurBombyxsilk(green), forced reeleBombyssilkat 10 and 20 mm™s(cyan and dark
blue respectively), and nylon (orange).

This analysis suggests that fibres are stiffer at gl following yieldcompared to the quasi
static curve Previously publishediditrate stressstrain curves of spider silkbeasuredat a
range of strairrates alsoshow increased apparent stiffnéés’, but importantly, also show a
yielding behaviour®. Plastic flow posyield absorbs energy from impact, bthis behaviour
camot be guantified using the equations in tlamalysis methodAlternative analysis equations
outlined in Appeni B do show a yielding behaviour, but make different assumptions in their
analysis.Therefore the equationsused to generate Figure 5rhodel the elastic and sonic
components of fibre impact, they do not fully model the higlte stressstrain responsef
yielding is involvedwith important implications for the energy absorption ability of these fibres

following impact.

The highrate properties of spider silks are more variable tBombyxsilks or nylon, where
major ampullate silks are more variable thaminor ampullate silksHigure5.5). Even formajor
ampullate silk from the same spider reeled in a single session, the response following impact can
be very different (dark blue and cyan kigure5.5). The general trend in properties is linear,
resulting in higher stiffness pogteld, like the magrialsshownin Figure5.4. Some higher speed

data with minor ampullate silk appear to show a stress plateau following yield, matching the
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guasistatic trend, but at a higher stress value. This indicates that thetsireiof the silk may be

changing posyield, discussed in the next section.

1000 —a) Major ampullate 1000 4 b) Minor ampullate

Strain (%) Strain (%)
Figure5.5. Highrate stressstrain ceordinates for the vary speed data @) Nephilamajor
ampullate silks (single fibre) am) Nephilaminor ampullate silks (double fibre). Different
colours denote silks from differemdividualspiders. Cyan and dark blue are from the same
spider but different glands.

The variability in major ampullate silks can be explained in part by errors introduced by the thin
fibre diameters used, which affect the measurementCpf Air drag at thénigh speed of impact
affects all the experiments, but has a larger effect for tliameter cylinders, as the ratio of
drag forces to those due to inertia or internal stress increase as the fibre diameter is réffuced
Air drag causes the silk fibre to curve in theioegaffected by the transverse wave, which
absorbs energy, alters strain measurement and has the potential to affect the wavespeed,
increasinghe error in theG, measuement. The curvature of the different materi@bres during
impact is currently undemnvestigation, and has the potential to provide strain measurements

during yield, as wetheasuring drag coefficients.

Additionally, major ampullate silks are particularly sensitive to humidity due to their MaSp2
compositiondue to their proline content’ * ***> 241 The humidity sensitivity directly influences
the modulus, which in turn alters the longitudinal wavespeed directly, and transverse
wavespeed indirectly through changes in tensidie silks are therefore sensitive to small

changes in the testing conditisnroom humidity and temperature), which increases variability
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in properties exacerbated by the loose fibre storage for these experimeniés variability has
interesting implications for the use of major ampullate in thieb as the main energy absorbing
and sonic wave propagating compon&ni®c¢ factors which are further investigated in Chapters

6and?7.

5.4.2 Vary static load

The vary static load method produces comparable results to the vary speed method for naturally
spunBombyxsilks Figure5.6a). This is in contrast to nylon, where the two methods produce
different results, where the vary static load method follows a more gstgic response after

yield (discussed in Appends.

700 — a) Naturally spun Bombyx silk 1200 4 b) Major ampullate silk
600 1000
500 4
= ] < 800
o o
2 2
P @ 600
2 A
@ @ 400
200

0 5 10 15 20 25 30
Strain (%) Strain (%)

Figure5.6. Highrate stressstrain ceordinates (stars) for the vary static load data fayBombyx
naturally spun silk and) Nephilamajor ampullate silk from two different spiders. Closed circl
givethe pre-stress and prestrain ceordinates from the static weight added to the fibre, on the
guaststatic stressstrain curve. Dashed line gives the approximate stress where fibres have
yielded. Arrows give the elastic junmpproperties following impact

However, the high static loads produce higlte properties that highlight the limitations of the
analysis method, especially evident for spider major ampullate $tigsie5.6b). Impact speed
is constant using this method, so introduces a set amount of energy to be absorbed following
impact. As the equations are elastic, the energy absorption is therefore modelled as an elastic

jump in stress, seefor the Bombyxsilk and the red major ampullate silk high static load high
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rate stressstrain coordinates Figure5.6). A small amount of straimay accompany this jump,

which is variable due to problems quantifying purely elastic strain-piesd.

An alternative deformatiorat highrate is suggested by the purple spider silk curve-igure

5.6b, which shows no increase in streat highrate following yield. This is explained by
stretching of coiled structures following yield. Many silks show a-piedt plateau, or even dip,
following yied in their quasktatic curves, which is causdy this effect (see Chapter 4). In
simple terms, the purple silk stretches its structures following impact, as it has not done this at
yield, whereas the red silk takes stress following yield, as it hasdglreaetched out its

structures.

These classes of highte coordinates (vary stress, red; or vary strain, purple) appear t@ be
two-state phenomenonfor all spider silkaneasured(6 individuals), the postield highrate
stressstrain co-ordinatesshowed either an increase in stress with no strain, or an increase in

strain with no stress.

In reality, postyield plastic flow strain may be absorbing energy, but this cannot be modelled
with the current model equations. Current thoughts are that pgiid deformation in the
impacted fibre occurs in two sections: first the plyreelastic deformation behind the
longitudinal wave front, but ahead of the transverse wave; second, the deformation behind the
transverse wave front, which has high plastic strthat develops with time as a@urve. By
detailed analysis of this curve shape and length, it should be possible to calculate thagbst

strain at stress values calculatsitnply from the transverse waspeed.

Biologically, this is very important. If plastilow occurs during highate impact, the energy
absorption ability of silks following impact will be increased. Additionally, as only the silk within
the transverse wave will yield, it also means that damage due to impact will be localised. This

may helpexplain why webs are usually ptensioned* ¢ to allow yield to take place following
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impact to increase energy absorption and limit damage to the web. These effects have
previously been modelled by taking yield into account in terms of a change of m&duttisbut
an understanding of the role of sonic waves in these phenomena have not previously been

presented.

These data therefore highlight the need for furthezsearchon the analysis methods to
accurately calculate higtate stressstrain ceordinates for specimens where the static stress is

high and above yield, which is more common in the spidks.s

5.4.3 SEM of shot ends

The ends of the fibres following ballistic impact were also compared, which showed large

variability Eigure5.7 andFigure5.8).

Figure5.7. Fibre ends following ballistic impact, where white bar denotes 20@)mylon (pre-
stress 245 MPa, impact speed 116 H ) Bombyxnaturally spun silk (pestress 4 MPa, impac
speed 118 m'.

Whereas nylon does not show any evidence of mgtractures,Bombyxsilk shows evidence of
brin separation and fibrillation followinignpact, where sericin appears to have covered the
brins. The energy absorbed therefore also contributes to thermal changes in sericin and

macromolecular rearrangement between fibrils.
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Figure5.8. Spider 8k fibre ends followingpallistic impact, where white bar denotes 10 pa):
minor ampullate (prestress 195 MPa, impact speed 118 K &) minor ampullate (prestress
60 MPa, impact speed 330 m)sc) major ampullate (prestress424 MPa, impact speetl0 m $
1 d) major ampullate (prestress10 MPa, impact speed 111 m)s

Spider silks showed more variability in structures, which are unlike the broken ends following
impact atslowerstrainrates™® Minor ampullate showed flattening and larger scale splitting
(Figure5.8 a and b), indicating brittle failure, plastic flow or even thermal softemitbin these
regions. Major ampullateepeatedly showed a skicore effect (both skin and core can be seen

in Figure5.8c), where transverse wrinkling is seen, suggesting different forces are taken
between the skin and core parts of the spider,silkthat thele is movement of the skin relative

to the core This is an interesting feature for further study because the tension state of the skin
will affect crack propagatiothrough the fibre$*. Longitudinal lines are also seen, suggesgti
fibrillation. Fibrillation irspider silks is commongeen following processirtgeatments(e.g.
anaeasthesi4?, and a skircore effect has previously been explored elsew&rédut has not

been a focus of explaining spider silk properties.

5.5 Conclusions

Analysing the highate properties of viscoelastic thin silk fibres during higte impact is a
challenge due to the implicit assumption of the model equations that the material is purely
elastic. The analysis methods have shown that the dedfdion following impact can be
modelled by elastic jumps in stress and strain. Whapact speed is variednd static loadis
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low, the assumptions of this analysis method give consistent results, withraighstressstrain
co-ordinates following a lineaelastic relationship. Howevehigh speedand high static loads
highlight the limitations of an assumption of an elastic response. At high static loads, the jump in
stressstrain coordinates at higkrate is either mainly in stress or mainly in strain, reot
combination of the two. The fibre can either elastically jump in stress, or stretch out coiled
structures to introduce significant strain. The theoretical analysis does not quantify any standard
postyield plastic strain (if angxistg, and this will b the next step in developing the data

analysis.

Furtherresearchis needed to quantify these pogield effects, but the current analysis captures

the elastic component through describing the effects of the sonic wave propagation, both
longitudinal and NI ya S NB S T2 f fshaessoy shnic wWevedpe@ds dare fuither] Q &
explored in the next chapter, where the elastic propagating waves measured here are compared

to wavespeeds measured from acoustic standing waves.
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Chapter 6 Sonic properties of silks

6.1 Synopsis

This chapter uses the technique outlined in Chapter 5 to further investigate the sonic properties

of silks. The sonic wavespeeds pider silks are quantified and compared Bombyxnaturally

spun silk, as well as synthetic nylon and copper beryllium wire. Important for the biological
function of spider silks, the consistency of vibration signalling is investigated, including the effec

of tension, specimen length, number of fibres and fibre diameter. The physical basis of these
LINPLISNIIASE Aa RA&AO0OdzaaSRI AYLERNIIFYyG F2N GKS Ay
signalling functions. lle data presented here araseful beyond bilmgy as a study of one of
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be engineered to haw signallindgunctionalisation

This chapterforms a publishedpaper (Mortimer et al. 2014 in Advanced Materials My
contribution was designing the experiments, preparingsptcimers and testing them, as well

as data interpretation and preparation of the manuscript. C. Holland, C. R. Siviour and F. Vollrath
helped with aspects of experimental design, data interptiein and manuscript editing, and J.

Windmill and S. Gordon helped with vibrometer measurement and manuscript editing.

6.2 Introduction

From ancestral trigwires to the highly evolved orb webs, silks play a key role in spider ecology
and behaviour as both atructural material and a medium for information gathering and
communicatiod**?*’. The focus of this chapter is major ampullate silk, which exhibits
exceptional mechanical performance for its size and serves as not affplding™ ** % but

also the primary communication material of the orb WEg?® 248249,
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Silk vibration is used for huntingpredator avoidance, and courtship across most spider
families® 19120 24857 Eor example, many orbweavers are positioned in the web hub to detect
vibrations on their radial threads from across the prey capture régioh: £, Some spiders
will actively pluck the radial threads as an objkxtation strategy or in response to intruders or

matesllQ—lZO, 255, 262264

. Spiders detect vibrations using slit sensilla, most notably in their
metatarsal organ$>2°®. Barth and Geethabaii measured displacement sensitivity as a function
of frequency in wandering spiders. They identified dramatic increased sensitivity with increasing

frequency, with displacement thresholds as low as 100 nm at frequencies approaching 1 kHz,

the highest frequencyneasured

The signalling and mechanical roles of major ampullate silks make these fibres multipurpose.
This means there are likely to be ag ymdefined evolutionary tradeffs that may limit the
optimisation of mechanical and sonic propertiegnportant information to consider when using
spider silks as inspiration for neage materials. Hence, understanding the physical basis of
a4 LIA R $ Ndnié& prdpgrti@s will be key to understanding the evolutionary interactions between

mechanical and signalling performance.

Fibres propagate both longitudinal (compression/tension) and transverse Wavesdere the
former consists of vibrations along the fibre length, and the latter those perpendicular to the
fibre (seeFigure 6.1)®% Theory shows that the longitudinal wavespeed is determined by
material properties, whereas transverse wavespeed is additionally governed by applied tension
(seesection below. Behavioural experiments with orbweaversosh that these spiders are

more likely to respond to longitudinal over transverse waves when their webs are vibratéd

271
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GAONI GA2Y I f RyfcompAINOMIG Me gedmetr df Interacting silk strands of

different tensions and types (e.qg. stiffer ampullate silks and elastic capture spirdl’silké}
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Previous studies have measured wavespeeds in patiseofveb using Brillouin light scattering,
and web propagation speeds using laser vibrometry, both showing variable F&5uAité
Vibration propagation distance has also been measured in wstusying lower attenuation of
longitudinal compared to transverse waves?®*?!, Damping, caused by a combination of
internal material effects and external factors, also contributes to attenuation, which has been
found to differentially affect the two types of wat®@ *** Modelling techniques have used these
data in part to inferweb function, but few are validated by experimental data and none take
into account the ad hoc variation of silk properties, which is controlled by spider processing

through their behaviout 10 121, 242, 27275

Given the complications of the experimental measurement of wave propagation in webs, here
silk fibres are investigated independent dfiet web, allowing accurate matching between
material and vibrational properties prior to interpretation in the complex web engineering
structure. Physical theory is combined with the complementary experimental techniques of laser
vibrometry and ballistic ippact to confirm the physical basis of the sonic properties of a range of
materials. By comparing spider silk to other materials, the constraints on the evolution of
signalling properties in terms of material structure can be inferred. Where these linmtatice
apparent, the means that the spider might employ to adjust the balance between structural
support and signalling functions are discussed. The experimental techniques presented here
provide novel contributions towards understanding complex web vibraaind spider evolution
FYR GKS FLILINRIFOK LINRPGARSA AYLRNII ydsponsiwea A 3K &

multifunctional polymeric materials.
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6.3 Materials and Methods

6.3.1 Specimen preparation

Spider silks were obtained from two orb weaver spediephilaedulisand Araneus diadematus
through the forced reeling of immobilidespiders, described in Chapter Rephilaof different

aAl Sa o6t NBSNJ NS 2t RSNV ¢oSNBE NBESt SR gKSNB
FYR W{YlIffQ Rmaor&npdaidsik? e 607 ¥.Z3tabd 3188 respectively.
Both single fibres and bundles of major (MA) and/or minor (MiA) silk were reeled from spiders.
Other materials were alsmeasuredfor comparisonBombyx mortocoon silk, nylon and metal
wire (diameter and density given in Appendix. Apnger specimen lengths were needed for
longitudinal experiments due to the fast wavespeeds involved; different lengths were used
between materials to keep the resonance at similar frequencies. For silkwornoragitk,

specimens of differenlengths were additionally meased under the transverse sefp (Table

9).

Table9. Specimens athspecimen lengths investigated.

Specimen Transverse tests Longitudinal tests
gauge length (mm) | gauge length (mm)

Silkworm cocoon silk 5, 12.5, 50, 180 180

Nylon 12.5 140

CuBe wire 12.5 220

Nephilag big (IMA; 2MiA) 12.5 -

Nephila - medium (1MA; - 180

2MiA; 2Ma and 2MiA)

Nephila - small (IMA; 1MA 12.5 -
supercontracted; 1MA an(
2MiA)

Araneus2MA and 2MiA) 12.5 -

106

AL



D. Phil Thesis in Zoology Beth Mortimer Chapter 6

For the smalkpecimers of spider silk (12.5 mm or under), silk was reeled onto a spool, then
glued under tensionusing cyanoacrylate onto dividers before fixing onto fratffesNonspider

silk specimens were glued loose into frames. For the Meghilaspecimens, silk was obtained

by reeling the spider at 20 mmi‘slirectly onto the frames. A spool was used to control the
reeling speed anffames were placed onto a laboratory jack, which was raised when the reeling
was paused. Silks were glued at both ends into frames by sandwiching between cardboard using
superglue. Minimal tension was applied and sifiecimers were reeled horizontally,grallel to

the jack.

All specimers were imaged focrosssectioral area in a scanning electron microscope (SEM; see
Chapter 2). The materials were also tested under gatic tension (AppendikigureA.7). All
fibres were measigd at a rate of 1.5 mm mihuntil failure occurred (5 N load cell, model 5512,

Instron, UK).

6.3.2 Laser vibrometry

To control tension during vibrometry experiments, specimensangamped at both ends into a
Deben Microtest tensile stage with a 2 N load cell. For the transverse experiments, the load cell
was engaged and constant tension was applied during the experiments. For the longitudinal
experiments, the load cell was disengaged because it was found to affect fibre vibration, so
extension was used to control tension. Above yietiree minutes were left before
measuement, so the amount ofcreep was consistent. Between &hd 7 specimens were
measuredfor each material type, and two measurements were taken per fibre (low then high

tension).

Some major ampullate silks were supercontracted for experiments. Thesevsikdoaded into
the tensile testing clamps and a 50 % slack was introduced. They were then breathe® on 7

times to introduce a high humidity onto the fibre, which then supercontracted and shortened. If

107



Chapter 6 Beth Mortimer D. Phil Thesis in Zoology

the fibres were still slack, jaws were opened untiidy taut, or an increase in load was seen.

The supercontracted length was taken as the fibre length.

During the vibrometry experiments, silk strands were vibrated using sound, amplifigeE3 70,

Sony) and transmitted from a loudspeaker (ESS Air Mdliamsformer) that was positioned
either perpendicular or parallel to the silk fibre axis for transverse and longitudinal waves
respectively Figure6.1). A reference microphone (Bruel & Kjaer 4138) was positioned near the
silk, perpendicular to the speaker. A ~50 dB sound pressure level broadband linear chirp of
frequencies 130 kHz was generated by the miesocanning Laser Doppler Vibrometer system

z

iKS art|1Qa ylyz

A o=,

PSWonnz t2t8GS003 6KAOK YSI adz2NBR
(OFV 056)The noise floor of the vibrometer system was typically in8s" (48 pm) for 1 kHz
increasing to 3 um’5(16 pm) for 30 kHz. The maximum vibration ampléuneasurement for

these experiments was 50 mrit €7.96 pm at 1 kHz to 0.265 pm at 30 kHz).

§§
i

Figure6.1. Experimental setip for laser vibrometry (view from above) faylongitudinal andb)
transverseexperimens. A speaker (a) emits sound (b), vibrating the silk clamped between a
tensile stage (c) with displacement measured by a laser vibrometer (d). The microphone was
placed as close as possible at the intercept between the silk thread and the laser be
perpendicular to the speaker.

For longer silk specimens, a lower range loudspeaker (L20AT, Nikkai) was used 20900
Hz. The displacement amplitude of the silk was measured at several points (15 averages per

point) along the length of the fibre toonfirm the wave shape and mode of the vibratidiigure
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6.2). Then, just the middle of the fibres was measured, where the amplitude was greatest for

first mode resonance.

1st 2nd
<~ 154 Centre f I;I
o =1st mode . '
£ )

}
= |
o 104 ' I_LI
ko) 1
2
= i
()]
©
= 5. Quarter

=2nd mode

5000 10000 15000 20000 25000 30000
Frequency (Hz)

Figure6.2. Example output from vibrometer, plotting frequency against magnitude of
movement. Peaks represent resonant frequencies, which will change depending on the mc
and positim of imaging. Here, CuBe wire is imaged both at the centre (blue) and quarter (p
Two peaks can be seen, corresponding to tHerlfundamental mode at the centre and th&’2
mode at the quarter, which is twice the frequency of the fundamental mode.

Following the transverse vibrometry experiments, the specimens were tested in tension at a
deformation rate of 1.5 mm mihto the full extension of the tensile stage (10 mm; ranges from
5.6 % strain for 180 mm specimens to breaking for 5 mm specimensndpdigure A.7).
These forceextension profiles were aligned with ngraused forceextension curves to give the
stress, strain and length of the fids during the vibrometry experiments. For longitudinal
experiments, the extension was used to infer the strain, stress and length using a reference non

paused force extension curve.

Data from the laser vibrometer were analysed in Origin software (v. I83revmagnitude (nm

Pa') versus frequency (Hz) plots were used to infer resonant frequdtigure6.2). Frequencies
below 3 kHz were cut off, as thelis increased noise at these frequencies, presumably due to
the movement/resonance of the apparatus at these frequencies. Equally, frequencies above 20

kHz show low amplitude (so rarely were higher modes seen in these regions). To make sure
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resonance ocaued in optimal regions, specimen lengths were altered, aiming for fundamental

resonance around 8 kHz.

7 A

¢t2 avyz220iK GK OdzNBSazr (G(KS YF3AyAddzRS GHutE dza FNBI
FFT filter in low pass mode, using an ideal filter. @ineoff time in seconds was selected as

0.004. CuBe wire data were not smoothed due to sharper peaks and a greater signal to noise

ratio (seeFigure6.20 ® ¢ KS O2f dzyy Rl G ¢ S NBbuilligedkindilgdzy G KNP d
algorithm. Most data used a threshold of 40 % increase in height over 20 local points. Due to

variation in the signal to noise ratio (especially for the longitudinal data), thehbtéseight or

number of local points were sometimes decreased to allow the analysis of visibly obvious peaks,

so manual filtering was also used. This does not affect the characterisation of peaks, so data are
comparable between material§.he outputs weremanually checked to locate the fundamental

mode. Any adjoining peaks (peaks with no gaps between them) were treated as a single peak.

The frequency at the centre of the fundamental mode resonant pdak Hz) was used to
calculate the wavespee®@{n m s'; Equation 1), using the silk lengthn(m).

C=13f32 (1)

The resonant peak shapes were analysed to give peak width, height and area, where transverse
wave peak heights and areas were transformed to allow for compa(senbelow) The angle

of ¢. 30 ° used for longitudinal measurements is corrected for when working out longitudinal

peak height/area.

The transverse amplitude data were transformed to account for the different diameters of the

fibres. For a given pressurthe force per unit length on the fibre drives the vibration, so to

I 0O02dzy it F2NJ 0KA&Z | YLX AdGdzZRS RIGF I NBE RAGARSR o8&
same length, only the force per unit length needs to be considered.

The force on the filer can be calculated from Equation (2):
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O -0" QAo (2)
Where G is the drag coefficient, the density of air] the length andd the diameter of the silk
fibre andv is the speed of the incoming air. As the speed and density of the incoming air and
fibre length are equal between materials, and the drag coefficient is comparable between
materials due to the fibre shape, the transverse peak height ( in nfy iBalivizd by only the
fibre diameter (in nm) to give a force per unit leng for comparison between fibres (in Ba
Peak areas are also divided by the fibre diameter to give a similar parameter that can be

compared between fibres.

Average total diameter idJ (62 FAONBa 2F Sljdzf aixl S O6RAIFYSH
combination of one big fibre (diameter D) and two smaller fibres (diameter d) was taken as
O05bRUIOHKOUT FTYR | O2YO0AYlLGA2Y 2F G2 o0A3T FTAO!
d) was taken as (D+d). These calculations give a diameter that is roughly average and
representative between multiple fibres that twist relative to each other, as an accurate

calculation of the diameter facing the eamoming sound front from the speakers istpomssible.

6.3.3 Ballistic high -rate analysis

Longitudinal and transverse wavespeeds can additionally be calculated using experimental data
from highrate ballistic impact on single fibres. Specimen preparation ananietihods are given

in Chapters. Here,wavespeed data taken from spider silks with a low-pteess on the fibre (c.

10 MPa, in the elastic region) at an impact velocity of 220'mvese compared. For nylon and
silkworm silk, the wavespeeds were compared across a range of lovems®ns on thefibre

(keeping impact speed constarsge Chapter 5).

6.3.4 Theoretical equations

Both transverse and longitudinal wavespeeds can be calculated in theory from known material
parameters and applied conditioff&
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The longitudinal wavespeed] is given by:

C.= 3)

E
r
WhereEis the storage modulus (Pa) ands the densityEis taken as the quasitatic modulus
for CuBewire (1200 GPa; independent of pstress), whilst for nylon, silkworm silk and major
ampullate silk it is taken from previously published d&tsStorage modulus is a measure of the
spring stiffness of the material, whicltades with the prestress on the fibr€”. The storage
modulus of minor ampullate silk wasken from Blackledget al. (2006]°, where its relationship

with pre-stress is unknown.

The transverse wavespee@)is related to the material properties by:

m r

Ct:\/T(l+6') :\/s(1+e) @

Where T is the tension on the fibre (N¥,is the strain @ the fibre andu is the mass per unit
length of the unstretched fibre (kg Tcalculated by multiplying the density by th@oss
sectioral area). All parameters were measured during the experiments, with the exception of
density (values giveim AppendixA). The strain parameter acts as a correction for the mass per

unit length as the fibre is stretched.

6.4 Results and Discussion

6.4.1 Physical basis of sonic properties

In order to confirm the applicability of basic wave equations to the sonic properties obsdk,fi
longitudinal and transverse wavespeeds are experimentally measured usingakéghallistic
impact? and lase vibrometry in a range of materials and then compared to their theoretical
values Figureb6.3).

112



D. Phil Thesis in Zoology Beth Mortimer Chapter 6

5000 a) 800- b) -
o ] 700 ..
E4000 - B -5 BEEmEm ] A
3 1 === - - A_ BaP b 1 m <
& 3000 g 5001 g
5 S 400 - -
1 m 8 =, ot g -
TgZOOO— o 300 4 | | _ - -
= w -
T . ) . —
5 [
51000 g 200 Wyy g@ @
c © 10 A
S i = 1004 ¥ -
] im
0 L) LN § IIIIII T T T lllll] L] LI IIIIII 0 | T I L] I T I L} I T I L) I T I T I Ll I
1 10 100 1000 0 100 200 300 400 500 600 700 800 900
Pre-stress (MPa) Pre-stress (MPa)
800 4 c) 800 4 d) a
£ 600 £ 600 = |8
B . A B . By
8 500 — 2 500 L ﬂ'-l
2 T 3 7 = [ | o
§ 400 § 400 A EE Elj‘-!ﬁ
_ _ [ ]
%asoo-A* gsoo_l.-
>
% 200-_ & 200-_ m
= 100 - D = 100 - ’
0I'I'I'I'I'I'I'I'I'I C'I'I'I'I'I'I'I'I'I'I
0 100 200 300 400 500 600 700 800 900 0 100 200 300 400 500 600 700 800 900
Pre-stress (MPa) Pre-stress (MPa)

Figure6.3: Wavespeed as a function of pretress a) Longitudinal wavespeed (log axis) djetl)
transverse wavespeed. Theoretical calculations are given by dashed lines, vibrometry data by
squares (shown by speaker symbol), ballistipact data, adapted from Drodg al."*, by triangles
(shown by bullesymbol), and ballistic impact data for spider silks at low tensions and 22®yn s
stars.Materials: copper beryllium wire (red®. morisilkworm silk (dark green), nylon (orange),
Nephilamajor ampullate (MA) spider silk (big size, black; small s&&,gtey; small size
supercontracted, blue)Nephilaminor ampullate (MiA) spider silk (purple), mixtureNephilasilks
(2 MA, 2 MiA: cyan), anéiraneusspider bundle (2 MA, 2 MiA: green). For b) and c), the grey da
line gives a reference spider ditieoretical curve.

As silks and nylon have similar densities due to comparable polymeric structures, storage
modulus is key to the differences in longitudinal wavespeed. For the transverse wavespeed, its
response to stress is similar for all the polymematerials testedKigure6.3b-d), due to their

AAYAE I NI RSyaArdAaASaoe Ly GSNya 2F GKS 02yaraidSyo
tension, longitudinal wavespeed in both natural silks and synthetic polystigtglyincreases in

response to increasing static pstress above c. 50 MPa, by up to 16 % by 200 MPa (range 6 to

16 % for the different materials). This is because the storage modulus has a shallow linear

relationship with prestress’” ?’% Transverse waves are less consistent than longitudinal waves
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as their wavespeed is sensitive to @teess, showingn increase in wavespeed of up to 102 %

from 50 to 200 MPa (randg&3 to 102 % for the different materials).

For all materials tested, the longitudinal wavespeed calculated from the two independent
experimental techniques shows close agreement to theory, thus validating the appiieigcing
6.3a). The highrate data show some small differences when compared to the vibrometry data
and theory, explained by artefacts in the way in which longitudinal wavespeed is cadi;ulate
where small errors in the highate stressstrain coordinates are converted to large errors in the

modulus and wavespeddee Chapter 5%

Although the transverse experimental data support the application of the theoretical equations
in this context, there are some deviations. For example, the theory applies to standiesw
specifically, and therefore describes the acoustic data Wafjufe6.3b and d). The highate

data do not intercept at zero as the transversewea are propagating rather than standing
(Figure6.3c). Even at zero prension, there is a longitudinal preursor wave that propagates

ahead of theransverse wave and causes additional stress in the'fibre

In summary,the measured longitudinal and transverse wavespeeds for m&aod mino)
ampullate silk are 2948230 and 11557 m & respectively, comparable to previous theoretical
calculations onNephilasilks (longitudinal 2112183 m &, transverse 10921 m §)™%% 2%
However, previously meared vibration propagation speeds iNephila webs are slower
(longitudinal 1071070 m 8, transverse 76100 m &; frequencies of forced waves MO0
Hz)*°. This can be explained by material dispersion of the relativelyfieguency, high
amplitude forced vibrations (se®4.2andFigure6.5), and also practical difficulties in measuring

web silk fibres and keeping factors such as temsionstant during the contact vibration used in

these studies.

114



D. Phil Thesis in Zoology Beth Mortimer Chapter 6

6.4.2 Consistency of wave signalling

Given the experimental confirmation of the physical basis of the sonic properties, signalling
consistency of spider silks compared to other types of materialsbeafurther explored by
analysing the shape of the resonant peaks as determined by laser vibrorRedor€6.4). The

peak width and height give inforation on the bandwidth of resonancand the influence of
internal and external damping, where more damping would lead to wider and flatter ff8aks

The resonant peak area reflects the capacity foratibn information transfer.

Data given in AppendikigureA.8 show that, surprisingly, tension has no significant effect on
peak shape. This may be explained by the small displacements used here. Higher displacements
are expected to lead to internal dgping due to plastic flow of polymer chains, causing a
flattening of peak height®. Internal damping will be exacerbated by high tensions, not reached
here due to limitations of the tensile stage (AppenBigureA.7). Internal dampinds expected

to affect longitudinal more than transverse waves, because it directly affects modulus, on which

the wavespeed depends (Equation (3)).

The resonant peak area for longitudinal waves is approximately consistent for all the materials
tested Figure6.4e). Affecting both wave types, the polymers show wider peaks than the metal
alloy as there is an increased distribution of structures wifhatymers, more consistent in the
nylon than in the silk&’ In contrast, the resonanpeak area for transverse waves is not
consistent between materials, where spider silks have a larger peak Brgard6.4f). The
inconsistency stemsom the additional factor of external damping acting from air resistance on
transverse waves. This is supported by the sensitivity of transverse resonant peak width to fibre
diameter and to the number of fibres present. Thinner spider silks show broaeeksp
explained by external air damping effects, where smaller fibre diameter leads to a larger relative

damping factor, broadening the resonant pé&k Importantly, the thinner spider Kis
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additionally have higher amplitude peaks as they couple more readily with the air relative to

their mass per unit area.
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Figure6.4. Resonant peak width data fa) longitudinal andb) transverse waves; height data fc
c¢)longitudinal andd) transverse waves; area data feylongitudinal and) transverse waves.
Height and area outputs are transformed for transverse waves. Given there were no obser
effects of tension, average vas of all data points for each material type are given where er
bars give standard error of the mean. Abbreviations: BeCu is copper beryllium wire, Ny. is
Swm.is B. morisilkworm silk where two fibres are bound together; Big, Med. and Sm. t@fer
the size of theNephilaspider being reeled, and so the relative diameters of the silk fibres; M
is minor ampullate silk and Ara.Asaneussilk. Numbers in brackets on theaxis give the
number of fibres present (no number means there is onlynglsifibre, numbers greater than
two include a mix of major and minor ampullate silks).
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Importantly, multiple fibres of spider silk show the broadest transverse wave bandwidth out of
all materials tested. Increased peak width is due to differential shaohthe load between
different fibres, leading to diverging transverse wavespeeds. Divergence is enhanced by
including fibres of different diameters and types, such as filaments of both major and minor
ampullate silks. Peak broadening could be a propedgful for the spiders, as resonance can
occur over a broader frequency range. The animal could increase transverse resonant peak area
by combining multiple fibre types in a web or even a single thread (as can be found in some web

radial thread§"), thus increasing capacity for informatitransfer.

Another important factor affecting signalling consistency of materials is the sensitivity of
wavespeed to frequency, known as dispersion. Theory suggests internal and external factors will
cause a small amount of dispersion by damping the haimorotion for either wave typ&® To
investigate the relationship between wavespeed and frequency experimentally, transverse
resonance of silkkworm silk specimens of different lengths were measuriglré 6.5).
Transverse wavespeed is approximately constant with changing frequency, but wavespeed is
slowed down slightly at low frequencies (<1 kHa)erestingly, this fs in with trends seen in

plant materia] which are dispersive at low frequencies, but rigpersive at higher

frequencie$””.

Theory suggests dispersion will have a greater effect ogitotinal than transverse waves, as

the modulus term that directly affects longitudinal wavespeed (Equation (3)) is sensitive to
frequency in polymers (log relationshiff) This frequency dependence may slightly decrease
wavespeed for longitudinal waves at low frequencies, explaining previous observations of slower
wave propagation speeds at low forced frequenti®sHowever, it should be noted that the
overall effect of dispersion for any wave type will kdery small, so wavespeeds are only

marginally sensitive to frequency.
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Figure6.5. Dispersion in transverse waves. Frequency (log scale) versus transverse waves
for different length silkworm silk specimens at different tensions: squares 170 (= 5.3) MPa,
triangles 66 (+ 2.4) MPa and stars 49 (+ 3.8) MPa. The dashed lines sepasgtecingens of
different lengths, given by the label.

Overall, the resonant peak shapes and the dispersion data highlight the importance of damping
on the consistency of signal transmission. Experimental measurement of the relative
contributions of intenal and external damping in single silk fibres and their relationship with
tension isan area for further researcland will give a full picture of how damping affects

different wave types.

6.4.3 Evolution of spider silk as a signalling material

For the firsttime the sonic properties of single fibres of silks independent of the web have been
guantified. This allows the physical basis of sonic properties to be confirmed and the consistency
of signal transmission and information transfer to be measured. Thetseptavide interesting

AVaAIKGE AyiG2 GKS S@2tdzirzy 2F ALIARSNI aAf14Q a2y

The transverse wavespeed of spider silk is determined primarily by its density, and hence differs
littte from other polymers. Density depends on the material structuréjolv constrains the
shaping of transverse wavespeed by natural selection. In contrast, the value of the longitudinal

wavespeed is tuned by the storage modulus, or spring stiffness, which differs between the
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