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RESUMO

Ao longo da existéncia humana, a pedéanembros foi considerada um prejuizo irreversivel

e perdapermanente de funcdo. Até recentemente, a restauracado do feedback sensorial para
usuarios de proéteses e individuos com neuropatias variadas era inimaginavel. No entanto,
desenvolvimentos multidisciplinares tornaram a recuperacdo dessa funcdo cada vez mais
factivel.A faltade peleinervadaguepermitequeumamiriadede estimulogateissejadetetada

e interpretada, tem sido um dos principais obstaculos na restauracdo do feedback sensorial
completo. Isso foi combatido através do design de substitutéisiaidida pele, permitindo

aos usuérios um feedback sensorial parcial, mas ndo padréo. Esta tese enfoca a criagdo de um
sistema somatossensorial de bioengenharia, tanto em teasobstrato micro ambiental

como em ambiente celular. NGs criamos um modelsistema somatossensorial projetando

uma construcdo tridimensional, biocompativel, elastomérica, eletrocondutora, permeavel,
sensivel a pressdo, capaz de atuar como uma interface para as délidestema
somatossensorial. A validacdo dos componentdwiduais e do constructo completo foi
realizada. Comecamos avaliando métodos mecanicos, avaliando as propriedades de
deformacaelasticaalongamentmarupturae fadiga.Em seguidaanalisamoscondutividade
eléctricatantoemestase&omodurantevariospontosde fadigaeletromecanicadgemcomoem
ambienteseco< liquidos.Além disso,avaliamosa piezoeletricidadelo constructoyalidando

0 usodacapacidadelo nossoconstructgarafuncionarcomoum elétrodomacio.A analisedo
nosscsistemasomatossensoriébi validadacomvariostiposdecélulasencontradasosistema
somatossensorial, tais como: fibroblastos, queratindcitos, células de Schwann, células
ganglionares da raiz dorsal e células progenitoras neuropaticas. Citotoxicidade, adesao,
expansao e diferenciacdo foram todas avaliadas. Além disso, células neuraigltarae
contendo células neurais foram avaliadas em campos elétricos para entender os efeitos da
eletricidade no nosso modelo de sistema somatossensorial. Experiaieotnogo elétrico

usando tais estruturas (scaffolds) podem eventualmente -smnan método padrdao para
realizarmodelagemn vitro deterapiaglo sistemasomatossensorilaseadasmeletricidade.
Sistemas somatossensoriais de bioengenharia podem ser potent#aintegrados em
interfaces homermaquina bidirecionais, levando a uma funcdo sensorial melhorada para
usuarios de proteses e possibilitando a criacdo de modelodoencas do sistema
somatossensorigliepossanajudaraentendeasneuropatiasensoriai® analgesiaongénita.

Palavraschave: Polimeros biocompativeis, elastbmeros, propriedades mecanicas,
eletrocondutores, piezoeletricidade



ABSTRACT

Throughout humarexistence, limb loss has been considered an irreversible detriment and
permanentossof function.Until recently,restoratiorof sensoryfeedbackor prosthesisisers

and subjects with varied neuropathies was unimaginable. However, multidisciplinary
developments have made recovery of this function increasingly attaihablkeof innervated

skin, which allows for a myriad of tactile stimuli to be detected andgreé&ed, has been one

of thekeyhindrancesn therestoratiorof completesensoryfeedbackThis hasbeencombated

through design of artificial skin substitutes, enabling users with gafiat not standal
sensoryeedbackThisthesifocusenthecreationof abioengineeredomatosensorgystem,

both in terms of the micrenvironmental substrate and cellular environment. We went about
creating a physical somatosensory system model by designing a biocompatible, elastomeric,
electroconductive, perdurl) pressuresensitive, threelimensional construct capable of
acting as an interface for somatosensory system cells. Validation of both individual
components and the complete construct was performed. We began by assessing mechanical
methods, assessing thensile deformation, elongation at break, and fatigue properties. We
subsequently analysed electroconductivity, both in stasis and during various points of electro
mechanical fatigue, as well as in dry and liquid environments. Furthermore, we assessed th
piezoelectricity of the construct, val i datir
softelectrode Analysisof our somatosensorgystemconstructwasvalidatedwith variouscell

types found in the somatosensory system, namely: fibroblaststinocytes, Schwann cells,

and dorsal root ganglion cells. Material cytotoxicity and cellular adhesion, expansion, and
differentiation on materials were all assessed. Additionally, neural cells andltaces
containing neural cells were assessed vrelectrical fields to understand the effects of
electricity on our somatosensory system model. Electrical field experiments using such
scaffolds can eventually become a standard method of perfoimingro modelling of
electricity-based somatosensorysgym therapies. Bioengineered somatosensory systems can
potentially be integrated into novel,-tirectional humammachine interfaces, leading to
enhanced sensory function for users of prostheses and enable the creation of somatosensory
system disease mdddo better understand sensory neuropathies and congewilgésia.

Keywords: Biocompatible polymers, elastomers, mechanical properties, electroconductive,
piezoelectricity



RESUMO ALARGADO

Como seres humanos, damos por certo nogsaciclade de sentir prazer, dor, temperatura,
textura e uma miriade de outras sensacdes através da estereognosia. De fato, a sensibilidade
tatil tem sido tida como certa ao longo do tempo em que as modalidades sensoriais humanas
tém sido pesquisadas ha mende dois séculos. O sistema somatossensorial humano
desempenham papelfundamentahasfungcdesexterorrecionalinteroceptivae proprioceptiva,

cujos papéis estdo relacionados a percepcao dos estimulos, reacdo aos estimulosdacontrole
posicdo e do edjibrio corporal, respectivamente. Todos os trés sdo criticos para a funcao

completa do corpo humano, sensibilidade e feedbawkorial.

Emboraatotalidadedo sistemasomatossensorigkjaincrivelmentecomplexagstateseoptou

por enfocar seus componentes exterorreceptivos e proprioceptivos podasaelagéo entre
essaparteslo sistemasomatossensorialosestimuloexternosEscolhemogspecificamente
estudar a relacdda pele com as funcbes exterorreceptivas e nowogptivas. A funcéo
exterorreceptiva referge a uma variedade de sensacdes superficiais, como dor, prazer e
temperatura. O sistema somatossensorial detecta sensacdes exterorreceptivas via neuronios
sensoriais nos ganglios da raiz dorsal e nos gangitstsos cranianos. Dentro do sistema
nervoso, 0s ganglios da raiz dorsal pseudipolar estenderse simultaneamente aos seus
alvosperiféricose a medulaespinal,ou nucleosdacolunadorsaldo troncocerebral Enquanto

isso, a pele é inervada pmecanoreceptores de baixo e alto limiar capazes ou respondendo a
uma variedade de estimulos in6cuos e prejudiciais. Existem varios mecanorreceptores
especializados na pele relacionados com a funcdo exteroceptiva, em particular, terminacées
nervosadgivres no plexodo cabeloradicular,nosbulbosfinais de Krausesnoscorpusculosle
Meissner e nos discos de Merkels. A funcdo proprioceptiva contribui para a consciéncia
corporal, 0 movimento e o controle. Semelhante a cinestesia e ao sistema vestibular, a
propriocepcao fornecamfeedback sensorial que permite a precisdo da posicao e movimento
do membro, a tensdo e o equilibrio. Os proprioceptores sdo normalmente encontrados em
orgadogendinososle Golgi, fusosmusculareg dentroe aoredordascapsulasrticulares Eles

sédo capazes de influenciar os nervos motores, fazendo sinapses com 0s neurbnios motores
inferiores e com o sistema nervoso central, a fim de interpretar sinais e até mesmo induzir
movimentos reflexos. Os dois principais tipos de proprioceptsie corpusculos de Pacini e

terminac¢desle Ruffini.



A funcéo e a disfungdo somatossensorial continuam sendo assuntos extremamente complexos
gue afetam uma sérgecondicdes, desde a perda do membro até as neuropatias autonémicas
e peiféricas. A perda de membros, em particular, € tipicamente considerada um prejuizo
irreversivel, pois resulta em perda permanente de fungéo, irregularidades sensoriais, como a
sindrome do membro fantasma, e é frequentemente associada ao estigma psigossocia
resulta em problemas de salde memtalproteses tentaram substituir os membros e digitos
perdidos por milhares de anos. No entanto, muitos deles funcionam principalmente como
dispositivoscosméticopassivosnpdodandoaosusuariomenhumfeedbacksensoriak agindo

como pouco mais que ganchos. Nos Ultimos anos, proteses osteointegradas e mioelétricas
tornaramse popularizadas, e 0s ensaios clinicos em andamento envolveram até mesmo a
incorporacaaleeletrodosmplantaveisEssasovasprotesesntegradasncluemcomponentes
guepermitemaestimulacameurale musculoesqueléticéstolevouaavangosevolucionarios,
melhorand@amplitudedemovimentoe controle Apesardisso,esseslispositivoshiomédicos

ainda ndo podem fornecer aos usuarios f@mdback sensorial e, consequientemente,
permanecem a anos de mimetizar com sucesso a fungcdo motora e somatossensorial completa.
A falta de pele inervada, que permite que uma miriade de estimulos tateis seja detectada e
interpretada, @&m obstaculo fundameal para dar aos amputadam feedback sensorial
completo. Isso foi combatido através do uso de eletrodos implantaveis e do design de
substitutos artificiaislapele, permitindo aos usuarios um feedback sensorial parcial, mas nao
padrdo. A Unica maneira destaurar atualmente a funcéo do sistema somatossensorial é através
do transplante.Embora os recentesavangosnas cirurgias de tecidos compostostenham
permitido o transplante completo dos membros, os imunossupressores ao longo da vida e as
avaliagbes peolodgicas sdo obrigatorios, tornando essa técnica inadequada para todos os

amputados.

Neuropatias autondmicas e periféricas sdo outras questdes do sistema somatossensorial que
requerem uma compreensao adicional do sistema somatossensorial em nivelrelsique

possam ser totalmente resolvidas. Este crescente campo de conhecimento foi determinado por
ter um componente genético gracas a casos hereditarios, onde familias intepacepgio
alteradadedor foramidentificadasNo entantoyariasneuropatiasesultanmmaistardenavida

devido a doenca e / ou lesd@o. Essas neuropatias podem ser debilitantes e, em muitos casos, 0s
medicamentopadréousadogaracontrolarador sdoindteis.A estimulacaelétricado nervo,

disponivehosformatosexternoeinternotemsidousadgaracombateadisfuncaalo sistema
Vi



somatossensoriakduzindoossintomassomohiperalgesia inflamacéce alteragdalosniveis

de neurotransmissores envolvidos na patologia. No entanto, essas térapagticas foram
desenvolvidas apenas na década de 1960. Em muitos paises, eles estdo disponiveis apenas
comotratamentogxperimentai®u privados Estudosadicionaissobreainfluénciade campos

elétricos no sistema somatossensorial sdo essenciaiemaraer as mudangas em nivel
celular e molecular, a fim de avangapesquisa neste campo. Esta tese enfoca a crilegéo

um sistema somatossensodabioengenharia, tanto em termos de substrato raigrbiental

e ambiente celular. A bioengenharia bsmedida do sistema somatossensorial pode ser
integrada a interfaces homemaquina novas e bidirecionais, levando a uma funcéo sensorial
aprimorada para usuarios de proteses. Até recentemente, a restauracdo do feedback sensorial
parausuarioge protese® individuoscomneuropatiasariadaserainimaginavel No entanto,

0S avancos nos campos cientificos multidisciplinares tornaram possivel uma recuperacao
potencialda funcdo. NGs criamos 0 nosso proprio ambietdesistema somatossensorial
projetando umaconstrucdo tridimensional, biocompativel, elastomérica, eletrocondutora,
perduravel, sensivel a pressdo. Esta construcédo é capaz de atuar como uma interface para o
sistema somatossensorial de bioengenharia e modelos de pele. A andlise da sensibilidade dos
mecanorreceptores da pele em microambiente apropriado aumentaria a compreensao de
aspectos da funcdo somatossensorial que séo dificeis de serem replicados na substituicdo
artificial de membros ou que se recuperam totalmente por meio de transplantedigdém
issopermitiriaacriacdodemodelosnelhoradosie patologiado sistemasomatossensorighra

melhor compreender as neuropatias sensoriais e a analgesia congénita. Isto permitiria
adicionalmente compreender melhor as terapias de campo elétna eehilar e molecular.

Para criar uma construgéo, validamos os componentes individuais e o modelo completo.
Comecamos avaliando as propriedades mecéanicas (nomeadamente a deformacao a tracéo, o
alongamentona ruptura e as propriedades de fadiga) de nossaturas elastomeéricas
selecionadas e materiais fibrosos e flexiveis para identificar quais materiais tinham maodulos
de deformacdo semelhantes aqueles da pele. Como a pele é um material anisotrépico Unico,
com capacidade de regeneracao in vivo, usamesspéha fresca para realizar nossa analise
comparativaDescobrimogjueo nossanaterialselecionadméosotinhaummaodulode Young
semelhante ao da pele, mas era capaz de resistir a grandes quantidades de fadiga mecanica,
apenas se deformando depois m#essar por substancial alongamento. Além disso, fomos
capazes de eliminar materiais da selecdo processada com base em fatores como a fadiga
baseada na desidratacdo. Em seguida, analisamos a eletrocondutividade em ambientes secos e

liquidos paravalidar o comportamentale cadacomponentendividualmente bem como o
vii



construto completo. Também avaliamos o elastémero eletrocondutivo e o elastbmero
eletrocondutor piezoelétrico epstase e em varios pontos de tensdo para avaliar a fadiga
eletromecanica e piezoelétrica. Finalmente, fomos capazes de criar elastbmeros
eletrocondutores com valores de resisténcia variavel e controlada, otimizando a camada
piezelétrica. I1sso nos permitiavaliar a piezoeletricidade da construgdo, validando sua
capacidade de funcionar como um eletrodo macio. A andlise celular do nosso sistema
somatossensorial foi realizada com varios tipos celulares encontmamlosistema
somatossensorial, a saber: fibrats, queratindcitos, célulagde Schwann, células
ganglionares da raiz dorsal e células progenitoras neuronais (ReN). A citotoxicidade foi
avaliada segundo os padrdes ISO usando fibrobla8&&A adesao, expansao e diferenciacéo

de longo prazo foram avVadas usando queratindcitos, células de Schwann, células
ganglionares da raiz dorsal e células ReN. Além disso, as células neuraidtaras contendo

células neurais foram avaliadas em campos elétricos para entender os efeitos da eletricidade
nascéldasqueresidendentrodonossanicroambientgrojetadoNossosachados sugerem que
nosso material € um substrato preferido para analise celular de longo prazo, cicatrizacao de
feridas, proliferacdo e modelagem de diferenciacédo. Outros egtodesserrealizadogpara
avaliarosefeitosdo estresséisico e daatividadeeletromecéanica piezelétrica ao utilizar este
material em cultura de células. Esta tese fornece as validacfes fundamentais necessarias para
usar 0 Nn0Sso construto para criar produtospgaem ser implantados ou usados a longo prazo.
Experimentos de campo elétrico usando nossa constBifA@odem, eventualmente, ser
usados como um microambiente padrédo ao realizar a modelagem in vitro de sistemas
somatossensoriais, bem como avaliacoetedgpéuticalo sistema somatossensorial baseado

emeletricidade.

Palavraschave: Polimeros biocompativeis, elastobmeros, propriedades mecanicas,

eletrocondutores, piezoeletricidade
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1.1 Introduction

Human beings often take their capacity for stereognosis for granted. Sensory modalities have
only been studied for the last two centuries, and the somatosensory system remains one of the
least studied human organ systeni3espite this, the somatosensory system is spread
throughout multiple parts of the body and is comprised of both external and internal sensory
receptorg.Receptor pathways in the skin, joints and muscle communicate witlyaaglion

cells, so that sensory information moves through the medial lemniscal pathway and into the
spinal cord and brainstefThis allows the regulation of sensations such as pain, pleasure,
temperature, and texture. The somatosensory system alsolsg@rception and reaction to

stimuli, as well as body position and balathce.

The complexity of the somatosensory system has allowed for a variety of models, both
computational and cellular, to be created. However, most somatosensory system models are
only focused on one sensory component of the somatosensory system microenvironment.
Creationof morecomplex,multidimensionamicroenvironmentsvould allow for the studyof
cellsandtissuein vitro, while allowingtheir culturewithin structuregshatmoresimilarly mimic

their natural envir onnpeopertiéss mechani cal and

1.2 Motivation, Objectives, Research Questions an8trategy

The aim of this project was to design, manufacture and characterize a biocompatible,
elastomericglectroconductive, perdurable, pressseasitive material construct to support a

multidimensional somatosensory system interface.

The motivation to develop somatosensory system constructs is their use, primarily, as an
interface forin vitro research. Ahough there are a variety of medications and medical
treatments for somatosensory system disorders, these conditions are poorly understood. The
treatmenbf theseconditionss oftensimplyto managesymptomsHowever,avarietyof these
diseases have amplex, unknown pathology that manifests neurally, but is expressed via the
skin - a tissue with unique viscoelastic properties. Somatosensory system constructs would

enable the variety of cell types that make up this bodily system to be simultaneolistgd






together. This, in turn, would enable strategic modelling of neuronal pathways awdlicell

interactions.

Somatosensory system constructs also may have potential secondary applications as
components of implantable and weasbilomedical devices. Throughout the development of

the construct, we took into consideration advancements in multidisciplinary fields including
prosthetic and neural cuff design, biomaterials research, and electrical and mbgsedtic
stimulation therapgtics. We particularly focused on the impact of electrical fields used in
invasiveandnoninvasiveneurostimulatiorandneuroprostheticesearchwhich allowedusto

optimize the multipurpose design of amork.

Unlike othermaterialconstructslesignedor neurostimulation oaswearablesywe wantedour
creation to be multipurpose and functionally implantable in various capacities. The construct
created in this study needediiecapable of acting as an interface for bioengineered skin and
somatosensorgystem models. We chose to bioengineer a construct that Wwealde to act

as a multidimensional microenvironment for skin, given the few existing models capable of

replicating a somatosensory systenvironment.

To our knowledge, the construct creatkding this thesis is unique. Both second skin and
artificial skinsubstratebavebeenstudiedextensivelyandpossesmanyof thesameattributes.

However, the properties of other similar constructs are critical discussed on $&6on

The materialconstruct that was created also has potential uses as a soft electrode in
neurostimulatory devices, as a component of neuroprostheses, and as substrate for both the
modelling and expansion of autologous skin grafts prior to transplantation. Five mams facto

related to this construct will be discussed as objectives:

1) The mechanics of creating a soft, stretchable, electrocondaoingtruct.

2) The electroconductive approaches required to maintain both high elasticity and low
electrical resistivity in such @device.

3) The natural sensorial capacity of such a device, namely its piezoetpetlittes.

4) The biocompatibility of the full construct with various cell types, including an

assessment of different-colture systems
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5) Creation of different caulture systems to help model different aspects of the

somatosensorgystem.

Giventhecomplexityandmultidisciplinarynatureof thiswork, Figurel.1outlinestheresearch
strategy taken in this thesis. Chapters 3, 4, and baamg@rised of three main bodies of work,
namely: Materials based work, electroconductive and piezoelectric analyses, and finally,

validation of biocompatibility and cellulanalysis.

Polymers suitable for
combination with conductive

Elastomeric polymeric films
(produced  through  drop

casting): materials:

f  Polyisoprene Chapter 3. f Kraton D1152ES (SBS)nd

1 Polybutadiene Polymhers_wrtlh D1161

1 PolyisopreneKraton mec a”_'c"’_‘l 1 Kaneka SIBSTARM 062T
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1

1 Kraton D1152ESSBS)
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Kraton polymers.
1 Electrodeposited
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Chapter 4.
Electromechanic,

Flexible electrospun Electroconductivity

polymers: and 1 Painted
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Creation of modifiable, Chapter 5 rDeRGCS e?ls
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Figure 1.1: Materials Selection andvisual Outline of the Thesis



Commercially available materials were utilized in the research approach taken in order to
mitigate further limits of supply. A threlayered approach was used to design this concept.
This construct was comprideof elastomers, electroconductive materials, and piezoelectric

polymers, in which:

DEl astomers were selected from planar mat
to skin, as well as electrospun materials that had structural properties more tsimilar
those found in this organ. Not only was the initial str&tsgain of importance, but
capacity to withstand repeated fatigue and regi&irmation.

i) Electroconductive materials coulok incorporated into the elastomer blend or
utilized as a surface layer, piding the material did not greatly affect the mechanical
properties and deformation of the elastomferwith the primary layer, this material

also had to retain its ability to be conductive under mechanical stress. Highly
conductive materials capable withstanding repeated strain were sought, given the
incorporation of the potentially insulating thied/er.

iii) A final piezoelectric material was utilized as a component that would provide
stimulus to cells cultured on the construct. Planar piezoelestrieets are less
comparable to skin as they are prone to mechanical fatigue. Consedglecittgspun
piezoelectric polymers were created. Such piezoelectrics would present a lower

modulus and experience segmented fatigue daefigrmation.

The selectiorof such materials was the result of an intensive search across industrial and
academic groups worldwide. Assembling these materials whilst maintaining the
aforementioned properties required the development of several protocols and techniques. The
final construct produced was designed to be soft and perdurable, rather than degradable or re

absorbed.

Materials characterization was performed in tandem to support and validate construct
development. Specifically, mechanical, electroconductive and piezoeleatalyses were
performed along within vitroc el | ul ar anal ysi s of the constr
the complete construct.



The studies comprised in this thesis were organized to anssviallitwing research questions:

1. How does the functionality of elastomeric polymers compare to skin, specifically the

tensile and fatigue properties? (Cha@er

Rationale:This chapter focuses on the screening of soft materials that are appropriate
for useasskin substitutegrom a mechanicaperspectiveWhile mechanicaproperties

of polymersarereportedn theliterature few arecomparedo reatworld systemsThis

study considers the full tensile strain curve and fatigue capacity of vanatesials

before and after different processing techniques. Given that the mechanical properties
of materials can be altered based on their conformations, different conformations of
planar and porous materials are assessed. All results were directly edmytr

multiple regions of porcinskin.

2. Can elastomeric substrates possess electroconductive properties, despite the high
electrical resistivity typically associated with soft materials? (Chdpter
Rationale:Constructs involving electroconductive nvéaés blended with elastomeric
ones typically result in loss of electroconductivity or loss of elasticity. This chapter
explored whether an elastomer with limited insulating properties exists, as well as
differenttechniqueshatcouldfacilitatethe creaton of anelectroconductivelastomer

with minimal loss of eitheproperty.

3. Does heat treatment impact the piezoelectric functionality of electrospun P(VDF
TrFE)? (Chapted)
Rationale:Piezoelectricsntegratednto anyconstructneedto be combinedn specific
ways. While heat treatment of planar P(VMDFFE) is wellstudied, similar data for
electrospun or mechanicalproduced fibers is limited. It is possible to o¥eyat
P(VDFTrFE), thereby reducing the piezoelectric functionality. This chapterséatu
on finding the optimal heat treatment for planar and electrospun R{VBEE) and

identifying any processing limitations that could alter piezoeleftiniction.



4. Do the mechanical and insulating properties of elastomers impact piercele
functionality? (Chapted)
Rationale: Piezoelectrics integrated into the construct mstcreated at certain
thicknesses in order for a functional electrode to be formed. This chapter focused on
identifying the processingequirementsn orderto seamlesslyntegrateall threelayers
of theconstructelastomerelectroconductivenaterial,andpiezoelectricFurthermore,
theeffectof usinga softmaterialasanelectrodebasevasassesseih orderto determine

if this factor was selfimiting in the creation of the completenstruct.

5. Canskincells(namelyfibroblastsandkeratinocytesaswell asneuronakellsbegrown
on a piezoelectric, electroconductive, elastomeric construct? (Chapter
Rationale:A rangeof cellsarefoundin skin, rangingfrom fibroblaststo keratinocytes
to neuronal cells associated with sensory neuron pathways. Each cell type is known to
havedifferentpreferences termsof substrateéype. This chaptefocusedon assessing
the culture of four different cetipes on each segment of the construct. Proliferation
andlong-termculturewerebothassessedrurthermoreseverako-culturemodelswere
created in order to identify growth patterns and proliferation that would occur when
cells were allowed the opportiijmto choose between porous, miityered substrates

and textured, planames.

6. Isthecreationof abiocompatibleglastomericelectroconductivgperdurablepressure
sensitive, threelimensional construct feasible? (Chayer
Rationale: This chapter summarizes the results achieved to date and focuses on the

discussion of future directions for this technology.



1.3 Stateof the Art

1.3.1 Motivation for the Creation of a Biocompatible, ElectroconductiveElastomer

Human beings are abl® perceive and understand complex environments through the
combined functions of the central nervous system, musculature, and skin, regardless of the
intricacyof thestimuli.*” Skinfunctionsasabarrierto pathogensvhile preventingexcessvater
loss,and simultaneously receiving sensorial information from the environffépit. allows

for a myriad of tactile stimuli to be detected and interpreffedexample, the oiliness of a

liquid is perceivedasbothresistancendsmoothnessyhile awarenesef snowfall versushail

requires pressure, temperature, and textube tietected and processed. Skin acts as our first
line of defenceandwe areutterlydependenbnits innervationto discernandinteractwith the

world.

Lack of innervated skin camesult following injury, iliness, or even limb loss. Following most
types of damage, skin is able to rapidly regenerate, restoring sensory function to the damaged
areaHowever severalamageanresultin irreversibleanddevastatingpssof function.Sewere

burns and limb loss lead to permanent sensory damage, as well as serious psychological and
physiologicaleffects.Historically, resolvingseveredamageo skin hasinvolved someform of
transplantation the most reliable way of restoring somatosenganction. Skin grafting,

which hasbeenperformedor over3,000years.enablesieuralmigrationfrom the graftedskin

to nerve pathways within the injured regin>*Skin burns carbe resolved through either
autologous or allogenic transplantationpédeding on the size of the affected area and the
severity of the injury. In extreme cases, burns can be so severe that transplantation is not
suitable, and amputations may be necessary. Amputations once implied permanent loss of
function to the severed areHowever, advances in composite tissue surgeries have enabled
complete limb transplantation, allowing amputees the best chance of recovering both

somatosensory and motomnction.

Medical centres around the world offer composite tissue transplantslfdinfbs, but the
eligibility criteria is quite stringent? Following an amputation, candidates are selected based
on varied anatomic and physiologic eligibility criteria, which includes an assessment of nerve

conduction velocity and confirming a lackioimunosuppressive conditiofs>° Extensive
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psychological and social assessments are also manéatoRegardless of fitness or desire

for a limb, certain patients may always be deemed ineligible for transplantations due to a lack
ofthel i mrepdesentatiom thebrain. Thelongertheconcepbof theamputatedimb remains
within the brain, the |l ess I|Iikely the amput e
patient would likely not be able to regain functionalitytieéir new appendadéGiven the
selectiveness of the process, composite tissue transplants are not suitable for all amputees.
Approximately 113 hand transplants have been successfully performed sinée d. 988

fraction of the total ampute@gridwide >

A B

Figure 1.2: Before and After Images of a Hand Transplant Patient. Reproduced with permission from
Jones et al., The New England Journal of Medicine 343.7 (2000): 4883, Copyright Massachusetts
Medical Society>®

Followingtransplantatiomewnervefibersmustregeneratalongthe existingnervepathways

of the patientds stump a-codsunming procesp dsaanve drs | i1 mb
grow at a maximum speed of Imm/d&pdditionally, fibers are not guaranteed to migrate
correctly alonghe original pathways. For instance, following a hand transpiantgefibers

from one finger may regenerate into another, requiring the brain to completely reorganize its
viewpoint of the somatosensory corf@his process consequently involves exiems

physical therapy and psychological therapy, as patients struggle with limbs they feel no
ownershipof. Patientcanexpecto find themselvesindergoingxtensivephysicaltherapyfor

six monthsor more>® Despitetherigorouspre-selectiorandpostasessmenprocedureshere

is never any guarantee of regaining complete somatosensory functigrapsglant.’ >

Return of motor and sensory function can take anything from months to*y@mtamizing
thissurgicaltechniquegoingforwardmayrequiretheadditionof perdurableor long-life extra

or intraneural electrodes to guide nerve pathways and accetehatiilitation.



An alternative to transplantation exists in the form of integrated prosthetics that utilize neural
and musculoskeletal stimulation. With training, humans have been able to transfer hand
sensitivity to foreign objects and perceive these objects as part of thenfédiesugh
osseointegration and similar surgical techniques, amputees can recogniketiposts an
extension of themselves. This has increased more so with the development of myoelectric and
neurallycontrolled prosthetics, which often utilize implantable extad intramuscular

and/or extraand intraneural electrodes to create a huamaachine interface to link body to

prosthesis>®! Such prostheses restore variable amounts of motion and movement control,

depending on the prosthesis model and subj ec
UECU
nerve stimulator
-
e
\_;.”1/]3 ‘ X i‘;z‘r:.jr?(’ﬁ i
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Figure 1.3: Components Required for Direct Neural Stimulation ina Prosthesis User.
Taken from Tan et al., Science Translational Medicine 6.257 (2014): 257rat287ra138% Reprinted with
permission from AAAS.

Neurally-controlled prosthetics are controlled by users through targeted innervation and
subsequent thougliiased control. However, these are particularly unique as they are capable
of restoringpartialsomatosensoffgedbackhroughdirectnervestimulation Neurostimulation
techniquedaveallowedfor pressurepain, andvarioustypesof movingtouchto bedetectable
thusfar.>*®2 Despiterestoringonly limited somatosensorsystemfunction, the progressn this

field hasbeengroundbreaking.However,althoughthe neurostimulatorgomponentsequired

to restore sensory function have been successfully tested, they gatibetfully integrated

into neuroprosthesefueto the invasivenes®sf direct neuralstimulationandlack of
10



miniaturization of the sensory feedback compunsensory feedback for neuratigntrolled
prosthesis users is still experimental and in limited clinical trials. However, semdmdded

prostheses and various artificial skin substitutes have been developed as alternatives.

Artificial skin is often eferred to by a variety of names, including electronic skikie, or

second skin. Due to the overlap in other gk@sed technologies, it should not be confused

with the degradable biomaterials or biological sprays used on open body surfaces in order to
preventinfectionandpromotewoundhealing(discussedurtherin sectionl.3.5)%4%¢ Artificial

skin should not be confused with cosmesis, the process of making artificial limbs resemble
organic limbs. Cosmesis tends to utilize vinyl or silicone basatérials, focusing solely on
replicatingthe naturalappearancandtextureof alimb. Althoughsensoffocusedartificial skin

and cosmesis may one day be integrated, none have thus far, though several prototypes are in
development. The artificial skin stussed throughout this thesis refers to matbaaéd

products that are typically used to enhance roboticparsthetics’

< Artificial skin

|

Figure 1.4: Stretchable Prosthetic Skin Equipped with Silicon Nanoribbon Arrays. Reprinted with
permission from Springer Nature: Nature Communications. [Stretchable Silicon Nanoribbon Electronics
for Skin Prosthesis, Jaemin Kim, Mincheol Lee, Hyung Joon Shim, Roozbeh Ghaffari, Hye Rim Cho et
al.] Copyright 2014

The generalized goal of artificial skin substitutes is to eraatonstruct that can mimsck i n 6 s
sensoryfeedbaclkandtactile function. Suchproductsaretypically flexible orelasticelectronic
constructs that equip users with increased sensory feedback. Currently, artificial skins are so
advanced that they contamumidity, pressure, and temperature sensory arrays, in addition to

electroresistive heaters and stretchable reléictrode arrays for nergéimulation®®
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However, the creation of most artificial skins has been focused on only on® sensory
aspects. Certain artificial skin substitutes have a sense of pressure is equivalent to that of a
human fingerti?® Others are capable of resistance over a °C3@emperature range, while
othersarecapableof discriminatingoetweerbothtemperatireandpressureé® "3 Artificial skin

substitutes may even have sedfalingproperties’*

Artificial skin substitutes must be integrated into prostheses or directly link to some aspect of
the biological interfacé&>Despite the availability of highly sttchable electronic devices today,

and several tactile and temperature sensors that perform better than human skin, most artificial
skin substitutes struggle to combine these factors into a medically sountgietongroduct’®

8 Although integration and reaslt of combined arrays can be both difficult and costly, the
biggest issue by far is neural interfacing. The challenges to be addressed on materials/neural
interface are primarily related to biocompatibility. There are aldate@ concerns that
electrodes, which are typically not made from soft materials, fnaayure, enter the
bloodstream, and cause internal danfi¢mwever, advances in materials design, as shiown

Table 1.2, will undoubtedlyallow artificial skin producs substituteso soonbecome natural,
integrated extensions of the hunizody.

Giventhe complexityof the somatosensoryystemandthe varietyof potentialmethoddor the
restoration of somatosensory function, neurostimulation through biocompatitdeshable
electronicss necessarto further researchn compositdissuetransplantatiomeuroprosthetic
design, and artificial skin substrates. Each field requires such materials to be modified in

slightly different ways, but all have the same goal.

To date, different studies have focused on different aspects of somatosensory system
restoration such as: 1) understanding the somatosensory system, 2) the clinical relevance of
neurostimulatiornn its ability to correctsensorydysfunction,and3) maerialsresearchhatcan

assisin thefunctionalrestoratiorof the somatosensorsysten?’2948.83Theresearcipresented

in thisthesisprimarily focusedonthelatter: A materialsbasedapproachRatherthanreplicate

individual aspects of theomatosensory system individually, a system was developed that
could support the function of a healthy somatosensory system. We propose the creation of a
system that can be used to repair, restore and enhance somatosensory system function, rather

than crete a novel somatosensory system from the graymd
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1.3.2 An Overview of the Somatosensorystem

As human beings, we take for granted our ability to feel pleasure, pain, temperature, texture,
and a myriad of other sensations throstgreognosis. Indeed, tactile sensibility has been so

taken for granted throughout the human experience that analysis of human sensory modalities
has been researched for less than two centtiNesel aspects of the somatosensory system

are still constamy being discovered. For instance, five novel chemorecéaptpscifically,

olfactory receptors, typically found in nasal epitheliunvere recently identified within
keratinocyt es, t h e* Thek humah somatosensoey rsystent ie hotablyt y p e
complex as it plays a role in exteroreceptive, interoceptive, and proprioceptive fuhctions
whoserolesarerelatedo perceptiorof stimuli, reactionto stimuli, andcontrolof bodyposition

and balance, respectiveélyll three aspects are critical to tikemplete function, sensibility,

and sensory feedbacdigitsof the bodyds | i mbs and

Exteroreceptivéunctionrefersto avarietyof superficialsensationsuchaspain,pleasureand
temperature. Skin is innervated by both low and high threshold meaetaptors capable of
responding to a variety of innocuous and harmful stim@everal types of specialized
mechanoreceptors exist in the skin: In particular, free nerve endings on the root hair plexus,
Krauseds end bul bs, Mel 6sndrésscoApuwel e pect
sensations, these signals are perceived by
myelinated nerves. Exteroreceptive sensations travel via sensory neurons into dorsal root
ganglia and cranial sensory gandiiihese dorsal root ganglia extend through the nervous

systemto their peripheratargetsandthespinalcord,or dorsalcolumnnucleiof thebrainstemt

Interoceptive function refers to the feeling of self: visceral feelings within the human body,
such asthose caused by vasomotor activity or thermoregulation, that have an inherent
associationwith emotionandself-awarenes$’ Thelaminal spinothalamocorticglathwaythe
mostsuperficiallayerof the spinaldorsalhorn,conveyshesetypesof sensation$o thecentral
nervous system via-fand Gfibers throughout the body.This aspect of the somatosensory

system is a complex function with various motor, sensory, and neuropsychcisgieats.



Proprioceptive function contributes to lgdawareness, movement, and conétsimilar to
kinaesthesia and the vestibular system, proprioception gives sensory feedback that enables
accurate limb position and movement, tension, and bafresoprioceptors, typically
Pacinian corpuscles and Raf endings, are typically found in Golgi tendon organs, muscle
spindlesandin andaroundoint capsule$! Theyareableto influencemotornervessynapsing

with lower motorneuronsandthe centralnervoussystemin orderto interpretsignalsandeven

induce reflexmovement$?
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Figure 1.5: Skin-Spinal Cord Interconnections within the Somatosensory System. Diagram depictirige
sensory neurons in the skin, alongside the pathway through the somatosensory system vialtireal root
ganglion and spinalcord to the brain.

Functional components of the somatosensory system can beitlbsige, disease, nutrient
deficiencies, or injury. In some cases, genetic mutations can alter somatosensory system
function from birth, leading to conditions such esngenital analgesid.Somatosensory
system issues commonly arise from injuries to skin, nerves, or the brain. This is obvious with
amputees or burn victims, where skin and nerve damage is evident. However, conditions such
as multiple sclerosis, shinglediabetes, and stroke can result in similar issues. Within the
exteroceptive somatosensory system, this can present as neuropathic pain whigh can
perceivedasburning,tingling, numbnesspr aching.Suchissuesnayresolvethemselvesvith
time, or evolveinto debilitatingconditionsjncludingchronicneuropathi@ainor fibromyalgia.

Once malfunctioning or lost, somatosensory function can be challenging to regain. There are
no known cures for genetic diseases, like congenital analgesia, thatimesuthatosensory

systemissues.Sensorymalfunctionsrelatedto illnessor injury aretypically associatedvith
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permanently damaged nerve pathways. Mononeuropathy and polyneuropathy can present as
pain, hypersensitivity, and numbness, vasll as various proprioceptive issues including
weakness and mobility issues. Neuropathies can be treated through the administration of
various medications, including corticosteroids, immunosuppressants, antidepressants, and
opioids. However, neuropathiese often treatmenksistant. They may be so severe that

elective amputations are sometimes requéested.

Interestingly enough, neurostimulatory technologies have become a promising therapy for
treatmentresistant somatosensory disorders, including thagleich originate from
neurodegenerative and autoimmune conditidf%Electrical stimulation has also been used to
accelerate wound healing of the skin, and increase both cutaneous perfusion and verféus flow.
Such therapeutic approaches involve stimaiabf the brain or the damaged area of the body,

and exist in both implantable and nimvasive formats.

1.3.3 Electrical Stimulation for Wound Healing and Regeneration

El ectrical stimulation has been us+ypefisthher ape
were used to treat headaches, migraines, and®§@uwer the past 2,000 years, electrical
stimulation has moved far past harnessing electricity from marine creature®velgpment

of defibrillators,pacemakersandvariousotherelectricity-depadentmedicaldeviceshaveled

to a greater understanding of human nervous system. Virtually all mammalian tissues are
excitable due to the way that neuronal and muscle cells commumisatach, electricity can

beusedto regulatevariousissuesincludingcardiacdysrhythmiastespiratorydysfunctionand

nerve hypersensitivit$? In recent years, advances in electrical stimulation have been found to

have noteworthy clinical implications in wound healing, the creation of neural interface

systemsand neurostimulatiotherapies.

Electrical stimulation in the context of wound healing and tissue regenetzi®been
explored for many years. Studies of limb regeneration, which occurs naturally in organisms
such as zebrafish, axolotls, salamandersd a@ervines, have identified genetic and
immunologic components involved in-ggowing complete composite tisst®e! Further
explorationof limb regeneratiomnderelectricfields hasled to a morein-depthunderstanding

of cellular migration, proximal anddistalwoundhealing,andthe limitations of regenerative
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ability in mammals? **while nonmammalian models have provided us with excellent models
that can be used to study these biological mechanisms, replicating such regeperetisses
in mammalian limbs has been limited. However, the principles discovered through such studies

have shown that electrical stimulation can be used to accelerate healing.

Epithelialandendotheliakells,fibroblasts]ymphocytesmacrophagesndneuronakellsare

all receptiveto electricalstimulation®* Electricfields havebeenshowto activateion transport

and endogenous electric fields in damaged cells, help direct cell migration, and affect stem
cell-based regenerative respon¥eshe induction of intracellular signalling has also been

identified in keratinocytes and corneal epithelial cells following electrical stimulin.

Electricalstimulationhasshownparticularpromisein thetreatmenbf chronicandnon-healing
wounds?™® In humans, electrical stimulation has been shown to increase angiogenesis,
improvetissueoxygenationandimprovethe healingof venousnsufficiencywounds wounds
resultingfrom nonrischemicdiabeticneuropathyandlower extremityischemiowounds? This

type of electrical stimulation is typically performed with biocompatible substrates through a
norrinvasive format. Various electrical stimulation devices for wound healing exist. These
include the branded products Procellera (a sibmec matrix onpolyester) and Posifect (a
batteryembedded hydrogel), as well as many unbranded electrical stimulation devices that
have been used in clinical trid%!%® In addition to promoting wound healing, electrical

stimulation can help prevent infection and reglbboth pain anshflammation9%10

Despitethesesuccesseshecurrentappliedto producesachindividual resultis highly variable.

This limits the use of each device. A neurostimulatory device will be capable of producing a
large, variablestrengthelectric field, while products specifically designed for direct skin
contactandwoundhealingwill befar morelimited. Thisultimatelymeanghatthereisno6 o n e
sizefits a | nhaterialthatcanbeusedwhendevelopingstimulatorybioelectricaldevices.Given
theriseof personalizeanedicine hoveldevicesshouldbe customizableor ata minimumless
restrictivein the parametershataffecttheir conductivity. For researchn thisfield to progress,

device design and the duration of stimulation are pirameters that need todptimized®*
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1.3.4 Electrical Stimulation as a Neurostimulatory Technique

Neurostimulations a bioelectricmedicinethatis availablein bothnoninvasiveandimplanted

formats. In the last few decades, various neurostimulation techriigiebecome popular,

including (but not limited to): deep brain stimulation (DBS), vagus nerve stimulation (VNS),
transcranial magnetic stimulation (TMS), motor cortex stinmta{MCS), and spinal cord
stimulation (SCS$°#1%” Most neurostimulatory techniques are multipurpose; for instance,
vagus nerve stimulation alone can be used tc
clusterheadacheandmigrainestreatmentesistantiepressionepilepsyinflammatorybowel

disease, and rheumatoid arthrii1* VNS has also been shown to suppress Painke

VNS, spinal cord stimulation has also been used to treat chronic pain of various*types.
However, it has becommarticularly renowned for helping paraplegics with regaining control

of mobility.*!’

The clinical implications of neurostimulation are huge, given the wide range of medical
treatments it is able to provide. Implantable neurostimulatory techniquaghhg regulated,

while noninvasive devices are readily available throughout the European Union and USA as
portable, norFFDA approved devices. The difference between these techniques and treatment
methods is based on three main factors: 1) The placerhém electrodes, 2) the frequency

of the neurostimulation, and 3) the regularity of the stimulation. Although neurostimulation
techniqgues camnbasiveeéralkhvegniieanernal el ect

cortical excitability of the biia in adverse and beneficial walf$.

For instance, spinal cord stimulation involves spinal surgery in order to implant an electrode
array onto the epidural surface of the spinal cord. Weeks of recovery time must be factored in
before commencing therapy. Spinal cord stimulation can vary, wiimmonly used
frequenciesit15,20,and40 Hz for 0.21millisecondswith avoltagerangeof 0-to-6 V. Positive

results could be seen just weeks aftenulation!’

Il n contrast, i mpl antable pulse generastors u
disease, use a frequency 20 Hz and current 0.25 mA. Stimulation lasts for 30 second periods,
with 5 minute breaks. Results can be seen within a three month period, but stimulation

continues for a year or moré’



Finally, noninvasiveneurostimulatory devices that use techniques like TMBplied above

the scalpi involves frequencies that range fronHz to 20 Hz. Lower frequencies typically
inhibit corticalexcitabilityandhigherfrequenciesncreaseat. However neurostimulationsing

such techniques can be applied in a variety of ways. These different stimulatory protocols can
in turn produce different amounts of aftereffects that can last for less than one hour or as long
aseight.Non-invasivestimulationmayoccuroneto-five timesaweekfor afew days,months,

or longeri®’

Norrinvasive and invasive neurostimulatory techniques do not differ substantially in concept,
but utilize completely different materials. Namvasive neurostimulatory techniques typically
utilize electralesanda sourceto applycontrolledcurrenttoap e r sheaudd thesiteof nerve
damageElectrodesanbe madeout of avarietyof metals,anddirectcontactis madethrough

use of adhesive jellies or gef§Alternatively, an electric currentavelling through a coiled

wire createsamagneticfield thatcanbeplaceduponthe personto produceanalternativetype

of stimulation!®®Unlike theelectricalstimulationusedn woundhealing, TMS andotherforms

of neurostimulation typicallyequire directontact.

Invasiveneurostimulatoryechniquesresimilarin principleto non-invasiveneurostimulation,

but utilize implantable, miniaturized devices for electrostimulation instead of external ones.
InvasivedevicesareFDA-approvedsurgicallyimplanted andtypically rangebetweerthesize

of a battery and that of a pill. Modern neurostimulatory devices typically consist of a soft
polymeric component and an electroconductive component. Commonly implanted
electroconductivenaterialsncludetitaniumnitride (TiN), iridium oxide (IrOx), andplatinum
(Pt),whicharecapableof capacitivethreedimensionafaradaic andpseudocapacitiveharge
injection mechanisms, respectivély.Such materials are selected as they are capable of
producing reversible mechanisms of charge, are easily controlled, and do not result in the
productionof anyunsafe reactivespecies?® Implantabledevicesaretypically for peoplewith
incurable neurological or inflammatory diseases that require regldairical stimulation to
remain asymptomatic. Neurostimulation can also be performed through nerve cuff electrodes,
which maybeimplantedfor thetreatmenbf spinalcordinjury, stroke,andsensoryeficits }°
Nerve cuff electrodes have also beemplanted into amputees using neutradtyntrolled

prosthesesn orderto createa humanmachineinterface!!**?! Suchimplantsinclude non-
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penetrating peripheral nerve cuff electrodes, spiral cuff electrodes, transversal intrafiascicula
multichannel electrodes, longitudinal intrafascicular electrodes, monopolar epimysial

electrodes, and flat interface nerve electrdde!

Currently, norinvasive neurostimulation is a fairly costly medical technique that is/etot
availableworldwide. It has remained somewhat experimental and unregulated. In contrast,
implantableneurostimulatiomevicesarebecomingncreasinglycommon particularlythrough

clinical trials. However, many (but not all) involve the use of materials that préveme
treatment via electromagnetic technologies and therapeutics (e.g., magnetic resonance imaging,
ultrasounds, and diathermy). Neurostimulation devices are quite typically unable to work
synergistically with other implanted electrostimulatory devicegh as pacemakers. They
must also be replaced with some amount of regularity, depending on the model and purpose of

thedevice.

1.3.5 Soft Biocompatible and Electroconductive Materials Used itNeurostimulation

There are a variety of materials that are usethe development of neural cuff electrodes,
implantable neurostimulation devices, and in electrieadifive wound healirgubstrates. We
identifiedsomeof themorerecentdevelopments biocompatibleglectroconductivenaterials
that are elastic ortdeast flexible (see Tablk1).

Electroconductive materials used in these biocompatible constructs included-lcageon
materials, polyaniline fibers, and PEDOT, as well as the incorporation of protoastgch
doping agents are applied to materi#ls. shown in Table 1.1, the electroconductivity or
resistivity listed varies substantially from construct to construct, due to the materials and
processing techniques used. Carbased materials, namely single and mwiilled carbon
nanotubes and nanopiales, were found to be the most popular electroconductive material
used!0:13:24.:32.34.39 Carponbasednaterialsareoftenusedasa componentf neuralelectrodes,

and have become increasingly popular in biomedical devices since their prepaeatone
standardized in 199%f*'?>Certain carbotbased materials have a lower percolation threshold
thanothersjnfluencingconductivityandgiving themawide rangeof potentialusest?®12'They

are particularly interesting as an alternative elecindactive material compared to the more

commonlyusedTiN, Pt, and IrOx.1*® The primary issueswith carbonbasedmaterialsare
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related to biocompatibility and mechanical properties. Although they have been shown to
promote neuratlifferentiation and simulate neural cell growth, many ca#based products

have shown biocompatibilitpased issue€*2This is particularly related to the size of the
material, as with nanotubes, and the synthesis process, which can result in@dtix>®
Carbonbased products of various types were considered in the development of our work, but

eventually ruled out because of these issues and their impact on the elasticity of the construct.

PEDOT is another increasingly popular electrocongeaataterial. It is a watedispersable
polymer that can easily be blended with other polymers or electroconductive matétiéls.

too has been used in neural electrodes and neural cell culture, and has provided positive results
both alone and as amposite'**142 However, PEDOT has shown mixed results in the
literature. PEDOT electrodes have formed cracks and undergone delamination, resulting in
issues related to stability and preventing its use in clinical products. Another issue related to
the uge of PEDOT is that it requires the addition of a dopant (typically poly(styrene
sulphonate)). The addition of such dopants have historically shown to increase
biocompatibilityrelated issue¥* #4Different PEDOT processing and dopants have resulted

in improved effects on both counts. PEDOT was explored throughout the course of this thesis
due to the promising results our group has had using this material as an electroconductive

substraté?°It was not, however, chosen as the final material for ourtraris

C2020322Pfs acrosslinked polymericplatinumpastewith asolidscontentbetweerB5.5and

86.5% and resistivity of 0.32 Ohm/sq, produced by the Gwent Group (SunCherithis
productwasspecificallydesignedor low temperaturesystemsandto be curedontopolymeric
substratesLike other Gwent polymeric products, C2020322P6 platinum paste is screen
printable and can be used to create electrochemical sensors. However, unlike other similar
materials (e.g., Gwent platinum paste C2010309P3 amlIT®4P5), the C2020322P6

platinum paste is webuited to soft materials and chacuredat lowheat®*
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This material is consequently fairly unique; there are currently no publications discussing its
use. The most similar material ige¢d is Gwent C2050804P9, a platinum polymer paste also
suitedto low temperatureandcapableof beingcuredon a wide rangeof polymeric materials.

There are minimal differences between these two products; however, the C2050804P9
platinum polymer pastkas a slightly lower conductivity and more polymer trapped between
particles of the platinum, resulting in a rougher texture when applsdfaces.

Table 1.1: Biocompatible Electroconductive and Piezoelectric Elastomer Constructs

Study Polymer Maximum Storage Conductive or Maximum
Functional or or Piezoelectric Conductivity/
at Break Younc Material Resistivity
Elongation Modulus

Super Stretchable Electroactiv. PEG2kAT6-TMP  1643% 3.8-7.7 Polyaniline 8.2 -10°t0 0.1

Elastomer Formation Driven by MPa nanofibers, S/cm

Aniline Trimer Self nanosized carbon

Assembl{©) black

Electromechanically Liquid crystal 35% 2.1-8.1 Carbon black 021i38.5 q

Responsive Liquid Crystal elastomers kN nanoparticles

Elastomer Nanocomposites for

Active Cell Culturé®

Carbon Nanotub€oated Silicone Tested up to Single and 0.86 to 1.5x18®

Silicone as a Flexible and 20% multiwall carbon ka/ sq

Electrically Conductive nanotubes

Biomedical Materigf*

Development of a Regenerativ Silicone PEDOT

Peripheral Nerve Interface for

Control of a Neuroprosthetic

Limb(0)

A Conductive Composite Carboxy Multiwall carbon ~1.2-4t10*S/m

Nanomaterial with methylcellulose nanotubes

Biocompatible Matrix and matrix and

Multilayer Carbon flexible polymers

Nanotubeg?

Silicone Substrate with PDMS, Silicone Carbon nanotubes 7601 8 27 q

Collagen and Carbon

Nanotubes Exposed to Pulsed

Current for MSC

Osteodifferentiatiofi®

Simple and CosEffective PDMS 25-110% 2-4MPa Carbonnanotubes 2.03-5225 (

Method of Highly Conductive

and Elastic Carbon

Nanotube/Polydimethylsiloxan

Composite for Wearable

Electronic$®

Synthesis an@haracterization ~Conductive 75-728% 3.1-17.9 Doped with 2.7 -101°-7.3 -

of Conductive, Biodegradable, Polyurethane MPa camphorsulfonic 10%S/cm

ElastomericPolyurethanes for acid

BiomedicalApplicationg*?




To date, this polymeric platinum has only been discussed in two publicatidmss Ibeen
utilized to create electrochemical biosensors to monitor oxidative stress during embryo
development and to produce flexible chloride sensors, which can be used for various

biomedical, environmental and fooelated purpose'$® 1°6

Polymers use in these biocompatible constructs included silicone, PDMS, liquid crystal
elastomers, polyurethane, and PLLA:PEG copolymers. The most popular polymer was found
to be siliconebased* 3% 34 3Given the ease of manipulation of silicanased substragethese
polymers are often the material of choice for biological and perdurable artificial skins, wound
healing substrates, and components of implantable medical devices, such as neural arrays,

catheters, and slovelease birth control, such as the Implaf*>4°

The use of artificial skin in medicine dates back to the 1970s, with the Y-8omks group
trialling thefirst biologicalartificial skinin 19791°° This artificial skin substratevasaporous,
biodegradable matrix made of animal collagen atgtosaminoglycan molecules that
encouragedell growth,combinedwith asiliconebasedcover.This createca newdermisthat
allowedgaspermeatiorandmitigatedinfection, providinga roughtemporarysubstitutefor the
epidermis. This artificial skihed to the commercial product Silastic, as well as various other

artificial skin products including Matriderm, Integra, Dermagraft, Miydkin.15+153

From a materials perspective, all of these products are, notably, very much unlike those
presented imables 1.1 and 1.2, as they are degradable and focus primarily on an elastomer
layer, rather than any stimulatory component. This is the primary rationale that separates our
work from thatof mostbiodegradabléydrogelswhicharetypically utilized to promotewound

healing or to improve the adherence of skin gr@ftEurthermore, these materials are often
tailored to the growth of fibroblast and keratinoeigpe cells, rather than complete skin with

the potential for longerm growth, including the iegration of vascularization and neural
components. Although there are obviously a multitude of material constructs that can be used
in the creation of skin substrates (see Table 1.2), the majority of these have not been assessed

using the same methodologias our owigonstruct.
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1.3.6 Summary of Electroconductive and/or PressureSensitive Elastomerconstructs

Not all electroconductive elastomers are created equally. Many do not have the same features
as our construct. Specifically we aimed pooduce a construct with elastic mechanical
propertieshightensilestrengthconductivity,piezoelectricityandbiocompatibility. Tablel.2,

which summarizes the properties of other similar constructs to the one aimed to be developed
on this thesiscompiles recent electroconductive elastomers that have been designed with
biomedical purposes in mind. In cases where the attribute is not listed, this aspect of the

construct has notetbeen assessed.

This table shows that in many cases, the overadlames approach is similar although the
ultimate design and explicit purpose differ. Most notably, at the time this work was started,
most of the constructs listed in Table 1.2 had not yet been created. Out of the 42
electroconductive and piezoelectric étaser constructs in Table 1.2, only eight have been

assessed in cell culture scenarios and validated for biocompatibility.

It shouldalsobe notedthatcertainconstructarenot madeof entirelybiocompatiblenaterials.

For instance, PANi (polyaniline)ysed in the construct of Yu etl., releases cytotoxic
impurities (e.g., ammonium persulfatéHowever, this may not make this polymer unusable

in biocompatible contexts, as it is often doped, reducing the extent of the cytotoxicity; or
produced as a cerlayer within nanofibers, which prevents any released impurities from
reaching the cell&’ In stasis, the latter solution may result in a functional biocompatible
constructyyetin motion, there is the potential for degradation of the external layertiove,

which may result ircytotoxicity.

Out of these biocompatible constructs, the maximum functional elongation or at break
elongation percentages have been assessed for only*thi®é!This is noteworthy since
elastomeraretypically characterizedasmaterialswith elongatiorvalueshetweeronehundred
andseverathousangercent® While it is easyenougho createblendedmaterialgi.e., mixing
carbon nanotubes into rubber), increases in electroconductivity typically result @askesin

elasticity.



Finally, out of the remaining three constructs, two can be considered perdurable, like our
construct® **The remaining third construct is biodegradabRerdurability was not listed in
this chartasthe degradatiomatesof the constructsn Table1.2werenotcommentean unless

one of their established attributes vis@degradability.

In summarypasedn ourreviewof existingpublicationsthereareonly two electroconductive
elastomershathavecomparablgropertiego theconstructreatedn thisthesisthoseof Chen

et al and Kim et al. Both utilize carbdrased materials as their primary electroconductive
material and are extremely soft, with moduli comparable to skin. Howevefuricgonal

properties between the two differ otherwise, with elongation at break values that aenever

fold apart. Kim et al.és construct, with the
wearableelectronicsin comparisonCheneta | cofstsuct,with anelongatiomat break value

in the thousands, was developed for soft tiggneering.
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Table 1.2: A Summary of Electroconductive and/or Pressur&ensitive Elastomer Constructs

(Part 1/4)
Study Maximum Storage or ~ Conductive Maximum Bio-
Functional Young or Conductivity/  comp
or at Break Modulus Piezoelectric Resistivity atible
Elongation Material
1-Study of Two Types of Sensors Electroconduc 0.98 161 Brass plates  Changes
of Static Forced a Piezoelectric MPa PZT4M based on
Sensor and a Piezoelectric volume of
Elastomer Sens@t rubber
2 Liquid Single Crystal Liquid Single 3071 50% 2.8 GPa PEDOT:PSS Actuates
Elastomer/Conducting Polymer based on
Bilayer Composité\ctuator: conductive
Modelling and Experimenf® layer
thickness
3-Investigation of Changes Graphitized 102-107q
Electroconductive Films based on carbon black
Composed of Polyvinyl Alcohol polymer to
and Graphitized Carbon Bla€k carbon ratio
4 Characterization of Kraton G1645 1800- 8-14 MPa Carbonblack 6.1-9.5- 1¢%
Thermoplastic Elastomers Base! 2475% S/m
Composites Doped with Carbon ethylbutylene
Black?
5 Study of the Reinforcing Poly(styrene  60% was the Varies Carbon black 102- 1014
Mechanism and Strain Sensing ' co-butadiene) maximum based on S/cm based or
a Carbon Black Filled tested carbon carbon
Elastomef) content content
8- Relationship Between Poly(styrene O 6 5 0 % Carbon black 1.4-14 S/m
Conductivity and Stre$Strain co-butadiene) and super
Curve of Electroconductive conductive
Composite with SBR or Polycaprolact carbon black
Polycaprolactone Matric&%
7-Super Stretchable Electroactive 1643% 3.8-7.7 Polyaniline 8.2 - 10°%to Yes
Elastomer Formation Driven by MPa nanofibers, 0.1 S/cm
Aniline Trimer SelfAssembl{? nanosized
carbon black
8 Dielectric and Microwave Natural rubber Carbon black 2.2 -16-1.2
Properties of Elastomer and doping -10%q L
Composites Loaded with agents
Carbori Silica Hybrid Fillers!?)
9-Superhydrophobic and Multi-walled 25 S/m
Electroconductive Carbon carbon
NanotubeFluorinated Acrylic nanotubes
Copolymer Nanocomposites froir Capstone ST
Emulsiong'?
10-Electromechanically Responsive Liquid crystal Tested upto 2.1-8.1kN Carbonblack 0.27 38 . 5 Yes
Liquid Crystal Elastomer 35% nanoparticles m
Nanocomposites for Active Cell
Culturé*®)
11.Reduced Graphene 318-632% 2.32-7.48 Reduced 1.3S/m
Oxide/Hydroxylated Styrerie MPa graphene
Butadiené Styrene TrBlock oxide
Copolymer Electroconductive
Nanocomposites: Preparation at
Propertie§4
12. Simultaneous Improvement in Polyamide 6  63-311% 0.85-1.11  Carbonblack 7.1 x 108S/m
Both Electrical Conductivity and GPa

Toughness of Polyamide 6
Nanocomposites Filled with
Elastomer and Carbon Black

Particle$®




Table 1.2: A Summary of Electroconductive and/or Pressur&ensitive Elastomer Constructs

(Part 2/4)

Study Polymer Maximum Storage or ~ Conductive Maximum Bio-
Functional Young or Conductivity/  comp
or at Break Modulus Piezoelectric Resistivity atible
Elongation Material

13- Effect of Small Additionof Polyurethane O30 MF Single wall Varies based
Carbon Nanotubes on the carbon on carbon
Electrical Conductivity of nanotubes concentration/
Polyurethane Elastoni&? temperature

14 Fabrication and Evaluation tife  Silicone 0200% CarbonSilica 1.62 - 10'to
Novel Elastomer Based 5.104q L
Nanocomposite with Pressure cm
Sensing Functidh’

15 Electroconductiviomposites Polystyrene  17% 50- 150 Cui Al203 4.35 - 10%to
from Polystyrene Block block MPa 7.7 -
Copolymers and QuAlumina copolymers 10 S/cm
Filler(®)

6. Hybrid Nanocompositesf Poly (styrene Graphene 1.2 - 10'to
Thermoplastic Elastomer and b-ethylene nanoplatelets 2.2 S/cm
Carbon Nanoadditives for ranbutylene and carbon
Electromagnetic Shieldifty’ b-styrene) nanotubes

17" ContinuouslyProducible Polyolefin ~575% No change Agnanowires 10 q
Ultrasensitive Wearable Strain  elastomer in modulus
Sensor Assembled with Three  nanofibrous after
Dimensional Interpenetratihy  yarn nanowire
Nanowires/PolyolefifElastomer addition
Nanofibrous Compositéarn®©)

18 Design and Fabrication &oft Silicone Failure 63 kPa Eutectic 2513. 1 «
Artificial Skin Using Embedded rubber begins at gallium- rest
Microchannels and Liquid 250% indium
Conductor&?

19 PolyisopreneNanostructured Polyisoprene Carbon black 1C°to 10'q |
Carbon Composite A Soft m
Alternative for Pressure Sensor
Application(??

20 Conductivity andMechanical Styrence 16.31 94.1  Multiwall 10%t0 1.6
Properties of Composites Basec but adi € MPa carbon S/cm
on MWCNTs and styrene nanotubes
But adi ene Styr.

Copolymer&?)

2. Carbon Nanotub€oated Silicone Tested up to Single and 0.86 to Yes
Silicone as a Flexibland 20% multiwall 15x1CGk q /
ElectricallyConductive carbon
BiomedicalMateriaf?¥ nanotubes

22 ElectricallyConducting Polyh b ut Doped with 2-10%-1-
Pol yaniline PB methacrylate) dodecyt 10°S/cm
Films Obtained by Extrusié®® - polyaniline benzene

sulfonic acid

2 El ectro Condandc Cottonyarn; Carbonblack 0.1-3. 6 - |
HeatingElements Based on polyethylene; cm; varies
Conductive Polymer polyamide; based on
Composite&® latex carboncontent

24 Electrical Properties dflexible  Silicone/PDM Carbon black 10°-10°q L
Pressure Sensitive S and natural m
Chezacarb/Silicone Rubber graphite
Nanocomposited”

% Carbon Nanotub Polyure Multiwalled
Thermoplasti® o | y ur et | poly(methyl carbon
Poly(methyl Methacrylate) methacrylate) nanotubes

Nanocomposites for Pressure
Sensing Applicatior&®
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Table 1.2: A Summary of Electroconductive and/or Pressur&ensitive Elastomer Constructs

(Part 3/4)
Study Polymer Maximum Storage or ~ Conductive Maximum Bio-
Functional Young or Conductivity/  comp
or at Break Modulus Piezoelectric Resistivity atible
Elongation Material
26.SingleWalled Carbon Silicone Testedupto 0.399-4.6  Single walled 18-63 S/cm
Nanotube/Silicon&ubber 300% MPa carbon
Composites for Compliant nanotubes;
Electrode&?) ionic liquid
2. Development of &egenerative  Silicone PEDOT Yes
Peripheral Nerve Interfader
Control of a Neuroprosthetic
Limb(0
28 Electrical, Mechanical aridieze  Polyaniline 50-250%  60- 140 Doped with 10°1 10°q
Resistive Behaviour of a poly(n-butyl MPa n-dodecyt /sq
Polyaniline/Polyg-butyl methacrylate) benzene
Methacrylate) Composift&) sulfonic
acid
29 A ConductiveComposite Carboxy Multiwall ~1.2-4t10*  Yes
Nanomaterial with Biocompatible methylcellulo carbon S/m
Matrix and Multilayer Carbon se matrix and nanotubes
Nanotube§? flexible
polymers
0. Piezoresistive Behavior Study  Silicone Graphite Piezoresistive
Finger Sensing rubber nanosheets under low
Rubber/Graphite Nanosheet pressure
Nanocomposite®
3L Silicone Substrate witGollagen PDMS, Carbon 7601 8 2 7 Yes
and Carbon Nanotubes Exposec Silicone nanotubes
to Pulsed Current for MSC
Osteodifferentiatiofi®
82 An Ultra-Sensitive Resistive Polypyrrole Low elastic Doped with 0.5 S/cm
Pressure Sens@&asedon modulus phytic acid
Hollow-Sphere Microstructure changing
Induced Elasticity in Conducting with
Polymer Film() compression
3. Electrical Properties d?Py Polypyrrole Tested up to Doped with 0.67-3. 83
Coated Conductive Fabrics for 25% 97%
HumanJoint Motion Anthraquinon
Monitoring®® e-2-sulfonic
acid sodium
salt
Monohydrate;
oxidized with
98% iron(ll)
chloride
(FeCI3)
hexahydrate
34 A SupramoleculaBiomimetic Acrylic acid 10,000% O 5 KP O 2™1 1
Skin Combining a Wide and 3 S/cm
Spectrum of dimethyl
Mechanical Properties and (methacryloyl
Multiple Sensory Capabilitié¥)  oxyethyl)
ammonium
propane
sulfonate
35 Strain and Damage Monitorifig ~ Styrene O 300% 1.5-128 Carbon black 102-10%
SBR Nanocomposites Under Butadiene MPa and carbon S/cm
Cyclic Loading3® Rubber nanotubes




Table 1.2: A Summary of Electroconductive and/or Pressur&ensitive Elastomer Constructs

(Part 4/4)
Study Polymer Maximum Storage or ~ Conductive Maximum Bio-
Functional Young or Conductivity/  comp
or at Break Modulus Piezoelectric Resistivity atible
Elongation Material
36 Simple andCostEffective PDMS 25-110% 2-4 MPa Carbon 2.03-5225 Yes
Method of Highly Conductive nanotubes /sq
and Elastic Carbon
Nanotube/Polydimethylsiloxane
Composite for Wearable
Electronic§®)
37 Enhanced Electric€onductivity ~Styrene 10.5-23.8 Graphene 10%t0 1.64 -
and Mechanical Property of butadiene MPa oxide 102S/m
SBS/GraphenBlanocomposité?)  styrene
38 Synthesis and Characterizatioh Conductive 75-728%  3.1-17.9 Doped with 2.7 - 10%°- Yes
ConductiveBiodegradable, Polyurethane MPa camphor 7.3-10°
Elastomeric Polyurethanésr sulfonicacid  S/cm
BiomedicalApplicationg*?
39 Electronic Properties of PDMS 30- 200% PEDOT:PSS 100- 550
Transparent Conductive Film$ S/ecm
PEDOT:PSS ofstretchable
Substrateé?
40 3D-Stacked CarboBomposites Pol y st y Assessedup 2.1 KPa Ni nanc 2.1-6 S/lcm
Employing Networkedlectrical  oly isoprene  to 300% particles and
Intra-Pathways for Direet polystyrene reduced
Printable, Extremelgtretchable graphene
Conductorg? oxide
4L Highly Sensitive Stretchable, Polyurethane Carbonblack O 6. 04
and WaskDurableStrain Sensor
Based on Ultrathin Conductive
Layer@Polyurethane Yarn for
Tiny Motion Monitoring*®
42 Patterned, Highly Stretchabded Polyaniline 22% for PVDF Pressure
Conductive Nanofibrous recovery of related
PANI/PVDF Strain Sensors strain; max conductivity
Based on Electrospinning aimd of 110%

situ Polymerizatioff®)
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2.1.Outline

The materials in this section are separated by characteristic, then by methodology. Tables 2.1,
2.2, and 2.3 separate polymeric materials based on factors such as conjugation, conductivity
and mechanical properties. Section 2.2.2 further elaborates on flexible polymers (some of
which are conductive), while 2.2.3 expands on elastic polymers. Section 2.2.4 discusses

electroconductive materials, while 2.2.5 expands on organic materials tleatitilieed.

Section2.3discussethevariousmethodologiesisedto procesghesepolymers,includingspin
coating, drop casting, and electrospinning. Section 2.4 expands upon the electroconductive
processes, such as electrodeposition and thermal evaporation. In Sectyon 24, find the

details on the creation of the complete, tHegredconstructs

In the following sections, 2.7 through 2.10, analyses of the individual polymers and the
completeconstructarediscussedT heseincludemechanicalgconductivity,mechanoelectrical

and piezoelectric analyses of the polymers. These sectiom$atiarated upon in Chapter 3
(mechanical), Chapter 4 (electrical conductivity, piezoelectric, and mechanoelectrical
analyses), and Chapter 5 (celluiasts).

2.2. Polymers, Organic Materials, andSolvents

2.2.1 Selected Polymers and Solvents Used for Thdiissoltion

Variouspolymerswereselectedor theirestablishediocompatibility,flexibility/elasticity, and
perdurable properties. Polymers and solvents used to prepare casting solutions for further
electrospun meshes or films preparation are listed ines&hP.1, 2.2.2, and 2.23. Details on
casting solutions preparation are given on Sections 2.2.2 and 2.2.3, where polymers are

grouped according withbeing described as a flexible or an atastarial.



Table 2.1:Conductive/Piezoelectric Polymers Assessed for Electrospinning

Polymer Solvent Younc Notable
Modulus Properties
DMF 2.232.55 GPa Dielectric constant
Polyimide / 0\ o o\ DMAc @ val ueasge (
oo \. H HI
P W@I_C,”‘RT {"‘ Nt between
\ B /4 R /n
278 - 3.48;
Aromaticheterocyclic Linear conductivity is
easilymodifiable®
| DMF Nanofiber: 136 101! S/cni®
0 0 - .
Ne# DMAc MPa; Solid:3
Poly Methyl Methacrylate CH. ¢ DMF:Acetone GP4"
(PMMA) -~ CHF CH\\ Chloroform:DMF
- ; : -
Poly P(VDF-TIFE) Copolymer DMAC:Acetone 1.2 GP#® Piezoelectric
[(vinylidenefluoride) DMF:Acetone
F F F F
-co-trifluoro ethylene] Y Y
70:30 /{/ CH \C/F
/\ /\
(P(VDFTrFE)) H H F H
PVDF PTIFE
DMF 7.895GP&9  Crosslinking  or
H H cyclization
Polyacrilonitrile _}é_&}_ required for
(PAN) d 07 perdurability.
- Insulator  unless
Polyacrylonitrile
treated1%.12)
DMF 2.433GPa;value Insulating
Polyvinyl Pyrrolidone Ethanol highly influenced properties inarge

—(—CHZ—TH—}T

N

A

(PVP)

by molecular

weight®3)

amounts;
conductivity is
primarily
determined by

thermalactivation.

40



Table 2.2: Insulating Polymers Assessed for Electrospun Mesh Creation

Polymer Solvent Young6s M Notable
Properties
Polysulfone DMF 1538.7 MP&9) Flexible
(PSu) CH, o) THF Insulator;
OO‘@ﬁ DMAc:Acetone additional
P treatment
required for
perdurability.
Polyisoprene THF N/A (Liquid) Elastic Insulator
+ Chloroform
cH,
n
Polybutadiene Toluene 1.2 MP&) Elastic Insulator
%cm CH CH,
n
Poly (styrene THF 21 MP&" Elasticlnsulator,
isoprene *{“”‘”H‘”"%”_C*‘” o _C*‘}* Manufacturedas
styrene) (SIS) © Kraton
D1161PT(SIS)
Poly THF 32 MP4&) Elastic
(styrene -<°“ HW pr—CH==Cr—Cllg- =10 —C“>— Insulator;
butadiene Manufactureds
styrene) © Kraton
(SBS) D1152ES (SBS)
DMF 0.0440.181 GP&®  Elastic Insulator,
Poly (styrene CHF THF Manufacturedas
isobutylene —<CH~CH>ﬂ. C_CH/)_(CH _CH% Chloroform Kaneka (SIBS)
styrene)
(SIBS)




Table 2.3: Conjugated Conductive Polymers

Polymer Solvent Perdurability Youn Conductivity
Treatment Modulus
Required?
Poly 3,4ethylenedioxythiophendPEDOT)  Waterbasec Crosslinking 2 GP40) Variable
: depending on
+ Polystyren&ulfonatgPSS) solvents required heating, solvents
R R R A% X crosslinking,
o o n o n" ') d :’o c\" 0 etc@D)
- 0,H 5C S04t ~ éo SOH
) | ) )
L L L
PEDOT PSS
Chloroform No N/A 6.675 x 1€ S/cm
- when notdoped;
Poly (Liquid) 0.34 S/cm when
(3-hexylthiophene doped?®
-2,5-diyl) N
AN
(P3HT) PaHT
Polypyrrole (PPy Chloroform No 1.2and 3.2 1005 Slcm;
‘ 23) influenced by
'd f—\L" \%/ m-Cresol GPd mechanical
\ T \ / n stressor§?
Polypyrrole

*See Table 2.1 for flexibleonductive polymers (e.g., PAN and PI)

2.2.2 Flexible Polymers and Preparationof Casting Solutions

Polyimide (PI)

Polyimide (Evonik, Leizing P84) was mixed with DMF (Acros Organics) or
Dimethylacetamide (DMAC) at concentrations betweet2@@t% bydissolving the polymer

in solutions overnight with the assistance of magnetic stir bars. Both planar sheets and
electrospun fibres were created from this protocol. This polymer is further discussed in Ch. 3.

Poly(methyl methacrylate) (PMMA)

Poly(methyl nethacrylate) (Sigma Alrich) was mixed at concentrations betwe& 1t%
with TetrahydrofuraffTHF) (CarloErba,DastiGroupReagentSAS),DMF (AcrosOrganics),
or THF-DMF and at a 1:1 ratio. In all cases, magnetic stir bars were used to create a
homogewussolution.DMF wasfoundthebetheeasiessolventto work with, andelectrospun
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fibres and planar sheets were created from this protocol. This polymer is further discussed in
Chapter 3.

Poly(vinylidenefluorideco-trifluoroethyleneXP(VDFE-TrFE))

Poly(vinylidenefluorideco-trifluoroethylene), known as (P(VDFFE)) (PiezoteckArkema,
70:30 copolymer ratio) is a piezoelectric polymer. A total of 3.6g of PEVEHE) was
dissolved in a mixture of 8.2mL Dimethylformamide (DMF) (Acros &nrigs), and 8.2nL
Acetone (Valente roberio.ida). The mixture was heated& # 4 hours while mixed with a
magnetic stir bar to make a homogenous solution. Both planar sirebttectrospun fibres

were created from this protocol. This polymer isHertdiscussed in Chapter

Polyacrylonitrile (PAN)

Polyacrylonitrile (Sigma Aldrich) was created at-a%wt% range in DMF (Acros Organics).
The solution was stirred overnight at room temperature, then heated the following daly for 2
hours at 88C to improve solution homogeneity. Electrospun fibers were created from this

protocol. This polymer is further discussed in Chapter 3.

Polyvinylpyrrolidone (PVP)

PVP (Sigma Aldrich), with a molecular weight of 1,300,000, was dissolved in pure ethanol or
a mixture of ethanol and dimethylformamide or chloroform at a ratio of 60:40. Concentration
of PVP solutions were made betweeB®%. All polymer solutions were stirred for 24 hours

before being used to create electrospun fibers. This polymer is further dsaugshapter 3.

Polysulfone (PSU)

Polysulfone was mixed at 20 wt% PSU (Mw 26,000, Aldrich, USA) was prepared in DMF
(Acros Organics) or THF (Carlo Erba, Dasti Group Reagents SAS).DMF at a 1:1 ratio.
Magneticstir barswereusedto createa homogenousolution.Electrospurfibreswerecreated

from this protocol. This polymer is further discussed in Chapter



2.2.3 Elastic Polymers and Preparationof Casting Solutions

Polyisoprene

Polyisoprene (Mw 38,000; Sign¥ddrich) is an elastomer in liquid format that was blended
with Kraton D1152ES (SBS) at concentrations e?(®bwt%. Kraton D1152E$SBS)was
prepared as stated above and the appropriate amount of polyisoprene was mixed into i
resultingin final concentrationsf 10 wt% for KratonD1152ESSBS)and5 wt%, 10wt%, 15

wt% and 20 wt% of polyisoprene. This polymer is further discussed in Cl&apter

Poly(butadiene)

Poly(butadienefMw 200,000;Polysciencesis arubberblock thatwasmixedwith THF using
amagneticstir baruntil aviscoudiquid wasformed,thenmixedwith liquid solutionsof Kraton
D1152ES (SBS). This yielded final concentrations of 10 wt% for Kraton D1152ES é8BS)

10 wt% of poly(butadiene)etrahydrofuran (THF; Carlo Erba, Dasti Group Reagents SAS),
Dimethylformamide (DMF; Acros Organics), and Acetone (Valente roberio.ida) were used to
dissolve the polymers and make planar sheets or electrospun fibers. All reagents were
analytical grade andsed without further purification. This polymer is further discussed in
Chapter 3.

Poly (styrendsoprenestyrene): Kraton D1161PT (SIS)

KratonD1161PT(SIS)(alsoknownasSIS)is astyreneisoprenestyreneblock copolymerwith

15\% PS and a moleculaveight of 207,00237,000 (Kraton Polymers). This polymer was
blended with THF (Carlo Erba, Dasti Group Reagents SAS}24t Wt% concentrations by
stirring for 1224 hours. This polymer was cast into sheets and is further discussed in Chapter
3.

Poly (syrenebutadienestyrene): Kraton D1152ES (SBS)

Kraton D1152ES (SBS) (also known as SBS) a stylernadienestyrene block copolymer
with 30\% PS and a molecular weight of 122,000 (Kraton Polymers). This polymer was
blended with THF (Carlo Erba, Dasti Gy Reagents SAS) atZh wt% concentrations by
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stirring for 1224 hours. Iron(lll) ptoluenesulfonate hexahydrate (Mw 677.52; Aldrich) was
used at concentrations of2b wt% to enhance conductivity of electrospun Kraton D1152ES
(SBS)soluions. This polymerwascastinto sheetsandelectrospurwhenmixedwith Iron (l11)

p-toluenesulfonate hexahydrate, and is further discussed in CBapter

Kaneka SIBSTA® 102T and 062M

SIBSTARIs astyreneisobutylenestyreneblock copolymerwith approximatel\22 \% styrene
content (Kaneka Belgium N.V.). Blends of 062T (Mw. unknown) and 062M (Mw. 35,000)
were created at &:1 ratio at 520 wt% concentrations with THF (Carlo Erba, Dasti Group
ReagentsSAS) by stirring for 124 hours. This polymer was cast into sheets and is further

discussed in Chaptér
2.2.4 Electroconductive Materials

Electroconductive Flexible Polymers

Electroconductive flexible conductive materials are listed in table 2.1. Thiésdet polymeric
materials are provided in section 2.2.2. Electroconductive polymers include Polyimide (PI),
Poly(methyl methacrylate) (PMMA), Poly(vinylidenefluoride- trifluoroethylene) (P(VDF
TrFE)), Polyacrylonitrile (PAN), and Polyvinylpyrrolidor{®VP). In several cases, however,
these materials are only conductive after specific treatnigpasticularly thermal treatments

T and large amounts are likely to act as insulators.

Conjugated Electroconductive Polymers

Poly 3,4ethylenedioxythiophen€PEDOT) + PSS, Polypyrrole (PPy), and Pohakylthi
ophene2,5diyl) (P3HT) are all liquid polymers that caee blended with more viscous
polymersin orderto increaseconductivityandfacilitate electrospinningor canbe spincoated
assurfacecoatings Similarly, Gwentpolymericpastesaremisciblewith specificsolventsand

select polymers but cannot be used independently given their viscosity and liquid state.
Platinum polymer paste (C2020322P6) from the Gwent Group csosdinked, screen
printable paste. The platinum paste can be diluted with Gwent diluent (S2030203D1) or used

as itis.



Conjugatecklectroconductivgolymerswereavailableaspre-preparedolutionsthatcouldbe
modified usingspecific solvents and methods, such as thermal treatments, based on their
individual propertiesandmiscibility. Detailsontheseconjugategolymersareshownin Table

2.3. Further details on the spin coating or other processing for these polymers araiested |

on this chapter, in section 2.4.2, with results detailed in Chapter 4. None of these polymers
were successfully electrospun, but further details on the attempted protocols are provided in

the appendix.

Iridium Oxide

Irdium oxide (rOx) solutions were prepared as reported by Cruz et al. and Patit'ef In
short,solutionsof iridium (IlI) chloride(IrCI3-xH20, SigmaAldrich, 206245reg) weremade
using milliQ water, oxalic acid (H2C204-2H20, Sigldrich, 99%) and potassium
carbonate (K2CO3, Proys, 99%). These solutions were used for electrodeposition and
blending with other polymers. Alternatively, iridium (lll) chloride alone was blended with
other water soluble polymers (e.g., PVP), and used for electrospinning. Théssolsr are
detailed further in section 2.4.2, with results detailed in Chdpter

CarbonBased Materials

Functionalized singlevalled carbon nanotubes (SWCNT®OH, <90%, D 12 n, L 530

e m,; Nanostructured & Amor phoustof&92.8786] al s,
carbon nanotube ink (Sigma Aldirch), Kish graphite coarse powder, Graphene oxide (GO),
and Ndoped graphene are all utilized in Chapter 4. Further details on these materials can be

found in the section on electroconductive materials i@Ee&.4.3).

2.2.5 Organic Materials

Porcine skin was obtained from freshly slaughtered pigs within 12 hours of death. Portions of
skinwereharvestedrom anklejoints andthe skin surroundinghe auricularmusclesSamples

were all used within 72 houdf the estimated time afeath.
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2.3. Polymeric Material Deposition Methodologies (Chapter 3)

2.3.1 Preparation and Cleaningof Substrates for CastSamples

Two basictypesof substrate$or castingsamplesvereusedCommerciallyavailableglassand
Indium Tin Oxide (ITO) covered glass. Prior to spin coating, substrates were cleaned to remove
any contaminants from the surface as such impurities can lead tecsboited devices and

induce behavioural irregularities. Materials were cleaneadifferentways:

9 ITO substrates used in spin coating were ultrasonic cleartadseveral solvents. First,
distilled water with a few drops of neanic detergent was used for 15 minutes. Then, to
remove the detergent, the substrates were rinsed thdyowdth distilled water. The
remainingwaterwastheneliminatedby immersinglTO coveredglassesnto HPLC grade
acetone (270725, Sigma Aldrich) for 10 minutes. Finally, glasses were dipgad in
propanol alcohoHPLC for 5 minutes and blow dried withN2 gun.

1 The cleaning process for glass substrates used in spin coating was identical to that of ITO
covered glass, with the exception that instead of starting the process witldeterigent
aqueous mixture for 15 minutes, piranha solution (50% H2SO@%4 13202) was used
for 20 minutes. This procedure makes the surface very hydrophilic. In cases where this

was undesirable, glasses were washed wHiowized water and boiled for 3@inutes.

91 For drop casting, petri dishes and glass plates were soaked in bleach to remove any

previous polymeric residue, then washed with soapaater.

2.3.2 Defined-Area Drop Casting of Elastomers

Drop casting involves pouring or dropping solution into a substradeallowing spontaneous
solvent evaporation to create a film. This type of procedure is simple and can create variable
thicknesses of films based on the solution concentration. However, the thickness can be
somewhatifficult to controlandpooruniformity maybe anissuefor certainpolymersolvent
mixtures. Solvent evaporation rates and film morphology can be controlled by heating the

substrateDrop castingwas performedfor elastomerKraton D1161PT(SIS), Kraton
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D1152ES (SBS), Krato@1152ES (SBSpolyisoprene, and Kaneka SiBS 062M/062T. The

procedures followed are described below:

1 10% weight solutions of Kraton D1161PT (SIS) was preparddHin.

1 10% weight solutions of Kraton D1152ES (SBS) was preparétif

1 A 10% weight blend oKaneka SiBS 062M and 062T (50:88 weight) was prepared in
DMF.

Samples were mixed at ambient temperature feR4hours using a magnetic stir bar.
Solutions were poured into petri dishes-@&D mm x 15 mm) to create planar sheets of these
polymers. Ptymer sheets were prepared at either ambient temperature or at 37°C under
vacuum for 1224 hours. Polymers were then extracted from petri dishes and left to fair dry

a further 24 hours in order to promote the creation of uniform polymers and redut®nete

of solvent.At this stage polymerswerecutinto sizessuitedto individualizedtests;all polymer

samples were between 0.7 and 1 millimetehiokness.

1 Kraton D1152ES (SBS)olyisoprene blends solutions were prepared by thoroughly
mixing polyisoprene (polyisoprene, cis; average Mw 38,000, Sigma Aldrich) in 10 %
weight solutions of previously prepared Kraton D1152ES (SBBMHia.

9 This yielded polyisoprene final concentrations of 2.5, 10, 15, and 20% weight. It was not
feasible to produceasnples greater than 25 % weight as the viscous consistency of
polyisoprene prevented solidification of the samples. Samples were mixed Hhauli
with a magnetic stir bar, then drop cast into petri dished 880mm x 15 mm). Samples
werepreparedat 37C undervacuumfor 12-24 hours,extractedrom petri dishesandleft
to air dry for a further 24 hours in order to promote the creation of uniform polymers and
reduce retention of solvent. All polymer samples were between 0.7 and 1 millimeter in

thickness
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Elastomer and elastomer blend films obtained after casting were further heated from ambient
temperature to assess the effect of heating procedure on mechanical properties and polymer
uniformity. This secondary step was done for meclariests detailed in Chapter 3. The

procedures followed were:

37°C for 1224 hours, then heated to 80°C, remaining at 80°C rairdites.
37°C for 1224 hours, then heated to 80°C, remaining at 80°C at 30 minutes. Temperature
was then increased to 145°CL50°C and remained at this temperature range for 30

minutes.

In bothcasessamplesverethenleft atambientemperaturéor 24 hours,extractedrom petri

dishes, and allowed to rest for a furtherdBthours before further tests weerformed.

2.3.3Tape Casting (Casting Knife)of P(VDE-TrFE

Casting knives work by moving a blade on a stationary substrate to create a large, uniform
piece of material. In this process, a liquid is placed on a substrate beyond the doctor blade. A
constant relative movement is established between the blade asub#tmte, and the liquid

is spreadbnthesubstrateo form a thinsheethatresultsin afilm onceit hasdried.Thickness

is determined based on the height of the wet layer, surface tension, wetting, viscosity, and
coatingspeedThistechniques optimalwhenproducingsheet®f materialasminimal material

wastage occurs. The equation for calculation of thickness during the casting @ocess

Y
5

oy R e " igd g
o R ai 8 —— QA+ )
o 6' ™0

Equation 2.1: Equation for Calculation of Thickness During the Drop Casting Process. Where U = blade
speed, = fluid viscosity, L = channel length, = density, b= blade height, andY"E= slurry pressure
head?®

Tape casting was used to preparation of P(MDIFE) as follows: P(VDHTFE) (Copolymer
P(VDFTrFE 70:30; Piezotech Arkema)) was prepared in DMF: acetone (50:50 % weight) at
concentrations of 18% wt by heating the mixture at 40°C for 4 hours to promat®rsol
homogeneity. Films were cast at ambient temperature using custom made casting knives to

produce films of 250 um and 400 um. Once cast, films were placed on top of an autoclave to

4



accelerate solvent evaporation and promote film homogeneity.
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2.3.4 Spin Coating

_Spin coating, a technique utilized since the beginning of the 20th century, is a simple, cheap,
solutionbasediepositiortechniquehatcanbeusedwith bothinorganicandorganicsolutions.

This processnableghecreationof films with reproduciblehicknesgo beobtainedcovering

flat substrates with areas up to (R O 30 cr
protective coatings of planar, industrial products. This can be used to protect produtds agai
corrosionUV light, humidityandabrasion Spincoatingcanalsobe usedto coatmaterialsor

optical data mass storage and creaiteroelectronics.

The spincoating process cabe divided into four steps: deposition, spip, spinoff, and
evaporabn. The first three stages occur sequentially, while the evaporation step occurs
throughouthe processpredominantiyattheend?®?” Figure2.1. showsa representationf the

spincoatingprocess.

Solution Evaporation

Radial solution flow
Substrate

Angular velocity

Spin chuck

Figure 2.1: Schematic of the Spin Coating Proces¥/here a solution is spread on the substrate di
to centrifugal force. During this, evaporation of the solvent occurs. These two processes lead t
thin film being uniformly deposited on the

Deposition: The substrate is placed dmetspin chuck and the solution is dispersed over it.
Dispersiorcanbedoneusingapipette nozzle or sprayinghesolutionontothesurface During

this step, the substrate can be static or rotating at low angular velocity. The most important
requiremenis for the solution to wet the surface completely, or incomplete coverage may

occur. To prevent this, excess coating solution is typically dispensed subtteates®



Spinup: In thesecondstagethesubstratés rapidlyacceleratedpto thefinal angulanelocity,
configured by the user. The spin speed is measured in rotations per minute (rpm). Most of the

solution is expelled from the substrate surface due to centrguelieration.

Spinoff: In this step, the substrate is ratgtat the final speed. The solution continues to be
spread over the substrate, thinning the film due to centrifugal force. When enough solvent has

evaporated, the viscosity of the solution increases and the spread’€€ases.

Evaporation:In this stepthinning occurs due to evaporation of the remaining solvent when it
is absorbed into the atmosphere. If significant evaporation occurs too quickly, a solid skin
forms on the fluid surface. This impedes the evaporation of solvent trapped under this skin,

leading to coating defects.

Film thickness decreases with lower concentrations and viscosity and more rapid angular
velocity2 The choice of the solvent is important: solvents with higher volatility will result in
thicker films at a given initial concénation and viscosity, but too much volatility may result

in nonuniformities.

The amount of solution initially deposited on the substrate, deposition rate of the solution,

historyof rotationalacceleratiomprior to thefinal accelerationandtotal spintime havelimited

or no effects. The main disadvantages are that this technique is designed solely for flat
substratesandthatproductmaybewastedexcessivelyluringthe spinup stage Thistechnique

can also be sensitive to the physical propertieh®fsolution and cabe sensitive to factors

such as temperature, airflow velocity, relative humidity, and thermal surroundings for the

evaporation component of tipeocedure.
Due to these facts, to obtain reproducible polymer films, it is necessaay¢cahfixed set of

operational conditions for a given sginating apparatus and solvent/solute. Each individual

protocol is detailed in the subsections below.
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Flexible Spin Coated Polymers (Pl, PAN, PMMA, P(VDIFE))

Spin coating was sed to deposit polymers on substrates and test their electroconductivity
independently of elastomeric substrates. Polyimide, PAN, PMMA, P(ViHE), and
PEDOT:PSS were all created using this methodology.

These polymer casting solutions (as describeddtise?2.2.2) were spin coated (Syghoater
KW-4A, Chemat Technology) on glass slides at 15800 rpm (3660 seconds). When
required, the obtained polymeric films were annealed at temperatures betwEs0df 8Bilms
with ~90em t hi ck n esnsaling process rerhoved any eesldual tfates of

organic solvents on the polymeric films.

Electroconductive Spin Coated Polymers (PEDOT:PSS, P3HT, and PPY))

CoatingITO glasswith PEDOT:PS3poly(3,4ethylenedioxythiophene):poly(styreralfonic

acid) reduces electrical shortages, improving the function of the produced materials.
PEDOT:PSS was therefore spoatedon pre-patterned ITO covered glasses at 1800 rpm
(rotations per minute) over a period 3@ to 60 seconds. Then the films were then baked at

120 C for 10 min at nor mal waadmosphere to ren

The PEDOT:PSS water dispersion used in this thesis was purchased from Bayer AG, Baytron

P Al 4083 (& 1.5% w/ w). PEDOT al one was pre
SigmaAldrich, 97%), 0.01 M of KCOs (584087, Sigm&ldrich, 99%) and HC>O4-2H.O

(247537, SigmaAldrich, 99%) until a pH of 8 was achieved.

P3HT (445703, Sigma Aldrich) and PPy (482552, Sigma Aldrich) were obtained -as pre
prepared solutions. The deposition of theseenws was performed in the same manner to

PEDOT:PSS but at 1500 rpm, with the same annealing procedure pesbapiny.

Spincoatingof bothflexible andelectroconductivenaterialsvereperformedn orderto collect
preliminary data for this thesi&lthough this technique was fundamental to this work, spin
coating was not utilized for the research that was ultimately analysed over the course of this
work. Spin coating data can, consequently, primarily be found iappendix.



2.3.5 Electrospinning (Pl PANI. PMMA, P(VDE -TrFE). PAN, PSU, Kraton D1152ES
(SBS). PVP PVP/IrO2)

Electrospinning is one of the main methodologies used for this project. This technique is a
method of producing nanofibers from a large variety of materials (polyroensposites,
ceramics, etc.) in an easy, cost effective, versatile manner. An electrospinning apparatus
generally contains three basic components: a capillary tube with a needle or pipette, a high
power voltage supply, and a metal collector or a tardet. capillary tube and target are held

at a precise distance, while the polymeric solution is forced through the syringe pump to the

needle. A schematic representation of this process is shown in Figure 2.2.

When the repulsive electrostatic force overcortles surface tension, pendant drops are
formed. This is followed by the Taylor cone, a conical protrusion, once a critical voltage has
been applied to the system. From this cone emerges a continuous jet directed towards the
collector.As such, the jet redes the collector, the solvent evaporates, angalyyner fibers

at nanoscale dimensions are deposited on the surface and collected as an interconnected web

of fibers?28: 29

Polymer electrospinning can be done in two different ways, horizontallywardally, as
shown in the schematic below. Horizontal electrospinning is shown on the top of the figure,
with vertical electrospinning shown on the bottom. The vertical method was used for the
creation of all flexible polymers, but the horizontal metheads the preferred use when
electrospinning elastomers in order to reduce beading that often forms within scaffolds.

Thehomemadeusedelectrospinningetupconsistof a high voltagepowersupply(Glassman

High Voltage, Inc., Series EL, Model PS/EL40P01), a syringe pump (KDS Scientific, Model
KDS Legato 210), and a teflon tube which connects a syringe (VWR, Henke Sass Wolf) to a
needle(EFD International, Inc., Needle Valve Dispense Tip Kit). Nesdbf various inner
diameters were used. Different electrospinning parameters as well as different collectors were
used to obtain random and aligned nanofibers. Random fibers were obtained using a flat,
rounded copper plate, while aligned fibers were oleidiusing two parallel rectangular

stainless steel plates with a gap of &h
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Figure 2.2: Schematic of Vertical (A) and Horizontal (B) Electrospinning.
Created by Rolando Matos, PhD candidate at the University of Surrey

Electraspinning was successfully applied to:

1 Polyimide (PI), Poly(methyl methacrylate) (PMMA), Poly(vinylidenefluorime
trifluoroethylene) (P(VDFITFE)), Polyacrylonitrile (PAN), Polysulfone (PSU),
Polyvinylpyrrolidone (PVP) and Poly (styredbetadienestyreng (SBS, Kraton
D1152ES (SBS)), as described in Tables 2.12apd

1 PVP-IrO2 mixture



Electrospinning of the following materials was unsuccessful:
1 Polyaniline (PANI)
1 Poly(phenylene oxide) (PPO)
1 Kraton D1161PT (SIS)
f Kaneka SIBSTAR" 102T:062M(SIBS)

The unsuccessful polymers are detailed further in the appendix. The applied electrospinning

parameters used for the polymers that were successfully electrospun are detailed below.

Polyimide

Solutions of polyimide, prepared as described beforefilm casting, were electrospun
vertically (Figure 2.2A). The viscous polymer was loaded into a syringe equipped with a 0.80
mm (inner diameter) stainless steel gauge needle connected to a high voltage power supply
(GlassmarHigh voltagelnc., PS/EL40PQ.0-22). Voltageprovidedrangedoetweerl 5-25kV.
Thegroundcollectorwasafixed coppelplateatadistanceof 17cm. Thesolutionwassupplied

with useof asyringepump(NE-300,New EraPumpSystem|Jnc.) atafeedrateof 0.1€L/min.

Collection wasalways performed at a relative humidity at 25%ess.

Poly(methyl methacrylate) (PMMA)

Solutions of Poly(methyl methacrylate), prepared as described before for film casting, were
electrospuwertically(Figure2.2A) anddeliveredusingasyringepump(KD Scientific,Legato
210)atafeedrateof 17 ul/min. A stainlessteelneedlgNordsonEFD, innerdiametel0.25mm
andexternaldiameter0.52mm)wasusedasanelectrodeandthe groundcollectorwasa fixed
copper plate. A high voltage was exertegtween the nozzle and the collector to generate a
Taylor cone using a power supplier (Glassman High voltage Inc., PS/EL46PZ)1.0he
applied voltage was 20 kV, and the nozdesollector distance was 25n.
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Poly(vinylidenefluorideco-trifluoroethylene) (P(VDFTrFE))

Solutions of P(VDFTrFE), prepared as described before for film casting, were electrospun
vertically (Figure 2.2A) and delivered using a syringe pump (KD Scientific, Legato 210) at a
feed rate of 4000 nL/min. A stainlesteel needle (Nordson EFD, inner diameter 0.25mm and
external diameter 0.52mm) was used as an electrode, and the ground collector was a fixed
copper plate. A high voltage was exerted between the nozzle and the collector to generate a
Taylor cone using aqwer supplier (Glassman High voltage Inc., PS/EL40RQ2)0 The

applied voltage was 180 kV, and the nozzl®-collector distance varied from 15 to 20 mm.

Polyacrylonitrile (PAN)

Solutions of Polyacrylonitrile, prepared as described before for fastirg, were briefly
warmed and electrospun vertically (Figure 2.2A) and delivered using a syringe pump (KD
Scientific, Legato 210) at a feed rate of 0.5 mL/h through agal§je stainless steel needle.
The needle was connected to a high voltage powerhs@assmanHigh voltage Inc.,
PS/EL40P01.€22) with voltage provided between-BB kV. The distance between the plate

andneedlewas25cm. Collectionwasalwaysperformedata relativehumidityat 35%or less.

Polysulfone (PSU)

Solutions of PSUprepared as described before for film casting, were electrospun vertically
(Figure2.2A) anddeliveredusinga syringepump(KD Scientific,Legato210)atafeedrateof
1.5 ml/h. The polymer was loaded into a syringe equipped with a 0.60 mm (inner diameter)
stainlesssteelgaugeneedleconnectedo a high voltagepowersupply(GlassmarHigh voltage
Inc., PS/EL40P0122). Voltage was provided at 15 kV. The distance between the plate and

needle was 206m.

Polyvinylpyrrolidone (PVP) and IrORVP

Solutions ofPVP, prepared as described before for film casting to concentrations between 10
15%, were electrospun vertically and delivered using a syringe pump (KD Scientific, Legato



210) at a feed rate of 2 ml/hr. PVP solutions were spun at 75 kY using a needle with an
inside diameter of 0.5 mm at a distance of 20cm from needle to collector.

Iridium oxide solutions, prepared as detailed in section 2.3.2, were mixed with previously
prepared solutions of PVP (as detailed in section 2.2.Atiasrof 1:2 to 1:5. Solutions were
mixed overnight, and allowed to evaporate somewhat for a further 24 hours. Electrospinning
parameters used were the same. Fibers were dried for 2 houfCatBfa a further hour at

500°C if removal of PVP was required.

Kraton D1152ES (SBS) (Poly (styrebetadienestyrene)

Solutionsof SBS(KratonD1152ESSBS))andlron(lll) p-toluenesulfonatbexahydratéMw

677.52; Aldrich) were dissolved in THF at respective concentrations of between 5 to 15%
weight and 20 to 406 weight mixing prepared THF solutions of Kraton D1152ES (SBS) and
Iron(lll) p-toluenesulfonate hexahydrate. The Kraton D1152ES (SBS) and Irop{lil)
toluenesulfonate hexahydrate solutions were electrospun horizontally (Figure 2.2B.) and
delivered using ayringe pump (KD Scientific, Legato 210) at a feed rate of 1500nL/min. A
stainless steel needle (Nordson EFD, inner diameter 0.1 mm and external diameter 0.24 mm)
was used as nozzle. The ground collector was either a fixed copper plate or a rotating drum.
The rotating drum with 8 cm diameter moved at 200 revolutionsnp@ute. A high voltage

was exerted between the nozzle and the collector using a power supplier (Glaghman
voltagelnc., PS/EL40P01.€22). Theappliedvoltagefor copperplatecollectionwas20-35kV,

and the nozzlko-collector distance varied from 15 to 25 mm. The applied voltage for the
rotating drum was 125 kV, and the nozzle to collector distance varied from 20 to 35ksm.
thiswasanovelprotocolthatwascreatedor the purpose®f thisthesisjmagesof thispolymer

are detailed in the resulisction.

2.3.6 Dip Coating (Elastomers on PEDOT:P P3HT. anBPY

Dip coating allows for substrates to be dipped into a solution and withdrawn at a controlled
speedresultingin singleor multiple layersof coatings.Thicknesds determinedythebalance

of forces at the liquigubstrate interface, as stated in the Landau and Levich eqgéfation.
Elastomerswere usedas the substratebeing dip coatedinto liquid-state electroconductive
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polymers such as PEDOT:PSS, P3HT, and PPY. Dip coating was also used as a method to
create elastomers in shaped formats, rather than planar sheets or fibrous forms. In such cases,

elastomersverecastontoglasssubstratege.g. testtubes) ,whicharedetailedn theappendix.

2.4. Preparation and Electrical Characterization of Electrical Materials (Chapter 4)

2.4.1 Iridium Oxide Synthesis With and WithoutOxalate

IrOx pre-deposition solutions were prepared as reported by Cruz et @Patinet afl 32A
solution4 mM of iridium (Ill) chloride(IrCI3-xH20, SigmaAldrich, 206245reg)in 50 mL of
milliQ water was prepared. Oxalic acid (H2C204-2H20, Sigkidrich, 99%) was
subsequently added up to a concentration of 20 mM. Potassium carbonate waddinen
(K2CO3,Pro-hys,99%)upto 0.1 M andthe pHwasadjustedo 10. The preparedsolutionwas
agedfor 4 daysat 37°C to promoteslow hydrolysis.It waskeptin refrigerationafterthis period

until use. To prepare newxalate predeposition solutions, the procedure is identical besides

for the addition of oxaliacid.

Iridium Oxide Electrodegstion

Electrodepositioms amethodusedio deposita conductivematerialontoa substrateT ypically,

the substrate is an electrode and the conductive material be deposited is-slepgsigon
solutionstate containinghereduced/oxidizegrecursorpr otherspeciesghatwill getinvolved

in secondary electrode reactions. Modulation of intensity and potential control the final
thickness, homogeneity and microstructure of the coatings. Here, potentiodynamic deposition

was used for depositiaof iridium oxide.

Potentiodynamic deposition uses repetitive pulsed or triangular potential signals to cause the
potential of the working electrode to sweep back and forth between a designated value range.
Theworkingelectrodecurrentmaybe measurediuring the potentialscanin dynamicpotential
voltammetries. The potential drives the reactions related to the working electrode, with the
currentproportionalto thereactionrate.Typicaliridium oxide (IrOx) electrodepositiocurves

are shown in Figur@.3.



Thepotentiodynamiaepositionslonein thisthesisdid not utilize stirredsolutions.Therefore,

the system current was limited by the diffusion of reactants to the electrode surface, as shown
in the 1vs E voltammograms (Figure 2.3Vhen the potential is increasadtil the voltage

value is large enough for a redox reaction, the current increases to a maximum value. It then
decreases for the depletion of the reactive species near the surface, yielding its characteristic
wave. An identical cathodic wave will appear in the reduction direction if the process is
reversible put secondaryeactionsand/orthe structuralreorganizatiorof the solid synthesized

typically make the processeversible.
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Figure 2.3: PotentiodynamicDeposition of IrOx Coatings. A) Triangular potential excitation

sweep and B) Voltammogram (intensity wastop
Lab.3

Iridium oxideanodicelectrodepositiomvasfirstly presentedby Petitetal., who useda constant
current techniqué? These techniques are typically used when a unique crystallization process
exists and there is no interference from other chemical reactions. However, theP@sisan
group at the University Autonoma de Barcelona demonstrateddteitipdynamic synthesis
methods result in more homogeneous film microstructures with improved adhediin to
coated substraté8.All IrOx depositions were done in accordance with their improved

techniques.

A schematiaepresentationf the electrochemicatell usedin the electrodepositioprocesss
shown in Figure 2.4 A glass recipient is filled with the aqueousiep®sition solution and
threeelectrodesreimmersedThecounterelectrodeusedwasplatinumfoil, while the pseude
reference electrode is a platinum wire (both from Goodfellow, 99%). Use of a conventional
referenceelectrodglike Ag/AgCl) asreferencensteada Ptwire wasdismissedn accordance
totheCasanrPastomethod Useof platinumaspseudereferenceslectrodehasbeenpreviously

reported, yielding similar potentials to Ag/AgCl referemtectrodes?
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Theworking electrodenvherethe samplevasdepositedvasatransparensodalime glassslide
(76x25mm2AFORA) coveredwith 5 nmof titanium (asadhesiorfilm) and12 nm of platinum

for control samples. Experimental samples utilized samples of elastomeric polymers coated
with Gwent polymeric platinum or electrodeposited platinéar.all the hybrid coatings, the

size of the substrate and the cowiectrode used was smaller, around 38x12niihe Tk

Pt deposition was carried out by vacuum thermal evaporation in the Optical Laboratory of the
UniversidadAuténomade BarcelonaThis procedures further detailedbelow undersection
2.4.3.Thethicknesf themetalliclayerswascontrolledby a sensingyuartzmicrobalanceTo

increase crystallinity, homogeneity and conductivity, glass substrates were heated 4 hours at

450°C before use as electrodes. Elastomeric samples weheated.

0.55V Power Source

Reference Electrode
(Platinum wire)

Working Electrode
(Elastomer coated with
~———___ polymeric platinum paint)
gl

Counter-Electrode
(Platinum Foil) Pre-deposition Solution

Figure 2.4: Representation of the IrOx Electrodeposition Process. The three
electrode system used during IrOx electrodeposition and cyclic voltammetry.

To ensure maximum reproducibility and electric field homogeneity, working and counter
electrodes havéhe same dimensions. Separation between electrodes was kept constant at 1
cm. The equipment used for electrochemical deposition of the coatings was a VMP3
potentiostat/galvanostiiom Biologics SciencdnstrumentsElectrodepositionvasperformed
atasaanrateof 10mV/sandswitchingpotentialsof opencircuit potential- 0.55V. Thenumber

of cycles used during the synthesis determines the final thickness of the coating and was done
at a minimum of 50 cycles. After synthesis, coatings were washedisfitled water and dried

in air until furtheruse.



Iridium Oxide Electrospinning

Iridium oxide cannot be electrospun on its own; it can be combined with a solvent and
secondary polymer and then electrospun, however. Typical comppbalymers are those
which can be dissolved in ethanol and other whémed solvents. Iridium oxieRVP

electrospinning was detailed in section 2.3.5.

2.4.2 SurfaceCoated Electroconductive Materials on Elastomers

Thermally Evaporated Materials (Golditdnium, and Platinum)

Thermalevaporations a simple,affordablemethodof evaporatingnaterialswith low melting
pointsanddepositinghemontoselectedubstratesT histechniquevasuseddueto thereduced

change of damage to the substrate surface, as substrate heating throughout the deposition
process cabemi ni mal Howe0ed, the density of the deposited films bawmariable

and not uniform. This technique is illustrated in fig@rg.

After the substrateandthe materialso beevaporate@reinsertednsidethe bell jar, avacuum

is made. The vacuum pressure (typically? 1® 10° torr), prevents a reaction from occurring
between the evaporated material and atmospféteConsequently, at these pressures,
evaporated atoms travel in straight line towards the substrate: the most straightforward
direction they caifollow.

The material tdoe deposited is placed in a tungsten, tantalum, or molybedum wire source
connected to twelectrodes. In this case, the deposited material was heated via an electrical
currentthatpassedhrougha tungsterfilament (Jouleeffect). Materialssuchastheseareused
because of their high melting points and vapor pressure at the evaporatiomatenepe
Deposition rate and thickness of the evaporated substance as it rdeelsebstrate are

controlled by sensing quantzicrobalance.

In the current work, Gold, titanium, and platinum were deposited onto either control glass
substratesr elastoners(KanekaSIBSTAR™) usingthermalevaporationSamplesveremade
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using the Edwards Coating System E306A or the thermal evaporator of the glovebox system
MBraun MB 200B at the Optical Laboratory of the UAB.

1 Inthe case of glassubstrates were heated for four hours af@30 improve deposition
homogeneity, following therma&vaporation.

1 Inthe case of deposition on elastomer substrates (Kaneka SIBRTrhermal
evaporation was performed as on glass, but for a reduced petiotedaround hour).

In both cases, the evaporator used had a surrounding atmosphere with very low O2 and H20

content (< 0.3 ppm).

This technique was also used as the method for:
1 Creating electrodes used in potentiodynamic deposition of Ir@2astomers
(Kaneka SIBSTARM), which are discussed in Chapter 4.
1 Coating samples for further conductivity analysis and imaging analysis (i.e., SEM),

which is discussed in Chaptér

[ Substrate
- ey

Crystal
Monitor

¢ e Matenal

Resistance

I- Power J

Supply

Figure 2.5: Schematic of Thermal EvaporatiorDeposition. The material to be deposited and the substre
are placed in a chamber under high vacuum. After the material to be deposited has been heated, the
evaporated material reaches the substrate and condenses. Film deposition rate and thickness are
controlled by a quartz crystal monitor.
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Sp(2) Carbon Materials Blended With Elastomers

Carbon Nanotubes:Functionalized singlevalled carbon nanotubes (SWCNT©OOH,
<90%, D 2 n, L5530 €& m; Nanostructured &withhan@OOphous |
contentof 2.592.87%,weremixedwith variouspuresolventy THF, DMF, Ethanol)until they

had been dissolved, then blended with flexible polymers and elastomers (10 % wt Polyimide,

10% wt Kaneka SIBS) at various concentrations (5, 10, 15,aRd, 25% wt). The

electroconductivity of overall material constructs was assessed and is detailed in €hapter

Graphite: Graphite utilized was previously prepared by UKBVIAB group members in the
CasanPastor laboratory. Kish graphite coarse powder (100 mesh, 0.15 mm), provided by
Nanomagnetic&td, was oxidized following the method described in the articl& ofobias

etal. by treating the graphite with nitric acid (HNO3, Fisher Chemical, 6898round 200

mg of graphite was added to a rotlattomed flask with 10enL of 3 MHNO3 and refluxed

at 130C during 45 hours in order to ensure the mild oxidation. Then, the maiwias filtered
with a 0.2 em Millipore polycarbonate membr ¢
The black powder is then dried in air. Quantification of functional groups was performed by
X-RayPhotoelectroispectroscopgXPS) on pre- andaftertreatedyraphite yieldinganatomic
relation O/C around 0.08. Graphite was then blended with flexible polymers (10% wt
Polyimide, 10% wt Kaneka SIBS) at various concentrations (5, 10, 15, 20, and 25% wt). The

electroconductivity of overall material constts was assessed and is detailed in Chépter

Graphene and GrapheneN: Graphene oxide (GO) was previously prepared by ICMAB
groupof CarbonNanomaterialgndinorganicNanostructuressingthe Hummersmethodand

was characterized by termogravimetric Igss (TGA) showing around 20 wt (%) of
functionalized grougdS. N-doped graphene was obtained by ammonolysis of the previously
prepareds0. Nitrogen content was also studied by TGA and the results show a 20 wt (%) of
functionalization (including nitrogeand oxygen species). Graphene oxide was then blended
with flexible polymers and elastomers (10 % wt Polyimide, 10% wt Kaneka SIBS) at various
concentrations (5, 10, 15, 20, and 25% wt) and the electroconductivity of the overall material

wasassessed.
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Painted Materials (Polymeric Platinum, Silver, Carbon Nanotube Pastes)

Various materials were painted onto elastomeric substrates as the simplest approach to apply
electrical materials. These materials were considered in an atteoghpare the uniformity
of pastebased materials versus their thermally evaporated counterparts. Specifically,

electroconductive pastes were utilized; namely:

1 Polymeric platinum paste (Gwer@2020322P6)
1 Silver paste (Gwent, C2080415P2)
1 Carbon nanotube cdactive ink (Sigma Aldrich792462)

All of these pastes were individually applied to elastomeric substrates using a palette knife in
order to evenly distribute the paste across the substrate. Rapid drying processes at high

temperatures (8250°C) were faind to improve homogeneity and adherence.

2.5 Preparation of the Three Layered Construct (Chapters 3, 4, an&)

The preparation of the thréayered construct is detailed throughout Chapters 3, 4, and 5. In

summary, this construct required the followstgps:

1. Elastomeric polymers (namely Kaneka SIBS, Kraton D1152ES (SBS), Kraton
D1161PT (SIS) were drop cast as previously described in section 2.3.2. Substrates

created wergransparent.

2. Electroconductive elastomers were produced as previously desanilstelpi 1, then
made electroconductive by applying polymeric platinum (Gwent) as desadribed
section 2.4.3. Samples were heated from room temperature to 80 °C at ramp heat. A
secondary step could also be performed, heating from 80 °C t&Cld40ramp heat

The overall heating process comprised of both steps lasted for a totebufs2

3. Piezoelectric, electroconductive elastomers were produced as previously described in
#2. However, aligned or random electrospun P(VDFE), created as detailed in

sectin 2.3.5, was applied while polymeric platinum remained wet. rfEinepbased
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heattreating process that is described in step 2 was subsequently completed, allowing
the polymeric platinum to act as both an adhesive and electrode base for the

piezoelectric polymer.

2.6 Electrical Characterization Methods (Chapter4)

2.6.1 Electrical Conductivity Analysis

Multimeter measurements of resistance (in ohms) were initially taken to measure the
approximate conductivity of the samples. These alloweth®conductivity of samples to be
performed before more 4depth electroconductivity analyses were performed. They also
allowed for validation of the electrical conductivity sgts detailed below, and used in cell

culture.

Electrical conductivity reportewas assessed by fepoint probe method, using antmwuse

built setup as depicted in the schematic below and a conductivity measurement system using
Keithley 4200 Semiconductor Characterization System (&D8). IV curves were taken

from 5 different spts in each sample, the slopes averaged and then used to calculate overall

electroconductivity. Thickness was measured using a Dektak 3.21 Profilometer.

All samples utilized gold coating prior to testing. Four gold s#i@&0 nm in thickness were
deposiedoneachsamplethroughthermalevaporatiorusingedwardsCoatingSystemE306A.

For the irhouse set up tests, each probe (typically in the form of a copper wire) was attached
tothegold contactausingadhesivesilver paste(Figure2.6B). A DC currentsourcevasapplied
between the outermost electrodes (1 anéidyre 2.6A). Values of 0.1, 0.2,5,1.0, 2.0 and

5.0 €A were applied in both directions by
values were measured between electrodes 2 anc&st lsquares regression analysis in
Microscoft Excel was used to find the Resistan®e ¢f the material, given by the linear

relation:

0
R—TQ m

Equation 2.2: The Linear Relation Used to Find the Resistance (R) of the Material.
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The electrical resistivity is related to the resistance as shown below:

o S B
Y=gy om oo omB Al

Equation 2.3: Electrical Resistivity} as Related to Resistance.

Where dis the length of the piece of the material, in this case, the distance between gold
contacts, andyis the crossectional area of the film, that is, the product of the film thickness

by the width. Finally, el ec procalofaebistsatyo nduct i vi

, =1” n}.a& LorS/cm]

Equation 2.4: Electrical Conductivity.

An alternative four point probe system was also used to confirm relSoits50nm stripes of

gold (thermal evaporation using an Edwards Co&ysgem E 306Ajvere deposited on each
sample to improve the electrical contact. Resistance was evaluated using the Keithley 4200
Semiconductor Characterization System (43@XB). IV curves were taken from 5 different
spots in each sample, slopes were averaged, andlaeciroconductivity was calculated
based on these results. Thickness was measured using a Dektako8l@ineter.
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Figure 2.6: Representation of the 4oint Probe Method. Schematic representation of the-goint
probe method (A) andassembly of 4point probe method in-house set up from the Morgado Lalof
Instituto Superior Tecnico (B), depicting the four gold contacts, showing connections of eguiobe

with silver paste.



2.6.2 Potentiostat Electrochemical Impedanc8pectroscopy (EIS)

ElectrochemicalmpedanceépectroscopyEIS) wasperformedat opencircuit potential( OCP)

over the frequency range of 10 kHz110 mHz w
AUTOLAB-302N potentiostat/galvanostat. Levels mftassium and sodium in the blood

typically vary from 3.55.2 mM and 135145 mM, respectively. Potassium can be founz at

fold higherconcentrations intracellularregionsthanoutsidethe membranewhereast is the

opposite for sodium ions. EIS spectwere collected after samples had been immersed in
solutions of PBS for 242 hours. Fresh PBS was used during the EIS data collection process.

These results can be found in Chagter

2.7. Mechanical Assessments (Chapte),

2.7.1 Tensile DeformationAssessant

Tensile deformation experiments were performed in dis%ruments DMA Q800 apparatus.
These tests were performed at the Universitat Politecnica de Catalunya under the guidance of
Dr. Eloi Pineda. Pieces of polymer (namely, P(VDH#E), SIS Kraton D118PT (SIS), SBS

Kraton D1152ES (SBS), and SB®lyisoprene blends) and porcine skin samples were
subjectedo aconstanstrainrateof 10%permin=1.67x10 s atambientemperatureln both

cases, a 10 mm area was considered as the effective areeclofnical tests. The nominal
stressvasestimatedistheappliedforcedividedbytheinitial crosssectionareaof thesamples.

Strain was calculated as-(lo)/Lo, where L was the length and was the origindength.

The Young's Modulus was calculatad the value of stress over strain. Young's Moduli of

elastic materials were computed as the average value of the stress to strain ratio from O to
12.5% thatis, therangeof maximumelevationof thecurve.Flexiblepolymersthatis, P(VDF

TrFE) flbresand sheet s, had similar curves and the
to 20\%. As skinhasa J-curve,a verydifferentstressstraincurvecomparedo the elastomers,

two Young's Moduli were calculated: the elastic modulus and the deformationusodibke
elasticmoduluswascalculatecat the curvedincline atthe startof the"J" shapepetweerb and

20% strain, whil e the deformation modul us ceé
60%.
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2.7.2 Fatigue Analysis

Thesamemachineryusedin section2.7.1wasutilized to performmechanicafatigueanalysis
on the aforementioned polymers and skin. The resistance under cyclic deformation was
assessed by tensile oscillation tests at ambient temperature. The force cycles edeatipp

10 Hz and with a stress ratio (maximum stress / minimum stres§) R £.

In order to compare the resistance of the different polymeric and skin samples under similar
conditions of varying strain the testereperformed controlling the strasmplitude. All of
thematerialsweretestedatthreeseparatestrainamplitudes2.5,5, and10%. This corresponds

to strainratesin theorderof 0.1to 1 s. Themaximumlengthof thetestswere150hourseach,
correspondingo 5.4times1( cycles.Threecyclic deformationtestswereperformedor each
amplitude ananaterial.

2.7.3Elongation at Break Analysis

Mechanicalpropertiesvereevaluatedisinga universaltestingmachine(Zwick GmbH& Co.,
model Z2.5/TN1S) with integrated testing software (testXpert, Zwick). SanopleévDF
TrFE), SBS Kraton D1152ES (SBS), and SB&yisoprene blends used for the test
st r e s agsaytonssidf nectangulaspecimensvith dimensionof 20 mmby 3 mm,with
approximatellmmthicknessTheinitial grip separationassetat 10 mm, andthe crosshead
speedvas800mm/min.TheseestswereperformedattheUniversitatPolitécnicadeCatalunya

in the lab of Dr. Carlogleman.

2.7.4ElectromechanicalCharacterization
Electromechanical assessments were performed using the same machinery detailed in section
2.7.3, along with a customized electroconductivity captur@igettilizing a two point probe

and soft electrode clamps. Samples of P(VDFE), SBS Kraton D1152ES (SBS), and SBS
Polyisoprene blends were measured in stasis and at set points of elongation. Samples
dimensions were between 20 mm by 3 mm, with approximately 1mm thickness. The initial

grip separation was set at 10 mm. Crosad speed v&a800 mm/min.
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2.8. Piezoelectric Characterizationof P(VDF-TrFE) (Chapter 4)

P(VDFTrFE) is notable as this polymer was processed in planar form, random electrospun
format and aligned electrospun format, as has been detailed in pregmims (i.e., 2.3.5).

The primary format of this polymer that was fully analysed was electrospun in either random

or aligned format. These polymers were assessed both independently and in conjunction with
other layers.

2.8.1 P(VDE-TrFE) Phase Assessment &ourier Transformation Infared Spectrosco

FTIR analysis was performed using the Perkin EImer FATR 4000400 series with ZnSe
accessory. The spectra were collected in the rangei 260&cm' with a resolution of 4 crh

and 30 scans. The spectra weoHlected for electrospun fibrous sheets and drop cast samples
of similarthicknessOmnicacquisitionsoftwarewasused anddatawasanalysedurtherusing
PeakFitSamplesvereassesseih variousstatesnot heatedrampheattreatmento 80°C over

atotal periodof onehouror 90 minutes andrampheattreatmento 140°C overa periodof one

hour or 90 minutes. Fibrous samples were all measured in transmittance mode; planar, drop

cast samples were measured in reflectamcde.

2.8.2 P(VDE-TrEFE) Piezoelectic Functionality and Validation

Piezoelectricesponseestsof P(VDFTrFE) electrosputmembraneandcompleteconstructs.

An experimental assembly was prepared (Universitat Politécnica de Catalunya by Lama
S.B.C., Estrany F., Casellas F.), as depidietbw, based on a hermetic and pressurized
pneumatic circuit at about 0-4.5 bar relative pressure. This was modulated with a pressure
reducer and measured with a precision gauge connected in bypass. The picture shows the

pressurized pneumatigrcuit.

The pneumatic pressurized circuit connects the samplee tested in derivation with a
previously calibrated pressure sensor, the pneumatic pulse generator which functions manually,
andwith thereceiverof theresponssignalof the piezoelectri@andpressuresensor, a Freescale
Semiconductor, model MPX4250AP (NXP Semiconductors, Manibtiblute
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Pressure). This consists of a data acquisition module (National Instruments, N600$B
connected to a computer, that utilizes the LabVigmwgram (National Instruments) for

monitoring and recording the signals of the pressure sensor and the piezoelectric membrane.

Figure 2.7 shows the connections made in the assembly to perform the tests. The sample
support consists of a small wooden boaupported by screws on which the membrane is
located. This is hermetically fitted with the pressurized pneumatic circuit through a metal
clamp, as shown in the photo. The complete hermetic fit between the head and membrane is

ensured by a small-Gng.

PRESSURE
MODULATOR MANOMETER

PRESSURE
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SAMPLE
PRESSURE SIGMNAL T
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Figure 2.7: Depiction of the Pressurized Pneumatic Circuit and System

Figure 2.8: Assembly of the Pressurized Pneumatic Circuit. Assembly scheme of the pneumatic circu
showing A) Bourdon type precision manometer (right), and B) The manually geneted signal of the
piezoelectric, generated by creating pressure at approximate orsecond intervals (left).



2.9. Cultured Cells, Media, Substrates and Analysis (Chapteb),

2.9.1 Cell Culture Supports

Cell Culture Scaffolds: Creation of Compd Constructs

Three types of constructs were used in cell culture to create elastomeric, electroconductive
elastomeric, and piezoelectric, electroconductive elastomeric substrates. These substrates
(made of the polymers SBiSaton D1152ES (SBSpolyisoprene and P(VDFrFE)) were

created individually, as detailed in section 2.3.5. Electroconductive substrates and three
layered piezoelectric substrates were created, as detailed in section 2.5. Conductivity and

piezoelectricityrelated analysis dhese substrates are detailed in Chapter 4.

All samples were sterilized with 70% ethanol for22 hours, then sterilized with UV for a
further 24 to 48 hour period prior to use. Further details on cell culture related analyses can

found in Chapteb.

3D-Printed Wells for Sample Cell Culture

Custommade 3D printed holding samples wells were used for cell culture. Such wells allow
cell culture with media on prepared samples, while integrating the sample as an isolated
component of an electrical cir¢uirhe wells were designed using a CAD software following
the drawings previously established within the group [not published]. The original drawings
were modified as the original wells were found to be prone to leakage, causing oxidation and
resulting incontamination and cell death. This was due to the presence of copper wiring used

as the electrodes.
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Figure 2.9: Customized Wells

Thenewwellshadsecondaryexteriorwellsoneachsideto preventheelectrodesrom coming

into anydirect contact with potential leakage. The-Biinted wells were created using FDM
via MakerbotMakerwareTypell accordingo the settingparametershownin Table2.4.Two
commercial filaments were used: Transparent PEjla@e, Taulman 3D148) and cortive

PLA (cPLAT ProtoPasta conductive PLA, ProtoPlant149). The height and inner diasheter
the wells were made at 1 cm, resulting in a cell culture area of aboutdB7&pproximate

to that of 48well plate. All the wells used were a minimum of 20rength by width. The
wells design was further optimized to contain a working volume of about 500 uL of cell
medium with amaximumcapacityof 785uL of fluid. Thesidesof thewellsusedn thissecond
design also include supports which serve to affix pgppwires used during electrical

experiments.

All wells werecoatedwith PDMS preparedisingSylgard®184 Silicone ElastomeiKit (Dow
Corning) to avoid media leakage. The desired amount of elastomer to curing agent were
combined in a 1:10 weiglgroportion. The two were mixed together for one minute using a
stirrer, and set down in a desiccator under vacuum for 30 minutes to degass. A small amount
of PDMSwasthenpouredontoa 3D-printedcylindrical mold placedonacleanglasswareand

the PDMSwasthermallycrosslinkedat 95°C for 15 minutes formingthebottomof the PDMS

case. The scaffold was then placed inside the mould with a weight on top, PDMS was poured
around the scaffold and left overnight for crosslinking at room temperature. Disce
proceduravascomplete surgicalglue wasusedto attachscaffoldwellsto scaffoldswhich had

been produced as previously detailed in se&ia@ri.



Table 2.4: Settings for Wells Created on Makerbot Makerware Type |

Parameter Seting Value
Layer Height 0.40 mm
Extruder Nozzle Diameter 0.40 mm
Right Extruder (PET) 232C
Left Extruder (cPLA) 210C
Build Plate 70°C
Speed while Extruding 10 mm/s

The settings used to create both types of wells are detailed in the Tallew?.dxtrusion
speeds (i.e., 10 mm/s) were required to print parts with small, detailed, dimensions, which are
present in the newly created wells. Increased time was consequently needed forlalgnent

cooling.

2.9.2 Cell Types. Media. and Basic Cell CultureProtocols

A variety of cells have been used for the experiments in this thesis, namely: L929 fibroblasts,
humanandrat keratinocytesReNcells, Schwanrcellsandhumanandrat dorsalroot ganglion

cells. Fibroblasts, keratinocytes and neural cellalireonsidered to be essential components

of a somatosensory system model. These cell types were used throughout this thesis as we
wanted to look at cells that were optimal for creating a somatosensory system I13@@el.
fibroblasts and ReN cells were usasl the cell lines primarily used to establish cell culture

parameters oscaffolds.

L929 Fibroblasts and Fibroblast Assays

Fibroblast media was prepared as DMEM (Life Technologies) with 20% FBS (Gibco,
10082147) and 1% AntAnti (Gibco, 15240062)Cells were extracted from cryopreservation

and quickly thawed at 37°C in a water bath. Vials of cells were diluted in 5 to 10 millilitres of
media, and centrifuged at 1250 rpm for seven minutes at room temperature. The resulting
supernatant was discardeadapellet was resuspended in 1mL of media. Cells were counted

and cultured on tissue culture plates as detailed in Table 2.5. These values were utilized when
platingcellson polymericsubstratesaswell, asthesewould varyin sizebetweerD.95and9.4

cn?. Cells were seeded at varying densities ranging between 3,000 to 10,000 asié. per
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Cells extracted from cryopreservation were typically seeded at 3,000 cedlsheultivated
until theyreached0to 90% confluency, angbassaged intotherflasks,asdescribedn Table
2.6, or for use in other assays. In some cases, cells were cryopreserved to create further cell

banks, which is detailed later on in thection.

“Table 2.5: Cell Cultivation Standards

Cell Culture System Deposition Area (cnf) Volume Of Media (mL)

T-175 175 20 (3052.5)
T-75 75 10 (1522.5)
T-25 25 5 (57.5)

6 well plate 9.4 2

12 well plate 3.83 2

24 well plate 1.88 1

48 well plate 0.95 0.5

96 well plate 0.32 0.15

Fibroblast Cell Counting

Counting of cells was performed by pipetting 10uL of Tryidme into 96 wellplates
according to the desired number of measurements. 10uL of the mixture was transferred into a
Newbauechamberndthenumberof viable (and/omot) cellspresenperquadrats,according

to the total cells present, was calculatetbdsws:

o' _ ¥ 000 o0 0d 62 6 6 0N (DG ,‘Ejm,i) 6o(264.09)

ao 0 64 ¢ £ MO GEd

Equation 2.5: Number of viable cells present per quadrant

Fibroblast Cell Passaging

In orderto passageells,mediawasremovedrom cellsandcellswerewashedvith PBStwice.
Trypsin was then pipetted into flasks according to sizelegailed in Table 2.6. Plates were
placed in the incubator at 37°C and 5%Q@ seven minutes. Trypsin was neutralized by
applyingtwice thevolumeof DMEM-basedibroblastmedia(detailedabove)to trypsinin the
cell suspensionNeutralisednediumwasplacedinto afalcontube,andwasverifiedthatthere
werenofurtherattachedellsremainingn the original flasks.This suspensiomascentrifuged
at1250rpmfor sevemminutes theresultingsupernatantvasdiscardedandthecell pelletwas

resuspendeith media.Cellswerecountedaspreviouslydetailed)andplatedat 3,000cellsper
7



cn? for bothcommerciabplatesand,considerindower adhesiomrates,at 3,000to 10,000cells
per cnfon the materials prepared (unless othsewspecified). Cell culture plates were then
placed it an incubator (37°C, 526).

Table 2.6: Cell Passaging Standards

Cell Culture System Volume Trypsin (0.05%)
In mL
T-175 7
T-75 4
T-25 2
T-12.5 2
6 well plate 1
12 well plate 0.7
24 well plate 0.371 0.4
48 well plate 0.1-0.05
96 well plate 0.017 0.02

Fibroblast Cryopreservation

Trypsinized cells (as created in the cell passaging protocol prior) were resuspended in 10
(v/v)% dimethylsulfoxide(DMSO) cryopreservatiomedium(900uLper100-200uLof cells).

Each vial had a minimum of 1x46ells. Cryopreservation medium is kept on ice throughout
the process. Vials were cooled at an optimal rate of 1°C/min-808C was reached, then

transferred to liquid nitrogen for long testorage™!

ReN Cells

ReN cell VM human neural progenitor cells were obtained from Millipore. ReN cells were
derived from the ventral mesencephalon region of human fetal brain and immortalized by
retroviral transduction with-myc oncogene. Cell doubling timetigpically between 20 to 30
hours. These cells can be differentiaileditro electrophysiologically to astrocytes, neurons,
andothercells*! Unlessotherwisestatedpasicprotocolssuchascell counting,passagingand

cryopreservation were identical to thagdibroblasts.
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ReN Cell Media

Mediausedfor ReNcellsis knownasN2 media.N2 mediais composeaf DMEM, glutamax,
glucose, N2 supplement, pstrep, and insulin. The shelf life for thisedhia is one month, so
media was made regularly in small volumes. If made to a volume of 100 millilitres, the media

proportions are a®llows:

Table 2.7: N2 Media

Ingredient Volume (mL)
DMEM + Glutamax 97.40
Glucose (1.6 g/L) 1.60
N2 Supplement (1%) 1.00
PenStrep (1%) 1.00
Insulin (20ug/mL) 0.08

During cell culture, passaging, and expansion of REN cells, N2 media is mixed with two
cofactors: EGF and FGF. 90uL of N2 media is added to every 10uL of each cofactor. Once
mixed, these working solutiogmvea shelf life of 7 days. Cofactor B27 is alssed, butloes

not require any additional N2 media dilution and has-ddypshelfife.

In order to stimulate differentiation in REN cells, N2 media without cofactors is mixed with
B27 Neural Differentiation media to created827 Media. To create this @, equal parts
of N2 Media and B27 Neural Differentiation media are mixed together. When made at a volume

of 100 millilitres, B27 media is created as follows:

Table 2.8: B27 Neural Differentiation Media

Ingredient Volume (mL)
Neurobasal Media 96.50

B27 Supplement 1% 2.00
L-Glutamine 2mM 1.00
Pen/Strep 0,50% 0.05

ReN Cell Culture Substrate Preparation

ReN cells are kept in standard tissue culture flaskspaéed with Lorthonine solution prior
to plating. L-orthonine solutiong flasksandareincubatedat 37°Cfor 30 minutesto 2 hours.

After this period,the excesf L-orthoninesolutionwasremovedandthe flask waswashed



with PBS. PBS was removed and replaced with Laminin solution at a concentration of 10
20ug/mL of PBS. Laminin solution was left in flasks for 2h at 37°C or overnight at 4°C. The
excess of Laminin solution was then removed from plates and ReN cells were seeded onto
flasks and cultured in either N2 or NB27 media. This protocol was applied not onlyl cel

culture flaks but all substrates, including polymeric ones.

ReN Cell Thawing and Expansion

Priorto usein experimentsgellswerethawedandculturedfor atleastonepassageThisallows
themto recoverfrom thethawingprocessallowingthemto returnto the normalcell cycle,and
prevents delayednset apoptosis. A great proportion of cells suffer from apoptosis post
thawing,which occursdueto theactivationof the caspaseascad®r changesn mitochondrial

permeabilitycausedy freeradicds in thecytoplasm causinga leakageof cytochromeC 4243

Thawed ReN cells were taken out of cryopreservation and rapidly, briefly heated fCa 37
water bath. The cell mixture was then resuspended in N2 media without cofactors, then
centrifuged at1000 rpm for three minutes. Supernatant was discarded, and cells were
resuspendeith N2 mediumsupplementedith growthfactors.Cellswerethenseedeantothe
previouslycoatedlasks.ReNcellswereplatedat a densityof 20,000cells/cm2for confluency

in two to threedaysor 50,000100,000cells/cnt for confluencyin oneday. FreshlyplatedReN

cells had media changed on the first day after plating and every twafteys

ReN Cell Passaging

ReN cells were passaged using accutase. ReN cells wesageal by removing media from

the flask containing cells, washing cells wRBS,and adding accutase to the flask of cells.
Accutasewasleft in theflask at 37°Cfor 7 minutes. Accutasevasneutralizedoy usingdouble

the volume of N2 media without addedfactors. The cell suspension was then centrifuged at
1,000 rpm for 3 minutes. Supernatant was removed and the pellet was resuspended in the
appropriatanedia.ReNcellsbeingexpandedvereplatedwith N2 mediaco-factorsEGF, FGF,

and B27; differentiat® ReN cells were plated with N227 media.
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ReN Cell Cryopreservation

ReN cells were cryopreserved in the same man

cells per vial.

Human Dorsal Root Ganglion (hDRG) Cells

Media for hDRGCells

Mediafor humandorsalrootganglioncellsis composegbrimarily of neurobasainedia(Gibco

Cat 21103049). When made to a volume of a half a litre, 10 mis-@7BGibco Cat 17504

044), 5 mls of supplement-Rl(Gibco Cat 1750048), 7.5 mls ofFBS,5 mls of Pen/Strep, and

5 mls of Glutamax are added. Cells are cultured in this media until differentiation of cells is

required.Media was always preiarmed prior to use witbells.

Shorttermdifferentiationmediais usedfor experimentslonewithin 48 hoursafterthe startof
differentiation. Short term differentiation can be inducedalblging the following growth
factorsto culturemedia0.125uMForskolin(Sigma),0.25mg/midibutyl-cyclic-AMP (Sigma),
25 ng/ml human NGF (Sigma), 25 ng/muman BDNF (Sigma), 25 ng/ml Activin A
(Prospec), and 25 ng/ml GR®eprotech).

For longer differentiation experiments, differentiation media should be mixed with Schwann
cell supernatant at 2l ratio. Longterm differentiation media should iratly contain a final
concentration of 75 uM of forskolin. Differentiation of cells should occur wigdimoursof
thechangean media,andneuriteretractionmayoccurafter36 hoursdueto forskolin. After48
hours, replaced media should contain 100 wksKolin. Cells that become unresponsive to

forskolin need tdesubcloned. This occurs with multiple passages andtemgculture.

Culturing Cryopreserved hDRG Cells

Cryopreserved cells are rapidly thawed in &G Wwater bath. 10mis of pmearmed DRG
medium are added to the contents of each cryovial, and spun at 1000 rpm (200 RCF) for 5

minutes.Supernatanivasdecante@ndthepelletresuspendeith anappropriatevolumeof pre-
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warmed culture medium. Cells were plated and incuba¢atbrmal, with adhesion beginning
within one hour. Neurite outgrowth normally begins within two to three hours. DRGs double

within 24 hours and were passaged before 80% confluency and at minimum 50% confluency.

Passaqging of hDRG Cells

Cells in culturethat had grown to #80% confluency were washed three times vpth-
warmedPBS.PBSwasremovedand0.05%TrypsinEDTA wasaddedfor oneto two minutes

to detachcells.Cellswerethenresuspendenh doubleto triple theamountof completeculture
mediumto neutralizethetrypsinsolution. The solutionwasspunat 1000rpm (200RCF)for 5
minutes, and cells were plated appropriately. Flasks were swirled to ensure even distribution

of cells.

Subcloning of hDRG Cells

100 to 200 cells were seeded perd flask and allowed to grow into colonies of 500 cell
groups. Before cloning, cells were covered with 3mls of 0.05% trypsin. A glass capillary tube
connected to rubber tubing was used to create a gentle vacuuntld&aeivas extracted and
transferredo 24 well platewell. Cell coloniesveregrownto approximatel\60%of confluency

and passaged, splitting the quantity of cells in half. Cells were then allowed to grow to 70%
confluency, then susceptibility to forskolmas assessed. Clones with higher differentiation
ratesgrow moreslowly, hencesmallercoloniesaredesirableOnefi g o alohéis identifiable

in every 60 to 100 clones. This clone should be expanded iAfoflsks andryofrozen.

Cryopreservation ohDRG Cells

Cellsto becryopreserveaveretrypsinizedin the samemannerasif theywerebeingpassaged.
Theywerethencountedandcentrifugedat150xgfor 10 minutes.Thesupernatanivasremoved
and resuspended in freezing medium made of 10% DMSO,3R% culture medium, and
10% FBS. 1mL of freezing medium was used p&x1C cells. Cells in cryovials were kept
on ice for approximately 30 minutes, then transferred 480& freezer for 24 hours before

being stored in liquid nitrogen lorigrm.
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Human Keratinocyte Cells (hKeratinocyte or HEK&F)

hKeratinocyte Cell Media

EpiLife Medium was supplemented with Supplement S7 prior to use. One 500 ml bottle of
medium is appropriate per 5 ml vial of supplement. Medium with sopgieis usable for a

period of one month. No components of media or other products wevweapreed.

hKeratinocyte Substrate Preparation

Tissueculturedishesandothersubstratessedfor hKeratinocytecell culturewerecoatedwith
Cascad® i o | o @oatiogslétrix Kit (Cat.no.R-011-K). Dilution Medium(Cat.no.R-012-

50) was added to each flask to coat the complete surface. Coating Matrix (CaD1it0R

was then directly added to the dilution medium in each flask. Flasks were capped, swirled
gently, and incubated for 30 minutes at room temperature. Excess coetingdilution
medium was removed from each flask before use. Unused flasks were stored at 4C for short

periods of time.

hKeratinocyte Cell Thawing and Expansion

Human keratinocyte cells were thawed in 37C water baths. Cell concentrations wereatreated
1.25x 10 viablecells/ml,andplatedinto tissuecultureflasksor scaffolds Mediawaschanged
after24-36 hours,andeverysubsequem8 hoursuntil 50% confluencywasreachedBetween
50-80%, media was changed every 24 hours and should be passatiexy reach densities
closer to 80%. Cell cultures seeded at 2.53c&ls/cnttypically reach 80% confluency within

5-7 days.

hKeratinocyte Cell Passaging

Cells tobepassagetiave their culture medium removed, and TrygSIDTA is added to each
flask. Flasks are incubated for-18 minutes at room temperature until cells have become
completely rounded. 3 mis of defined trypsin inhibitor was added to each flask to neutralize

thetrypsin, and cells were moved to a sterile tube. A further 3 mls were adslchttlask to
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remove any remaining cells. The solution was then centrifuged at 180 x g for seven minutes.
Supernatant was discarded, and the cell pellet veaspended in 4 mls of cell culture media.

Cells were seeded onto new culture vessels at a density of 2’edl&@nt.

hKeratinocyte Cell Cryopreservation

Cells were cryopreserved in the same manner as fibroblasts, taking into account the different

centrifugation speeds required. Vials were frozen down to contain Scelifeach.

Human Schwann Cells

Human Schwann Cell Media

Schwann cell media is composed primarily of high glucose DMEM (Gibco 1Q98p
DMEM is then supplemented with 0.2% Gbase (Gibco 1502821), 2mM L-Glutamine
(Gibco250306081),10%FBS(SigmaF4135) ,2uM Forskolin(SigmaF6886) and100units/ml
penicillin G sodium&100 pg/ml streptomycin{Gibco 15140).Mediawasalwayspre-warmed

prior to use with cells.

Culturing HumanSchwann Cells

Human Schwann cells taken out of cryopreservation should be rapidly thawed in a 37C water
bath. Cells are mixed with warmed HSC medium and spun at 1000 rpm for 10 minutes. The
supernatant was decanted and the pellet resuspended befang. pfatherence begins

approximately 1 hour after plating and cells double in about 24 hours. Cell cultures should be

split every 24 days as cell cultures reach 80% confluency.

Passaqging Human Schwann Cells

HSCcellsto be passagedrerinsedthreetimeswith PBS.0.05%TrypsinEDTA wasaddedo
each flask for one to two minutes to detach cells (monitor under microscope). Digestion of cells
is stoppedhroughresuspensiom doubletheamountof HSC media.Cellsarethenplated and

swirled to ensureven distribution otells.
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Cryopreservation of Human Schwann Cells

HSC cellsthathadbeenpreviouslytrypsinized,asin the passagingrocesswereresuspended

in freezing medium so that the concentration was no more tharf 8aflmL. Freezing
medium consists of 10% DMSO, 70% HSCs culture medium, and 20% FBS. 1mL is required
for every 25x10 cells. Cells in freezing medium are kept2@C for one or two hours, then
transferred to 80C for 24 hours. Cells are subsequentlyfénaad to liquid nitrogen for long

term storage.

KeratinocyteDorsal Root Ganglion Cell Culture

Co-culture of keratinocytes and dorsal root ganglion cells was done to create an optimal

somatosensory system cell culture model.

Human Keratinocytd®orsal Root Ganglion CeCulture

Co-culture of human keratinocyte and DRG cells was initially attempted in the same way as
rat keratinocytedorsal root ganglion cells. Dishes and scaffolds werepated with Coating
Matrix kits atroomtemperaturéor 30 minutesto 2 hours.CoatingMatrix wasalwaysremoved
before platingells.

Keratinocytes were cultured at 1,000,000 cells per well in 6 well plates. Epilife medium
supplementedvith S7andantibiotics,aspreviouslydetailed wasusedfor the culture of these
keratinocytes. After one hour to confirm adhesion of keratinocytes, DRG neurons were added
to the cell culture at 50,000 cells per well. Media was removed within 24 hours and replaced
with fresh media, then changed every 48 hours thereafter. Neunaigabwth was apparent
within one day. Confluency and neuronal outgrowth was observable, but DRG population
viability was less than expected following plating. Keratinocyte proliferation was apparent in
contrast to slowegrowing DRG populations. For thisason, a second media type was tested
using a 2:1 ratio of Epilife media to DRG media (previously listed). This media promoted
keratinocyteandDRG proliferationata moreevenrate,encouragingmprovedDRG adhesion

in theinitial platingprocessCulturesof upto two weekperiodsweregrownsuccessfullyvith



balancedkeratinocyteDRG populationsTissueformationwaspresentasearlyas10daysinto

the culture. Cecultures were able to be passaged for several months wisisaat

Fibroblast, Keratinocyte, Dorsal Root Ganglion, Schwann CelQTdture

Following human keratinocytes and DRGadture, a more elaborate somatosensory system
co-culturewasattemptedFibroblastskeratinocytesPRGs,andSchwanrcellswerecombined

to create a second somatosensory system model. In addition to this, other relexatireo
controls were assessed to confirm that the appropriate media and ratios of cells were being

combined in the final model for long term celluigiowth.

Table 2.9: Sanatosensory System G&ultures

Full Somatosensory Fibroblast, Keratinocyte, Dorsal Root Ganglion, and Schwann CeC@re

Co-Culture
Other Patrtial FibroblastKeratinocyte
Co-Cultures
Assessed FibroblastDRG KeratinocyteDRG

FibroblastSchwann KeratinocyteSchwann DRG-Schwann

As in thepreviousco-culture,Keratinocytesvereculturedat 1,000,00Qellsperwell in 6 well

plates A 2:1ratio of Epilife mediato DRGmediawasused After onehourto confirmadhesion

of keratinocytesDRG neuronsvereaddedo thecell cultureat50,000cellsperwell, Schwann

cells were added at 25,000 cells per well, and Fibroblasts were added at 25,000 cells per well.
Media was removed within 24 hours and replaced with fresh mediacti@nged every 48

hours thereafter. Neuronal outgrowth was apparent within one day. Confluency and neuronal
outgrowth was observable, and Schwann cells seemed to regulate and mediate overall growth
of cells in the population, particularly fibroblasts. rféiblasts, Keratinocytes, DRGs, and
Schwann cells proliferated in respective rates of rapidly to slowly whenlboared together,

all cell types were able to coexist for periods of up to two weeks before passaging was
necessary. The formation of cellularustures were observable within 36 hours. Tissue
formationwaspresentasearlyas10daysinto theculture.Co-culturesvereableto bepassaged

for several months withouigsue.
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2.9.31S0 Standard Cytotoxicity Assays

Direct and indirect catact cytotoxicity assays were performed in vitro according to 1ISO
109935:2009(E) guidelines for biomedical devices in order to assess the biocompatibility of
materialausingthe L929 mousefibroblastcell line (L929cell line, DSMZ Germany).Thetable

shown depicts the quantities of materials required to accurately perfoasstnges.

All L929 fibroblasts used in these experiments were cultured in Eagle's Modified Dulbecco's
Medium (DMEM, Gibco) supplemented with 1084Vv) of fetal bovine serum (FBS, Gibco)

and 1% penicillinstreptomycin antibiotics solution (Gibchfe Technologies) and incubated

(37 °C, 5% CQ fully humidified).

Table 2.10: Summary of ISO 1099%:2009(E) Guidelines for Cytotoxicity Assays

Thickness (mm) Extraction Ratio Example Materials
(Surface Area or Mass/Volume)
<0.5 6 cnt/ml Films, Sheets, Tubing Wall
0.51.0 3 cnt/ml Tubing Wall, Slab, Moulded
Item
>1.0 3cent/ml Larger Moulded Items
>1.0 1.25 cnd/ml Elastomeric Closures
Irregularly Shape&olids 0.2 g/ml Powder, Pellets, Foam, Non
Absorbent Moulded Items
Irregular, Porous, Low Density 0.1 g/ml Membranes, Textiles
Materials
There are no standardized methods for testing absorbents or hydrocolloids. Instead, the volume of ex
is determined for each 0.1g or 1.0%whmaterial. This volume is added to each extraction mixture.

Preparation of Materials for Cytoxicity Tests

Material specimens were glued to microscope slide glass coverslips using sterile FDA
approved biocompatiblglue (Silastic® medical adhesive silicone, type A). Samples were
allowed to dry for at least 12 hours and prior to use in experiments hydrated in 1% pénicillin
streptomycin antibiotics solutiofLife Technologies) in Phosphate Buffer Solution (PBS,
Gibco). Samplesveresterilizedby 24 hoursof UV exposurdollowed by 24 hoursimmersion

on 10% penicillifi streptomycin antibiotics solution (Life Technologies) in Phosphate Buffer

Solution (PBS, Gibco). All operations were carried out in laminar floambers.



Indirect Contact Assays

Forindirectcontactassaystriplicatesfor eachmaterialwereplacedon 6-well plates(Falcon®,

BD Biosciences) containing @L of culture medium and kept in an incubator (37 °G%b

CO2, fully humidfied) for 24 hours. The liquid extracts were used to cultivate Lib29
fibroblasts, seeded in 24ell plate (Falcon®BD Biosciences) at an initial density of 818*
cells/cnt for 24 h. Media incubated in tissue culture polystyrene incubated withestgais
coverslips were used as a negative control, and a piece of latex glove (toxic) was used as
positivecontrol. Cell metabolicactivity wasquantifiedafter 24 hoursculturesusingMTT, i.e.
(3-(4,5-Dimethylthiazot2-yl)-2,5-DiphenyltetrazoliumBromide), and measuring absorbance
at570nmusingthe MTT kit (Thermofisherjaspermanufacturemstructions Absorbancdor

the negative control was reported at 100%; all other values were calcakgtedtively.

Direct Contact Assays

Direct contactassays were performed by placing test materials on the top of L929 fibroblast
cultures in 24well plates. Cells were cultured at 1.5%per cnfand kept in an incubator (37

°C, 5\% CO2,fully humidified) for 24 hours.After theincubationperiod,cellswereobserved
underaninvertedfluorescencenicroscopen orderto qualitativelyevaluatevhethercellswere
confluent or a halo of inhibition at cell material interface was formed. This experiment was
extendedor afurther24 hours(atotal of 48 hours),atwhichtime thecellswereimagedagain.

All cells were observed under an inverted fluorescence microscope (Leica DMI 3000B,
Germany) in order to qualitatively evaluate if they are confluent or formed a halo of inhibition.

Microscopy is detaileth a latersection.

Alamar Blue Assay (24 wgblate)

Alamar (100uL) stock solution was diluted in DMEM 10% FBS not MSC (900uL). Medium
was removed from cell culture plates, and 700 uL of the Alaneia solution was added to
eachplate.Platesvereincubatedor two hoursat37°C.200uL from eachwell weretransferred

to 96 well black,flat bottomedplatesin triplicate, wherefluorescencavasread . Emissionwas

set at 560nm and reading at 590nm, with variable Gain). Usingnade calibration curves,

total cell number wadetermined.
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2.9.4 Cell Fixation and Staining

Mammalian Cell Fixation anBermeabilization

Priorto stainingwith immunofluorescemarkerscellswerefixed anddehydratedin orderto

do this, media was removed and cells were washed twicdBBnAfter removal ofPBS,each

sample was immersed in eithel% paraformaldehyde, a combined solution of 2%
paraformaldehydand2.5%glutaraldehydeor 6% BSA in PBSat37°C. Thefixation time for

samples ranged between 5 and 45 minutes at ambient temperature. Protocols varied due to
scaffold sensitivity and staining types. Following fixation, fixed cells were washed twice with
PBS. If no experiments were being planned immediately followirsgptocedure, cells were

left in thefridgeimmersedn PBS,or PBSazide.Immunoblottingor othertypesof cell staining

were performed thereafter.

Staining of Fixed Cells

Fixed mammalian cells should be washed ViAtBS, then incubated with 10% goatraen
mixed in PBStriton and PBS&azide for one hour. Certain stains, such as Nissl, are not able to
be used with goat serum, and did not undergo this processintdonnocytochemistry cell
staining was done with stains such as Phalloidin, Nissl, and DARIloRfin and Nissl (0.5
mg/mL) were diluted ilPBS(1:200); DAPI was diluted at 3:200 and incubated for 1 hodr

5 minutesyrespectivelyCellswerethenwashedwice with PBS,andleftin PBSuntil imaging.

Immunocytochemistry

Followingcell permeabilizationprimaryantibodiesverethenaddedo cellsandleft overnight

at 4C. Cells were then washed three times with PBS. Subsequent incubation was done with
light-sensitive secondary antibodies for two hours at 4C. Washes with PBS were @ene thr
times, and a final counterstaining with Hoescht 33342 (2ug/ml; Sigma) was done for two
minutes. A final three washes were done with distilled H20. PBS glycerol can be added as
mounting media to prevent fading of antibody for ldagn storage; coverskpshould be
applied and samples should be sealed with transparent nail varnish. Stained cells were

visualizedundera fluorescencemicroscop(Leica DMI 3000B), using the softwareNikon-
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AcT1, as is detailed later on in the sectiorflanrescence microscopy. The primary and

secondary antibody stains used are detailed below.

Table 2.11: Antibodies Used in Immunocytochemistry

Primary Antibodies Type Source Dilution
Anti-TUJ1 Mouse IgG Covance 1:4000
BetaTubulin 111 Mouse IgG Covance 1:1000
GFAP Mouse IgG/Rabbit IgG Millipore 1:100

Secondary Antibodies

Anti-Alexa 546 (red) Goat AntiMouse 1gG Life Technologies 1:400/1:500
Anti-Alexa 546 (red) Goat AntiMouse 1gG Life Technologies 1:400/1:500
Anti-Alexa 488 (green) Goat AntiRabbitlgG Life Technologies 1:400/1:500

Cell Dehydration

Followingcell fixation (or fixation, permeabilizationandstaining),solutionsof eitherethanol

or isopropanol were prepared at concentration of 20%, 40%, 60%, 80%, 90% and 96%.
Followingtheaforementionedixation protocol,anyPBSwasremovedrom cellsandreplaced

with the 20% solution. This solution was allowed to remain on cells for 30 minutes, then
removedandreplacedwith the 40% solution.This processvasrepeatedvith eachsolutionin
increasing order. After completion of the 96% solution incubation, cells were allowed to dry

in a desiccator/fume hood at room temperature as slowly as possible. Cells can them be taken

to SEM forimaging.

Live-Dead Cell Staining

Live-Dead Staining using the LIVE/DEAD® Viability/Cytotoxicity Assay Kit, containing
CalceinAM and Ethidium homodimet. This kit simultaneously determines live and dead
cellsintracellularesterasactivity andplasmamembranentegrity. Thisassayhasbeenutilized

to quantify apoptotic cell death and eslediated cytotoxicity®+°

Cells to be stained are first washed with PBS, then calcein diluted in PBS to create a 2uM
working solution was applied to cells and incubated for approximately 30 minAité uM
EthD-1 solution was created and added directly to the solution and cells. Cells can be imaged

immediately or mounted on slides, sealed with fingernail polish, and subsequently imaged.
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Calcein is imaged as green fluorescencevindells (ex/em ~495 nm/~515 nm). E#ilbinds
to nucleic acids, producing red fluorescence in dead cells (ex/em ~495 nm/~635 nm).

Live Cell Staining (CelBpecific Trackers)

Cell Tracker Fluorescent Probe

Cell trackerdye was dissolved in DMSO to fnal concentration of 10 mM. Stock solutions
were made to a final working concentration ofi@% ¢ M i-free mezliunu Media on

cell culture was removed, cells were washed Wi85,and cell tracker diluted in media was
applied.Incubationwasdonefor 15-45 minutes thenmediawith dyewasremovedandregular

cell culture medium was applied to the cells. All images were taken within two to three hours
following the initialstaining.

NeuroTrace Fluorescent Nissl Stain

Nissl stains can be used itentify high protein synthesis found in the rough endoplasmic
reticulumof neuronaperikaryaanddendritestherebyidentifyingneuronatells.Nisslstaining

can be performed on live and fixed tissue. Cells were repeatedly washed with PBS for ten
minutes, and neurotrace stain was dilui@ to 300fold in PBS. Incubation was left for 20

30 minutes. Stain was then removed, and cells were washed three times over a period of ten

minutesin PBS.All imagesweretakenwithin two to threehoursfollowing theinitial staining.

Alkaline Phosphatase Live Stain

Alkaline Phosphatasis a stemcell stainthatdifferentially stainspluripotentstemcells(PSCs).
Stock solutions of alkaline phosphatase (AP) were diluted at 1 ulL for eastiL@bmedium

or PBS. Gravth medium in cultures is removed and solutions are washed twice with culture
medium.AP stains are prepared culture medium, applied to cells, and incubated fe8@0
minutes.Cellswerethenwashedwice with mediato reducehebackgroundignal . All images

were taken within two to three hours following the inis&ining.



2.9.5 Cell Culture and Culture in Electrical Fields

Mammalian Adhesion Assays

Material specimens were glued to microscope slide glass coverslips using sterile FDA
approved biocompatible glue (Silastic® medical adhesive silicone, type A). Samples were
allowedto dryfor atleastl2 hoursandprior to usein experimentydratedn 1 \% penicillini
streptomycirantibioticssolution(Life Technologiesin Phosphat®uffer Solution(PBSPBS,
Gibco).Samplesveresterilizedby 24 hoursof UV exposurdollowed by 24 hoursimmersion

on 10\% penicillini streptomycirantibioticssolution(Life Technologiesj)n Phosphat®uffer

Solution (PBS, Gibco). All operations werarried out in laminathambers.

Adhesion assays were performed using ltB29 mouse fibroblast cell line (L929 cell line,
DSMZ Germany). L929 fibroblasts were cultured in Eagle's Modified Dulbecco’'s Medium
(DMEM, Gibco) supplemented with A& (v/v) of fetal bovine serum (FBS, Gibco) aniP4a
penicillini streptomycin antibiotics solution (Gibco, Life Technologies) and incubated (37 °C,
5% CO, fully humidified).Cellswereseededlirectlyontoscaffoldsandallowedto adhereor

a period of 8 days, thenashed with fluorescent markers antaged.

Variations of adhesion assays were performed over a duratioi4flays using Fibroblast,

ReN, Schwann, Dorsal Root Ganglion, and Keratinocyte cells.

Mammalian Electrical Field Scaffold Sep

Previouslyprepared 3Bprinted scaffold wells that had been coated with PDMS and glued to
scaffolds were prepared by attaching copper wires to eachseadfbld substrate. Copper
wireswith adiameterof 0.35mmwereusedto connectheelectricalscaffoldsto theelectrodes

from the electrical saip. The tips of all copper wires were dipped in acetic acid before
attachinghemto scaffoldsin orderto removetheinsulatingenameblndimproveconductivity.
Copper wires were then connected to scaffolds by gluingtifiseto the scaffolds using
conductive silver paste (Electrodag 1415, Agar Scientific). All scaffolds were again sterilized

as previously detailed after attachment of wirgs.
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Mammalian Electrical Field Experimental Seap

The setugdor electrical field experiments is shown below. The equivalent circuit is a simple
voltage divider where the scaffolds, represented as resistors, are connected in series with a
rheostatThecircuit showshowtheconnectiorfrom thevoltagesourcepositive terminalto the

scaffolds (node 1) and from these to the rheostat (node 2) is made via cables connected to the
samples. The cables enter the incubator and are connected to scaffolds via copper wires. The

rheostat is connected to the grounded negativeinai of the voltagsource.

V scaffold

V source R scaffold

V rheostat

R rheostat

3
—L—

Figure 2.10: Experimental Setup for the El ect
the cell incubator, composed of a voltage source, oscilloscope, rheostat and a circuit board thaintains
the circuit; (B) Schematic of thecircuit.

The rheostat indirectly measures scaffold voltage (Vscaffold), the difference between the
source(Vsourceandrheostavoltage(Vrheostatwhicharemeasureatthe oscilloscopeThis

methodis usefulasit preventcontaminatiorfrom probesconnectedlirectlyto scaffolds.The

rheostat also acts as an alternative method to adjust scaffold voltage by making the resistance
value alterable. The scaffold resistance (Rscaffold) is measured with a multimeter before
conneding them to the rest of the circuit. By knowing the resistance, the scaffold voltage was
necessary to obtain a desired current value. Voltage can be adjusted to the desired value by
adjusting the source or rheostasistance.

Mammalian Electrical Field Glture and Expansion

Previously prepared scaffolds with gibinted wells and copper wires that had been sterilized
aspreviouslystatedverepre-coatecasrequiredfor eachcell type.Cellswerethenseedeanto
scaffolds with a density of 30 0@@lls/cnt using the expansion culture medium. Cells were

expanded in a manner similar to the methods used in previous SfialieAC ElectricField
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was applied as a voltage quadratic pulse of 100 Hz over four consecutive days aitey. seed
Culture medium was changed every 48 hours. After four days, cells were stained and imaged

through SEM or confocal imaging.

Mammalian Electrical Field Differentiation

The differentiation protocol used is similar to that conducted by Pirak*®€ells were first
expandedspreviouslydetailed andthe AC electricfield wasappliedoverdaysintermittently
12-hourfi o mml12-hourii o fségenceMediawaschangedaver48hours.After severdays,

cells were stained and imaged through SEManfocalimaging.

2.10 Microscopy and Other Assessmentsf the Construct (Chapter 5)

2.10.1 Fluorescence Microscopimadging

All brightfield andfluorescencémageswveretakenusingthe Leica® DMI 3000Bmicroscope,
Nikon® DXM 1200FHdigital cameraandNikon® AcT1 software As previouslydetailedn the
staining section, Hoescht or DAPI (Sigma), with a maximum excitation at 340 nm and
fluorescence emission maximum at 488 nm, were used to stain cellular nuclei. Phalloidin
(Sigma) was done at excitation of 5886 nm; fluorescence emission maximum at-573

nm andstainedwith the TRITC excitationfilter. Antibody stainingdonewith Alexa Fluor-546

(Life Technologieshada maximumexcitationat 556 nm; fluorescenc&missionrmaximumat

573 nm and was imaged using a TRITC filter. Antibody staining done with -BB®r(Life
Technologies) had a maximum excitation at 490 nm; fluorescence emission maximum at 525

nm and were imaged withFITC excitationfilter.4"0

2.10.2 Scanning Electron Microscopy (SEM

Priorto SEM analysis sampleswith cellswerefixed with glutaraldehydd..5%(v/v) in PBSat

37°C for 1 hour. The samples were washed three timesRB8and afterwards the samples
wereimmersedn ethanolsolutionsat differentconcentrabns, 25,50, 75,and99%for 30 min

each at 37 °C. Before the observation of the substrates they were coated with a 30 nm Au/Pd

layer using a Polaronmodel E5100coater(Quorum Technologies)imageswere obtained
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using a Field Emissio@un Scanning Electron Microscope (FBS&EM) (JEOL, JSM7001F
model).

2.10.3 Confocal Microscopy

Samples from adhesion and proliferation assays were imaged with a laser scanning confocal
microscope (Leica TGSP5) equipped with a continudr-ion laser (Multiline LASOSs

LGK 7872 MLO5) and a Ti:sapphire laser (Spedtaysics Mai TaBB, 710/ 990 nm, 100 fs,

82 MHz). A 63x 1.2 N.A. water immersion objective was used (HCX PL APO CS 63.0x
1.20WATERUV).Priortoimaging,samplesvith cellswere stainedwith Alkaline Phosphatase
(Thermofisher¥or onehourin PBS.Samplesverenotfixed, andwereimagedive dueto dye

uptake by the scaffolds resulting in excessive autofluorescence when fixed. Resulting images

were processed using Imagsoftwae.

2.10.4 Energy-dispersive Xray spectroscopy(EDX

EDX was used to perform elemental analyses of coated substrates. The technique utilises
emittedX-Raysto analysesatomsirradiatedby electronbeamsAs eachelementhasanunique

atomic structure,dentifiable peaks on its-¥ay spectrum can be obtained. The equipment
utilized is the same as detailed in the SEM section. Voltages30k¥ and high vacuum

conditions weraised.

2.10.5 Atomic Force Microscopy (AFM)

AFM in dynamic mode was performed usin@i@o Plus Molecular Imaging microscope and
10 nm sized silicone tips. The cantilever strength used was approximately 40 N/m and
resonance frequency was 170 kHz. Various images were taken throughout different areas of
thesamplan orderto subsequentlgndysetheroughnessindgrainsize.Roughnessaluecan
be calculated using the followirggjuation:

Y TORER(6 @R

n 5 ©
Equation 2.6: Roughness Value



2.10.6 Contact Angle

Contact angle was measured to assess the hydrophobicity of the materials used in cell culture,
namely Kraton D1152ES (SBS). Kraton D1152ES (SBS) coated with Gwent polymeric
platinum, and P(VDHTFE). Contact angle was defined as the angle formed betweéepa

of liquid andthe surfaceof the substrateasshownbelow. The sessiledrop profile methodwas

used. Contact angle was assessed with either the Kruss DSA25B goniometer and Drop Shape
Analysis 4 Software by measuring the tangent angle at thephese contact point (Figure

2.11), or the Pocket Goniometer PG2 model. The bigger the angle, the larger the hydrophobic
surface. Hydrophobicity was defineddis 9 0

Figure 2.11: Schematic of Contact Angl esddebehodol ogy
measured at the threephase (solid, liquid, and gaseous) contact point. The solidjuid interfacial tension
is defined as 9SL, | i qui dv sspua uUra cien tt eernfsa mina li st exrLsG, o
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MECHANICAL ASSESSMENT OF SELECTED
POLYMERS AND THE COMPLETE
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3.1.Outline

This chapter explores the use of flexible and elastic polymers that can be used in the
development of second skin substrates. The introduction discusses the megnapexdies
of skin compared to the substrates designed to mimic skin. It also elaborates upon the uses of

flexible versus elastic materials, their properties and mechanical limitations.

The results are divided in 4 sections. The first section, 3.3.1s$isswone of our primary
hypotheses: If it is possible to get a electrospun mesh of flexible materib&hawein a
mechanically comparable manner to skin; i.e., the electrospunweesd provide increased

elastic properties compared to films or blocKsnmaterial used. Flexible polymers in this
section were preferentially treated through electrospinning methods in order to decrease their
Youngb6s modulus values. El astomeric polymers
preferentially treated tbugh drop casting methodat this stage, a preliminary assessment
wasmade.The majority of electrospumimesheshathadbeencreatedverefoundto lack either
robustness or true elastic behaviour. Consequently, the combinations of conditions used and
materials selected in this work refute the initial hypothesis: It was not possible to produce a
robust, elastic, electrospun mesh using flexible materials. Nonetheless, this work produced
P(VDFTrFE) electrospun fibers, useful as piezoelectrics, whichllismissed in this chapter

as well as in chapters 4 ahd

Thesecondsection 3.3.2,discussetheinitial assessmeiaif elasticalkenestyrenecopolymers,

which were prepared as films. Fibers were made of some of these polymers to mimic skin
structure Electrospinningvasattemptedn elastomerigolymersaswell, butwasnotdeemed

a necessity due to their mechanical properties in planar form. In addition to electrospinning
flexible materials, a new protocol was developed for the electrospinngigsibmer styrene
butadinestyreng(KratonD1152ESSBS)).Notably,this protocolrequiregheadditionof iron

(Il p-toluenesulfonate to make the spinning solution conductive enough to respond to the
applied electrical field and obtain fibers. The medbal properties of both planar and

electrospun elastic materials were compared against skin.

Due to the variable influence of processing on polymers, we provide SEM analysis of the

materialgproducedn thetwo first subsections/Ve initially manuallyassessethe mechanical
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properties of polymers, particularly in respect to the analysis of mechanical changes that
occurredbvertime (e.g.,dehydratioarelatedchangeso mechanicaproperties) Thesesections
detail the process that wasdertaken in the selection of finding polymers suitable as second

skin substrates.

The third section, 3.3.3, is focused on the quantitative assessment ofstiene polymers.

The mechanical and biocompatibility properties of silicone and other elastoare well
established. Similarly, the commercial alkestgrene based materials chosen for these
experiments had been previously tested to ISO standards. However, we created blended
materials and nanostructured variants that were entirely novel andnkadwn properties.

The Young?o6s -stmamduwvesiand fasigue peopesties for all of these materials were

determined.

Finally, the fourth and concluding section, 3.3.4, assessed porcine skin alongside our selected
polymers to validate thmat er i al s6 perf ormance. To our kn

directly comparing mammalian skin to polymers in order to optimize second skin creation.

3.2. Introduction

3.2.1 The Mechanical Propertiesof Skin vs. Skin Substrates

Skin,well knownasthelargestorganof thebody,is composef stratumcorneumepidermis,

dermis, and hypodermisThe functions of skin range from thermoregulation to protection

against pathogens and physical injury. Skin is particularly unique because it has both
exceptionamechanical strength and viscoelastic properties. Thisragidated organ hése

capacity to contort and reform repeatedly while remaining resistant to Itearvedl-

established, nehomogenous, anisotropic, viscoelastic properties affect varioudsfiel
including cosmetology, dermatology, cosmetic surgery, and pharmacdldgne mechanical

properties of skin are of particular concern to medical professionals that manage skin
wounding, such as when grafting burns or treating the complex ulceratian®dcur to

diabetics* *Despite this, the complexities of skir

understood.
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On a microscopic level, skin deformation involves straightening bundles of tightly wound
collagen. Their conformation elgates and changes orientation toward the direction of the
applied force. Meanwhile, stretched fibres of elaatnal the interfibrillar matrix act as load
bearers. Collagen fibres subsequently begin to bend. Shear stress of these fibres results in a
higheryoung'smodulusthanelastin responsibldor s k i nmedhanicatesistancandstiffness.
Deformation ends with collagen fibres acting as even stronger load beavéhs stress
appearingroportionalto strain? Experimentally skin showsgoodextensibilitywhenaffected

by small forces. However, as the forces increase it becomes much stiffer, giving rise to the
establ i shed scturré&&Ehis.unigud cusse carabe dividédlinto three parts, all

of which are ascribed to the fidaly and amorphous microstructure of the deértise same

component that the skin owes its unique strength and viscoelastitity

Mimicking skin is particularly challenging from a materials perspective; the umagume
homogenous, anisotropic, viscoelasproperties of skin make it difficult to replicdte.
Polymers used for the creation of artificial and second skin substrates must exhibit a high
degree of elasticity, rather than the flexibility required for muscle and skeletal tissue
engineeringTheidealskinsubstitutevould bemadeof perdurablenaterialsor beself-healing,

as wel | as biocompatible. I't should al so ha
having a high strength capacity that promotes fatigsestance. In particular, the cpee
capacity and recovery of skin are remarkable attributes that make it difficult to replicate. A
variety of polymers can replicate one or a
polymercanyet exactlyreplicateall of them.Currently,two maintypesof bioengineeredkin
substitutes exist: artificial skins and second skins, which may also be referred to as electronic
skins.

Artificial skin substrates promote skin regeneration. The first artificial skin was created in
1979? This artificial skin substrate was a porous, biodegradable matrix made of animal
collagen and glycosaminoglycan molecules that encouraegikdjrowth. Combined with a
silicone based cover, this artificial skin created a new dermis that allowed gas pemraedti
mitigated infection, providing a rough temporary substitute for the epidermis. Artificial skin
substrates today are based on the same prirctpley are typically biodegradable and are

replacedytheextracellulamatrixasnaturaltissueregeneates Polymerausedfor skingrafts,



such as poly(lactideo-glycolide), are the biodegradable support structures typically used in

current artificial skin developmenit.

Unlike artificial skin, second skin substrates tend to be pertiynabrrimplantable materials.

They are typically designed for cosmetic applications or integration with prosthetics and
robotic artificial sensors to further the integration of humzachine interface¥: 12Second

skin substrates attempt to mimic thesthetic, sensorial, or mechanical properties of
mammalian skin. Ideally, second skins have the capacity to regenerate or are perdurable.
Artificial skin products are often made of elastomers, particularly sili@sed and alkene
styrenebased cepolymes!?* Such products include MITOs &

Stanfordés org¥4hic electronic skin.

Themechanicapropertief skinhaveviscoelasticanisotropigropertiegshatcanbeassessed
throughavarietyof methodsThe mostaccurateassessmentgedonein vivo, whichallowsin
situmeasurementsf skinto betaken.However thisd o e sllowifor exactcomparisonsvith
synthetic materials, whether these are for faghmpression, spacesudlated wearableer

artificial skin substrate&.*®

I n the 1980s, a variety of studies attempted
The values obtained varied between 20n’to 1.8xI0' N/m?as a parameter that increases

with age?*® Teams using different methods to compare e Youngo6s fnwidou! us o
founddramaticallydifferentresults A studywaspublishedn 1980yieldinganelasticmodulus

of 4.2xIC° N/m? that increases with age. A comparable study was published in 1989 resulting

in an elastic modulus of 11.2%I8/m?, with a 20% increase in this value after the seventh
decad¢®l n contrast, a study by Vogel et al fou
average70N/mm? (MPa),while anelderlya d u éldstizis/modulusaveraget60 N/mm?.>°

Variatons i n the Young6s modulus of mammal i an
differences in experimental conditions. However, beyond use of different methodologies,
variationsin resultscanbe obtaineddueto harvestinglifferentskin sitesin subjectof varying

ages, leading to a difference in the nature and amplitude of the deformations. Given these
differences in methodology, region studied, subject age, and other influential factors, we
determinedhatadirectcomparisorof skinandourchoserpolymeiswasessentialWe decided
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to use porcine skin as we needed to utilize fresh skin from a reproducible subject group to

compare to our polymers.

Recent studiekavec onf i r med t he | ow stiffness id0 humar
MPa)>! Although other studies state that porcine skin is equivalent to human skin, values of
porcine skin in the literature tend to be somewhat higher, presenting as 2.MP&dr the

cranial abdominal region of porcine foetuses and 1.85 = 0.85 MPthdothoracic limb
regon?However, the same study showed that the
regionspecificsamplesveredifferent,with thecranialabdominaregionpresentin@Y o un g 6 s
modulus of 4.02 + 3.81 MPa and the thoracic limb region a value of 7.68 #M®88?Our

interests in skin were related to regions that experience constant mobility and fatigue, such as
joints. As such,our selectegorcinesamplesrenotablydifferentto thosestudied,we selected

ankle joints and lower auriculae sldgamples.

3.2.2 Flexible vs. ElasticMaterials
Flexible and elastomeric materials are frequently used for biomedical purposes. Flexible
polymers are often blended with a range of othaterialsd from metals to other polymers.
Certainflexible materialsarecapableof dualfunctionality,actingasconductorspiezoelectrics

or other sensors. Elastomers, on the other hand, are moststadilished as insulators and
wearables. Their pugses may be limited if they are too soft. When blended with other

materials, elastomers often lose their unique mechgmiopérties.

Natural elastomeric materials, like skin, have a much wider range of properties than their
synthetic counterparts. Thema of this chapter was to identify biocompatible, perdurable,
flexible andelasticmaterialswvith comparablenechanicapropertiego skin. Our ultimategoal

wasto createamaterialconstructhatwouldmimics k i pnopestieonevenananoscaldevel.

We began our research by attempting to create an electrospun meshes for flexible materials.
Flexible and elastic polymers can be easily differentiated through their different stress and
strain capacities. These can be assessed through the calculatien ofMfo ungo6s modu

However themechanicapropertieof polymerss modifiable.BothY o u nrmgoduwusandthe



shape of stresstrain curves can be altered by producing polymers at different thicknesses or

processing them into differenanoscale or microscale structures.

For example, solid Poly(methyhethacrylateYPMMA) has a Youngdés modul us
its solid state. However, its Youngdbés modul

nanofibrous form®This is a 22fold differerce. Similarly, Polyvinyl Pyrrolidone (PVP) has a

Y o u nrgoduusof 2.433GPain planarform, thoughthis valuecanvary substantiallydueto

molecular weight”**PVP6s Youngo6s modul us can decrease

MPa in nanofibrous fornl he exact value is not only deter

weight, but due to the chossalvent.

Giventhedramaticchangesn mechanicapropertieghatcanoccurthroughprocessindlexible
materials, we selected a range of polymers to be prdpas electrospun meshes. We
preferentiallyselectedlexible polymerswith electroconductiv@ropertiesThiswasimportant

as solution conductivity is essential for the creation of nanofibers through techniques such as

electrospinning.

We selected biocompatible polymers with You

planar form and assessed their capacity to be used as a component of skin substrates.

Polysul fone (PSu), with a Youngds mekal us of
trifluoro ethylene] 70:30 (P(VDH r FE) ), whi ch has 12aGPahdwareg 6 S mo
the most flexible materials selec®&d**Pol yacril oni trile (PAN), W

modulus between 7.8 and 9.5 GPa, was the least flexible materiahéh®aese polymers,
alongwith polymersPolyimide(PIl), PMMA, andPVP,wereprocessethroughthetechniques

such as electrospinning, drop casting, and spating.

Similar to our chosen biocompatible, perdurable, flexible polymers, selected elastamers
copolymers we believed were capable of mimicking the complex mechanical properties of skin.
We sought out elastomers that could mimic the mechanical properties of the dermis,
specifically those with the potential to be used as substrates for subdenplents. We
focused on alkenstyrene copolymers, which may be flexible or elastic depending on the
nature of the additional monomers used. These copolymers are easy to modify and process in

different structures, giving them the potential to be usedwde range of biomedical
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devices'®*2 However, selecting these polymers was also advantageous given their potential
novelty. There are only around a dozen publications detailing the use of electrospun alkene
styrene based polymet<®83 Thus far, electrospun alkeisgyrene polymers include styrene
isoprenestyrene (SIS), styredeutadienestyrene (SBS), styrenethylene/butyleriestyrene
(SEBS), and poly(styreAa-isobutyleneb-styrene) (SIBS). The properties for these various
flexible and elastic polymers were previously summarised in Chapter 2.

3.2.3 Uses for Bioengineered Flexibl®aterials

Flexible polymers, namely our selected polymers PMMA, PVP, Pl, PAN, PSu and P(VDF
TrFE), are all commonly used as bioengineered and biomedatarial! Once processed

into electrospun fibers, the uses of these flexible materials multiply. Most studies focus on
creating blends of polymers, which have taiaade properties specifically suited for
biomedical purposes. Notably, blends of polymdoes not only refer to polympolymer
blends putothermaterialdblendednto polymers.ForinstancePMMA, Plandotherpolymers

are commonly blended with carbon nanotubes to enhance conductivity and modify the

mechanical properties of timanofibers$?

Polyaniline(PANi)-PAN blendsfor instance havebeenutilized assubstratethatsupportthe
expansion and differentiation of skeletal muscle &I8imilarly, polycaprolactone (PCL)

PVP blends have been used as degradable scaffolds forgisgineering?* However, there

are several variables that can influence the properties of blended polymers, including the
different solvents chosen and ratios at which these polymers are blended. This allows blended
materials tchavea range of different pperties and uses. PERVP, for instance, can also be

used as an antimicrobial and drug deliveygtent®

ltdéds rare to find untreated individual flex
polymerhasbeenusedonits own, it hasoftenbeenmadified in aspecificmannerForinstance,

itds unlikely to see only electrospun pol ya
PAN nanofibers that are engineered. Such surface functionalized electrospun fibers have been

used as filters that caupport the removal of both bacteria and viruses fraer5



The one exception to this may be P(MDA-E). As a flexible piezoelectric, this polymer can
be used on its own for bone tissue regeneration, energy harvesting, robotaisormechip
device” %8 However this polymeris still likely to beblendedThereareseverapatentsising
P(VDFTrFE) blended with other polymers, like PLLA (pelylactic acid), for regenerative

medicine purpose¥.’t

Y o u idotethatnoneof theseperdurablgolymershasapplicationghataregreatlyrelevantto

skin. With the exception of P(VDW¥FrFE) and PVP, which both have wound healing
applications, softer, biodegradable materials are usually considered more suitable as scaffolds
for skin®8 72 Collagen gelatin,chitosangcellulose silk andothernaturalpolymersaretypically
considered to be more suitable electrospun substrates, though syntheticsohdley,
biodegradabl@olymerdike poly(vinyl alcohol)(PVA) orp o | -gaprdlactonejPCL)arealso
commonly utilized’? However, all of these materials are degradable and unsuitable for our

purposes.

This specifically resulted in a search for g
electrospurPCLor PCLblendswhichrangefrom 21.42to 82.08MPa. Averageelongationat

break values for PCL and PCL blends range between 24 and 158.54%. These values closely
resemble those of skin, which is estimated t
MPa and an elongation at breakuathat ranges between 17 and 207 perCddeally, our
chosen materi al would have a Youngbés modul u:
higher elongation at break value, given our desire to create a material with perdurable
properties and consict that expresses minimal amounts of hysteresis. This required us to

extend our search into elastomeric materials, specifically assessing thermefaakiimers.

3.2.4 Uses for Bioengineered Thermoplasti&lastomers

At the time that this work was beirgjaborated, medical grade elastomers like butadiene
rubber, ethyleng@ropylene, polyisoprene, silicone rubber, styrbotadiene rubber (SBR),
and urethane elastomers were all already commonly used in biomedical dédeesin
copolymerssuchaspoly(styrenejb-poly(DL-lactide)(PSPDLLA), wereevenbeingassessed

as potential drug delivery systerf?Such materials are typically processed by tape casting
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molding; the elasticity and lack of conductivity of produced solutions midless difficult to

produce in nanstructured or micrgtructured conformations.

Alkene-styrene polymers were considered to be particularly interesting to us as even planar
cast materials were elastigggts t r on g . Reported YoungdMPamodul i
with elongationat breakvaluesbetweer630and1,300%:3>%° Variousdifferentalkenestyrene
copolymers had also been electrospubut in very few studies.’®83 Given the limited
mechanical information available comparing planar versus elgpcinoslastomers, research

into the use of alkenstyrene copolymers was particularly intriguing as there was substantial
opportunity fomovelty.

For example, styrefiethylene/butyleriestyrene (SEBS) had also been electrospun in several
studiesHowever thesetriblock copolymersvereoftenblendedwith atleastsmallamountsof

other polymers, including polyaniline (PANi) doped with camphorsulfonic acid (CSA) and
poly(ethylene oxidep-poly(propylene oxidep-poly(ethylene oxide) (PE®PGPEO), as

well as materials, like carbon nanotubes, that could help increase the conductivity of the

solution/¢78

Whil e these polymers have an aver agqelanfroungo6 s
form, they have fairly low elongation at break percentagespared to other alkerstyrene

polymers (500 to 800%Y. Comparatively, styrenisoprenestyrene (SIS) and styreine
butadienest yr ene ( SBS) polymers have ¥Baam@ds mod
MPa, respectively), but have higher elongation agkrvalues that range between 900 and

1,300 percent>*®

In theory, these materials would provide us with suitable potential substrates. However,
combining an only moderately strong material with flexible or conductive additives, which

have the potentidl o0 i ncrease the Youngo6s modewwirain and ¢
curve, can produce a final material with dramatically different properties. A paper published
during the duration of this work | istmd the
46 MPa, with elongation at break values between 585 and 1173%. These values varied

primarily based on the directionality and alignment of electrospun nanofibers and the



integration of carbon nanotubes, allowing nanofibrous mats tdsed as tissue scaffolds

with tailor-made mechanical properti&s.

Similarly, styreneisoprenestyrene has been blended with polystyrene to produce electrospun

fibers that have modifiable mechanical properties, ranging from 0.5 to 50 MPa, with 80 to
1,400% elongation at break valub&N ot abl y, when el ectrospun al o
modulus values between 0.01 to 0.215 MPa and elongation at break values ranging between

412 and 17119%° These materials are currently being explored for proton exgghan

applications.

Styrené butadienéstyrenehasbeenelectrospurior nearlytwo decades, but paperdeaturing
thispolymerarefew andfar betweenTodate fibershaveonlybeenpreparedsa puresolution

twice; other papers that discuss the productiérfibers have used additives to enhance
conductivity such as triazolinedione crdiskers and carbon nanotube$®8? Alone, SBS
fibers have a Youngds modulus ranging betwee
values between 333 and 442%. I@ar nanotub& BS mi xt ures have sl ight
modulirangingbetweerD.17to 0.29MPa,butvariableelongatiomatbreakvalueswhichrange

from 327t0 1480%.In casedowardsthelatterendof the spectrummechanicapropertiehave
consequentlypeen heavily modified by these additive® 8'These various SBS nanofibers

have been used for membrane distillation, filtration, and as a component of structural

reinforcements. SBS also has the potential to be used for tissue engipagrvgps?

Finally, Poly(styrenéb-isobutyleneb-styrene) has been explored through the workimf et

al andLiu et al?® “*A thesis submittettya n ot her member of Liuds | a
thatpureSIBSfibershadaY o u nngodutusof 59+27 MPa,while planarSIBShada modulus

of 3 MPa% Notably, SIBS is the most extensively tested elastomer out of all aditgreme

polymers in terms of biocompatibility, as it is already clinically approved for use as a coating

on the TAXUS coronargtent**

Given thepromising but limited data on this polymer, we selected SIBS, along with the less
well-researche&ISandSBS,asthe primarypotentialalternativego theflexible materialghat
hadbeenselectedOur ultimategoalwasto produceperdurablehighly flexible or elastomeric
nanofibers to integrate into our finmnstruct.
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3.3.Results

3.3.1 Preliminary Assessmeniof Flexible Polymers for Skin SubstrateCreation

We began by assessing flexible polymers, namely all the polymers reported o2.1able
polyimide (PI), polyaniline (PANi), poly methyl methacrylate (PMMA), polyacrylonitrile
(PAN), Poly [(vinylidenefluoridekxo-trifluoro ethylene (P(VDHTFE)); and also three
polymers reported in table 2.2: polyvinyl pyrrolidone (PVP), polysulfone (P&hb
polyphenylenexide (PPO).We attemptedo createfully misciblesolutions,castmembranes,
and then create electrospun fibers for qaallgmer.

WEm———  1lpm Microlal
X 10,000 15.0kV SEI SEM

Figure 3.1: Polyimide. Average Fiber Diame:

Polyimide was assessed as it has been usedxiblfiesensoré?Its dielectric constant ranges
between 2.78 3.48 and it has easily modifiable conductiity2olyimide was electrospun at
15%wt in DMF and DMAc. Both aligned and random fibers were created, as well as films.
Wi t h a r epomotiuug of X268 GBaswe selected Pl in the hopes that its
mechanical properties would be elastic in nanofibrous fdDespite electrospinning, Pl was

not found suitable for our purposes.
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Figure 3.2: Poly(methytmethacrylate). Ay er age Fi ber Diameter: O0.763

15.0kV SEI SEM 15.0kV SEI SEM

Figure 3. 3: Polyacrilonitrile. Average Fi bel

Poly (methytmethacrylate) (PMMA) has minimal electroconductivity and was selected as it
can be easily combined with electroconductive substt&t&¥®MMA at 10%wt in DMF was
electrospun. Both aligned and random fibers were able to be created. PMMA fibers produced
were fluffy, and were capable of being stored in water for long periods of time without losing
their structure. Notably, PMMA fibers retain waterd are consequently liable to swelling.
Polyacrilonitrile, like PMMA, can be easily combined with electroconductive substfates.
However,unlike PMMA, PAN wasunableto be storedin water.This polymerwassupposedly
perdurable. However, we found that prist@N disintegrated in water. In the literature, this
polymer is typically treated in several ways, including cyclization and gamma irradiation. We
attemptedtocrossi nk PAN vi a o protocolsichilarad thabaf Liueu& i ng a
However, while this procedure allowed PAN fibers to retain their integrity, they altered their
mechanical propertie®AN fibers were also found to lose alignment after storage in liquid,

complicating use in cediulture.
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Figure 3. 4: Pol ysul fone. Average Fiber Diar

Polysulfone is a durable, transparent polymer that has been used in tissue engineering
applications’*33*We were capable of producing electrospun PSU fibers, but ombnitiom
conformations. Despite the reported modulus of 1,538.7 MPa, this polymer proved to be
difficult to electrospirt®Not abl y, this polymer was found t
after storage in liquid* Unfortunately, the resulting electrospunshehat was produced was

not sufficiently elastic for uses related to skin.

==  1um Micronab ®™=  1pm MicroLab
X 3,500 15.0kV SEI  SEM X 3,500 15.0kv SEI  SEM

Figure 3. 5: Polyvinyl Pyrrolidone. Average Fi

Polyvinyl Pyrrolidone is a flexible polymer that has been used in cosmetic and medical
products PVPcanbe madeatarangeof differentmolecularweightsandis misciblein various

types of solvent® both of which can dramatically influence mechanical properties and the
wayin whichthepolymercanbeprocessed! 3 We wereableto electrospirthis polymerwith
easeandcontinuedworkingwith it in orderto createPVP-IrOx fibers. Thisprocesss detailed

later on in thishapter.



P(VDFTrFE),apiezoelectrigpolymer,wastheeasiespolymerto work with. Duetoits natural
charge,P(VDFTrFE) can be easily processed into nanostructured configurations. Examples
of aligned and random P(VBDRFE) fibers are shown in Figure 3.6. The way it is processed,
as well as the annealing or poling process applied to the final product, carsibigveinange

the material: namely, its phase, mechanical properties, piezoelectric functioRQIYF

TrFE) is reported a flexible and not elastomeric matéral such, it lacks the mechanical
properties desired and we determined it could betisedas the sole component of our
construct. We chose to utilize it as the pressamsitive layer (detailed in Chaptgr

SN

N N

0 15.0kV SEI SEM X 2,000 15.0kV SEI SEM

Figure 3.6: Electrospun Poly[(vinylidenefluoride-co-trifluoroethylene] (P(VDF-TrFE)). Average Fiber
Di ameter: Random iFghedsFi Berd8: e¢bn; 3A9 e&m

In additionto the polymersthatwere successfullyelectrospunwe attemptedo producefibers

from two other flexible polymers: polyaniline (PANi) and polyphenylene oxide (PPO).
Electrospun fibers were not successfully created feithrer of these polymers; PPO proved
soluble in both chlorobenzene and DMF but could only be cast in planar form. Alone, PANI
wasnot solublein chloroform,andthealternative m-cresol,wasdeterminednappropriatgor
biocompatible use. The polymers that were successfully electrospun were measured; averages
of 30 were taken. The averaged values are listed in Table 3.1, alongside reported ranges of
diameters from the literatuf&®! As expected, these electrospubéiis are all sulmicron in
diameter, though not technically nanofibers, as these averages are, for the most part, greater
than 300 nn{? %3

Given the preliminary nature of this data and the amount of polymers we had selected. We
developed a ranking systeto determine how to quantify and value these results:anfeng
systemwasdeterminedasdetailedin Table3.2. Foreachscale we gavepolymersavalue.The

final value is summarized in Tal3e3.
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Table 3.1: Diameters of Electrospun Flexible Polymer$§®°h

Polymer Reported Diameters (nm) Average Diameters of Fibers (nm)
Polyimide (PI) 50- 300 299
Poly Methyl Methacrylate 200- 400 763
(PMMA)
Poly [(vinylidenefluoride) 90- 860 329(aligned)
-co-trifluoro ethylene]70:30 430(random)
(P(VDFTIFE))
Polyacrilonitrile (PAN) 25-325
Polyvinyl Pyrrolidone (PVP) 200- 400 413
Polysulfone (PSu) 3507 450 485

Theresultsof thisrankingsystemallowedusto discardcertainpolymersimmediatelynamely

PANi andPPO whichwe hadexperiencedifficulty processingSimilarly, PAN wasdiscarded

due to the secondary step required to prevent degradation and the loss of flexibility resulting
from this procedure. Although PSu had produced highly flexabld potentially elastitbers,

the difficulty processing them compared to other polymers and notable inabifitypduce
aligned fibers allowed us to discard this polymer, as well. Finally, Pl and PMMA were some

of the easiest polymers to work withyet simply inadequate for oureeds.

Table 3.2: Ranking System for Preliminary Evaluation of Flexible Polymers

Scale to Determine Flexibility: Scale to Determine Processability:

0. Couldnot beelectrospun 1. Complex procedure required for miscibility

1. Breaks wheient 2. Easily miscible in at least orslvent

2. Breaks wherstretched 3. Easilymisciblein multiple solventsor combination
of solvents

3. Deforms when minimallgtretched
4. Easily miscible in multiplesolvents and blended

4. Deforms whersubstantiallystretched ) . ,
with other polymers or electroconductineterials

5. Akin to PDMS rubber

Scale to Determine Degradation Scale to DeterminevValue of Polymer:

1. Degrades in water or cell culture media without 1. No conductivity orpiezoelectricity

furthertreatments 2. Low conductivity or minimapiezoelectricity

2. Degrades irethanol 3. Highly conductive opiezoelectric

3. Does not degrade in water, mediaetinanol




Table 3.3: Flexible Polymers Assessed for Electrospun Mesh Creation

Polymer

Polyimide
(P1)

Aromaticheterocyclic Linear

Polyaniline
(PAN:i)

Poly Methyl Methacrylate

(PMMA)

Poly
[(vinylidenefluoride)
-co-trifluoro ethylene]
70:30

(P(VDF-TIFE))

Polyacrilonitrile
(PAN)

Polyvinyl Pyrrolidone
(PVP)

Poly(phenylene oxide)

Polyacrylonitrile

Solvent

DMF
DMAc

m-Cresol

Chloroform

DMF

DMAc
DMF:Acetone
Chloroform:DMF

DMAC:Acetone
DMF:Acetone

DMF

DMF
Ethanol

Chlorobenzene
DMF
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Reported
Youngo6s
Modulus

2.232.55 GP&?

1.52.2GP&*®

Nanofiber: 136
MPa; Solid: 3
GPd")

1.2 GP4?
7.89.5GPa?
2.433 GPa;

variable due to
molecular

weight(*3)

2.7 GP&Y

Ranking From
Preliminary
AssessmenScale

11

11

14

12



DMF 1538.7 MP&Y
THF
DMACc:Acetone

Polysulfone
(PSu)
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The remaining polymerfVP and P(VDFIrFE), were retained as they allowed us the most

ease in continuing our experiments. P(VIDAFE) was originally considered as a staidne

material, but ultimately was deemed unsuitable due to the rapid fatigue that this material
experiencesa phenomenon detailed later on in this chapter. However, electrospun fibers of

this polymer were deemed suitable for a different purpose: as piezoelectric pressure sensors.
Nanofibers of P(VDHTFE) are particularly ideal for this purpose; Ico et al. describedhe

i mprovement in piezoelectric functionality a
accordance with a Hold decrease in fiber diameters (from 860 to 90 nm). Piezoelectric

functionality of this polymer is further detailed in Chapter

Similarly, work with PVP was continued, but
was utilized in various strategies to develop electroconductive substrates that can be used in
the full construct. This polymer was combined with iridium oxitie, synthesis of which is

described in Chapter 4. Similarly, the novel protocol for PNDX is detailed in Chapter 4.

3.3.2 Initial Assessment and Processingf Elastic Polymers for Skin SubstrateCreation

Followingtheresultsof our preliminaryassessmemf flexible materialswe choseto focuson
thermoplasti@lastomersOut of the variouselasticmaterialghatwereconsideredye focused

on styrenebased diblock or triblock polymers, with butadiene, butylene, and/or isoprene. We
selected thespolymers due to their reported mechanical properties (in certain cases available
for bothplanarandfibrousforms). The reportedoropertieof theseplanarmaterialds detailed

alongside the reported YouB406s modulus for n

In addiion, we considered the use of additional polymers, namely polybutadiene and PDMS,
as well as additives such as conductive paints, carbon nanotubes and irop- ()
toluenesulfonate, to incorporate into these polymers in order to facilitate their prgcessin
Initially, we wanted to mimic the complex geometries that naturally exist in skin. Therefore we
also attempt to electrospun the selected elastomers. However, elastic matebeldittanlt

to processusing electrospinningand other similar techniques.Kaneka poly(styreneb-
isobutyleneb-styrene) products have been successfully electrospun in fibrous meshes as have
Kraton products, including poly(styreieitadienestyrene) and poly(styreAsoprene

styrene)polymers*>47
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Table 3.4: Reported Properties of Selected Alker8tyrene Copolymer§S39: 8284, 94)

Polymer Structure Molecular Styrene Tensile 300% Elongati Young®o
weight content Strength  Modulus on at Modulus of
(g/mol) (%) (MPa) (MPa) Break % Similar
Nanofibers
(MPa)
Kraton Styrene 207,000 135t0 21 0.9 1,300 0.01to00.215
D1161PT Isoprene 237,000 16.5 MPa
(SIS) Styrene block

copolymer with
15% PS and
19% diblock.

Kraton Styrene 122,000 285t0 32 2.8 900 0.031t0 0.23
D1152ES Butadiene 30.5 MPa
(SBS) Styrene block

copolymerwith

30% PS and
15% diblock

Kaneka 35,000 22.5% 6 0.4 760 59 +27 MPa
SIBSTAR styrene

062M

Kaneka Non 23% 10.9 0.66 630 14.2 MPa
SIBSTAR disclosed styrene

062T

We were not able to create clean electrospun Kaneka poly(sfysisobutyleneb-styrene)

products 062M or 062T, despite applying the previously created protochiskst al,Liu et

al, and Gestos et al. However, these notably utilized a different ntahutar er 6 s -pol y ( s
b-isobutyleneb-styrene) which may have had a differing styrene content. Our attempt to
electrospin poly(styrenb-isobutyleneb-styrene) followed the work dfiu et al, who utilized

iron (111) p-toluenesulfonatéo to facilitate SIBS electrospinning? Examplesof theseattempts

are shown in Figure 3.7, which shows electrospun Kaneka 062M SIBS as random fibers with
beading (top right, left), alongside microscaleed droplets (bottom left) and larger droplet

structures (bottomight).

The beaded structures that formed were actually able to create sputtered films. However, the
formation of these beads could produce larger beads during long deposition processes. This
made us reluctant to proceed further due to concerns about théigiatéfacts these beads
would have on the mechanical properties of our fibrous mats, as well as issues with

reproducibility!®* Beading is also known for being able to interfere with cellular
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proliferation®® Although beading can oftebe resolved, these various issues resulted in us

abandoning attempts to process Kaneka SIBS products into nanostructured conformations.

Despitethe challengesve facedwith Kaneka062M and062T (SIBS),we wereableto modify

the protocol developed hyu et al for the creation of Kraton D1152ES (SBS) Poly(styrene
butadienestyrene) electrospun meshes. Like with Kaneka 062M and 062T Poly(sfyrene
isobutyleneb-styrene), the high hydrophobicity and elasticity of this polymer made it
particularly challengig to consistently obtain nanofibers by electrospinning, rather than
droplets. This was expected when electrospinning all elastomers, given that this processing

technique typically requires a solution with socemductance.

Figure 3.7: Electrospun Kanela Poly(styreneb-isobutyleneb-styrene) in Chloroform.
Average Fiber Diameter: 1.89¢m; Bubbl e Di ame

The product data for Kratonos D-bdséd2b& | i st
copolymerthatis composeaf 30%polystyreneand15%diblock, while theD1161PTpolymer

is an isoprendased block copolymer composed of 15% polystyrene and 19% diblock. Both

of these options are quite similar to SIBS in structure, and are additionally translucent and

elastic,with potentialusesin similar applications Our initial comparisorof thesepolymers
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found that Kraton D1152ES (SBS) was easier to work with compared to Kraton D1161PT
(SIS) and Kaneka SIBS. Using the same scaling system listed in Table 3.1, we ranked these
polymers & 13, 12, and 11, respectively. Given the fact that the mechanical properties of all
three polymers were fairly comparable when planar sheets were assessed manually, we chose
to continue with the assessment of all three in planar form but continue owptsttef
electrospinning on only Kraton D1152ES (SBS).

We attempted to electrospin Kraton D1152ES (SBS), initially experiencing similar issues as
we had with Kaneka 062M and 062T SIBS. However, we discovered that environmental factors
wereamajorcomponenin thereproducibilityandqualityof ourresults Environmental controls

were not in place surrounding the electrospinningugetresulting in highly variable
temperatures ranging from 19 to°29and humidity levels ranging between 13 and 42ke

lower endof thespectrunfor bothtemperatureandhumidity positivelyaffectedtheproduction

of Kraton D1152ES (SBS) substantially, yielding fibrous structures (Figuses12).

Electrospinning of Kraton D1152ES (SBS) with additional Iron (IKHpfuenesulfonate was
attempted to increase the electroconductivity of the solution thateby increase the
electrospinnability of the fibers. We found that, along with variables of temperature and
humidity, fibrous structures were also partially reguldigdhe concentration of Iron (11P-
toluenesulfonataVe consideredhis additiveto be particularlyidealfor our purposessit had

been shown thhaveno negative effectsn neural cells in the experiments ldti et al, unlike

other electroconductiveaterials**

When Iron (Ill) ptoluenesulfonate was added in amounts betwe8% 1Kraton D1152ES
(SBS) showed minimal to no improvement in structure. The conformation of these fibers was
highly irregular and unpredictable and primarily controlled by rewte factors such as
temperature and humidity. However, higher concentrations (betweg@%5wt) of iron (I11)

p-toluenesulfonate improved electrospinning of Kraton D1152ES (SBS) substantially.
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Figure 3.8: 1%wt Iron (lll) p -toluenesulfonate and 10%wt Kraton D1152ES (SBS).
Fi ber Diameter: 1.28 to 3.04 &m

10pm MicrolLab
SEM

& \ﬁ
Figure 3.9: 10%wt Iron (111) p -toluenesulfonate and 10%wt Kraton D1152ES (SBS).
Fi ber Diameter: 1.26 to 2.13 &m

Finally, solvents also can impact the electrospinnability of a solu®such, both THEnd
chloroform were testedrigure3.8 and 3.9 show the production of Kraton D1152ES (SBS)
(SBS) fibers with minimal amounts of iron (llI}pluenesulfonate. Fibeoduced are
curly, with some amount of beading. Comparatively, fibers with higher concentrations
iron (111) p-toluenesulfonate, as in Figure 3.10, did not have similar structures. However, high
levels of Iron (lll) ptoluenesulfonate resulted in filsethat became brittle immediately after
electrospinning (data not shown). Iron (lIFt@uenesulfonate at concentrations at 20% wt or

higher were deemed to alter the elastomeric properties of SBS.
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Figure 3.11: 10%wt Kraton D1152ES (SBS) and 16.5% wt Iron (Ill) ptoluenesulfonate Produced Using
THF (top) and Chloroform (bottom). Average Diameter of THFFi ber s : 1.78 em (left) e

(right). Average Diameter of Chloroform Fibers:

Nanofibrous conformation and mechanical properties were found to be optimal in the mixture
of 16.5%wt Iron (Il) ptoluenesulfonate wit 10%wt Kraton D1152ES (SBS). As shown in
Figures 3.11, this concentration allows for defined fibers. The elastomeric properties of



Kraton D1152ES (SBS) caused webbing and fibers of irregular sizes in both cases. At this
stage, we founthat while we were able to obtain more homogenous fibers in terms of size
with THF, we were able to obtain better alignment of fibers when using chloroform. Other

images can be found in the appendix. Notably, these fibers most resemble those of styrene

isoprenestyrene created by Feng etaf®

Table 3.5: Elastomers Assessed for Electrospun Mesh Creation
Polymer Solvent Repored  Observation of the current
Young study
Modulus
Polyisoprene THF N/A Only usable as an additive al
. . o Chloroform (Liquid) for planar/cast materials
CH; "
Polybutadiene Toluene 1.2 Only usable as an additive al
MP&15) for planar/cast materials
CH, CHT—/—CH CH,
n
Poly DMF 3.68.7 x Not miscible with other elasti
(dimethylsiloxane) CHs CHs CHs THF 105 Pa polymers beingssessed
(PDMS) ) (varies
o s 5l based on
H;C/ ’ \O/% ‘ \O/ ‘ \CH3 ..
mixing
CH3 CH3 CHs
ratio)1®
Poly (styrene THF 21 MP&')  Electrospinning not
isoprene —(cw—cm)*(cmfcn:c*cn; ch,—cn)— attempted; ranking df1
styrene) (SIS) i o
17) A
Poly ‘(”‘ < H“" S H““ —m THF 32 MP4 Electrospinning atFempted
(styrene unsuccessfully, ranking 4R
butadienestyrene) (SBS)
DMF 0.044 Electrospinning successful,
Poly (styrene c,—cn THF 0.181 ranking of13
isobutylene -{LH H e _c”>7 Chloroform GP4d18)
styrene)
(SIBS)

Over long durations, iron (lll) oluenesulfonate induced dehydration of the fibers and
breakage. This was evident in samples with over 20%wt iron gltdluenesulfonate as it
occurred rapidly. This led us to monitor our other samples produced with this additive. After

two or more months in storage, even samples with low iron @idjyenesulfonate
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concentrations would become britdlad consequently unusable. Further analysis of these
polymers degradation at this time was not feasible due to complete breakdown of the scaffold.
At this stage, rehydration also proved impossible. Henceforth, only freshly prepared Kraton
D1152ES (SBS) leinded iron (111) ptoluenesulfonate samples were used when assessing

mechanical properties. Notably, we experienced no issues with pure Kraton D1152ES (SBS).

We also attempted to create polymer blends with Kraton D1152ES (SBS) and polyisoprene
polybutaliene for electrospinning purposes. These were much less successful than the pure
polymer or solution mixed with Iron (lll) 4oluenesulfonate, and could only be made as
membraneslhesepolymerswerecreatedhroughdrop castingor castingknife methodologies

and are detailed and analysed further in the following section. Concluding remarks regarding

the preliminary assessment of our elastomers is summarized in3Table

Havingsuccessfullyreateckelasticandflexible nanofibersmechanicatestingwasperformed

on planar and electrospun Kraton D1152ES (SBS) SBS alongside planar and electrospun
P(WVDRTr FE) . This included an ass estaimeunves, o f
fatiguepropertiesandelongatiorat break which aredetailedin the subsequergectiong3.3.3

and 3.3.4).

3.3.3 Tensile Deformationof Skin and Polymers

Therankingsystemdesignedor preliminaryassessmeiatlowedusto easilyidentify polymers

that we thought would have suitable properties for the creation ofir@irconstruct. We
ultimately selected the vast majority of our elastomeric materials, alongside flexible
piezoelectric P(VDH r FE) , in order to perform more
mechanicapropertiesOf coursepurinterestwasnotonly standardttributessuchasY o u n g 6 s
modulus, strength or fatigue. We specifically wanted to understand these polymers in

comparison takin.

We consequently chose to compare skin samples with various elastomers, namely: Kraton
D1152ESSBS),polyisoprenamixedwith KratonD1152ESSBS),polybutadienemixedwith
KratonD1152ESSBS),KratonD1161PT(SIS),andKanekaSIBS. Giventhe easeof working

with Kraton D1152ES (SBS), we chose to study it in electrospun formapréstiae
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membraneandasa membranenixedwith otherelastomergpolyisopreneandpolybutadiene)
in films prepared through dragasting.

We additionally heated samples t0°G7 80°C, and 158C to assess the influence of heat
treatments on the polymerds mechanical pr op
relevant for the elastomers themselves, but neededassessed as components of the multi

layered construct required further hpaedcessing or annealing. Subsequent heat treatments and
materialannealinghavethe potentialto induce polymer rearrangementsesultingin altered

mechanicaproperties.

We additionally selected P(VDFFE) as a flexible polymer to analyse comparatiweith

our synthetic elastomers from Table 3.2, and porcine skin. This polymer has interesting
piezeoelectric properties that would be useful to integrate in our final construct and is easy to
electrospinresultingin the productionof robustfiber meshesP(VDFTrFE) wasalsoselected

as it was able to provide us with information on the mechanical differences between flexible
and elastic materials used in second skin development, acting as a type of negative control. It
also allowed us to further our undensding of planar and flexible electrospun materials and
their mechanical differences. We specifically analysed uniform, dense mats of H{(¥VBJF

nanofibers, as well as planar sheets produced using a elasiiegrocessing.

Our tensile deformatioassessment of these materials includes the traditional overview based
on Young'smoduli data:A standardgarametein themechanicatharacterizationf materials.
However, due to the complexity of the materials we were assessing;siteasurves were

also used to assess the mechanical properties of these materials. This approach allowed us to

make a suitable identification and selection of materials suitable for secorapghkaations.

Young6s Moduli for Elastomers, Flexible Poly

Humanskin hasa reportedY o u nmodwusthatrangesrom 0.03MPato 150 MPa>®:51: 73
Comparatively, porcine skin has a reparted Y
3.96 MPa?Both human and porcine skin have dramatically different matdgyending on the

ageof thesubjecthatthesamplesamefrom, theageof thesamplesestedf thesesamples were

ex vivg and the parameters used to take these measurements. As gkircise
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considered to be comparalitehuman skin, we considered that fresh porcine skin from joint
areas would give us the closest possible data to the moduli ands$tasurves we were

attempting to replicate.

Figure 3.12 shows the Youngds mo dogHSiI(SBS)or Kr &
blended with polyisoprene, Kraton D1152ES (SBS) blended with polybutadiene, Kraton
D1161PT (SIS), P(VDHTFE). It also shows both elastic and deformation moduli for skin.
Thesemoduliarecomputedrom the soft regionof the J-curveandrigid region of the J-curve,

respectively. The values for the elastic and deformation Young's moduli of pig skin, shown in

pink in Figure 3.12, are on the lower end of those shown in previous sttHi@sever, this

is within the normasour selectedauricularand joint regionsarealsonotablydifferentto those

typically studied. Our selection has focused on areas of the body that move with frequency,
thereby increasing t hmeoduii kel i hood of | ower Y

Polymers were prepared by drop casting methodologless otherwise identified as
electrospun fibers. The resulting membranes were prepared at different temperatures.
Temperature is well known to deform elastomers and change their properties, sometimes
irreversibly, though the exact impact it has will degen the polymer and the increase in
temperaturé® We found that at low heat, the homogeneity of polymer films improved. We
therefore assessed Kraton D1152ES (SBS) at room temperatie,887C, and 15€C, all

shown in red in Figure 3.13. We found thmtween 3% and 156C, there were minimal

changesn modulusvalues KratonD1152ESSBS)processeatroomtemperaturgvasfound

to have nearly double the Youn@&2s modul us va
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Figure 3.12: Young'sModuli of Skin, Flexible Materials, and Elastomers. From left to right, depicting the
Youngbés modulus values of Kraton °Q80AC5ahEISOC(aBBS) at
electrospun Kraton D1152ES (SBS). P(VDHTFE) is similarly assessed in plaar form, as well as aligned
and random electrospun fibers. Drop cast sheets of blended Kraton D1152ES (SBS) and polyisoprene at
concentrations of 2.5, 10, and 20%, as heated 10 and 20% blends. A 50:50 blend of planar Kaneka
SIBSTAR 062M and 062T, Kraton D1151PT, and blend of Kraton D1152ES (SBS) and polybutadiene are
the final polymers shown. Finally, values for porcine skin (auricular and ankle joint regions) are shown.

ComparativelyunheatecelectrospurkKratonD1152ESSBS)hasa valuethatis 10-fold lower
thantheplanarprocessedhaterial.Y o u nngodutusvalueis morethanotherpureelectrospun
SBSor SIS, butfar lessthanthereportedvaluesfor SIBS8%49TheY o u nrgodwusfor this
samples shownin darkbluein Figure 3.131ts modulusis substantiallysmallerthanthe drop

cast samples, as is expected from nanofibrous samples. In theory, complex, nanofibrous
geometry of an electrospun elastomer should be able to mimic mechanical properties similar
to that of ski n. luswalue, electrospuroKratol DULSRESH(SBS)rhasd u

median value between the moduli of porcine auriculae and pfts.

KratonD1152ESSBS)blendswith 2.5%,10%,and20%polyisopreneand10%polybutadiene
were created. These were created with thediobtaining a softer material. Polyisoprene is
the main component of natural rubber and polybutadiene iskweln for itselastomeric
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properties. We chose to assess these samples blended with polyisoprene at two temperatures,
37”°Candl5¢C. Their Youngbs moduli are shown in p
of polyisoprene was shown to reduce the moduli of Kraton D1152ES (SBS) by half, while
heating was able to reduce the moduli of the blends with 10% and 20% polyisoprene even
further. 10% and 20% bl ends yielded Youngos
skin. In contrast, the 10% polybutadiene blend, shown in brown in Figure 3.12, was created at
room temperature. Its modulus is equivalent to the heated pure Krattb?2B% (SBS)

samples, implying that the addition of polybutadiene is an alternative method of reducing the

Youngbés modulus of this materi al

The remaining elastomers we tested, Kraton D1161PT (SIS) and Kaneka SIBSTAR
062M:062T, are shown in Figure 3.1 orange and yellow, respectively. These elastomers
havepropertiesandstructuresimilar to thatof styrenebutadieneco-polymerKratonD1152ES
(sBS),yethad the highest and | owest Youngébés modul
valuefor KanekaSIBSTAR™ 062M:062Tis in line with thevaluesreportedby Gestoset al®

Notably, the value of Kaneka SIBS is equivalent to several Kaneka D1152ES- (SBS)
polyisoprene blends arskin.

Finally, P(VDFTrFE),shownin greenin Figure3.13,wascreatedn threeconformationsFlat

sheets, random fiber meshes, and aligned fiber meshes. These results provided an example of
the Youngdés modulus of a flexible material,
could produce nanofiber meshes with much lowerduli compared to those of the same
materials in planar form. In this case, we sawd 51 d reducti on in the Y
planar and electrospun P(VBKFE). However, despite this dramatic reduction, the
electrospun meshes of P(VBFFE) had substdially higher moduli than those of several
elastomers, including Kaneka SIBSTAR062M:062T, electrospun Kraton D1152ES (SBS),

and planar Kraton D1152ES (SB®)lyisopreneblends.

Nonetheless, the fibrous random and aligned P(MERFE) meshes were both the range of
skinandhadequivalentmoduli valuesto severaklastomersThisis notonlyin the caseof our

own results on porcine skin, but other resultsieaer e por t ed t he Youngds
therange of 1.85+0.85and 7.68 +3.96 MGiven t hat the Youngds Mod

reportedto be between0.03 and 150 MPa*°!"3there is no reasonto believe that
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nanofibers of P(VDHTFE) could not be used as a skiased substrate, given our findings.
This highlightedthe impact that nanostructured conformations can make on a material,
allowingcomparisongetweerthisflexible polymer,thecomplexfibrousstructureof skin,and

the aforementionedlastomers.

Al t hough Youngods modul us I sard tinyrpeascramentsy of us e d
flexibility or elasticity, both the shape of the curve and fatigue properties of the material are
equally valid factors in determining comparability to skin. Continuing on in our analysis, we

assessed the variable curvature preseshieidg shear stress.

StressStrain Curves of Elastomers, Flexible Polymers, and Skin

Flexible and elastic polymers have markedly different sisassn curves. Elasticity is an

intrinsic property defining the ability to sustain and recover fetrain, which arises directly

from the stressstraincurvescharacterizinghe intrinsic mechanicalresponsef eachmaterial.
Flexibility, however, is a characteristic de
its shape and aspect ratio, ithe thicknesdo-length ratio. Stiffer but still flexible
conformation®f suchmaterialscansustainbendingandcompression. Howevemanyelastic

polymers are too soft when produced in very thin geometries, at least for the same purposes

that one wouldise the same polymer for in butkem .’
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Figure 3.13: StressStrain Curves Skin, Flexible Materials, and Elastomers. Top left: Stresstrain curves

for Kraton D1152ES(SBS)at room temperature, 37°C, 80°C, and 15(°C, and electrospunKraton D1152ES
(SBS). Top right: Stressstrain curves for P(VDFTrFE) in planar form, as well as aligned and random
electrospun fibers. Bottom left: Drop cast sheets of blended Kraton D1152ES (SBS) and polyisoprene at
concentrations of 2.5, 10, and 20%, akeated 10 and 20% blends. A 50:50 blend of planar Kaneka
SIBSTAR 062M and 062T, Kraton D1151PT, and blend of Kraton D1152ES (SBS) and polybutadiene are
alsoshown.Bottom right: Porcineskin (auricular and ankle joint regions).Curvesreachingthe maximum

of the axis did notranfemai | within the machineds

The elastomers assesdal/eproperties and structure which are similar to one another. We
aimed to produce these elastomers under as many of the same conditions possible in order to
minimize variabls. In theory, they should all yield highly similar results. However, heat
treatmentsandprocessinghroughelectrospinnindpavestill producechotabledifferencesThe

stress strain curves in Figure 3.13 show how seemingly similar materials are in fact
comparatively softer or weaker than each otlt@r. instance, electrospun Kraton D1152ES

(SBS) had a Youngds modul us mM@6e2MO06RToandp ar abl e
1



planar Kraton D1152ES (SBS) blended with 10% polyisoprene. Figure 3jhBghis how
none of these have produced comparable ssteg# curves to one another.

Kraton D1152ES (SBS) blends 10%, and 20% polyisoprene, listed in purpiguire 3.13
(2b.ii1) as before, had Youngo6s inose oflskin. val ue
However, their stresstrain curves show them to have different mechanic responses. By the

same principle, electrospun Kraton D1152ES (SBS) (blue, 2b.i)) and planar Kaneka SIBS
(yellow, 2b.ii) alsohaveelastic moduli values similar to the esof skin. Their stresstrain

curves show that they are able to withstand a higher percentage of strain, but are not able to
handl e a comparable amount of stress compar e
the standardraluationof amaterial thesestressstraincurvesshowthatdespitesimilar moduli,

none of our preferred materials are comparabgkito

In contrast, planar P(VDFrFE), shown in green in Figure 3.14 (2b.iii) had an exceptionally
high Youngds modul uthiswal ® beaexpkdted. Xs stratismn conget er i a l
shows that it is a much stronger material than skin or any other polymers we assessed. However,
this material is susceptible to rapid permanent deformation. In contrast, the aligned and random
nanofibers arable to undergo recoverable deformation for much longer, and consequently

start their stresstrain curves in a manner much more similar to skin. However, the strain

percentage they are capable of is much less.

Someflexible polymerscanexpress consicerableextentof elastic(recoverableyleformation,

while retaininga relativelyhigh Young'smodulusatthe onsetregionof the stressstraincurve.
P(WVDFTr FE) is compl ex materi al given that the
piezoelectridunction Similarly, nanofiberamaybe processeéhto otherconfirmationssuch

as coils (not attempted in this study), which can also affect both piezoelectric function and
mechanicaproperties’® Givenourintentionsfor this material theseareall factorsto be highly
conscious of. Our current results show that nanofibers of this flexible polymer are highly
similarto skin. However,anymodificationsto the materialfor furtherenhancemerdf function

could impact the mechanical aspect of thaterial substantially. On a similar note, the strain
percentage of our P(VDIFrFE) nanofibers are similar to ankle joints, but not the auricular
region.Foroptimal use of this material as an implantabie,exact region of skin woulteed

to be assessetbr compatibilitywith thisp o | y nmmech@ngaproperties.Lack of this data
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has the potential to result in early device failure given the lower strain percentage of-P(VDF

TrFE) compared to our and other reported data on porcinéskin.

Althoughstressstraincurvesarecertainlyimportant,thedeformatiorandfatiguepropertieof

these materials is equally so, as well. Fatigue is not only measured manually or cyclically; it
canbeestimatedythe shapeof a stressstraincurveusedto calculateY o u nngoduti. While

it is possible to obtain Youngds modul i co
materials experience rapid permanent deformation. This ultimately means that while the
produced elongation at break values may bengarable, material fatigue and overall

mechanical properties are incomparablekin.

Additionally, the degree of crystallinity, the glass transition temperature (above or below the
working temperature), pretressing treatments, and other factorsialea direct incidence in

the stresstrain behaviour, especially for flexible materials which are less likely to return to
their original stat& % 9295 shaped and-shaped curves are common; the latter is usually
associated with pretressedmaterials but is also traditionally found in skin. While P(\V\DF
TrFE) follows a similar curve to porcine skin in our data, it would be unable to replicate these
resultsrepeatedlyvhilst remaininga functionalpiezoelectrianaterial.Fromthe resultsshown

in Figure 3.13 (2b.i, ii, and iii), none of our chosen materials have-shaged curve present

in skin. Obtaining materials with intrinsic J curves is challenging, but these curves may be
found in prestressed materials and fibrous materials. In cantoaB(VDFRTrFE), this means

that elastomers may producshiaped curves when measured following repesiteds.

Figure 3.13 (2b.iv) shows the traditionasldaped curve that can be expected when assessing

t he mechanical p r o p emisbtiogicschamadteridtids are aftenrremarked Sk i
upon.Thefirst regionof theJ-curvecorrespondso thelow modulusresultingfrom streamlined

collagen, while stretched elastin fibres strain against the gel ground substance. The second
region of the curveesults from organized, crofisked collagen fibres bending. The stress

strain behaviour is a result of the shear of those fibres against the skin ground substance. The
third region, where the curve becomes linear again, corresponds to the final aligriment
collagen fibres with one another in the direction of applied force. This is, notably, the region
usedto estimatiorof thelargerY o u nngoduwusthedeformatiormodulus Here skinstiffens

at increasingly higher stress until it eventually bredke second and third regioase
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responsibldor theloadbearingoropertieof theskintissue andskinis normallyundertension

A

in vivo. The complexity skinds curve is why bot

values were listeth Figure3.12.

A given rubbery material, including those used in this study, can bstyessed and then
assessed to promote constructs witbhdped sheastress behaviours. However, such a
procedure may compromise fatigue resistance and deavgasadl elasticity. Alternatively,
processing materials as fibrous or porous structures, which can be created through
electrospinning, wet spinning, or gas foaming, may resuksimaped curves. This is because

the stress initially acts upon only the safatrix, but after some time, fibres align in the
direction of the stress and the entire matrix is pulled against the force, stiffening the fibres.
While thisis notthe casefor our electrospuror planarmaterialsunderstandinghe differences
betweend andS shapecturvess essentialor acompleteunderstandingf materialmechanical
properties. In this case, assessing the variable curvature presented during shedr stress

particularly, the point of 0 <alkwed dsstodeteenfiner ma t i

which polymeric materials were capablfevithstanding the same amount of forcelkis.

In conclusion, the results of Figure 3.13 show us that few materials have the strength of skin,
easily eliminating all of the polymers we assessed exXoeptraton D1152ES (SBS), shown

in red in Figure 3.13 (2b.i). Only this polymer would be able to be considered perdurable in the
context of skiarelated applications. The combination of results shows us that the low heat

treatment applied to this polymesi abl e t o | ower its Youngos

i mpacting its strength. Wh i | -shape,tit cad withsgandn o t

comparablestressandstrain. Furthertestsrelatedto pre-stressingf the materialmayproduce

a mateial that more directly mimics skin or other natural elastomers. Interestingly, R(VDF

TrFE) fibers, which have a similar Youngos

stress. Unfortunately, the limited strain capacity of P(VDFE) means that th material
would have to either be further modified for use as a stdwrte material or that nanofibers
could act as a different and nessential component of the construct. We continued our

analysis of this polymer with the idea of optimizing its usefdirther tests in Chaptér
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Elongation at Break Properties of Selected Elastomers and Flexible Polymers

To better understand our streggin results, particularly those of the polymers capable of
withstandinga level of stresssimilar to skin, elongationat breakpointswereassessedVe did
notassesskin herebecausét only bendsin standardizeavays,accordingo the movemenof
limbs, joints, or whenmakingfacial expressionsAlso, skin possessa®generativeapacity;if

it were to stretch to the point of tearing or even breaking, skin wouldagrew.

Figure3.13showsthatKratonD1152ESSBS),KratonD1161PT(SIS)andP(VDFTrFE) are
capable of withstanding stress similar to skin, but only Kraton D1152ES (SB8)tbatand

the sameamountof strain.The point of failure for KratonD1152ESSBS)wasableto surpass

that of the machine, unlike skin and the other polymers tested. In contrast, Kraton D1152ES
(SBS) blended with polyisoprene was capable of withstandiagsn variable amounts, and
lackedthe strengthto withstandcomparablestresgo skin or pureKratonD1152ESSBS).We
consequently selected heated and unheated Kraton D1152ES (3&8)) D1152ES (SBS)

+ 10% polyisoprene, and Kraton D1152ES (SBS)0% polyisoprene to analyse in further

elongation at break assessments.

We did not list P(VDFTrFE) in this figure because it suffers from a fatigue and deformation
that makes its deformation and break point different to the elastomers. It would bepragipr

to list a material that is not of the same thickness or structure alongside thesgqlanars
due.However jn ourstudieswefoundthattheelongatioratbreakpercentage fdP(VDFTrFE)

films was828%.The elongationat breakpercentagéor P(VDFTrFE) fibers was 279%. The

complete compilation of this data can be found inayeendix.

P(VDFTrFE)is aflexible polymerthatdoesnot breakeasily,but deformssubstantiallyandit

is reported to lose its piezoelectric capacity when subjaotestcess mechanical straftin
our own experiments, we observed that P(VDFE) films deformed permanently prior to
even50%elongationatitsfi b r epairk,ifs deformationwvas5-6 timesits original size.Such
deformationsreto beexpectedSinghetal hasshownhowevenminimal, repeateanechanical
stressors can cause mechanical fatigue of P(VEFE)>2 This mechanical phenomenon is
perhaps best described by Lamagtwhose work describes the elagpiastic deformation

stages that this flexibleolymer undergoes, even in nanofibrous f&§fccording toLam et
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al, this deformation process occurs first with the yielding region at 45% strain, followed by a
yielding stage between 60 to 200% strain, then a third stage leadingweehe200 and

327%%° Notably, this work also reported that annealed polymers have a substantially reduced

elongation at break that is only 44%We did not measure the mechanical properties of

PWDRTr FE), but our

fi ber s onlirewiththgsa.t i on
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Figure 3.14: Elongation at Break Percentages of Elastomeric Polymers. Elongation at break values for Kraton
D1152ES (SBS) in red, and Kraton D1152ES (SBS) blended with polyisoprene in purple.
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Elongation at break points in FiguB14 show that Kraton D1152ES (SBS) is capable

remarkable elongation. It can stretcl @nesas much as polyisoprene blends, differgrdssors

br ec

notwithstanding. Despite stretching to 2225%, Kraton D1152ES (SBS) showed permanent

deformation of no more than 50% of its original size (data not shown). This elorafdiieak

resultwas unexpectedas Kraton productspecificationsstateD1152 (SBS) is capable of a
maximum elongation ofip to 900%. However, differences in solvent, weight to volume

concentration, and equipment are all potential determining factors inrdéisetis.
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Polyisoprene blends were capable of elongatioetween 368900% as shown in Figure 3.14,

with exact elongations dependant on the percentage of polyisoprene. Permanent deformations
(data not shown) for these samples occurred much earlier compared tdahdgaton
D1152ES (SBS). Nontheless, thesefaimations were minor in comparison to the
deformations experienced by P(VOFFE). This may be reflective of the lack of capacity to
elongateasmuchasD1152,andconsequentlyelative,reducedleformation Deformationdata

can be found in thappendix.

Earlier in this chapter, the elongation at break value of skin was reported to range between 17
and207percent’3In theory,anyof thesepolymerscouldbeusedasbiomaterialdor skinbased

on our reported elongatieat-break data. Given thstressstrain curves, it is unlikely that
polyisoprene blends would be appropriate as implantables within any region with substantial
repeated mobility (i.e., joints) due to their inability to withstand a compai@bleunt of
strength. However, the elongat at break data was higher than skin for all polyisoprene
blends. While it may not be an ideal perdurable polymer, polyisoprene blends may
consequently be wedluited as components of wearables andeteftrodes.

Anal ysis of Y o tSnaimp €wvedhodElbhgatipat Bsepk Data s

Like biological skin, any artificial or second skin will mostly operate under fairly constant,
variable amounts of stress. Thus, materials that make up such products must exhibit a similar
robustness to skin. Thideal material should be able to be stretched under significant stress
with high applied forces, and be able to bear higher loads without deforming or breaking. As
such, candidate materials used in the replication of skin must have both high elasticity and

relatively high fatigue resistance in order to avoid permanent deformations or fracture.

Considering Young's modulus alone, Kaneka SIBS, Kraton D1152ES (SBS) polyisoprene
blends,andelectrospurkratonD1152ESSBS)areinterestingcandidatesAll of theseexhibit
avaluebetweertheelasticanddeformatiormoduli of skin. However,in a subsequerdnalysis
considering the overall range of the streain curves for selected polymers, these materials
are shown to be either softer (Kaneka SIBS, Kr&@h52ES (SBS) polyisoprene blenaisd
electrospurKratonD1152ESSBS),or simplylessresistanto failure (KratonD1161PT(SIS)
andKraton D1152ES(SBS) polybutadieneblends)thanskin. Most materialsassessethiled

1



before 100%strain, while porcine joint skin reaches nearly 150% and skin surrounding ear
musculature reaches 250%. The elongation at break analysis confirmed this, showing
decreasing elongation at break percentages based on increasing amounts of polyisoprene and

heattreatment.

Theresultsfrom Figures3.12,3.13,and3.14showtheremarkablempactof processingnthe
mechani cal properties of elastomers. The Yol
break obtained for the elastomer sheets and electrdgpes examined in this work differ
substantially from those reported for poly[styrdnéethyleneco-butylene}b-styrene]

processed as membranes for electrodialysis (thickness13®M@Am) or as membranes for

dielectric elastomer actuators (thickness® @D nm).>4>°

Skin has a variable ultimate strain percentage in different mammals, making it difficult to
mimic. In humans, this value may be as high as 264t our own data on porcine skin yields

values as high as 250%. Considering this, as well the stress skin is cafpahlestanding,

pl anar Kraton D1152ES (SBS) is the only mate
and stresstrain curves. Nonetheds, like all the other polymeric materials testetthis study,
KratonD1152ES(SBS)doesnot presentanidenticalstressstraincurveto skin. Additionally,

its loadbearing capacity is only comparable when it is cured at relativelydoweratures
(ideally37°C).In contrastheatedKraton D1152ES(SBS)fails muchearlier, and electrospun

Kraton D1152ES (SBS) presents much lower load bearing properties. However, the latter
possesses variable quantities of iron (IHpfuenesulfonate hexahydratehieh can alter these

propertiessubstantially.

Technically, a material such as electrospun P(MDIFE) may perform perfectly adequately
compared to human skin. | ndeed, -TrFH) Bbre¥aveu n g 6 s
moresimilartothoseof porcineskin,while films presenaiveryhighY o u nngodususcapable

of briefly withstanding strongly applied forces. Unfortunately, these sstes® curves also

show that flexible electrospun P(VBIRFE) experiences creep, material deformities, and
partial breakage at relatively low strain compared to porcine skin samples. P{xHE)
copolymers typically have Youngo6s miandsyl i of

comparatively, fibrous structures may have

and 340 MPa, tensile strengths below 3 MP&8 °¢ 9 10As such, this material waspected
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to mimic skinds properties to some extent.
mayvaryfrom our own (likely dueto theextremethinnesof our films) the electrospurvalues
areindeedin theexpectedange As with mammaliarskin, thesevaluescanbe highly variable
dueto thicknessheatprocessindif necessarfor optimizationof ferroelectricproperties)and
variousotherfactors.ThedifferencedetweerP(VDFTrFE) constructsllustrateshow crucial

macroscopic design is when defining mecharpcaperties.

Kraton D1152ES (SBS) has been engineered in a particular way that could be an ideal second
skinsubstitute Althoughthe shapeof thestressstraincurvesof the materialcomparedo those

of skinareof adifferenttype,planarD1152is capableof resistingcomparativelyhighamounts

of stressandeasilycanwithstandgreatstraind greateithanskin,evenunderrepeatediuress.
Themaindifferencebetweerthesematerialgs that, unlike skin, it doesnotundergaa J-shaped
curveof deformationwhichisthecauseof its largerY o u nngoduus.lts elongatiomat break

data also implies that it has the capacity for a lifesihet far surpassegx vivoskin; a
particularly important trait as D1152 possesses no regenerative capacity. When considering
materialdor secondskin substitutgpurposestepetitivestressand strainmustbe considereds

most polymers are not sdikaling. Human joint movements range from a minimur@to

a maximum of 140degrees, found in wrist extension and elbow flexion, respectiVely.
Meanwhile, skin has an age dependent ultimai@rspercentage that ranges from 75% in
neonates to 60% in the eldefRin comparison to parts of the body capable of undergoing
regularrepeatedtrain,nerveswhichactasaviscoelastianaterial stretchapproximately. 5%

in situ,andarecapableof stretchingupto 40%beforereachingheplasticregionof permanent
deformatior?® The typical loaeelongation and stresgrain curves for peripheral nerve in a

digit can be seen iRigure3.15.

It is notable that viscoelastic materials, including esrand skinhavevariable stiffness that
changes when elongation occurs rapidly rather than sf\@tudies of rabbit tibial nerves

have shown that maximum elongation can range between 38.5% to 55.7%, based simply on the
rate of elongatioR® This implies that viscoelastic materials exhibit reduced abilities to tolerate
elongation when elongated rapidAs such, elongation rate plays a major role in deformation

and hysteresis. Our own materials were elongated at the maximum rate possible, implying that
the results in Figure 3.14 may in fact be the lowest maximum elongation rates achievable.

Althoughthemaximumelongatiorhasbeenestablishediepeatedregularstrainis

1
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a more important metric for biomedical materials. In the bodg,ighdone an infinite number
of times® meaning that the fatigue properties of our selected materials are essential to our

assessment. Our fatigue analysis of skin and polymers is detailed in the next section.
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Figure 3.15: Load-Elongation and StressStrain Curves for Peripheral Nerve in a Digit. Taken from the
Structure and Biomechanics of Peripheral Nerves: Nerve Responses to Physical Stresses and Implications
for Physical Therapist PracticePhys Ther. 2006;86(1):92109. Copyright Oxford University Press®®)

3.4 Comparative Analysisof Skin and Elastomers through FatigueAssessment

Fatigue resistance of flexible and elastic polymers is highly dependent on test conditions. The
failure process throughout repeated deformation cycles will change enorrfaudifferent

test modes (tension or flexion) and sample shapes. In tensile conditions, the magnitude of
averagestresduringa fatiguetestandits correspondingpositionin the stressstraincurveis a

critical factor. The presence of simultaneous craeg physical aging also hate be taken

into account. The large variety of factors influencing fatigue resistance makes specific fatigue
testsmimicking potentialworking conditionsessentiafor assessingnaterialdurabilityin real
applications.

As previously mentioned, selection of a second skin substrate requires one of two properties:
regeneration, or such a long lifespan where regeneration is not needed. Since the assessed
polymers are all subject to mechanical fatigue and consequent pointsyatelstrain, it is
extremely important for their mechanical properties to be capable of long term use, through
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severakyclesof deformatiorasreflectedn fatigueassaysAs shownin Figure3.16,thestrain
amplitude of the pig skinrkle and ear show failure at or prior to 10 thousand cycles when
subjectedo anamplitudearound?2.5%,while theycansustairupto 10°-10° cyclesat verylow

amplitudes of aroun@.5%.

10 | 2 SRV WA » D152 (37°C)
2= g D1152 + Polyisoprene 10% wt
o -
o T |
o '\ D1152 + Polyisoprene 10% wt (150 °C)
F:" \ D1152 + Polyisoprene 20% wt
‘a —ae—\ : :
£ 5F ~—-—-—-___—5‘-:&< 4 DI1152 + Polyisoprene 20% wt (150 °C)
% D1152 Electrospun (Random)
%) Pig Skin Ankle

Pig Skine Ear
0 1 1 - 1

10° 10* 10° 10° 107
Cycles

Figure 3.16: Fatigue Analysis of Elastomers anéx Vivo Skin. Fatigue analysis of Kraton D1152ES (SB)
red, Kraton D1152ES (SBS) blends with polyisoprene in purple, electrospun Kraton D1152ES (SBShiue,
and porcine skin in pink .

In Figure 3.16, the number of cycles to failure are shown as a furaftstran amplitude in

tensile fatigue tests. The error bars correspond to the average of absolute deviations from the
mean value. The lines shown are best fits between the three different strain oscillation
amplitudes, U, and t hNeas s umb ealybehfViowr bastdeos t o
the CoffinrManson relation). The amplitudes of strain were fixed at 2.5%, 5%, and 10%. The
smallverticaldisplacements polymericmaterialsarefictive displacements bettervisualize
thedata.At 2.5%,mostmaterialsdid notreachapointof failure duringthetests.In suchcases,
amplitudedatais not shown,but specificvaluescanbevisualizedin Table3.3.Becausef the
differences in strain amplitude skin was capable of handling, porcine skin isydibda
individual test results instead of an average value. This is done with the aim of visualizing the

overall dispersiombtained.

The fatigue behaviours of the various synthetic materials are fairly similar within each strain
amplitude. When subjectad deformation cycles of 5% and 10% amplitude, they fail within
10° to 2x1 cycles.On the otherhand,in testsperformedat 2.5%, mostsamplesiid notreach

a point of failure. Fatigue tests are very dependent orcantrollable sample characteristics
like micro-cracks or density inhomogeneity. As such, a great quantity of tests at varied

amplitudes are necessary to fully determine the fatigue behaviour ofribt=@ls.
1



Table 3.6: Strain Amplitude & Cycles to Failure of Elastomers

Material Strain amplitude Cycles to Failure
D1152 37°C 2.5% >5x10
5.0% 1.3x16¢
10% 4.4x10
D1152 + Polyisoprene 10% wt 2.5% 4.0x10¢
5.0% 8.5x10
10% 2.0x1C
D1152 + Polyisoprene 10% wt (180) 2.5% >5x10
5.0% 7.9x10
10% 3.3x10
D1152 +Polyisoprene 20% wt 2.5% >5x10
5.0% 6.3x10
10% 1.8x10
D1152 + Polyisoprene 20% wt (180) 2.5% >5x10
5.0% 2.8x10
10% 1.5x10
D1152 Electrospun (Random) 2.5% >5x10
5.0% 7.8x10
10% 1.1x1¢

Themaintendencybservedn thesefatiguetestss thatsamplegontainingpolyisopreneshow

a reduction of fatigue resistance compared to planartressed Kraton D1152ES (SBS) and
Electrospun Kraton D1152ES (SBS). This is consistent with our assumptions based on the
elongation at break datagviously shown. Regardless, all synthetic materials show fatigue
resistancerdersof magnitudenigherthanthe skin sampledor all amplitudedestedBasedon
stressstrain curves, we suspected that polyisoprene blended samples would not be capable of
the same amount of strain as skin. However, our fatigue tests show that this is not the case.
Here, skin is incapable of withstanding strain greater than 2.5%. Given that the ultimate strain
of human skin can be up to 207%, this can be assumed to bettleexovivonature of these

tests’® As skin possesse®generativeapacitiesn vivo, thefatiguecapacityof thesepolymers

is extremely promising given that our polymers are-regenerative synthetioaterials.
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3.4 Conclusions

Ourwork in thischapterfocusedonthe mechanicapropertieof awide rangeof polymersand
polymerblends.In the contextof a perdurablgpolymercapableof mimicking the propertieof

skin, Kraton D1152ES (SBS) is capable of undergoing large amounts of stress and strain that
surpass those found in the body, even those of the dermis. It is additionally capable of
withstandingargeamountsof mechanicafatigue,like manyelastomerspnly deformingafter
undergoing substantial elongation. This study provides the basis of information required for
creating products that can be implanted or worn {@mm. Not all the materials tested are
suitable as substitutes for artificial skin asithfatigue properties are inadequate for this
application, and skinds vi scoel asti c, ani s
replicate. However, the other polymers tested undoubtedly have other potential uses, such as
in soft electrodes, othéypes of biomedical devices, or wearables.

As skin is capable of regeneration, an extensive assessment of fatigue would likely involve
deformationtestsfocusedon mimickingthe anisotropicgpropertiesof skin affixed to abody,to
understanavhetherthesematerialscouldbe usedaswearable®r in similar contexts Our own
research could be furthered by performing fatigue tests in a humidified environment,
preventing dehydratiechased fatigue failure, which occurred to skin in this study at an
acceleratedrate. Similarly, electrospun materials experience changes to their mechanical
properties after long periods of time or prolonged exposure to air; a humidified environment
during testing would almost certainly influence results. In summary, this work sthaivs
Kraton D1152ES (SBS) is an elastomer with easily modifiable mechanical properties when
combined with other polymers, such as polyisoprene, or additives, such as irpna(lll)

toluenesulfonate hexahydrate. It has distinct promise for use in a variietglef
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4.10utline

The mechanical results previoustietailed in Chapter 3 allowed us to identify which
elastomers were best suited for uses in wearables and perdurable implantables. However, the
nature of this work necessitates an electroconductive component. This essentially means that
this chapter focusesn the creation and validation of soft electrodes whichhaameadded
piezoelectridunctionality. We beginwith theidentificationof othersoftelectroconductivand
piezoelectriconstructsdiscussedn Sectiord.2. This sectiondiscussethe propertieof these
constructsaswell asthe challenge®f maintainingelectroconductiver piezoelectridunction
alongside functional elastomeric properties. \f@ on to discuss the initial materials

considered.

Section 4.3 includes our preliminamgsessment of these materials, with a focus on those able
to adheresuccessfullyo our selectectlastomersproducingsufficientconductivityfor thefirst

time. Here we specifically discuss the development of our first soft electrodes: Kaneka
SIBSTAR™ (SIBS) with thermally evaporated platinum, thermally evaporated gold, painted
silver, and thermally evaporated platinum with electrodeposited iridium oxide. These are all
functional two layered constructs that can serve as soft electrodes in furtherhreSéarc
creation of the latter combination, SIBfatinumirOx, is a novel electrode that has not been
previouslyreportedn theliterature.Followingtheseresults theseelectroconductivenaterials

are analysed in attempt to understand how they maynmddpaepeated stress and straife

were able to obtain an alternative crisged polymeric platinum that we believed would be
well-suited for biomedical purposes. This platinum acted as both a conductive and adherent
surface. This allowed us to creatt electrode surfaces not only of elastomers and platinum,

but customizable soft, piezoelectric electrodes, detailed in secton

In Sections 4.5, 4.6, and 4.7 we analyse the functionality of the complete construct. This
includes both the electricgiroperties and electromechanical properties, which include the
determinatiorof Y o u nrgoduwus fatigueandelectromechanicdhtigue.Section4.8focuses
onapiezoelectrianalysisof the constructthroughboth FTIR andpiezoelectridunction. This
andthe final section conclude our validation on the creation of an elastomeric, conductive,

piezoelectric construct with easily customizafeperties.



4.2. Introduction

4.2.1 Electroconductive Materials Used in BiocompatibleDevices

Creatinganelectroconductivelastomers aconundrumElectroconductivenaterialsaareoften
flexible, but rarely elastic. Clinically, elastomers substrates are used as insulators for
conductive devicesFor instance, implanted vagus nerve stimulation theraplyzes 43
centimetetongsilicone,platinum,andiridium-basedieviceswith resistancesmngingbetween

120 t ollmplan@ablegextraand intramuscular and/or extrand intraneural electrodes

also often involve electroconductive elastonfetslowever, traditionally, the more elastic a
material, the less conductide and vice versa. More often than not, such products and other
electroconductive elastomers lose most of their elastomeric properties in the production

process, which has been discusisepreviouschapters.

In Table 4.1, 41 electroconductive or piezoelectric elastomer constructs were identified as
similar productgo theelectroconductivelastomemwe aimedto create Fromtheseconstructs,
threehadnoteworthyelasticpropertiesyith elongatioratbreakpointsabovel600% Mixtures

of PEG2kAT6-TMP, polyaniline, and carbon black had conductivity ranging from 8°.

to 0.1 S/cm® Styreneb-ethylbutyleneb-styrene (Kraton G1645) blended with carbon black

had conductivity values ia similar range: 6.1 9.5 - 10* S/m/Most interesting was acrylic

acid and >imethyl (methacryloyloxyethyl) ammonium propane sulfonate, which had the

hi ghest elongation at break v ad 8/en®dnfbrieff 0, 000 ¢
we foundelectroconductivelastomersvith elongationat breakvalueshigherthan1600%had

conductivities no higher than 0Sicm.

As elongation at break values were reduced, higher conductivities were reported. A further
eightstudiegeportecelectroconductivelastomersvith elongatiorat breakvaluesover300%.

On the lower end of the spectrum, the conductivity of styteriadiene rubber, carbon black,
andcarbonnanotubebasedonstructsangedetweerl0? - 101 S/cm38 Thisnumberjumped

to 1.3 S/cm wi the combination of reduced graphene oxide and hydroxylated dtyrene
butadienést yr ene t hat had el ongHThiswasamdretiamtenak v a |
fold increase compared to the previously mentioned PEEIB«TMP, polyaniline, and

carbonblack blendwith a maximumconductivityof 0.1S/cm®®Pol yst yrenei pol yi

150



polystyrene mixed with Ni nanoparticles and reduced graphene oxide showed an even higher
conductivity range between 2:16 S/cm? Finally, blends createdsing poly(styrene&o-
butadiene) or polycaprolactone and carbon black had conductivity values in the range of 1.4
14 S/m°® Therefore, according to the literature on electroconductive elastomers similar to our
own selected polymers, we could expect a cetidity ranging between 6.1 - ¥&/m and 14

S/m.

The remaining four polymers with elongation at break values higher than 300% pursued
substantialldifferentapproachew us.Conductivepolyurethanalopedwith camphorsulfonic

acid had conductivity vakes ranging between 2.7 -8 7.3 - 10° S/cm*!Polyamide 6 filled

with elastomers and carbon black had a conductivity of 7.1%81f 2 Notably, its elongation

at breakvaluesrangedbetweent3 - 311%?° Polyolefin elastomemanofibrousyarn andAg
nanowires had a r epdFinadlyl silicoees singlé walledt cgrboro f 10
nanotubes, and ionic liquid had one of the highest conductivities with values ranging between

18 - 63 S/cm? Interestingly, this final construct was only testedtaB00%- we can only

assume that the elongation at break valsemslar.

Five moreconductiveconstructsvereidentified: Thesehadelongatioratbreakvaluesbetween

100% and 250%. Conductive nanofibrous PANI/PVDF strain sensors were creatgbibut
precise conductivity value was not listediliconeCarbon nanocomposites had resistivity
valuesangingbetweerl.62- 101to5- 10**q - cm, whichresultin anequivalentonductivity

value range of 5 - 18¥to 6.1728 S/cn’ Similarly, PDMSCarbon nanotubes hadesistivity

range of 2.03 52 2 5 ¥ Silitcoregrubber and eutectic gallidimdium stated resistivity
valuesof 2.571 3.1q atrestandthatfailure beginsat250%,but listedno definedelongationat
breakpoint?! Finally, conductivefilms of PEDOT:PS®n PDMShadthe highestconductivity
ranging between 10650 S/cnt?With elongation at break points betweerZiD%, this final
construct gives the maximum conductivity listed for any electroconductive elastomer we
encountead in the literature. The remaining studies that were identified had no elongation at

break values or electromechanical dated.



Table 4.1: A Summary of Soft Electroconductive and/or Pressur&ensitive Constructs (1/5)

Study Polymer Maximum Storage  Conductive or Maximum Bio-
Functional or Piezoelectric  Conductivity/  compatible
oratBreak Y o un { Material Resistivity
Elongation  Modulus

Study of two types of Electroconductive 0.98 Brass plates Changes base
sensors of statiforced a rubber .10t PZT4M on volume of
piezoelectric sensor and a MPa rubber
piezoelectric elastomer

sensaof!

Liquid single crystal Liquid Single 307 50% 2.8 GPa PEDOT:PSS Actuates
elastomer/conducting Crystal Elastomer basedon
polymer bilayer composite conductive
actuator: modelling and layer thickness
experiments)

Investigation of Polyvinyl alcohol Changes Graphitized 10%-10q
electroconductive films based on carbon black

composed opolyvinyl polymer to

alcohol and graphitized carbon ratio

carbon blacf)

Characterization of Kraton G1645 1800- 8-14 Carbon black 6.1-9.5- 10
Thermoplastic Elastomers  (styreneb- 2475% MPa S/m

Based Composites Doped ethylbutyleneb-

with Carbon Black’ styrene)

Study of the reinforcing Poly(styreneco-  60% was the Varies Carbon black 102- 1014
mechanism and strain butadiene) maximum based on S/cm based or
sensing in a carbon black tested carbon carbon content
filled elastome® content

Relationship between Poly(styreneco- O 650% Carbon black 1.4-14 SIm
conductivity and stress butadiene) or and super

strain curve of Polycaprolactone conductive

electroconductive composit carbon black

with SBR or

polycaprolactone matric@s

Super Stretchable PEG2kAT6- 1643% 3.8-7.7 Polyaniline 8.2 - 1o Yes
Electroactive Elastomer TMP MPa nanofibers, 0.1 S/cm
Formation Driven by nanosized

Aniline Trimer Self carbon black

Assemblyt?

Dielectric and microwave  Natural rubber Carbon black 2.2-16-1.2
properties of elastomer SVR 10 and doping -10%q L
composites loaded with agents

carbori silica hybrid
fillersv
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Table 4.1: A Summary of Soft Electroconductive and/or Pressur&ensitive Constructs (2/5)

Electromechanically
Responsive Liquid Crystal
Elastomer Nanocomposites
for Active Cell Culturé?

Liquid crystal

elastomers 35%

Testedupto 2.1-8.1

kN

Carbon black
nanoparticles

0.21 3 8.
m

5 Yes

Reduced graphene
oxide/hydroxylated styreiie
butadienéstyrene trblock
copolymer electroconductivi
nanocomposites: Preparatic
and properti¢s?

Styrene
butadienestyrene

318- 632%

2.32-
7.48
MPa

Reduced
graphene oxide

1.3S/m

Simultaneous Improvement
in Both Electrical
Conductivity and Toughnes:
of Polyamide 6
Nanocomposites Filled with
Elastomer and Carbon Blac
Particle§®

Polyamide 6 63-311%

0.85-
1.11 GPa

Carbon black

7.1 x 108S/m

Effect of small additions of
carbon nanotubes on the
electrical conductivity of
polyurethane elastoni&?

Polyurethane

030 N

Single wall
carbon
nanotubes

Varies based
on carbon
concentration/
temperature

Fabrication and Evaluation
of the NovelElastomer
Based Nanocomposite with
Pressure Sensing
Functior'”

Silicone

0200 %

CarbonSilica

1.62 - 10't0o 5
-10%q L

Electroconductive
Composites from
Polystyrene Block
Copolymers and Gu
Alumina Fillerf®

Polystyrene block 17%
copolymers

50- 150
MPa

Cui Al 203

4.35 - 10'%to
7.7 -
10 S/cm

Hybrid nanocomposites of
thermoplastic elastomer anc
carbon nanoadditives for
electromagnetic shieldifi§

Poly (styreneb-
ethyleneran
butyleneb-
styrene)

Graphene
nanoplatelets
and carbon
nanotubes

1.2 - 10"to
2.2 S/lcm

Continuously Producible
Ultrasensitive Wearable
Strain Sensor Assembled
with ThreeDimensional
Interpenetrating Ag
Nanowires/Polyolefin
Elastomer Nanofibrous
Composite Yarii®

Polyolefin ~575%
elastomer

nanofibrous yarn

No
change in
modulus
after
nanowire
addition

Ag nanowires

10 q




Table 4.1: A Summary of Soft Electroconductive and/or Pressur&ensitive Constructs (3/5)

Design and Fabrication of  Silicone rubber Failure 63 kPa  Eutectic 25713. 1 «
Soft Artificial Skin Using begins at galliumrindium  rest
Embedded/icrochannels 250%

andLiquid Conductorg?

Polyisoprenenanostructured Polyisoprene Carbon black 10°to 10'q |
carbon composité A soft m

alternative for pressure

sensor applicatidf?

Conductivity and Styrene 16.3i Multiwall 10*to 1.6
mechanical properties of but adien 94.1 carbon S/cm
composites based on MPa nanotubes

MWCNTs and s

butadiene st

copolymer&?

Carbon nanotubeoated Silicone Tested up to Single and 0.861t0 Yes
silicone as a flexibland 20% multiwall 1.5x16k q / ¢
electricallyconductive carbon

biomedicaimateriaf* nanotubes

Electrically conducting Polyn but y| Doped with 2-10%-1-
pol yanil i ne | methacrylate} dodecyt 10°S/cm
composite films obtainedy  polyaniline benzene

extrusior?® sulfonic acid

El ectro cond: Cottonyarn; Carbon black 0.1- 36k q-
and heating elementmsed polyethylene; cm; varies
on conductive polymer polyamide; latex based on
compositeg® carboncontent
Electrical properties of Silicone/PDMS Carbon black  10°- 10°Pq L
flexible pressure sensitive and natural

chezacarb/silicone rubber graphite

nanocomposité¥)

Carbonrnanot ube Pol yuret Multiwalled

t her mopl ast i « poly(methyl carbon

poly(methyl methacrylate) methacrylate) nanotubes

nanocomposites for pressul

sensing applicatiofs)

Singlewalled carbon Silicone Tested upto 0.399- Single walled 18- 63 S/cm
nanotube/silicone rubber 300% 4.6 MPa carbon

compositegor compliant nanotubes; ionic

electrode$ liquid

Development of a Silicone PEDOT Yes

Regenerative Peripheral
Nerve Interface for Control
of a Neuroprosthetic
Limb(@0)
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Table 4.1: A Summary of Soft Electroconductive and/or Pressur&ensitive Constructs (4/5)

Electrical, mechanical and Polyaniline 50- 250% 60-140 Doped with 1031 10°q  /
piezoresistive behavior of a poly(n-butyl MPa n-dodecyt
polyaniline/poly@-butyl methacrylate) benzene
methacrylate) composité) sulfonic

acid
A Conductive Composite ~ Carboxy Multiwall ~1.2-4t10*  Yes
Nanomaterial with methylcellulose carbon S/m
Biocompatible Matrix and  matrixand nanotubes
Multilayer Carbon flexible polymers
Nanotube$?
Piezoresistive Behavior Silicone rubber Graphite Piezoresistive
Study on Fin: nanosheets under low
Silicone Rubber/Graphite pressure
Nanosheet
Nanocomposité®’)
Silicone Substrate with PDMS, Silicone Carbon 7601 8 2 7 Yes
Collagen and Carbon nanotubes
Nanotubes Exposed to
Pulsed Current for MSC
Osteodifferentiatiod®
An ultra-sensitive resistive  Polypyrrole Low Doped with 0.5 S/cm
pressure sensor based on elastic phytic acid
hollow-sphere modulus
microstructure induced changing
elasticity in conducting with
polymer film©5 compress

ion

Electrical Propertiesf PPy Polypyrrole Tested up to Doped with 0.67-3. 83
Coated Conductive Fabrics 25% 97%
for Human Joint Motion Anthraquinone
Monitoring®® 2-sulfonic acid

sodium salt

monohydrate;

oxidized with

98%iron(lIl)

chloride (FeCI3)

hexahydrate
A supramolecular Acrylic acid and  10,000% O 5 O 2%
biomimetic skin combining 3-dimethyl S/cm
a wide spectrum of (methacryloyloxy

mechanical properties and
multiple sensory
capabilitie&”

ethyl) ammonium
propane sulfonate




Table 4.1: A Summary of Soft Electroconductive and/or Pressur&ensitive Constructs (5/5)

Strain and damage Styrene O 300% 1.5-12.8 Carbon black 102- 101
monitoring in SBR Butadiene Rubbel MPa and carbon S/cm
nanocomposites under cycl nanotubes

loading®®)

Simple and coseffective PDMS 25-110% 2-4 Carbon 2.03-52 25 Yes
method of highly conductive MPa nanotubes /sq

and elastic carbon
nanotube/polydimethylsilox:
ne composite for wearable
electronic§®

Enhanced electrical Styrene 10.5- Graphene oxide 10'%to 1.64 -
conductivity and mechanica butadienestyrene 23.8 102S/m

property of SBS/graphene MPa

nanocomposité”

Synthesis and Conductive 75-728%  3.1-17.9 Doped with 2.7 - 10°- Yes
characterization of Polyurethane MPa camphos 7.3 - 10°S/cm
conductivepiodegradable, sulfonic acid

elastomeric polyurethanes
for biomedical
application§?

Electronic Properties of PDMS 30- 200% PEDOT:PSS 100- 550
Transparent Conductive S/cm

Films of PEDOT:PSS®n

StretchableSubstrateé?

3D-Stacked Carbon Pol yst yr Assessedup 2.1 KPa Ninanc 2.1-6 S/cm
Composites Employing isoprene to 300% particles and

Networked Electrical Intra  polystyrene reduced

Pathways for Direet graphene oxide

Printable, Extremely
Stretchable Conductdf®

Highly Sensitive, Polyurethane Carbon black O 6.04
Stretchable, and Wash

Durable Strain Sensor Base

on Ultrathin Conductive

Layer@Polyurethane Yarn

for Tiny Motion

Monitoring“4

Patterned, highly stretchabl Polyaniline 22% for PVDF Pressure
and conductive nanofibrous recovery of related
PANI/PVDF strain sensors strain; max conductivity
based on electrospinning of 110%

andin situ polymerizatioff®

Outof thesestudiesthecreationof PEDOT:PSS®n PDMSis particularlynoteworthyasit lists
one of the highest possible conductivites for an electroconductive elastomeitréitbkable,

conductivefilms producedn thispaperareintendedastranspareniapacitivepressuresensors
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for mechanicallycompliant optoelectronic devicés.Although PDMS is a recognized
elastomeric material, Lipomi et al. reportat the films are only reversibly stretchable up to
30% uniaxial strairt? Buckling is evident at as low as 10%, with significant cracks seen at
50%:2 Conductivitywasretaineduntil 188%,with theelongatioratbreakpointlistedatalmost
200%%? With such deformations occurring, cyclic loading results in an expected increased
resistivity respective to increases in strain percentage. However, resistivity only changes by a
factor of five after 1000 stretch&Despite usage of an elastomeric bése glectromechanical
fatigue of these films seems more similar to a flexible elecérdulg as conductivity retained

up to 188%, this remains the most conductive electroconductive elastomer we idéhtified.

This chapter focuses on electroconductivity of @onstruad not only for the successful
formation of an electroconductive elastomer, but for the creation of one appropriate for
biological applications. Seven of the studies identified produced electroconductive elastomers
tested in biological setting8.13 24 30. 34,39, 4&jx of these studies were intended ifowitro or

in vivo use, such as mesenchymal stem cell ediferentiation, humammachine interface
systems for neuroprosthetics, and soft tissue regenetétigh.® Within these studig

conductivity ranged from 0.1 S/cm to 2.7 “#@/cm1% 4

The work of Chen et al details the creation of electroconductive elastomehnavhabme of

the highest listed elongation at break values (1643%) and potential electroconductivity values
(maximumof 0.1S/cm)of electroconductivelastomerslesignedor biologicalapplications
Notably, neither the electromechanical properties of these constructs nor electromechanical
fatigue properties are listed. While cytotoxicity was assessed, welis not subjected to
electricalstimulationin this study,leavingthec o n s t aleatrecdlcapscityin questionOver

half of the studieghatassessediocompatibilityonly confirmeda lack of cytotoxicity anddid

not explore electrical or mechaniaimulation of cells on the their chosen materi&l3’#

In contrast, liquid crystal elastomer nanocomposite constructs reported conductivity between
5. 10%and 2.5974 - 16S/cm, elastic moduli ranging between 2.1 and 8.1 kN, and stable cyclic
loading even after 5000 cycl&$This paper selected samples with a thermomechanical strain
capacity of 22.5% and tested neonatal rat ventricular myocytes under a 40 V AC pulsed

electrical signal for 72 hourd Samples were coated with gold and collagetygiyrene and



collagen, and glutaraldehyde and collag€Fhe latter two sample types produced substantial
increases in viability following stimulation; no major difference was seen between
unstimulated and stimulated getdllagen coatd sample$® While the conductivity of the
samples post polystyrefmollagen and glutaraldehyamllagen is not listed, samples prior to

coating had a resistivity of 1.33 - 16

Other studies listed a conductivity of 1.1628 >Blcm as appropriat®r C2C12 myoblast

cells and maximum conductivity of 7 - 1®/cm for MSC osteodifferentiatich. 3* This

implies that a final conductivity between 1.1628Y° S/cm to 1.3333 103 S/cm would be

suitable forin vitro or in vivodevices. This is lesti&n a previous publications from our lab,

which used 2.8 - 1®to 1.8 - 1¢* S/cm and 9.1 - IHand 0.8 S/cm for neural stem cell
cultures?” 48 Both studies produced flexible, biocompatible electrodes with the aim of
producing scaffolds able to sustatmrrents with magnitudes of G110 0 ¢ A. A subs
capable of producing current of wup to 100 ¢
around 1 - 16 S/cm.

4.2.2 Design and Developmenbf a Novel ElectroconductiveElastomer

We have previously (in Clpéer 3) discussed the importance of mechanical properties and our
work. We chose to restrict ourselves to electroconductive materials which would produce a
similar substrates to those found naturally in the body. For the purposes of our work, we
identified that our ideal substrate may require a matrix as low as 1 to 20 kPa. This is in line
with a range of natural biological substrates, including brain tissue on the lower end of the
spectrumglial cellsin themedianrange andmyofibroblaston the upperendof thespectrum.

%0.51 Qur desireto createanelectroconductivelastomesuitablefor the somatosensorgystem
meantthatkeratinocytesfibroblasts,andneuronakells, particularlydorsalroot ganglionsand
Schwann cells, would have to kexeptive to the electromechanical stimulation producible by
our construct. Considering both electrical conductivity and mechanical properties in tandem
was essential to the progression of our work as any construct produced needed to
electromechanically siable for use with somatosensory system cells. We were consequently
forced to restrict our choice of conductive materials, particularly avoiding filler materials, as
our identified mechanical properties were already higher than those of the soft blologica

substrategdentified.
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We hypothesized that we could create a customizable electroconductive elastomer, with an
easily alterable conductive layer would be the optimal construcinfertro, in vivo, and
wearable uses. Given our finaihtentions for this construct and the range of
electroconductivities we discovered were possible when creating an electroconductive
elastomer (as shown in Table 4.1), we chose to prioritize not only the creation of an
electroconductive elastomer, but asadile, customizable electroconductive elastomer with
modifiable conductivity and minimal elongation values of at least 100%. Values reaching at

least 200% (as occur in skin) were considered ideal.

At thisstage PEDOT,PPy,andP3HT wereof interestto us becausef theirelectroconductive
properties. These electroconductive polymers also had highly desirable mechanical properties
compared to filler materials, such as carbon black, and had the potential to enhance the
conductivity of our solutions. Whiléhey can be blended with other polymdP&DOT and

PPy are watebased. Blending involves directly mixing the material in a solvent using
techniguesuchasultrasonicationthenmixing thesolutionof polymerusingthe samemethod.
Ourselectecelastomerarenotwatersoluble whichresultedn miscibility-relatedssuesvhen

we attempted to create blended solutions using thagmers.

We subsequently attempted approaches similar to Lipomi &t vetjle simultaneously
assessing use of solid electrodantive materials, such as gold and carbon nanotubes. Such
materials can be integrated or deposited using electrodeposition, inkjet printing, or other
techniques to create layered structures. We continued our work by assessing combinations of
electrocondutive polymers and materials, determining the conductivity of the overall
construct, and validating the electromechanical properties of our chosen materials, as is as
detailed in the next section (4.3).



4.3 Results

4.3.1 Conceptual analysis: Creaton of Electroconductive Elastomers and Initial
Assessments

Given the resources available to us, we had a substantial number of combinations of materials
to test. We came up with 78 different combinations of materials to test, focusing on materials
that wecould be utilized through both blending and deposition methodology (figure shown in
the appendix). Our preferred materials were IrOx, gold, and carbon nanoparticles. The
percentages listed refer to the proportion of combinations involving a particulariahat

regardl ess of whether they were used in 01l ay

To assess these 78 combinations, Kaneka SIBSYAB2M:102T was dissolved in THF or
chloroform at 10% wt concentrations and combined with a varietgl@troconductive
materials. Approximate resistivity was assessed. This assessment was done as a rough gauge
to understand how each electroconductive material impacted the electromechanical properties
of the polymer.A varietyof differentmaterialsnvereassesse(tletailedin the appendix) With

the exception of the polymers (in solution) and carbon fibers, which were a blended material
with aresistivityin the range 02K q ,all testedmaterialshadthe lowestdetectableesistivity

(in the range of 20Q ) . I n many cases, the combinations
notdetectablevith ourmachinerymeaninghatthee | a s t iosolatingprepertiehadbeen
dominant. We hypothesized encapsulation was occurring, a phenomenon that we were later
ableto confirm andis detailedin Chaptei5. Furtherdetailsonthevariouscombinationgested

can be found in thappendix.

Electroconductivity and elasticity are often contradictory terms outside of organic systems.
While elasticity is easily achievesiith Kaneka SIBSTAR™ 062M:102T, addition of enough
electroconductive materials into a solution results in a material that is no longer elastic.
Examplesof thiscanbeshownin Table4.2,whereelectroconductivéut brittle materialsvere
created usingtaneka Kaneka SIBSTA® 062M:102T and IrOx. In situations where Kaneka
SIBSTAR™ 062M:102T has a watdrased electroconductive material placed atop it, (e.g.,
iridium in water), the material was so hydrophobic that it repelled the electroconductive
solution andcausedheformationof micelles.This contributedo thelack of homogeneityve

160



found in some of our samples. Initially, surfactants in combination with voais¥d
electroconductive materials were assessed. However, after te@gtimng®SS and sodium

stearate failed, we moved on to other promising Hayelayer approaches.

4.3.2 Experimental Creation of Electroconductive Elastomers and InitialAssessments

In contrast to watesoluble coatings, we found that Kaneka SIBSTARG62M:102T was

easily coated with gold and platinum nanopatrticles via thermal evaporation. Furthermore, we
found that following platinum coating, we were able to electrodeposit IrOx onto Kaneka
SIBSTAR™ 062M:102T, as shown in Figure 4.1. Electrodeposition allowsnfaterial
thicknesshomogeneityandcoatingmicrostructureo be controlledthroughthe modulationof
intensity and potential. The thermally evaporated platinum, which adheres to the polymer
during the thermal evaporation process, acts as a protecttag against the hydrophobic

nature of the elastomer, creating a soft electrode that IrOx is able tmbind

A) C)

Figure 4.1: Evaluation of the Kaneka SIBSTARM + Platinum + IrOx Construct. A) Transparent SIBS
prior to treatment (carbon fiber square shown alongside for contrast). B) SIBS following platinum
coating through thermal evaporation. C) SIBS and thermally deposited platinum following IrOx
electrodeposition. The dark blue tinge is typical.

We chose to explore these rdsdurther through use of a platinum paste from the Gwent group.
Two types of platinum pastes were assessed: C2050804P9 and C2020322P6. Initially,
C2050804P9 was used for our tests as it was readily available to us. However, were able to
identify that thecrosslinked polymeric platinum paste C2020322P6 was the optimal choice
for our construct due to its slightly different properties.

Use of these pastes allowed for more flexibility in the application of the electroconductive
material. In particular, heapplied when using pastes couiddcontrolled vergpecificallyd

acritically influential factorthataffectsthe mechanicapropertieof the polymers asdetailed
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in Chapter 3. The differences between the two platinum paints areifistatble 4.3 below.
Furthermore, we utilized a silver paste provided by Gwent in our initial tests as a proof of
concept material. This paste was not biocompatible and was simply used in the process of

designing the application process for these materials.

Table 4.3: Gwent PlatinumPaints

Paste Solids Content  Viscosity Resistivity Curing Properties
(Pa.s.) (Ohm/sq) Temperature
(°C)
C2050804P9 83-87 14-22 0.59q at47um 80-130 Polymeric platinum
C2020322P6 85.586.5 10-15 0.29q at 25um 130-180 Crosslinked
polymeric platinum

4.3.3 Analysis of Electroconductive Elastomers

Ak

Thermally Evaporated Platinum (B)

v

L

S

Silver Paint Atop SIBS (C) Platinum Paint Atop SIBS (D)

Figure 4.2: Thermally Evaporated Gold and Platinumand Gwent Silver and Platinum Pastes Atop
Kaneka SIBSTAR™ (SIBS)
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As we achieved the successful creation of electroconductive elastomers, we proceeded to assess
ways to analyse and optimize these results. Confocal microscopy imagesminp)asilver,
and gold coatings atop Kaneka SIBSTAR62M:102T are shown in Figure 4.2.

As shown, the images are not of particularly good quality as these materials were not
transparent. The uneven coatings and textured nature of the thermally evhparapes is
shownin Figure4.2AandB, particularlyin the platinumsample The Gwentpastesshownin

Figure 4.2C and D, yield a thicker and more even coating. The platinum paste in particular is
so dense that imaging through confocal microscopy wgsossible. Scanning electron
microscopy analysis of silver and platinum paint on Kaneka SIBSTARs also performed.

We chose to produce samples, stretch them, then image them for further analysis. Manual
stretchingvasdonein amannethatdid not performanymaterialdeformationd ourintention

was merely to understand the impact of mechanical stress on the electrocomadistéve

Figure 4.3: SEM of Stretched Silver Paint atop Kaneka SIBS

In our imaging, we were surprised to discover thatrtteephologies of these paints were
dramatically different. Shown in Figure 4.3, the silver paste is flaky, while individual
nanoparticlesanbeseenn theplatinumpasten Figure4.4. The movement®f theseparticles
caninfluencethe electromechanicgropertiesof the final constructwhile the paintmayshift

in layers similar to tectonic plates, the nanoparticles cluster and may act in a more flexible

manner due to thebronds.



Fig. 4.4: SEM of Platinum Paint atop Kaneka SIBSMorphological changes of platinum patrticles
following mechanical stress to the elastomer substrate.Unstretched platinum depicted on the left,
stretched platinum depicted on the right.

Fig. 4.5: Electrodeposited IrOx and Platinum Paint of Kaneka SIBSTARM 062M. Morphological changes
of platinum patrticles following IrOx electrodeposition.
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EDS Quantitative Results
Element Wt% At%

IrM 26.50 26.79

PtL 73.50 73.21

SEL ———2um ~16000:

Véli:\’gEMQUANTAFEIZOlS DESEMBREQUIMICA D'ESTAT SOLID\ NIEVES\ 151218\ IR_PT_PINTURA_SIBS_SPC2

kV:30.0 Tilt:  -0.10 Tkoff:33.80 Det:SUTW Res0:130.86 Amp.T:102.4
FS : 1081 LSec: 65.7 Prst:None 18- Dec- 2015 12:22:36
Counts
IpMa
0.8k
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Figure 4.6: EDX Analysis of SIBS, Platinum, and Iridium

We imaged the completed construct of Kaneka SIBSTARpolymeric platinum, and
electrodepositettOX. As shownin Figure4.5,theiridium oxide hasattachedo theplatinum.
It appearssif thelrOx encapsulatethe platinumparticlesduringelectrodepositioniVe went

on to perform energgispersive Xray spectroscopy (EDX) of this sample to confirm IrOx
adherence.



As shown in the EDX, the presence of both iridium oxide and platinum is confirmed. The
average sample contained approximately 73% polymeric platinum and 26% iridium oxide.
Electrodeposition had not previously been performed using polyn@atinum paste.
Furthermore, to our knowledge, this method of creating an electroconductive elastomer had
not been attempted previously. We believe that this method beukkd to create a variety of
softelectrodesor biomedicapurposesAdditionally, thismagnifieshecustomizablenature of

the construct. IrOx and other materials can be added in a controlled fashion, utilizing a set
amount of cycles in the electrodeposition process to achieve the desired percentage for the
electrocondudte elastomer. This minimizes the presence of the base electroconductive
material, as well, which can influence cell culture and the success of implanteés.

Given the ease of using IrOx and its established uses in other biomedical devices, we wished
to see if it might be possible to incorporate this substrate into our construct in an alternative
way. Iridium oxide solutions, prepared as detailed in Chapter 2 were mixed with previously
preparedolutionsof PVPatratiosof 1:2to 1:5. Iridium oxide nanofibershavebeerpreviously
prepared by Kim et al (2014), but these nanofibers are produced franmydEhte with PVP
andrequireaheatingat 900°C for two hours’® This protocolproducedrOx nanofiberslended

with PVP in a way that did not require any such additional steps. The resulting electrospun
fibers canbeseen in Figure 4.7. If we desired the removal of PVP to produce pure IrOx, we

were able to heat fibers for an houbatrC.

Aligned PVP Fibers - o Random PVP-IrOx Fibers

Figure 4.7: Creation of PVRIrOx Nanofibers. Showing aligned PVP fibers on the far left as controls,
aligned PVRIrOx fibers in the center, and random PVRIrOx fibers on the far right.
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We did not explore the creation of IrOx fibers in further detd@wever, we consider this to
be a good proof of concept for the creation of a 3D, nanofibrous electroconductive elastomer.

Such a construct would ideally utilize electrospun Kraton D1152ES (SBS).

We choseto focusontheuseof polymericplatinumfor usewith our planarpolymers We were
ableto replicateour previousresultsusingKratonD1161PT(SIS)andKratonD1152ES SBS)
without issue. Given the results of mechanical testing shown in Chapter 3, we elected to

continue on using planar Kraton D1152ESae primaryelastomer.

4.4 Creation of the CompleteConstruct

Creationof anelectroconductivelastomewaschallengingprimarily dueto our determination

to use an elastomer. The elastomeric properties of our selected polymer constantly caused
failure of electroconductivenaterialsnullifying their propertiesinitially, this presentedtself

as a conflict of interest to our construtt electroconductivity of the construct reduced
elastomeric properties, or the insulating properties of the elastonpedéd conductivity.
However, we were eventually able to bypass these issues. We assessed the resistivity of these
combinations briefly using the two point probe method, then performed a more thorough
assessment of conductivity through electrical impedapaetroscopy, which is detailed in

section 4.5.

In order to continue validating our results, we needed to ascertain that the electroconductive
properties of the construct would neither impede the elastic properties of our elastomer, nor
fail immediatelywhenstretchedgiventhatmetalsdo nottypically elongatdike polymersThe
stressandstrainandfatiguepropertief ourmaterialshavebeendetailedn full in theprevious
chapter. In sections 4.6 and 4.7, ge@on to detail the electromechaniqaioperties of our
constructFinally, sectiord.8 detailsthe piezoelectrimatureof our constructTheinformation

detaled in this section summarizes the variety of ways a construct such as ours can be made;
namely, any additives or specific methodology required. It is important to note that the
construct designed is fully customizable, asgweon to prove in further séons. Notably,

each polymeric and metal component has to be treated in a diffeagnand treatments
influence mechanical and piezoelectric properties. The different additives or treatments each

component requires are detailed in Tah&



As shown in Table 4.3, nearly all components of the construct require heating at a different
temperature. As shown in Chapter 3, heat is an important influential factor on the mechanical
properties of a polymer. However, regardless betlier processing is occurring through
thermal evaporation or heating to optimize cHasking of the polymer, temperature is
essential. As such, any potential electroconductive elastomer created from this table can have
variable properties. Most notable electrospun Kraton D1152, which cannot withstand

dehydration and consequently cannot be-hregitted the same way a planar sample can.

Table 4.3: Additives and Treatments Required for Construct Components

Component Additive Treatment Reason
PlanarCast None or Heatedat 30-40°Cto Curing yields even sheet
Isopreng(for promote solvent regardless of thicknessd
Elastomer (i.e., increased evaporation. Cooled at minimizes solvent
Kaneka elasticity) room temperature f@4h  retention that could affect
SIBSTAR™ or biocompatibility
Kraton Electrospun Iron(Ill) p- Requires mixing irsolvent Iron (1) p-
D1152ES toluene for 12-24 hoursthen toluenesulfonaténcreases
(SBS)) sulfonate further mixing with electroconductivityof

polymer forhomogeneity solution, allowing for
electrospinning

Painted Curing at 80C and/or Curing allows for painto
Metal (i.e., crosslinking at minimum  dry; crosslinking allows
Silver, Gold, or temperature of 13C for paint to become
Platinum) biocompatible
Thermally Thermal evaporation Alternative to polymeric
Evaporated process pastes
Electrodeposited None Solution is preparednd Promotes controlled
Iridium Oxide electrodeposited adhesion of ©x
Dehydration None Solution is preparednd Alternative to
combined with metal electrodeposition

paste; heatedlongside
metal paste until

evaporated
Planar Cast None None, or up to 2 houisf Achievement of optimal
P(VDFTrFE) annealing at 8425°C ferroelectric state
Electrospun None None, or up to 2 hour Achievement of optimal
annealing at 8025°C ferroelectric state

Creationof anelectroconductivelastomeis certainlypossible asanymetalpastecanair-dry

quickly in ambient temperature, but lack of appropriate curing and-bnéssg can affect
biocompatibility. Equally, P(VDHTFE) canhave different processing techniques simply
based on the manufacturerds treatmmehhgh proc

temperature would undoubtedly affect atgstomer.
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Despite the range ofaysa piezoelectric, electroconductive elastomer can be made, we chose

to primarily focus on the combination of Kraton D1152, polymeric platinum, and@pcin
P(VDFTrFE). In brief, we createplanarsheetof KratonD1152,appliedpolymericplatinum

paint to the substrate, and adhered electrospun RMBE) fibers using the paint as an
electroconductive glue. In order to crdsik the polymeric platinm we heated these
constructgo aminimumtemperaturef 130°C. The completemethodologyor thisc on st r uct 06 s

creation willbesummarized in the conclusion of this chapter.

4.5 Analysis of Electroconductive Elastomer and FullConstruct

Thefour pointprobemethods anestablishedechniqudor establishingaluesof conductivity.
Elastomers are known insulators. Our first validation was of the insulating properties of the
elastomers Kraton D1152 and Kraton D1152 blended with 10% polyisoprene, and-P(VDF
TrFE). As expected, these three polymers provided us with negative conductivity values,
confirming their resistance. In P(VBRFE), we noticed some outliers on both tpmint and
four-point probe tests that were conductive. In approximately one tenth ofesar®fVDF

TrFE) samples were conductive. These outliers had conductivity values of 1 S/cm. However,
in themajority of casesgonductivityvalueswerenegativevalues(averagingat 0.8x10! S/cm),

which is typical of resistive materials. In th&erature, conductivity of P(VDHTFE) films

varies substantially, ranging from 9.5%1® 10* These values typically vary substantially
basednthethicknessof films producedthinnerfiims andelectrospummatsof P(VDFTrFE)
typically have less sistivity.”" 7> "*Our electrospun P(VDArFE) mats had an average
thickness of 4@ m.

In Table 4.4, we show the conductivity values of Kraton D1152 coated with polymeric
platinum, as well as Kraton D1152 blended with 10% polyisoprene. We wantedecstand

the effects of polyisoprene, the primary chemical constituent of natural rubber, from a
conductivityperspectiveAs shownin Table4.4,the effectsweresubstantialConductivityfell

from 6 S/cmin KratonD1152andplatinumsamplego 0.6 S/cmin KratonD1152polyisoprene
andplatinumsamplesWe alsowantedto assesshe effectsof heatontheseelectroconductive
elastomers As shown, the effect of heating at temperatures as high58%C was also

substantial. Kraton D1152 and platinum droppeed conductivity of 0.1 S/cm, whilératon
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D1152polyisorpene and platinum fell to 0.3 S/cm. While we knew of the importance of heat
on the mechanical properties of P(VOH-E), we were unaware of the impact heat would

have on the eleaiconductive behaviour of our materials.

As such, our final electroconductive elastomer has a conductivity range of 0.1 to 6 S/cm.
Conductivity of the previously discussed electroconductive elastomers (Table 4.1) that were
used in biological settings raeg from 0.1 S/cm to 2.7101°S/cm% 4*Our lowest results are

in linewith Cheneta | prévisuslydiscusse®EG2kAT6-TMP constructwhich hadanupper

range of 0.1 S/cm and was also designed with biological applications in‘tfnain a
conductivity perspective alone, our highest conductivity is similar to polyuretteben

black with a listed conductivity of 6.04 S/cthit is also similar to a very soft polystyrene
polyisoprenepolystyrene elastomer filled with nickel nanoparticlesl aeduced graphene
oxide (maximum conductivity of 2.1 S/cm) and a poly (stysbreghyleneranbutyleneb-
styrene) elastomer containing graphene nanoplatlets and carbon nanotubes (maximum
conductivity of 2.2 S/cm)'® “*Notably, our chosen alkerstyrene polymer has among the
highest conductivity listed. It is notably higher than all similar alketyeene blends The
maximum conductivity of similar polymers (listed as: polystyrene block copolymers,
polyisoprenestyrenebutadienestyrene styrenebutadenerubber,poly(styrenecobutadiene),

poly (styreneb-ethyleneran-butyleneb-styrene)andevenotherKratonproductgi.e.,G1645,
styreneb-ethylbutyleneb-styrene)) was 2.3/cm.

Finally, we chose to assess the full construct. Given P(VDFF E ) ablishecebehaviour as

an insulator, and that this technique assesses the surface conductivity, we were expecting
samples to be resistivds shown in Table 4.4, the conductivity of the complete construct
sample was indeed less conductive and in the-sentucting region. Despite the substantial
reduction in conductivity, these values are still in line with those used for MSC
osteodifferentiatio* They are also in line with the conductivity of flexible materials used by
ourown teamfor neuralstemcellsculture *”-*8However, tirdp®rtantto notethatourresults

and these tests only show surface conductivity. The electrical impedance spectroscopy shown
later on in this chapter is capable of determining the ionic conduction mechanismaliyg

an Arrhenius plot showing conductivity v&/[T).
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Table 4.4: Conductivity of Electroconductive Elastomers and Full Construct

Sample Conductivity Standard
(S/cm) Deviation
D1152 coated with polymeric platinum 6 2
D1152 and 10%wpolyisoprene coated with
polymeric platinum 0.6 0.3

D1152 coated with polymeric platinum and
heated to 15 0.1 2x10?
D1152 and 10%wt polyisoprene coated with
polymeric platinum and heated to 260 0.3 1x10?t
D1152 coated with polymeric platinuamd
P(VDFTIFE) 6 x 10*

Figure 4.8: Schematic of the Assessed Conductive Constructs. From left to right, Kraton D1152ES (SBS)
coated with polymeric platinum (left), Kraton D1152ES (SBS) blended with 10% polyisoprene armbated
with polymeric platinum (center), and Kraton D1152ES (SBS) coated with polymeric platinum and
layered with P(VDF-TrFE) nanofibers.

However, these properties are completely modifiable based on the thickness of the P(VDF
TrFE) layer. This layer isttached when the polymeric platinum is still wet; therefore, its
purpose is twdold: it acts as an electroconductive substrate, and as an electroconductive
adhesiveln thin nanofibroudayers,the P(VDFTrFE) is completelycoveredby the platinum,
essentlly yielding a layer of platinurtoated P(VDFITFE) nanofibers affixed to the
elastomer. In thicker nanofibrous layers, the P(VDFE) can act as an insulator, resulting

no conductivity whatsoever. These types of constructs can be used to cretite elas
piezoelectric electrodes, which are detailed latemothis chapter. Both are relevant to our
purposes and highlight the customizable nature of our construct. Given the complexity and
versatility of this construct, we elected to continue our studfethese materials through

electrochemical impedanspectroscopy.



Electrochemical impedance spectroscopy (EIS), also known ahmapedance method, is
a noninvasive technique that is used in electrochemical systems analysis.chinis|tee works

by applyinga stimulus(i.e., a sinusoidalsignal)to a material,constructor cell. This, in turn,
providesdatausedfor the creationof equivalentcircuit models,which canenabledesign or
electrode functionality optimization. In our owvork, EIS can enable further understandings
of our soft electrode and soft electrode construct by allowing us-towjde the various

components of owronstruct.

Electrochemicaimpedancepectroscop{EIlS) studiesverespecificallyperformedn orderto
understand the resistance and capacitance changes as we created the full construct. Because
this constructwasdesignedo functionin biologicalenvironmentgi.e.,asanimplanteddevice

orin cell culture),we performecEIS studiesusingsampleghathadbeenkepthydratedn PBS

and a second set of test utilizing tests performed in dry environments. Hydrated samples were
maintained inPBSthroughout the course of testing to imitate physiological environments,
while dry samples never came in contadhvany liquid during the testing process. We were
particularly interested in utilizing EIS as each layer of our construct is uhiqoe
hydrophobicplanarelastomerasecondnadeof textured polymeric,electroconductivenetal;

and a third of porous, nanofibrous, piezoelectric fibers. Consequently, we measured the
components of the construct as they were built, assessing the elastomer base, platinum and

elastomer, and full construct of elastomer, platinum,mezbelectrc.

Figures 4.11 and 4.12 show the Bode and Nyquist plots for the samples kept in hydrated
environmentprior to testingandassesseh aqueougnvironmentsimpedancavasmeasured

for frequencies ranging from G10000 Hz for samples in wet environmentseach graph,
Kraton D1152 is shown in yellow, Kraton D1152 coated with polymeric platinum is shown in
green, and Kraton D1152 coated with polymeric platinum and P{ViBE) is shown in
orange. The electric equivalent circuits (EECs) for each samp&haven inFigure4.11.We

utilized the elastomer, Kraton D1152, to show our resistive control, then connected other
elastomeric samples with the conductive platinum or platipienoelectric P(VDHTFE).
Thecomponentsisedto createeachcircuit aredisplayedin Table4.3,andfinal resistivityand

conductivity shown in Tablé.4.
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Bodeplotsrecordedor theaforementionedonstructsanalysedn PBS(pH 7.4) arepresented

in Figure 4.10. Figure 4.10A shows the logarithm of impedance vdrsgsency. The
logarithm of impedance is much higher for Kraton D1152 compared to any of the phkatinum
coated alternatives. In the latter, the log of impedance decreases significantly. Nevertheless,
when P(VDFTrFE) fibers are added, increases at loweqdiencies occur due to the gain in
resistance@ndcapacitancerl his showsthatoverall,the constructdavea frequencydependent
responsekigure4.10Bshowshatit is possibleto observechangesn phasewithin thedifferent
systems. Again, for the twiirsts constructs, only one shoulder appears at frequencies below
10Hz. Thiscorrespondsvith themembraneesistancén parallelto theconstanphaseslement

while the signal becomes more complex with the addition of P(VEHE). Here, we can

observetw s houl ders which represermbot. t wo time cor

Figure 4.11, which displays the Nyquist spectra, shows that all three of our materials form
semicircles. Figure 4.11A shows that these semicircles differ substantially in size, with the
largest belonging to the most insulating material, Kraton D1152. Kraton D1152 coated with
platinum, which has an exposed electroconductive surface, has the smallest semicircle, while
thefull constructwhich hascustomizableslectroconductive/insulatingropertiesjs shownas

the median. Figure 4.11A displays these semicircles in more detail, focusing on the highest
frequency zone. This figure shows an initial semicircle that corresponds tosRRZRR),

andYO0, thefirst CPE.Generallythe Rs paranetershouldbe notaffectedby change®ccurring

on the electrode surface because this variable represents electrolyte resistance RB& the
solution. R and Yo are related to material resistance and capacitance, respectively. However,
sincethe phaseangleis lowerthan90°,thecapacitancé modelledasaconstanphaseslement

(CPE). As more layers are added to the construct, complexity of the obtained signal increases

as does fitting theircuit.

A consequence of adding more componentsdoretruct is that new interfaces with multiple
interactions originate. The Nyquist plot of the full construct, Kraton D1152 coated with
polymericplatinumandP(VDFTrFE) fibers, presenta secondsemicircle Thisis represented

on the equivalent electritaircuit as R3 (B) and as a second CPE, which is in line with its

more complex circuit. The contributing nature of each element is shown in4lable



The circuits shown irFigure4.11 and proposed EEC shown in Table 4.5 were confirmed
throughtriplicatesof eachsampleEachc i r cdatawasvaidatedby selectingexperimental

data with low error, which can be seen in the appendix. Samples with error higher than 30%
were removed and are rgltown. This is notable as the percentage error associated with each
circuit elementshouldtypically not be higherthan10%.Themaximumerrorfor theindividual
elastomer and electroconductive elastomer components were between 5.3% and 10.9%;
however, tle piezoelectric samples contained single components with high error values
between 2680%. In both cases, this was caused by the second constant phase element (CPE)
componenthichis relatedto presencef the piezoelectricThe Chi Squarevaluesfrom these

fitted circuitsarealsohigh d theidealreportedvaluesshouldbe < 0.05.The heterogeneitpf

the electrode surface (i.e. roughness of the platinum and porosity of the piezoelectric fibers)
mayalsoinfluencethesevaluethroughnonuniformdiffusionacrossts interface As expected,

the resistivity is reduced substantially by the platinum and increased adgivilbi-TrFE).
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Figure 4.11: Fitted Circuits Following Incubation in PBS. A) Fitted circuits for the elastomer base Kraton
D1152ES (SBS), B) Electroconductive elastomer Kraton D1152ES (SBS) coated with polymeric platinum
(Gwent), and C) The Full construct.

Table 4.5: Circuit Components Following Incubation in PBS

R1 R2 Yo CPE Max.
(CPE) Rp (F
(Rs) (Rp) 7, n ) S n X2 %
2 (Fem ( gm?) | cm
( em?) | ( g g S Error
Kraton
D1152 368.21 | 1884.1 0.0012 | 0.3708 0.056 | 5.946
Kraton
D1152 34 665.72 0.0097 | 0.5152 0.0999| 5.384
Platinum
Kraton
D1152
Platinum 24 68 0.001 0.4085| 1471.5| 0.0011| 0.655| 0.0366| 26.316
P(VDF
TrFE)




The ultimate resistivity and conductivity values are shown in Table 4.6. Membrane
conductivity (0) was calculated using the f

5
" TN

Equation 4.1: Membrane Conductivity

Here, 0 is equivalent of proton conductivity

A is equivalent to the area, ang Refers to the resistance of each component.

Table 4.6: Resistances(RAnd Conductivity (0) for t
Elastomer, and Full Construct Following Incubation in PBS

R3
Thickness R1 a1 R2 a2 (v a3

Polymer (um) EEC (Y 20m (Slcm) (Y % nm (Sicm) c?)  (S/em)
D1152 859 [R(RQ)] 523 1.6 10568 0.1

D1152

Platinum 923 [R(RQ)] 59 16 2337 0.4

D1152

Platinum

P(VDF-

TIFE) 939 RIRRQ)Q)] 43 22 121 8 2605 0.4

Ultimately, the elastomer and electroconductive elastomer produced good fitted circuits, but
the high error in the results from the full construct called our final results into que&sion.
such,we reattemptedhe experimentsvithout theinfluenceof the hydratedenvironmenin the

hopes it would reduce error. Figures 4.12 and 4.13 show the Bode and Nyquist plots for the
samples produced without processing in hydrated environments. These samples did not come
into contact with hydrated environments; theyevaeither incubated nor assessed in PBS or
other solutions. In each graph, Kraton D1152 is shown in yellow, Kraton D1152 coated with
polymericplatinumis shownin green.andKratonD1152coatedwith polymericplatinumand
P(VDFTrFE) is shown in orangémpedance was measured for frequencies ranging from 0.1

to 10,000Hz for samplegkeptin dry environmentsBodeplotsrecordedor theaforementioned
constructs analysed in dry environments are presented in Figure 4.12. Figure 4.12A shows the
logarithm ofimpedance versus frequen@s in Figure 4.10A, the logarithm of impedance is
much higher for Kraton D1152 compared to any of the platicoated alternatives, and the

log of impedancan platinumcoatedsamplesdecreased-owever,the addition of P(VDF
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TrFE) fibers does not produce the same results, and the same fredaepeoglent response

cannot be seen. Figure 4.13B echoes this disparity in results.

In Figure 4.13A, the influence of the dry environment becomes clear. Despiteatingedin
frequencies and longer duration of the experiments, there is no semicircle formationinunlike
Figure 4.10. However, if curves were to form eventually, the trend would be similar to that of
Figure 4.10: Kraton D1152 is the most insulating matefidlowed by the full construct, and

then the electroconductive elastomer. Similarly, in Figure 4.13B, we can see the formation of
a second curve, as we saw in Figure 4.10B. We created an electric equivalent circuit for the
full constructanalysedn a dry environmentaswe hadpreviously.This is shownin Figure

4.15. While the circuit itself is similar, we found that the error for this circuit (in general, but
particularly the piezoelectric component) was higher than that of the hydrated samples and
therefore less useful to us. Consequently, the full range of data from these samples is not

detailed as lack of hydration exacerbates our issues.
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Figure 4.14 Fitted Circuit for the Full Construct without Incubation in PBS

4.6. Electromechanical Assay®f the Construct

Having confirmed the conductivity afur electroconductive elastomer, our next priority was
confirmingthatthe mechanicapropertief the constructhadnot beenexcessivelynegatively
affected Stressstrainandfatigueexperimentsvereperformedo assesbothKratonD1152ES
(SBS) with pdymeric platinum and Kraton D1152ES (SBS) with 10%wt polyisoprene and
polymericplatinum.As themajorityof theresultsshownin Figure4.15wereshownin Chapter

3, they will not be elaborated excessively.

In the previous chapter, we established hestment altered the mechanical properties of the
polymers. Notably, when these experiments were repeated with platimaied samples, all
samples involving platinum had been heat treated. Inthemted samples without platinum,
thefailure rateoccus muchmorerapidly. Thisis particularlytrue for samplesxposedo high
temperaturesomparedo samplesieatedo low temperature€80°C or less) thoughnotroom
temperature cured Kraton D1152E8BS).

In Figure 4.15, we can see that heating betvBeB0°C produces the most ideal strestsain
curvesfor ourwork. KratonD1152(shownin red)heatedo 37°C failsroughlyatthema c hi ne 6 s
maximum: 250%. However, no failure point could be seen for Kraton D1152 he&6tCto

Kraton D1152 heated to 15C fails at approximately 100% strain. In stark contrast, Kraton
D1152andpolymericplatinum(shownin blue),heatedo atleast130°C butno morethan150

°C, fails at over 200% strain when undergoing nearly double the sftessnly questionable
aspectvasslippageof thesesamplesascanbeseerby the deformatiormarkingsonthestress

strain curve. These samples were not experiencing fatigue or breaking; instead they were
el ongating to an elampsmere unableaothditethe machi ne 6 s
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Figure 4.15: StressStrain Curves for Kraton D1152 and Kraton D1152Polyisoprene With and Without
Heat Treatments, and With and Without Polymeric Platinum.

Under normal physiological conditions, nerves and other viscoelastic materials undergo
repeated mechanical stresses of tensile, compressive, or shear nature. Nerves, skin, and
musculaturenayexperienceensilestressrom eitherparallelor perpendiculaforces resulting

in longitudinal or transverse stre¥s>*In nerves, such stress typically occurs following joint
motion,which elongateshe nervein eitherlongitudinalor transversealirectionsrelativeto the

nerve tract. The nerve, larn, must accommodate for such stress by elongating and gliding,
known as excursioft.Our electroconductive elastomers behave in a similar manner. This is
noteworthy as this type of behaviour is characteristic of biological ti@soesmning that
despitehaving different stresstrain curves, our selected elastomer has similar mechanical

behaviour to materials such as skin aedves.

Kraton D1152ES (SBS) with 10%wt polyisoprene and polymeric platinum (shown in purple
in Figure 4.15), displayed a similtnend. Heated samples of Kraton D1152ES (SBS) with
10%wt polyisoprene failed at strains of approximately 175% under very low stress, while the
comparablyreatedKratonD1152ESSBS)with 10%wtpolyisopreneandplatinum(shownin

blue) was capable of wittending nearly 10 times the stress and had noafal

In Chapter 3, we discussed the suitability of Kraton D1152ES (SBS) when heated to low

temperatures, but not high temperatures: “In platinum coated samples, heat treatment of

approximately 14a.50°C not only caused no issues, but produced samples with markedly
1
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Figure 4.16: StressStrain Curves for Kraton D1152 and Kraton D1152Polyisoprene With and
Without Heat Treatments, and With and Without Polymeric Platinum.

improved mechanical properties compared to theplatinum coated alternatives. The ideal
electroconductivelastomewould havestressstraincurvessimilarto KratonD1152ESSBS)
whenheatedo temperaturebetweer87°C and80°C. Coincidentally the averagestressstrain
curve for Kraton D1152ES (SBS) coated with polymeric platinum, shown in blue in Figure
4.15,is equivalento thesevaluesThebeststressstraincurveswe identifiedfor thesematerials
are shown in Figuré.16. Despite the improvements in mechanical properties due to the
platinum coating and heat treatment, the Kraton D1152ES (B&@®)soprene blend is still
about half as strong as Kraton D115258S).

Continuing our research, we decided to examine tbiegation at break properties of our
materialdo seeif theytoo hadbeenalteredby heattreatmentndincorporatiorwith thecross

linked polymericplatinum.Elongationat breakpercentagefor heatedunheatedandplatinum

184



coated Kraton D1152 and i19% and 20%wt polyisoprene blends are shown in Figure 4.17.
Furthermore, we chose to perform a-oveey ANOVA to assess if the treatmemoduced



statistically significant differences in elongation at break values, as shown in Tableet.7. W
al so compl eted Tukeyos significanegeoupst est s

significance was present, as shown in Table 4.8.

A minimumstatisticalsignificanceof 0.05wasusedto assesshis data.The p-valuesarelisted

in Table4.7.In KratonD1152samplesthe p-valuecorrespondingo the F-statisticof the one

way ANOVA was higher than 0.05. This suggests that the heat treatment and heat treatment
involving platinumwerenot significantly differentinfluencingfactorson the ultimate point of

strainof ourKratonD1152.However thedifferencedor bothpolyisoprenéblendswerefound

to be statistically significant. Kraton D1152 and 10% polyisoprene samples showed

particularly high statistical significance, with avplue 0f0.01.

In orderto understand which withigr oup sampl es were signific:
significance tests were performed and detailed in Tdle As expected, Kraton D1152
samplegpresentedosignificantlydifferenttreatmenpairs.Although KratonD1152with 20%
polyisoprene samples presented a statistically significant p value in the ANOVA, no
significantly different treatment pairs could be identified in this group. However, Kraton

D1152 with 10% Polyisoprene was significantly different to both heat tréatgdn D1152

with 10% Polyisoprene and platinum coated Kraton D1152 with 10% Polyisoprene. No

significant difference was found between the heat treated and platinum saaigd.

Basedon ouranalysiswe canconcludehat,despitethe differencesn stressstraincurvesheat

treatment and platinum coating typically do not result in substantial differences in elongation

at break values. This implies that sample integrity is maintained despite heat treatment and
neither substantially positively nor negetly influenced by polymeric platinum. All ajur

samples were capable of withstanding elongation past 100%, the recognized minimum
elongationof anelastomerianaterial. This beingsaid,it is importantto notethatelongationat

break percentages are calculated under fixed strain determined foyatihene. The strength

of the overall materi al i's more accurately d

curves, as shown in Figures 4.15 dntb.
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Figure 4.17: Elongation at Break Data of Electroconductive Elastomers

Few of the electroconductive elastomers in Table 4.1 listed elongation at break values. The
vast majority of materials had elongation at break values that were similar to our Kraton
D1152ES (SBSpolyisoprene blends (in the range of 200 to 750%). OnlyPIlEE&2kAT6-
TMP constructwith anelongatiorat breakvalueof 1643%andY o u nngodutusbetweer3.8
and7.7MPa,andKraton G1645(styreneb-ethylbutyleneb-styrene)dopedwith carbonblack,
which hasanelongatiomat breakpercentagdetweerl,800and2,475%andY o u nrgodwus
between 8 and 14 MPa, have properties comparable tdd8@iven that the maximum
achieved conduct i vi 4gthylbutylenebestyrkne doped withlcaben st y r
black was 9.5 x 10S/cm (far less than the condivitty for even the full construct), only the
PEG2kAT6-TMP construct has comparable properties to our own soft electrode. However, it
should be noted that Chen et al proposed three different REG2K MP blends. The strain
limitations of PEG2KAT6-TMP and 2% PANI is 1,644% (YM of 3.8 MPa), with a
conductivity of 2.1 x 1d. In contrast, the 1 S/cm conductivity was achieved by blending
PEG2kAT6-TMP with 20% carbon black, which produces a strain capacity of 1,334% (YM
of 10.5 MPa)® Additionally, this mateal was not assessed from an electromechanical
perspective; hysteresis, permanent set and similar experiments wpesfaohed.

1



Table 4.7: One Way Anova for Elongation at Break Samples

Kraton D1152 sumof  degreesof mean F p-
squares SS freedom3 3 square statistic value
MS
Treatment 75,993.6527 2 37,996.8263 0.7736 0.5025
Error 294,710.4817 6 49,118.4136
Total 370,704.1344 8
Kraton D1152 and 10%wt Polyisoprene
Treatment 74,046.8322 2 37,023.4161 9.1272 0.0112
Error 28,394.7049 7 4,056.3864
Total 102,441.537C 9
Kraton D1152 and 20%wt Polyisoprene
Treatment 34,850.6667 2 17,425.3333 5.7887 0.0398
Error 18,061.3333 6 3,010.2222
Total 52,912.0000 8

We continued on by assessing the mechanical fatigue of the electroconductive elastomers, as

shown in Figure 4.18. A similar analysis was performed in Chapter 3. As skin showed failure

prior to 10 thousand cycles when subjected to an amplitude aroundah8%uistained up to

10°-10° cycles at very low amplitudes of around 0.5%, it was already established that our

elastomers had much stronger mechanical propertieeihainoskin.

Table 4.8: Tukey Significance Test for Elongation at Break Samples

Tukey Tukey Tukey
Treatment Pairs Q statistic  p-value Significance
Value
Kraton D1152 vs Platinum Coated Kraton D1152 0.0533 0.8999947 insignificant
Kraton D1152 vs Heat Treated Kraton D1152 1.5493 0.5509874 insignificant
Platinum Coated KratoD1152 vs Heat Treated Kraton 1.4961 0.5708397 insignificant
D1152
Kraton D1152 10% Polyisoprene vs Heat Treated Krator 4.3117 0.0432319 * p<0.05
D1152 10% Polyisoprene
Kraton D1152 10% Polyisoprene vs Platinum Coated Krat 5.8822 0.0102623 * p<0.05
D1152 10% Polyisoprene
Heat Treated Kraton D11520% Polyisoprene vs Platinum 1.9767 0.3929967 insignificant
Coated Kraton D115210% Polyisoprene
Kraton D1152 20% Polyisoprene vs Heat Treated Krator 4.1461 0.0589550 insignificant
D1152 20% Polyisoprene
Kraton D1152 20% Polyisoprene vs Platinum Coated Krat 4.1882 0.0568125 insignificant
D1152 20% Polyisoprene
Heat Treated Kraton D11520% Polyisoprene vs Platinum 0.0421 0.8999947 insignificant

Coated Kraton D11520% Polyisoprene
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Figure 4.18: Fatigue Analysis oKraton D1152 and Kraton D1152Polyisoprene With and Without Heat
Treatment and With and Without Platinum

Table 4.9: Fatigue Analysis of Elastomers and
Electroconductive Elastomers

Material Strain Amplitude  Cycles to Failure
D1152 37°C 2.5% >5x10
5.0% 1.3x1¢
10% 4.4x10
D1152 + Platinum 2.5% >5x10F
5.0% 3.1x16
10% 3.3x1¢
D1152 + Polyisoprene 10% 5.0% 4.0x16
wt
10% 8.5x10
10% 2.0x10
D1152 + Polyisoprene 10% 2.5% >5x10
wt (150°C)
5.0% 7.9x1C0
10% 3.3x10
D1152 + Polyisopren#0%  2.5% 2.9x16¢
wt + Platinum
5.0% 1.2x16
10% 3.5x1C¢

The number of cycles to failure are shown as a function of strain amplitude in these tensile

fatigue tests. The error bars correspond to the average of absolute deviations from the mean

value.Thelinesshownarebestfits betweerthethreedifferentstrainoscillationa mp | i t ud e s,
and the number of cycl aNsbbehaviodr ¢basédwon the Coffih,
Mansorrelation). Theamplitudef strainwerefixed at2.5%,5%,and10%. Thesmallvertical

displacements in polymeric materials are fictive displacements to better visualiztahe

as

S



At 2.5%, only polyisoprenblended materials reached a point of failure. Plathooated
samples of Kraton D1152ES (SB&)d polyisoprene blends both performed better tian
platinumcoatedcontrolsin fatiguetests KratonD1152ESSBS)andplatinumdisplaythe best
fatigue resistance; no other sample was able of withstarddfhigtigue cycles at 2.5, 5, and
10%.Theseestsconfirmtheimprovedpropertief KratonD1152ES SBS)whencoatedwith
polymeric platinum. Specific values for each sample are shown in Z&ble

Having furthered our understanding of the mechanical fatigue properties of our
electroconductive elastomers, we next needed to establish electroconductive fatidwsd We
already established that our constructs were more than capable of reaching thenmiaximu
situstrain percentage of a humaor%)fP*dGitedtat ner v e
electroconductive elastomers have already been shown to mechanically behave in a manner
similarto nervesandskin, the nextstepwasunderstanding’ conductionrelatedfailure would

occur in a similar manner.

4.7. Validation of Construct through Electromechanical Assessment

In Chapter 3, the typicah vivo strain capacity of nerves in a human toe was shown to be
15%533 The maximum strain was 40% befgstastic deformation begaiWe consequently
assessedhangesn resistivityat pointsof 15%,30%,and45%strain. In Figure4.19,changes

in resistivity are shown for Kraton D1152 coated with polymeric platinum and Kraton D1152
blendedwith 10%wtpolyisopreneandcoatedwith polymericplatinumwhile thesesamplesre

subjected to repeated 15%bain.

We previouslystatedthatthe averageconductivityof platinumcoatedKratonD1152was6.11

S/cm and the average conductivity of platiraoatedKraton D1152 blended with 10%
polyisoprene was 0.585 S/cm. Our methodology for electrocmechanical experiments was not
as precise as the four point probe methglsuch,the lowest listed resistivity value was 1,
implying high conductivity and minimal regtance. In both samples shown in Figdr&9,
resistance in stasis is fully recoverable. However, when subjected to repeated strain, the
conductivity of the electroconductive elastomer was reduced to as muc@$ahd 3.57

102 S/cm for Kraton D113 coated with polymeric platinum and Kraton D1152 blended with
10%wt polyisopreneand coatedwith polymeric platinum, respectively.While our Kraton
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D1152based sample showed a reasonably steady incline in electrical fatigue, as ettgected,
Kraton D1152polyisoprene blend showed electrical fatigue that seemed to be somewhat

haphazard. This made us suspect hysteresis, which we will discuss later onhaptes.

In Figure 4.20, we assessed the resistivity of Kraton D1152ES (SBSY ceiditepolymeric
platinum and Kraton D1152ES (SBS) blended with 10%wt polyisoprene and coated with
polymericplatinumwhile beingsubjectedo repeate@0%strain.Again, conductivityin stasis

is typically fully recoverable, even after twice as mgttain repeated over the same amount

of time. However, resistance and electrical fatigue was substantially increased. In this case,
maximum conductivity listed was 2.4402and 8 103 S/cm for Kraton D1152 blended with
10%wt polyisoprene and coatedtlwipolymeric platinum and Kraton D1152 coated with
polymeric platinum, respectively.

In Figure 4.21, we decided to test progressive repeated strain, assessing 15%, 30%, and 45%
strain on the same samples. In this case, Kraton D1152 coated with polyragncnp had
relatively a maximum conductivity of approximately 1.538B32 S/cm, which is notably
different to the value seen in Figure 4.20. No change in conduetivitasis was seen, even

after 10 cycles of repeated 45% strain. In contrast, Kratbh5P blended with 10%wt
polyisoprene and coated with polymeric platinum was not ablgiv®reliable values of
resistivityfor valuesof 45%strain.While conductivityin-stasisvasnot anissue at45%strain

our two probe test was not able to confirnted¢able or reliable resistivity valuesor this
reasonsequentiatonductivityis only assessedp to 30%. The maximumconductivityof this

sample is about 1.538%02S/cm.

The results from these figures are averaged triplicates of sarR@ststivity was assessed

using the two probe test connected to the same machinery we used in our elestdataik
assessments. In such machines, control of stress is defined by the machine and only strain is
customizable. We must assume that despitethialues, the stress utilized in these experiments

is of similar megapascatangeto that shownin the stressstrain curvespreviously. This is
relevant due to the unusual changes in these values. Previously, we discussed the influence of
stress and stmairate on the maximum elongation of a material. In this case, it isthkddine
electroconductivityf the materialgs alsoinfluencedby stressandstrainrated not directly,

but because of factors causing material hysteresis thafklgncingresistivity.
1



In termsof electroconductivityye foundthatno permanenelectricalfatigueoccurredn most
samples. Having identified the potential for electrical fatigue under repeated strain, we
attempted a second method of creatimg electroconductive elastomer. After initial creation

of the construct, we stretched the material to the maximum funcisbraah percentage we
wished it to be electrically conductive at. We then applied a secondary coating of polymeric
platinum and attwed the coating to dry. We found that at 100% strain and 1000% strain, this
caused no negative impact on Kraton D1bd2ed samples. We did not repeat the
electromechanicdhtigueteststo the sameextent;however we did briefly assessesistancen

stasis and at the maximum strain percentage. No change in resistance agcenaaplying

a dual layer of polymeric platinum utilizing thisethod.
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Figure 4.19: Electromechanical Fatigue of Kraton D1152 with Polymeric Platinum and Kraton D1152,
10% Polyisoprene, and Polymeric Platinum under Repeated 15% Strain. Top panel: D1152 and
Polymeric Platinum at 15% Strain; Bottom panel: D1152, 10% Polyisoprene, and Polymeric Platinum at

15% Strain
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Figure: 4.20: Electromechanical Fatigue of Kraton D1152 with Polymeric Platinum and Kraton D1152,
10% Polyisoprene, and Polymeric Platinum Under Repeated 30% Strain. Top panel: D1152 and
Polymeric Platinum at 30% Strain; Bottom panel: D1152, 10% Polyisoprene, and Polymeric Platinum

at 30% Strain
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Figure 4.21: Electromechanical Fatigue of Kraton D1152 with Polymeric Platinum and Kraton D1152,

10% Polyisoprene, and Polymeric Platinum Under Progressive, Repeated Strain. Top panel: D1152 and

Polymeric Platinum Under Increasing Strain; Bottom panel: D1152, 10% Polyisoprene, and Polymeric
Platinum Under Increasing Strain

Thehysteresisoopsshownin Figure4.22areperformecdatastrainvelocityof 10%perminute.

Theloopgoesfrom 0 to 100%strainandback.Thehysteresisoopsarethe consequencef the

differencebetweerthestrainrateappliedby themachineandtherelaxatiorrateof thematerial.

The materialcurvesare within the elasticregion,meaningthe materialalwaysreturnsto the
1



initial stateof strain (equivalent to 0) and no plastic or permanent deformation is occurring.
However, the visible hysteresis occurs slower than the applied velocity of the machine. These
loops allow us to conclude that hysteresis may not be related to the charlgetricas

properties. Instead, we can hypothesize that the polymeric platinum has a different relaxation

— D1152 + platinum
—— D1152 + platinum (hysteresis loop RT)

=
ol

D1152 + platinum (hysteresis loop 3€)
D1152 + Polyisoprene 10% wt + platinum
D1152 + Polyisoprene 10% wt + platinum (hysteresis loop RT)

Stress (MPe
=

o
o1

0O 40 80 120 160 200
Strain (%)

Figure 4.22Hysteresis Analysis of Kraton D1152 and Kraton D115Polyisoprene With and Without
Heat Treatment and With and Without Platinum

time comparedo theelastomerThedifferencein velocitywhenreturningto the original state
resul ts i n 0 mlectrdcondubtivedager ané edastonterh Tehis, compounded with
the rapid elongation rate wutil i zegropperties.kel vy

The area inside the loop below the loading curve is larger for the Kraton D1552 compared to
tha of 10% Polyisoprene. The area shows the energy needed to strain the material, the
difference in areas below the loading and unloading curve shows the energy dissipated during
the cycle. As such, the hysteresis curves in Figure 4.22 show that Kraton Bdsb82onger
relaxation time compared to the 10% PolyisoprEneton D1152 blend at room temperature.
Additionally, it implies that this polymer would dissipate more energy during loading and
unloading cycles. While this is not immediately relevant, ih edfect the piezoelectric

properties of the complete construct.

As shown in Figure 4.22, we chose to analyse hysteresis at both room temperatur®and 37
degrees for our Kraton D115sblymeric platinum sample. The presence of hysteresis is
normal in manypolymeric materials and depends various factors, including magnitude of
velocity, intrinsic relaxation time of the material, and temperature. Temperature is a

particularlyrelevantfactorastheY o u nrgodwdusof a materialcanchangesubstantiallywith
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temperature, depending on tmaterial.



We wished to determine any potential differences in fatigue that might occur if the polymer
construct were used in an implanted biomedical device or in cell culture. This data shows that
KratonD1152p | at i numés Youngdés modul us and hystere
heat. However, given the improvement in mechanical properties from platinum coating, this
alteration in properties do not rule out use of the construct as they areIst@l with that of

skin. The improvement in mechanical performance due to polymeric platinum coating and
heattreatmenprocessingccursor unknownreasonshut clearlyexistson evenamicroscopic

level that carbeinvestigated in futurexperiments.

4.8 Piezoelectricity of P(VDF-TrFE) and the Complete Construct

Throughout the course of this chaptee have discussed the electroconductive elastomer.
However thepiezoelectricomponentP(VDFTrFE) hasnotbeerremarkedupon.We elected

not to comparehe data from electrospun P(VBKFFE) because of the differencehickness

and morphology. While it is possible to create thick, nanofibrous mats of RTVEE), we

would not need to use mats of such thicknesses in our actual construct. Therefore, their
mechanicapropertieswhile comparablewould beirrelevantto us.As we alreadydetailedthe
mechanical properties of P(VDHFE) in the previous chapter, we opted not to discuss them
furtherin this chapterInsteadwe choseto validatethe piezoelectricstateandfunctionalityof

this polymer.

P(VDFRTrFE) is a flexible polymer with excellent mechanical, biocompatibility, and
piezoelectric properties:®® This polymer is often used for pressure sensor or shock gauge
applications. Piezoeleot materials give rise to dielectric displacement when undergoing
external mechanical stress. As charge is proportional to stretching or pressure and disappears
when these cease, piezoelectric materials mimic somatosensory system function. The ease of
electrospinning, piezoelectricity, and biocompatibility of P(VMDAFE) made it seem like the

ideal pressure sensor component system for our construct.

As a piezoelectric, P(WVDF r FE) i s capable of crystallising
and>>The b phase is the only ferroelectric pkh

thermal and mechanical treatment of the polymer, or deposition method. In particular,
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annealing P(VDHTFE) polymers between the Curie temperaturadirsg from 90110°C)

and melting temperature of 1%Dis a successful way of increasing the crystallinity of the

pol ymer and achi evi ng®t°hPablisded slatar hasdshofwn fipmis a s e
annealedt 140°C areoptimalandthatpolymermorphobgy canbe dramaticallyalteredwhen

cured at temperatures past the melting pdititin theory, this concept should be simple
curing a piezoelectric polymer should incre
variousfactors,includingmembranemorphology thicknessandtype of heat.In addition,any
mechani cal treatments wutilized in the prepa
phase. Studies involving piezoelectric films may comment on the heightened piezoelectricity

of thin films, whch often do not require any peseatment processing whatsoefer.
Stretching, which can be accomplished through spin coating or electrospinning, are both
capabl e of i @ creanagthanfythebheat tneatsant is not always necessary.
Howeve, otherstudieshaveshownthatb-phasds increasedy annealingevenif the material

has been stretched through the chosen deposition methodbiagpably, this increase ib-

phase content is coupled with reduced mechafucation.”’

Initially, we assessed P(VBDFr FE) 6 s abil ity t o-180iCtadhtiswasn d he ¢
the temperature range suitable for polymeric platinum. We found that at temperatures above
125°C, P(VDFTrFE) sheetandfibersshrink,warp,andmelt. At 100°C, minimal warpingand

meltingof fiberswasseenandnowarpingor meltingof planarsheetsvasseenln ourprevious
electroconductivity measurements, the piezoelectric layer of our construct was determined to

be as little as 15 um. Obviously, high temperature treatments on such thin layers would

likely impactfibersinstantaneouslgndirreversibly.Studiesoftenconfirm the b phasestateof
P(VDFTrFE) post heat treatment through techniques such as attenuated total reflectance
Fourier transform infrared microspy or Raman spectroscopy. Although this method can
confirm the presence of typical piezoel ectri
samplespnlytestsfocusedon measuringpiezoelectricesponseanvalidateour model.Other

studies have ¢ablished the important correlation between crystalline morphology and
piezoelectricfunctionality®® 84 Typically, high b phasecontentis correlatedwith high input

(N) and output (V) signals, otherwise known as piezoelectric sensitivity. Faretssn, we

chose to perform both FTIR spectroscopy and piezoelectric measurements.



FTIR is renowned as a complex analytical method because the interpretation can vary
substantially. We identified over half a dozen studies that listedatkefralues foFTIR b-
phasgeaksPVDFandP(VDFT r F Bbphasgpeaksaremostoftenrecognizedas840,1276,

and 1431 cm.%* %This has some variabiliy peaks of roughly 840, 1274 and 1402 cane

also acceptetf: °However, the literature hdisted other peaks, stating that 474, 510, 1276

cm ar e vphdsé pgakBAnot her s iphaskypeaksiassiileadd 880; while 408,
531,612,765,796,855,965areU® Thiswasin line with anotherarticle,whichlisted Uphase

peaks a763, 976, 1150, 1211, and 1384'ciln  a -phdise peaks at 842 and 1274 drbut

did not comment on peaks lower than #8Baria et al. summarizes the peaks for PVDF and
P(VDRTr FE) , l i sting their attributiplasegeakand sy
listed in the literaturé®The st udi es we iplihserp¢aksfcandalidestiiedat t h a
approximately 474, 510, 840, 1275, and 1400'cm

A.U.
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Figure 4.23: FTIR of P(VDFTrFE) Powder

In our own analysis, P(VDHrFE) in powder form was compared to electrospun fibers.
Electrospun fibers were analysesluntreated, heat treated for 30 minutes and heat treated for
60 minutes. Heat treatment was performed as ramp heat treatment from room temperature to
140°C. A minimumof 30 minuteswasrequiredto reachthistemperaturavhenheatedatramp,
meaning that the 30 minute heat treatment procedure was primarily performed at low
temperatures. We chose to analyse powder as the maker of this polymer (Arkema) lists this
P(VDFTrFE) product as praeated forhigh b-phase content. IRigure4.23,we can see that
powderhaspeaksat 470 and 507, anothertwo at 848 and 883, andthenthe lasttwo major
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peaks at 1186 and 1403 émWe can conclude that, although small, over half of these peaks
can be at-phasedontanted t o b

In this figure, the lack of definition of peaks and existence of other peakbecsgen, in
accordance with Mahato et al. and Ahn et®ai®In contrast, peaks for electrospun P(VDF
TrFE) fibersaremuchmoredefined.Notablepeakswvereidentifiedat470,846,883,1188,and
1400 cmt, as shown in Figure 4.24. Peaks at 883, 1188, and 140Glowed the most
substantial increases. The dual peak identified as 846 and 888eems to be in line with
FTIR graphs shown other studies, such as Beringer®&fatording to Ito et al., the former
peak is specifically referred to as the electroactive phase artbessumedo bea -pbase

peak’?
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Figure 4.24: FTIR of Unheated Electrospun Fibers

Figures 4.25 and 4.26 are both very similar to the control figure, and virtually identical to one
another. Between one another, no major differencéoearen. The difference between these
figures and unheated P(VPRFE) also seems minor. However, aswhan Figure 4.27,
where these curves are superimposed, heat treatmentecdown to cause a substantial
reduct i ophase peaktathl@88. 0 his reduction t@assumed to be a decrease in
crystallinity; oftencausedy differencesdn fiber or matsizein otherstudiesthis decreaséas

been shown to occur through heat treatment alone in ouapalysis.

Notably, the P(VDFTrFE) fibers tested here were random. We did not differentiate between
aligned and random fibers for the purposes of thi$yaisarandom fibers are easier to handle
2














































































































































































