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With a swelBOngnraittooofthe MMA/ VP based devi

3 swelling rafB8]in the rat model
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Swan et al . suggested that a hydrogel expand
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di stributed al ondgl]tSme t ax ieda|l adir edtuidored t he ro
mould and the dry geddame dn srhwmwiefdo rtghiadtfy tihhee tchoe
compressedMMflo!l goVvkPd be reduced by changing

polytetrafPUHBEoet43] ene (

Further more, t-ihref laantiisrMMAP @lihya(s\VsRblefen 1 mpl ant ed
sheep and horse models and alll momae |l B-i demonst
wor kfeorusnd t hat wuncoatMMA)ancoaouwltd ocpa ucs ep onhiyn(owrP ¢ o
Vi y44]The coated and uncoatewdceppandet seawera &

hard pal ates for si x uwneceokast.e dT hsea nppilgess owpeerrea taecd

8



ul cerated and showed particul at epifgosr ed genr atoeddy
with coated samples were asymptomatic and unc:
a 60% | ongitudinal increase apd-mb? @®mtweadnsver :

the coated devices hadtd edfaxnpamddrednbonnpdendasa

The | ater sheep and horse model s -MMA)e dllhle don
hor se moMeajl halyi Aét al . showed that all si x ho
ti ssue exp48nsaieanandartoocnei scsa | |l ocatioc!| athieagt ed
modul us and strength of the expanded tissue.

tissue expagpdmadeln fapudsBlHt wWweoKs t he research

complicattiwoinssuel axgansi on.

Such character could be advantageous in treat
closures in which the demand for thethéessue a
ot herpsarticularly in a paediatric setting. How
the advantages of anisotropic hydrogel ti ssue
model |l ing studies may be fcoarer itehde ofuetvoti dc agdr dawe
of Swaal Bboa¢ht forward the idea that the swi

directional ldy fdepseqaabi pgvimat hods.

'The commercialized products Expanderm (Oxtex Ltd.,

9



1.1.20t her Anisotropic Tissue Expansi o

Ti ssue expansion ideas were not merely |imite
Ot her avail alplpé yt exherirqquaés forces to achieve
negative pressure cup, OMNogddtaorvoaudhdd tcited ur as

devi ces.

FighG6Negati ve pressure applied on the patient

correspondi ngs esccthieonmaali cvicewss;s | ef t : on the fir
after a week [o4f6]Jcup application
Lasheen and coll eagues designed a negative pre

They applied a val ved chuep woonu ntdh ea nhde aslttrheyt cshkeidr
suction, Fdg L& hoHwonweivner , the c¢clinical trials we
half of the patients did not generate suffici

ecchymosi s, ltfs46 er47jland red sp

ONordstr°m Skt gite & ,usselognankal iecladst i ¢ silicone

to up to four times its original l engt h. It w

10



pattern|[ d@hdnkaser more often adopted for t he
abdominal an[dd&,hiZgehle rewytiwmes i s threaded onto t
gradually tidheée emsc the ¢lesstoince restoring force

until the wound can be surgically c¢closed.

Fi gUANordstr°m Suture used in pd8]lp reduct

Fi git8Sec h e noaxyinca €] e f t

Based on similar i desaust wruets ,wistchmen od epveircceust aunseeo
straps or elastomeric adhdestiowgee tehlears t i csht raisp sT
DynaClaonsde DyhaCDyrft Claesf tde moRis g u-B & eids ipeci al |

devel oped for cleft Ilip or cleft palate, i nte

11



position before the surgery for imprlbovaed aest

device is that it requires adhediuseneasanbet w
resolve the problem of tissue deficiency 1insi
I n all, these devices may avoi danladrognitcwdi rdelf e
compared to the bulk tissue expanders. Howevel

the defects and repeated tension adjustments
anat omi c ably Itohceastei o2nDs mé elac d & | & r-iemawadd it vhee t andohne s i
met hods may not be applied to some soft tiss

Ther enfoorree ,del i cate devices are required to fil

1.1.3Mechani sm of Tissue Expansion

Skin is aB bpbpgamnber the external environment
synt hesis, which is indispensable for calcium
homeostasi s, whiscuhr viisvavlii.t aAlt ftohre hsudneen tmiamen, tf
organs for our perception of the external envi
water |l oss and external pat hogens, mi crobi al

damages.

Fi git9sehows the histology of nor mal skin, consi
The epi der mal sltayaerusm scooraiesutrmslod @it divmm,gr anul os
stratum dpisnosadmmamasal e. Der mal |l ayers consi

der mihe. skin consists of a series of closely

12



bi omechani c[ad.0]Lrod p eargteinesand el astidraecdaduryt f

wei ght of the skin and cont rtiilcuttey,t a etstpee csdkivre

Epidermis = '
— Stratum lucidum
Stratum granulosum
Stratum spinosum
Dermis Papillary dermis

Stratum Basale
Reticular dermis

Fi gi9Hd st ol ogy of rfepmadudesgiahr sini n

I n the 1960s, Lorber and Milobsky studied the
36 hours of tension and found that adjacent
increased wunder slight to modersatre tfthé2nmigon w
Francis antdhMamktboaddograph | abelling index
activity) of the guinetlah@sigs skas tthpaeadeidmbdy
of th-epehatmdd®d.3dB6quper i mpldesigdaed specingl | yni
compressed state, onto the back of the mouse
over ff po.dHedacyosmpared the -opesubtsdwantt thepshar

and found that the stretching has significant

resulted in the hyperupl asiys .of al l cel | | ayer
The | aboratory studies on the expanded gui nece
showed no significant differences in guinea p

13



of dermis and 'bernmieewnl tshecaxmpanwsper @t eudp gamad p
[ 29]The researche+4 &i apengl afed hehepnder mi s to
activities or a decneasmflandettscmet udétheednt hat
resudapsdaditeer t hemi gipt acnomtiiohitmei hg tolie thmen ex

t i s[slu5e]

Evidence showedttsastueimgeikigsaa siimoonr emase the bl oo
expandedhei sndce.oangi ograms of the pig flaps
expanded skin flaps ¢ddriAjAame dt he mher cophende pge
revealed an altered micr[olcd,rclilatt2®as D8] stdch eb e
proved that exposure to mechanical stimuli <ca

over sever al generations witbh6rjo observations

. Resting cells
Resting cellular

tension ECM
Change in cell
morphology
Tissue under F F
mechanical force
Deformed
‘ Cell mitosis ECM

Growth restores

New cells generated
resting tension

Figuhr®chematic of biological creépbiln tissu

!Pannicauhosluayés afvemusecblrieautiensdi oes nhhu matnidsasituye .e xi st
all ows the skin to move independently of deeper mu
A fikrapssil e nor malfdawdbiceur tBd i mpl antamnviolnl of ti s
completely xpaedouadenhhealkl y.

14



Upomechasiticmu!l skcmeksirmgel | ul adre froa ttmhiexm d( E CM)

mitagivd t ii @$ tanadt endew skin cells are gene
De Filipponandt Avael pssuepeap dan gidd® 5.6The
mechani cal foheemwri phol aoghtex ac@aalgles!l @af matr i x

the perttupcbhbasnmea mé mbr ane as wRk®dinmuasb etalivee einnt egr
ECM and cytopl aBmé c i ptredreiin wiid rpoed praarntsindntal e
mechani cal signals iInf57aAAlhEhe yft @picradsume elo ft haeh &
rearrangements in the actin fil ament, whi ch
mor phol ogi ¢ ¢ hamdy etshe nmetnhbeercerldf 6.Momgowvam, be
me mbr ane atuyfpfplbianhgo nbesncounbef mge t he cienfdr odni vi si o
t hepi der mal gE @Mptrho | fi de@ri@tTihfi ¢i t Aextseg thnrad s s

ul ti matdatlcyed t he cel-Bbi nmditrog ifsi lhaymd rhte m@matth wmay s

I n wiotdred s demonstrated the diredthceelff ewdulod m
i ncreepaisdeer onatl h gf aanhapi deErGRg|l geowp BGHBR2t]or
Mechani cal strain was also reported $e® affect
intracel |l ul ar6.30dNrAe cglwenrtthae sstsr et chgsat mut hyoubhb
the mecksamiscali vgonohhehaah®&Ge5dd mthrassin @weheant
the conformational ¢ h?dinngfelsu i nancde | Il e apdr otnoo t tetse t

the cell and6®2] 1 contraction

I n brthe mechanical stismubgnaplahihwapgsethatasdt ad

15



activateper dlhiefTatred tla omvieway sgi paol ves mul tipl e
factors, the protein kinaswhiaglldedhaveali ympoegs aar
in the cEheér afidrodlaish a naturpalolprfeparttey utna er
mechani cal stimuli, and such propertyr has | ai

technique.

1.2 Hydrogels

Since the researcihasbfecti s stahe tsh rapedcnt d egan,gveel an
introduction on the characteristics and appl

hydragsehhape mamery al

1.21A Brief I ntroduction on Hydrogel

Since the debut of ahgteogebndnengent@6@s hawves e

and remarkably developed the application pote
inflation capacity, excell ent mechani cal pr oj
al most everpwbmeai dal tveer | d. With the mature
hydrogel has also deeply bonded with our dai
modern | ivings.

l¢an bet mwacthdadrietsergbf orty, dur amaitflerr8 y and |
74] tbheting for medi cal ddwircdshesucts mootthr iamar

pr op¢gr7tsi,,est thle eacwnteracslilnggd drug vehicle for good
16



designabl e-semngsi tcotwievenngtl f 7379 ¢tuhpesc af f ol d for ti

engineering for their structural similarity t
[ 80,;,tB&] gastric r eltterstsiuve/ edepsaafaeafactaie nf o r it
expanda®4dindype tbavbac used as soft robotic | oc
gr i pfpoerr si t-rse sg o muéd[i P @fpreom itehse contact | enses v
permeability and water content to the superab

sanitary pads, the coomeiltdddrpdlioned qlupdi ogelos h

1.22Hydr ogel Chemicdtury and Str

Hydrogel s can be madwecd ¢ gt hnimeousadad | apatisgymda rhse t i
pol ymessgsphbhl!l macr,ylpiod ydeitd)lyl ene oxi,dedr orheol
combinati oBir mddlItyh,e hywhdr ogel s can be classifiec
gel 6 according to their satlbedudakrmanmat Gleér
| i nked bbyoncdaivrdd e her ef ory shtaakel estmaitcwairrkad .l On t
the o6physical gel 6 is crosslinked through phy
secondary forces including van der Waal s int

attr dcrt7i, o ms0 , 8 7]

There are various kinds of macromolecul e stru
view of monomeric composition, hehebol Isawiurcd u
categories: homopol ymer, copol ymer, polyrota

(I PNgD,. &HBmopol ymer s, formed by a single spc¢

17



chemically crosslinked or -hpyhdyrsoixcyaeltlhyy | e nnteatnhgal ce
( PHEMA) heinxlt ur e/lP0As PERQO ,gxanprlddds®tEifyw!| ymer

compr i ses niowoo noerr asopreec ise gaqilde achdiermst ®ne of t
is hydrophilic. PolyrothSanhed8PhHNsehaveat wani nadi

crosslinked p,ahy nér iac ene@taw®déd |y interl aced

1.23Swel Il ing and Diffusion

1.2.3.1Swel prioncge s s

Hydrogels can absorb water that is from tens
swelling behaviours of hydrogels are controlll

and solvent diffusion properties.

I n an aqueous e nevciudaersniehrgt ,h ywdartoegre | mowli | | first

pol ar hydré¢pghRiliThesgrwatpesr mol ecul esyabeuwndten

(@)

water Then the hydrated hydrophilic groups
groups, |l eading to the occurrence of hydrophol
Primary and secopnédebyg bHbobondl whtbemdt wat er Dhe
i mbi bes water as a function of osmotic potent
or physi cal crosslinks exerting elastic netw
equilibritmeoédbsorbed. water at thi7vg,sTdhee i s

dri ven antd ncgo unotrecreasc ar e r e sA) e atnidv eellya sd d mo triect

forMe (The swelils ntgheraeisfsfuarmdince bet ween

18



O ¢ m (2.1)

Hence the final e qhue | a cbhrii eDvemydd &WIsen— Mt © pgorc an

1.232Swe l daitn g

For tissue expander s, otnheet bséewerhd s tn garpirTdippealt yf ¢

swelling propertycouwehmencsueledexmandems of th
hydrogel and xeroXelrogerl masstbhe woahgtheous f ol
swelling degree fdesabihlyeldhegéihcreaseuafl wei gt
di mensions thehyidmegelf atasur ement. The maxi

usuall y armecpuwibleidlis aat e.

I n practice, the change in particular directi
expander s. For an i sotropige hiysd rtohgee |r aetxipoa nodfe rf
over the volume of xerogel ; for an anisotrop
pri marciciuy | engt lofa( oprardriea) ar direction (or S

characteri zgatproonp eordtsiseled If leirent ani sotropic swe

1233l nf |l ufactolweldaemagvi our s

I n gefneatadr,s t hahafilmxriebadd ttyheor the vol ume Dbe
contri bwatderf o ushen. |t can then be generalize
is mainly satbgeetoft ot héecompomemde notfr atthieo nh yod 1

crosesdndkt he physHlkadi nqt eVarctdermn Waal s i ntereé

19



pol ymer <chain[s7.alnd the solvent

Ascr oss | i nkMMA)p ocl oypiod Pytmee mat eri al usedsfof mbi
interest to specifi cTahlel ys wien W @ sntgi -gradtitled Jot hoifs ppool I
determined primarily by the proportd otnhef hy
amowintcrosslinker. Previous studies showed the
i ncreaseldd.Gwal ldidedina wbtnecr ossl i nker is positive

hydrogel 6s meamadaiungbs sanmdupgeyati vely <correl s

swelling capability. Further more, the presenc
al so inflluleinmg ntdaepesmwee. Crosslinkers with gre
hydrogel[ 4s0Wel | i ng

1.24Hy dr ogel smeanso rsyh appoel y mer s

The shape memory materi al can remember at | ea
temporary shape (T). It is made initially to

being exposed to specific physdrcaflr om <taepmd ch

Pwi t hout any external stress applied.

Common shape materials are shape memory all oy
The former is a widely known concept, wher eas
yearsr Behl and Lendlein termed the process th

Oprogr dmMmij]igé typical three steps of O6progr an

make the materi al flexible, apply stress to d

20



fix ther y esmpadpe et al. suggested that SMPs hav
|l evel: crosslinks that identify thé& P shape a
[ 99]The crosslinks of SMP could be either <cher

could be the hydrogen interaction.

The most widely dmiptliiatadb | tehea pmpatoarcihalt orecover
the temperature to At OY adbowled abertihe cqllappi
tempendttut der mal t r &posfi taino m ntoer nppheoduast ubdvEPp @ir n t h
“Yof an SMP with the crystalline feature. For
stimulus or trigger for the shape memory effe
properties, there coul de bSsMPRa cwoiudled rhaanvgee noufl ttirpi
factSoMiPs. malyadei fi ed according to thwedeimw as ffer
heating, hydratiogs, madne fell GeBcit sreedcd osnt i tmué nat u
crosslinking and polymeric networks, Liu et a
[l01koval ently crosslinked VgPMM&sPyB st ehneir mMmoRsNet n
[ 9;99]coval entlyccyossallinhkednseewor k, e.g. crossl
[102]physically <c¢crosslinked glassy copol ymer s
adet e) (PVAc) with [A®I3yp(h yascitciacl |ayecicdy)s s(aR U Ak e d
bl ock copol ymer s, e. g. physically c¢crosslinked

PCL104]

Shapemory hydrogell i(nSkMeHd nmiast ear icarlo shsanv itnhgata hy c

can be swelled in water and hydiropmodi c SMEC
21



controll ed dry atehmepré OFAtleaumasd pol ymer ofstaeamrwylli c a
acrylate developed by Osada dadredpeMatesiadeE MMa g h
presents SME in its swdlll0enT hset astweo Iwietnh gceoln sw aas
58C @ancoiled and dardenr etoail readd tiot RTcoi |l ed shape
58C again, it recover dderid saroet ghhaBSEH T mi ght
termsvof ctheenge. The SMH dteveM olpeexdeibyhtdieage by t

orders of magnitude in response to[] &@6krnal s

PMMA i s a typi[claOZi]sMMmemdti emieall coval ently cros
mol ecul ar °gwvemoglh)t $(bEledXd h it hiatMMAdloeysSVR Ot present
bel ow [1D@1]8®an et "Yaolf. ptoddvithAevdP(twite % 90: 10) t o L
160[ 4Che structure of -MMdAe) csryosstsel m nwkaesd ap otlyyp(i \ePa
PVP as its hydrophilic section amhePNMApwor k
memory effect (SME)>MMA) cwas sdadtn keeammproa hyd iwsPi v e |
SMP, possiblyY dyeYio thsshtgbhe), as most of th
in the SMP that perform at a relatively | ower
for biomedi dallt ramptirccad y eygah d dh eme cMMA)i sah odl ol
be increasing the temperature. However, due t
moi sture may be utilized [Quse tthoe tsheec oenxdp atnrdi agbgl eer
of poMMANVPas &, hydreogvdrel med moi stur e, e. g. il

water, may simultaneously increase[ 18§e vol ume

This work aims to impart the anisotropic infl

22



previously st agswdl | itrgee adainz ®wed rbdymipe memory f e
some specific hydregelosmentghrodd @ tsatsend madoyg es si v
Therefore, the next section wilslt altee porroowiedsisn g

met hods for polymers.

1.3 Solid-state processing of polymers

I n the 1960s, academi a tama p odaiskirlyi tsy aa ft eidn tt

l evel of oriented polymeric struct@n®9to i mp
Various met al processing methods were introdu
tensile drawing, e xdtrrauwsii nogn., Imo utl Hdii sn gs eeamntdi odni,e

extrusi-<omaaiic ddiwee specasSitcthéVyshpeoi ewwed most h

objective of this thesis.

1.31Free Dr awing

The dr awi-thrgawiomrg )f rierevol ves wuni axially stretchi
testing machine and maiyaiealr emgradc dedsiarsg ttheutea.
used tdreawiong t op oplryoedtuhcyel etnHeeP EVEi rtehp hat nhiasl oattreo pi ¢
and mechanicahi geopiery i p(eH Bty einnecr eased Yo
modu[l uls0O, 1hdJjcating the success bf 9pol ydhest at
mol ecul ar orientation. Ward et al. did not re

had summarised their work on drawing some cry:

23



processing temperatur e gthoe sotb toariine ntthaet i noant earnida I
be close to the temperature at][ 1veilRi,c H at3hee corny, s t
various research groups <carried out the pol

successfully improved t h[lel Ip4&4,0dlulcS]sdé mechanica

However, the results showed that such a met hod
renders a O6natur alg dradaw or atdied @r) maatci hd neavweiadt i boy,
6neckingé during the process. The natural dr a\
property anfndlfldenpefrat ey et he fr ee drprwd chigec tmet ho
modi f itchatoiugrh t he contrdln afddptooess thaer ametke n

strain hhte@eld@hengtrain hardening is a dynamic

i ncretbeshianicerveearsi ng mol ecul ar orientation, | €
stress that may eventually exceed the strengt
natur al Il i mitati aovin tihn ha ghi eviireqtmadliyomer s

1.32Extrusi on

Beacuse of the free drawing | imitations, extrusc
procefesmsigle stress is tabpkrotcessomf epushsingn
throcgmver gidinge met aalchi eve the -#esioedl|l oprehnt
Extrusion can be divided into hot extrusion e

temperature or into the hydrostatic extrusion
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(——

---=--Drive Mechanism = =

T
g ------ Support Frame
Ram Joint
Ram
- - f - ——Bronze Seal
Barrel -
Polymer Mek or Solution
Transduces-----
fernemeemne Capillaty Die

(a)

Figurel-11 Schematic of (a) capillary rheometer as a ram extrusion appHrafiisind (b)

hydrostatic extrusion apparatiid 8].

Sout hern anappPoiretdera feaapitl | aHPP R lue a ¥ ttesr t o
(130<)36and obtained|[ IrYy,st Hhkls st hedmMREi ¢ of t
rheomehcewnFiignkrd 2 al)t. can be considé&nédka tam abk
wor k that used the PE melt s, | macdyd ientd earl .d euvsiecc

with a comvYeragilngwedo fet e8ndg-alnlddt t he haXMboungas e

modul usPaptl13p G

Compared to thgdramsmtaekhzsexbeuysdoant age of re

bet ween the die wall and the bill et because t

2The womd&k tulse capill ary p ddetohnyeR 8srieotfd de xntort u cdbee tcHeas s
t he -stodtied processing.
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the die and [ad®]|agpachubappanatus of the hydro
i nFiguadé bWilliams first introduced the hydro
polypropylene (PP) and achieveR[ 1h&Wamadi asnman Y
his colleagues | ater followed the work of Wi
Yousghodul usGhd ampd tao def of m&Tijios wasi pr omi 26
| arger the cold drawn product dPawR E ,h vahinah ulrad

def driman r gtlild]of 15

The extrluldyattrasusanadef or mati on ratio deter mi ne«
| i end ttbhye i nner di ameter of the pressure vessel
effectively contrbBbweéwner dedxtrmasi @m alagdo ohas
First, extrusi oinwhiscimd yo6 mantec Hd insrclovee d les ddield eitn tco:
pressur[fel 2\2dtshsuesl, t he conti nuouSe cpornotoeastse sn ga nsde
Ward revealed that the strai A nrcateea siisn gc odnesftoar nnt
rati o i[rMn2©BHTehucki,e t he soddantsed avter yexhirasifolnowr:
bill et reaches the die hixgh , exterswditdmgp ri ens stuhr
component of which may exceed t hfer amdtuarei.al 06s
addi suoch,racessiwags rroewtogd t mdt evd t BXt rusi on r at ¢
production mm/gd@}Y JFofr OG.olnmke materials, the higl
def ormation ratio in some cases, such as pol y
of POM (( BB60@@OUl d only achieve a much smalle

coprared to the free drawing processC[(LP425) at
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125]

Note that for the extrusion procé&gs,antdherhe e x
actual def o¥ mMati isorderf atmied f@s t heseaattiionaolf atrhee
(before processi-sg¢titonahebsdseaheWhat eeoses t he
sectional area to t heseaccttiuoanla |lp raordéuacstu/&esxd tyreuxd artu
smal |l e¥Y dwukanto the 6die swellodo. QU@WeQaadi e sw

[ 125]

1.33 Di-ékr awi ng

| To lood cell

I3 ] |- i
f Temperature-
asntrolled Al
cylinder

Band heater

|sotropic billet

Billet centring ring

Cie

Drie drawn product

e
} Instron crosshead [

FighlrB hematidrafwi @ gdfialpp2alr at us

Di-¢ér awi ngs ichvawiveg a solid pol ymer through a
temperasunemet hod that integrates free drawi nj

l i mitations of both methoddrawihmeg scdeimae i de oif
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Cotaes and Wahredwg X 21 2 2]

The die of conical or other shapes is wrapped
I nstron tensile testing machine. The bill et i
di e exiterilmentthe tehxep crosshead of the tensile
clamp grips the tag to realise the billet defc

and the compression from the die. plohley meertsh,od
incl udi h32;PEB2®P23:;1322PPM27;:13FBBT 13BYF

(poly(vinyli[demigATZI3B8mniddee)vlen wodd 46mmplo gihtee s
influence of processing parameters were studi

carried out to under sdraanwdi nt g eb4nbebchsasni sm of t h

—--— Deformation zone ————

Product

—_—

L_Vf

1o 11

FighrBchematic diagram of -theaewdaefgopbdIndlteen zo

The -ddiaswi ng al so has t heYy ammodni nlaé¢ aetf walmadeéar n
Ydefined ihecdad@ea Badson et al. depicted the t

t heddawi ng: (') conical die flowpthbhkel)nal soehes
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fl,owas sFhiogwirkr Filn2/6s] t he necking ofn tzlerebillll etndc

Ytends to beYbhatgerthkhkaddeahwixng. in the die

134Comparison of the processing rout

Tensile Drawing

Bwsion| POy S 3

Strain rate in
deformation zone

Die drawing

Figurel-14 Schematic of three uniaxial processing routes to impart high strains to solid

polymers reproduced fronfil24].

Figlt4 | |l ustrates the proicessang pathe ahdfse
(tensile drawing), hydrostatic ext-dwawong(and
[ 12a4nEi g0t ®resents tchtersatirna e n s-t afg)s so(f these th
uni axi al processings in a 3Dcurrvaepghl.y Itnh abto tthh e
hydrostatic extrusion h&xithe widrydeweisrhge,s tdsii@minl ¢
t o t hder afwieng , has t he maxi mum strain rate th

deformation ratio of ttad esamdglog mad i bowenrati loan
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maxi mum stress required bydeawrogi andwiaenmsukbka

as shbwogllf

The POM as an exampl e; t he D500 PPN experi
(hydrostati calC ywidxt rtuhdee de xattr ulsd o nY r™dte of ~0
8. 9, zer o] YxdoempaweHd & wti mag dhixe al mpRae s{sduiree of

drawn Gwi tlh58 hawdhg rate of=—9)A3@HM/ min and

Hydrostatic g

extrusion i

/

Tensile
drawing

ye

Fighlr®Peformati on Opat hsdt raatirnas o t[hle2edt]sue f € e¢

Moreover, the extrusion pressyriefsinmerticeseda,i
earlier, the extrusion rates are generally Ii
the same r-dtawiasg tweuldd every | ikely cause a

extrusion stress and end nwug iwigt Ht hthexPoOM ftHhra
prestsruamesmi tting fluid to reduce the friction

process wil/l require even greater axi al press
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The-ddiaewi ng, reportedi byt IGé bproomcandi Wgrof PE ar
stateb6 at some point, in which the sample bi
fluctuati on, I n eionncpraeraissionng wnietchk itnhge deuwedrng t he
[ 126 Duri ng-sttheed edst dedhcey dr awing | oad remains c.
rat e.
Tablel-1 Features of three uniaxial processing routes.
Tensile drawing Hydrostatic extrusion Die-drawing
A Absence of A Absence of tensile A Have both
compression stress compression and
A Axial stress depends A Higher flow stress tensile stress
on the material A Higher extrusion A Lower flow pressure
Stress . .
nature and force required and axial stress
temperature A The requirement
reaches the highest
atthedie exit
A The higheststrain A Limited deformation A The highesstrain
occurs in the neck ai ratio rate encountered at
comparatively low A  Stable and low levels of plastic
Strain strains controllable deformation
A Uncontrolled deformationratio A Stable products
O6naturabd deformation ratio at
steadystate
A Only forasmall A Largesection A Large section
section products products
A One batch A Continuous
Scale : :
production production
A Limited production A Reasonable
rates production rates.

Therefa@rawi dgecombined the advantages of fre

dr awi ratesv athegh @omoddextiosni on (controll ab

ng

greater potentials for. Tphlllgmews soheé dadvt antea ¢

di sadvantages of three dipfrfoereesrsti ngr cd @ £ssisn g srt «

The

folleswchgomsubwi | |

f ocus

on
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parameters and their effects on the products.

1.341Di e geometry and die angl e

The convergingddbeciamngeadfi varheudi shapes, e. g.
shaped die and curved dies. Threawiomgcafl poleyin
due to its easymmet makef amtiwawei Tha acomeé cfad d
angle -dogl éh)al fMirza et-dradwi nggi noufl aP@M tt threo udg he
di f fleatemyg3A8A,( BAWA,sahawed t hat the highter the a
and higher drawiongddB8iTadey @altsdo baxicall t he resu
rate caused by a more sharply converging die
condiTthheonh)i gher st r anonsércanidfriganarnatyg  osad,t beadin
free drawing i n idrefgolstregatliinonadzdand olnl,It hkey al s
deformati omdoburfieceorefaectied #hbaanbghlieg hdeire un
t han tA ehaatlffl .e Idti eseems that without caonsider.i

small er die angle could be more beneficial

1.342Di-&kr awi ng temperature

Temper atur eat ewhyi chnfuluteinnmes t he mechanical beh
of vital | mporawincg pmotctdesdi Ehe temperature 1
situations: t h ed riamii tniga tpiroonc ecsfs time tciee di e anc

prcess to accelerate the strain hardening or f

the die.
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I'n priangi peeaperreotgaidéef it baent mol ecul ar mobil it
used as the WdemwémagturFreromoditeqpolgdnensdutchedp!
at a temperature bet weefYatnlde tdileasnEM ft A &@s iptoii ont
12411 n -drhaewidng of copol ymers of POM, Hope et
significantly reduced witplebewibhbrkeasgag it emi

coul d be succreeslsaftuilyg byk yd rtagwin@ éarftat ur e s

I n addition, Kud&knaleyktai ceal arhad elelpionmg eadf the temn
the die using both activated rate theory and
that the billet temperature (both surface and
duteco the mechanical wordk adwpibndgl Fh et hamppreradyuess

gives rise to themdy oavs §dénnftdisainicyed a4 hitei one cdrmadh i c

The additional cooling procedude awsngbpentess

possi bly because -htahredseen i ;mal ofimseartfsudrr essttdidet ieds tod a d

drawing and the progressive cooling process o0
har deHawegv.er , materi al t hat undergoes el astic
show -Bardémni ng eifrfee caad dmatyi orneaglu cool i ng to prev

tendency.

1.343Def or mati on ratio

The def or mati on ratio reflects the final str

nomi nal def ormation rati odr avwireg cshanmmalnmé 30 usic th i
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initial di ameters through t hder asva nieh ed isea mpT hee
identical initial diameters f{{HAQRLP ttelse adide Vav
showed that the avatsualf fikledt cddmabwyii Mg nraatttieosn as t |
continued after exitgtnrgegds,e an e tdlue rax itnhuem tde
that could be achieved [iln2c2rllehaesye dr ‘¥vi a niidl edll dh et hder a
al mbbtee tthYnes!|fwd -car adiwre PP at a drawing rate
the significant 'Yda nfd,e rtenec er ebledrtwa eoehnsd rbaest iwnege nr at
wer e stneaadomp artihseonf rvweiet hdr awi ng procwlsd, be n w

comastly propagating.

25
PP copolymer die drawn at 100 °C. (o, R, =7,
15.5 mm die, A, R, =5, 15.5 mm die,

A, R, =57 mm die).

/%
,l
- A
5 15 s ’l
K £
) [ ’
= A drawn
= A irawn PP
% ! " homopolymer fibres
3 ; &
o
=2

A . ¢
; v
10 /;/ g
pe
4
i
3 hvdr G
4
’

Bl

Draw ratio

Figurel-16Y o u n g 6 s i-mravdratib @eformation ratio) &fPprocessedby different

processing routgd24] (as a reproduction of work by Coates and Ward in 1929]).

However, such a fepatlymerisstbaktypapplkissedsudfic

behavil@dB8iffhe early work of Hoff-thaawand B6&chmet a
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whi clhadk of strain hardening effect, tends to
whenhe deformati on r[alt4digot Behi ghampt bBawo@l d@2be
al so shows no &twaasi nf ohuanrdd et noi'Yhbaen dvlietwrays cilnodseep etnod

from the drl&8wilng r ates

The majority of previous works have saiggested
strong correlation with the orientation of th
of modul us or . stOme ntghteh cahcohtigeavreyae stsh e out e

drawi ng, exdrawobooailgyastdowsea minor ef,feacst on t

showhRi ¢l 6

1.344Di-&kr awi ng r ates

The -ddiaeswi ng rate was geqwndéralolcytgepbirnedeascrioes
On the other hnaonrde, atchceu rsattrealiyn rreaftleect ed t he r
Al t hough t hen dctthuen li sntsrt ahiaif wiroaet ephace t o pl ace,

rate is considered a aeasdagabIne rrad pr e enthat ma

As mentioned earlier, increasingY améhwsoaoghr at
relation was conéagironfedv dryi dthe plaleym@8 s, 135!l u
PP 130]PBE26]Jand[ 1P3LBASome excepRV,ondki,d suacth salsow

dependence of the deformdadB8ivrdén ratio on the dr

Furthermore, the drawing rates6 influence on
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pol ymer to pol ymameempl e awiitehs diofrf eerheent r anges
For example, the axi al |l odad 2@ |leo WP O\ | a2ercdu | R t
to increasel30 wnitHh3jcaertipncreapiovechiuzwi PP rad
POMavetri hsgbefll ¢.r yRitcanaridnsioony et al . reported
PVF (Wh-&®&n decreases with the drawing rates a°

drawing rate [48dhed ~0.7 mm/ s

1.345Characterisation for the oriented

As the aim of the dohwmeg psotessbngibytdieeor

i mproved mechanical proper presucteushat agt €
determination of t he mechani cal properties,
characterisation methods included density ant

t her mal analysirayrdcfébni tX&kmDge foX orientatic
cal culoattii@m,l mi ¢ rsocsacnhonpien g ( G&M)e,ct r on mi croscop

mor phol ogy observation.

The -ddiaesvwi ng was found to influence t&amd macros
strengutdhi.esS of i ©lo tawapliReQMaanlde dd iteh at the densi
decreas¥ s, wietshul tceidier & wionnutctesg[ld1l 3 S Imi dansi ty

redusweircen d mumtwh g nikePlps PYHR,29PRE 130, 137]

The moipghlhodl ehahbesor iceonutledd sheeo v e e ERVISEEM g h

Vari ous polymers | ostdrtahvamndg t henSphMriemixgye aafdc en
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generati ph346f B&EEMs rvooswiwrse od avlica & ait mage anal y
soft wairnec ragnads 6 d t e aavé thgalr at i o & .-driSsBwMh i proal gyense r s
also generally show a HilgB , deglrdda hofwsf itthree o

examp$EMoif malglees if © 0 ¢ Fderpainwen aPnQdM .

Isotropic (R4 =1)

FigurB8EM of POM i sdtawmpicamamldedi g oh3litude ¢

The DSC measudreaawerntPPRPoff rdoine Chaffey et al . s h
temperature and the melting enthalopy, t hus «
aligpnm&dfMohanraj et al . al so uR@M cDSyCs teanld oft uhsei
t o ad mt tdhrea wdni ePOM <cThgst amke |l haft ytt he ckmyestsal | i z ec

wer e c atlhcruol uagt he-dt hhoemsGoi nb besg 8 &1 i o n

Ri chardson et -aangands adaglriea yX svi¢ altet er i ng ( WAXS/

identify the effect of processi ngdrvawn abVFR.s o

3"y Y p — ET xHEAEthe equilibriumsmehei hgeeempefate

of the end faces | amellar that 3Qs sagsdh@citdtee dnowiytnia i
ent hal py of fusion per uniltn vtohleu ntei toefd tjhoeu rcnrayls taarltl
assumed affg avneéier POM to obtainadthe | amellar thic
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The XRD patterns indicateéeftlhhe admpyinegglidomed con
composition aaangd eo roife nthpel &cd Mesh anr pjhas eWAXS st u

drawn POM shows a strong peak at (@laGth)atr dfhleec

crylsaxails is preferentially oriented perpendic
of i sotropi¥5materials
1.4 Summary

This chapter first revi ewed the evolution of
devel opment of tissue expander sndetros sihno wp Itahset
reconstruction surgery and the necessity of f
seilldfl ating tissud ndXmarn dcdagr ¢.i sfssu et heex psaenldfer s a

system, hydrogel s & nagh e miewetiiegtsr cacolPebBMPIAD i, on s

as a very promising biocompatible gel in tiss
|l ast part of this survey introduced some typi
out dti-kemawi ng, which combines free drawing and

of which might meet the requirement of produc

perhaps the most feasible processing route fo

Based ewi ¢ we afr atwhengdiexperi ments on other pol
devel oped a uni gqpelpNMW&Lesandgt heupedrhaewrnt i es o
product were studied and char ascetnetreidz e dn. cThhaep tde

and 4. dHowmertriioned earl i er, the advantages of
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compared to isotropic ones have not been rep
decided to use a si mpdeisfcireidb ematthhee ntaitsi scuael greondeet
ani sotropic tissue expanders in the simple sy
whet her the anisotropic tissue expander will
some af$pecms dveolrlki ppgaoyvi de a t heoretical basi s

devel opment signifieagmasned fwialnlieslod r@pas Ecte etrti s2s. u
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2Mat hemati cal Momfell &t inmgy
Ti ssue Expanders
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List of Parameters(Chapter 2)

Ol AL
=

O st

The radius of the simplified cylindrical phalanx

The length of the simplified cylindrical phalanx

The area of tissue generated by the hydrogel tissue expanders
The area of tissue required by a syndaatgbonstructive surgery
The radius of a fully expanded cylindrical expander

The initial radius of a cylindrical expander before swelling

The ratio ofi to'Y

The length of a fully expanded cylindrical expander

The initiallength of a cylindrical expander before swelling

The ratio ofOto'Y

The swelling ratio of the uniaxial swelling expander {UDBi)
a ‘oro

The swelling ratio of the bilateral swelling expander-&i) &

The ratio of the isotropic swelling expander (BD) &
The number of expanders on one side of the phalanx
The slenderness ratif a cylinder_  "Ofi o
The slenderness ratad 1D-Uni and 3DIso-cy(1D)
The slenderness ratas 2D-Bi and 3BIso-cy(2D)
The critical slenderness ratio as a stability criterion

The critical (maximum) slenderness ratio of-Ubi and 3DIso-
cy(1D)

The critical (maximum) slenderness ratio of-BDand 3DIso-
cy(2D)

The practical swelling raticof poly(VP-MMA) as a capability
criterion

The practical swelling ratio of Dni and 3DIso-cy(1D)
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O it Thepractical swelling ratio of 2Bi and 3DIso-cy(2D)
T The practical swelling ratio &D-Iso-sp
T The individual volume of each device for one insertion model
T The total volume of all the expanders for one insertion model
4 The required volume swelling ratio of HTE
4 r Therequired volumeswelling ratio of 1BUni; 0 a
A T The required volume swelling ratio 8D-Bi; O a
o The required volume swelling ratio of 3Bo-sp; ) G

2.1 Introduction

Downes et al. used hydroxyatbyli amefbacthkeatal
the congenital anophthal mic socketi nifnl alt9 9n2g, [

hydrogel tissié8da pasmibeaectc(i HTE)caopupédyg ciat @ omsr e

tissue in a pabotbeladi dbheecoimerenti onal i sotr
HTE may generate unnecessary tissue in other
necrosi s.aslers,t menseni sotropic swelling hydroge
geometry of tissue generated and i mprove tiss
Swan et al. devdlnddead i aiMEA) yhtyBopiged di sc b

pressing tkhkeiaVlrondeatmats §HhAaBhd rmaisri tdxmart:
direction of -AMMMAY)Tr dlytde d ged | wa¥Poppestiento t|
showing a one dimensi onal (1D) expansion char

of controlling the swelling directions by rea

4 2



treat ment . Hence not | i mitteednttioaltlhye bleD perxopcaernsss

a tdwomensional expansion (2D). A typical 2D HI

shape that swells entirely or mostly in its r:
a device wild.l bédebeneikitciaalt i seuec ases.egq.u,i r ed
syndactyly and cleft palate). For instance, ir
l engt hwi se underneath the web (along the I eng

merely make up for the absenowingsoneethlee sseeni
either end of the finger. Moreover, the orient
woul d naturally coincide with the | ocal defecHt

unnecessary cuetcémigng sthvfaptimg wirssue fl aps.

Table2-1 Schematic of isotropic and anisotropic tissue expanders

| sotr of Ani sotropi ¢

Expanc

Swel i 3@ so 1BUnN | 2 DB i
St at e

—~__
J =
Af t er Swe

=
(Arrows rep " a
swelling d VW

This chapter presents a gener al mo d e | that e

Before Sw

parameters on the successful application(s) of

directions. The three potentTabh2ls wielH d i nnrgt rt e/ gptee

4 3



i sotropi c sweslo)i,ngr BHsTsHe o(t3WDn i a x i aiUlny )s walnldi rt d el
bilateral sswBelli whodhBb@aDreported in the | it
model |l ing aimed to compare -Uhe -Bik BesAuds 0gle ner at

the samé@aseseséemplt eos yFndgadtey | Bfv ecra svei t(h si mpl e syn

could be many possible cases if considering
insertion position, and shape of thiesexplheader .
use of HTE and possibly improve surgical conv

Incomplete simple Complete simple Complete simple syndactyly
syndactyly syndactyly with 2D-Bi tissue expanders

FigaXld | ustrimpli ®@onsywmadaed yd iydin ae mmeitchmoti Gilor a

UnNMTE( syndactyly image$ 1¥8]je reproduced

I n detail, the ossmat adi cof prheecefssl loowi ng ste
fundament al structure of the model , which was
required,; (2) built up the geometric model b

| engt hs)boonfe sf iammglert he geometry and the swell:i
deter mined t he necessary assumptions and C O

expression of the area of tissue generated (u:

4 4



ofhet area of the tissue required in the recon:
(5) used the relationship between the variab
variables. The results revealsewedltithaeaghydanogpeas!l &:

case under a particular geometry of the finge

However, some of the analytical solutions wer
HTE swelling ratio, mechani cal propieot pf and
pol vN\MAR) (VP: MMA, @G &DO0 ew/iwi namereeinvalid res:i
required vol ume, vol ume swenil, Bn2gDa Aldsto3 6H Takhsd 1 n
were compared to determinei g&dter ppiocs amd tchoen s|

swelling HTE.

Due to the machinable nature of HT E, the surg
HTE and customise them to appraptiuabée €@Oemens
patientbésilgandi c@nee of this modelling is to
surgeons. I n addition, with a modified geomet

conditions of r.econstructive surgery
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2.2 Modelling in a Simple Syndactyly Case

Oblique View Front View

Before expansion After expansion| Before expansion After expansion

Y

1D-Uni

& @a’)
(a) (a’)
2D-Bi @ L ‘
(b) (b')
(b) (b)
3D-Iso \ ¢ ' 0
(c) ()] -

(

(sphere)
(c) ‘ ()

Fig2a23eD il lustrations for the modwalt hmfutHTEs e
ti 9suaNot edgtsheatailessbhboappohtaeieldy nd+ saonddb 63 D

apptobbawertiptackdi ndt soal 3D

Simple syndactyly is when thetoeogdtthdn swiuteh odt

fusion of phalanxes. The current model simpli/f
bountdh wa | ayer of tissue with zero thickness.
swel | to an adequate volume to generate suffi

The scbemadiiago b mdrD ,-Bi2Danlds o3pae s ¢ it g @2 e
The requiredUrwiolBunmea nffde 03 DHDE coul d be calcul at

tissue generation ef fdiecsicendy.d Tme trhad e ls ewitlilo n|
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221Assumptions

The gener al assumptions for this work were in
For the finger bones and tissue:

(A1) The model applieas¢o the simple syndacty
(A2) A segment of the fused fingers was abstr
(A3) Regaredlaesdd cdiftsygdoaf t he

(AZhe gener at ewa lbitsdym darcet eyd nyass ®ug e i y

I n additi on, the preconditions for HTE were s
(B1) The HTE would expand only along its prim
(B2) The insertion of dehydrated HTEg@swoul d n
i || usntFr ayt2&abp5Sil

(B3) The shapes of HTEs were | imited to basic
Assummpmni $¢ BRdnsi stent with the operating princ
also reduces the suture/wound tensiUoscaketer t
et al . found that moderate distracting forces
stress [B4harmh@] physical significance behind
a minimum extent of initial def ormation of tt}

di scomfort whilé 8strkssi ngctbhasgrddeato the F

‘Merely the soft tissue on two adjacent fingers
not in the domain of discussion
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heal i ng

222Fundament al Equati on
Tissue already existed for defects Tissue required for reconstruciton
reconstruction (2RL x 2, amber area) (mRL * 2, blue area)

N VAN

Finger bones

Figure2-3 Simplification of (a) simple syndactybnd(b) fingers with tissueafter the

reconstructive surgery¥ ando is the radius and length of the finger bone.

As mentioned before, a segment of two phal anx
radi andfa lbendghk obre equation of this model
neededo,t istptulee area of 0ge mer aptrdeds(2ihid sesduse n

the tissue area difference between the nor mal
expressed as a simple function?,o0)f, gewee ngeiomet r
Eq(22.The v &l dieep eorf dneodt oobnd nys r efl i antlpeedr(&vd), t H u t

al so parasmebklrenohytdhegel, such as the radius

HTEHR® . Hence it could be regarded Bg23 functi

5 8 2.1)

4 8



5 ¢z*'YOTYD (2.2)

o Qi hYmHos (2.3)

223Ti ssue Adhesiveness: The Boundary

Theoretically, the boundary conditions between tissue and HTE can be anything between the
completely noradhesive state (#NA) anitle completely adhesive state (#A). #NA and #A

cases are shown kigure2-4 (a) & (b). In the #NA case, grown tissue attaches to the phalanxes

and expanders like a tight rope cra@estion (or a tight membrane in a 3D view). Whereas

under the #A condition, it adherés the expander periphery like a vacuum film. Wiese
reportecthatt he i n vivo expansion of tissue was O0tig
in Figure2-5 (a) & (b)[33]. The Xray photos of tissue expansion by-Ui HTE on a sheep

limb in Figure2-5 (c) & (d)) showed that the HFESsue attaament was closer to #NA just

after the insertion, and it eventually became #A after the full expansion of 351E

(a) ENA Tisﬁsue (b) #A a Tissue
Finger Finger
boxgle 1 bo;gle
Fig24Peossi bilities of tisexcue oaudh e(sdi)eavhMess sc a steh,e

#A case.
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Since the calculation of generated tissue are

OoHTE, #A mode was seledhedpfebet bbb é& satiBA di sc

stpddvided in Appendi x |.

Fi g2&5lemasgpé i ssue expanders in vivo.raopbapglkot o:¢

ti s(saujeaj et t he, (biplk &ve3r ddiarlyddn Bo X+ am: of

sheep

front | eg undéc)tassaee ekhpansbsention of HTE,
[ 151]

224Di scussion of the I nsertion Modes

The inserdioaecphyteensr mi ne the geometry rel at

covering tissue, thus affecting the final cal

HT Eessrtebe pl aced iowsei ttde. dlerd etchi s wwodke ofheeacnh t
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case was determined by three aspect s: (1) the
pl acement orientation on the finger bones; (2

and the intervals between HTESs.

2D-Bi #T (n=1) 2D-Bi #TB (n=1) 2D-Bi #T (n=3) 2D-Bi #TB (n=3)

g,
¥ \ § % g 7
\m/\ ,,« (a) \"~~~~,./3\_~ / (b) ";"m_..z.....\.k...,/" (c) \Wls\,......// (d)
DU L) DEi ) Dimea by DL e
gienennsnnn ~ S R ~... .. - ' ., S, v ...........
i | | | '
\\/\/ (e) s.,\ A"«/ (f) e, ../\,....,./ (g) - B (h)

Fi g26Sec h e maetxiacmpoeer t i on patteBmns HTE&) (blakae s (
parall el wi thh( ft)h4fngrh &HITEESsXx € @a)x;ji s vertical to t
3B so spher(e3-xssop a Ndbd redl & tabl ssto h(eanatsies f or

cylind-t somtdh e3ssarkde i nt ervals between HTEs may

cases

Tab2dlelemonstrates the schematic swelling behayv
cylinder shape conforms to the shape of the s
commerci dlabyeasaape of HTEMMA)a)r.t iTchuelraerfloyr ef,o0 rwe
the cylinder as tidai yBi2Dend@@h&dsihagd seow)o3 D 1D

make a faikrncadepiarisedme.r i cal s hlaspoma waksed3a» si gne

| ssopt)o coordinate with it&ursbermperedsweékeleng:
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their primary swelling directions wil!/l | ead t
i s more practUncawitb ptacexil® (heFgbg2g evertic

(e) & (f); -Baindpatroalpllealc ewk2atlth26t(daed )f.i nger s, see

The numberad eibn fd atwehnecees i n a | relations of HTE ar

considered the possibility of inserting mult.i
on one or each BiI dgea(eaf) t&h g bphasltaamxded.or i nsert
The rest of the images illustrate insertion w

The cases of placing HTE sol el#f oaseéehepsende w
on both sides were o6tcocp)sanfdombo#T omad@® EBtcané
were used to describe tHe gtaGdbe).e) of (I TEBNdT €
#T chbegag(e), (d), (f), HKuwunt herhmaearse nt p¥ EBHI&ES e
i mpl amé& ieidat drevavleen twwoleldgpmaneer s equall ed eit
or the radeuousi 6whhcparall els wolHRdganhde tfhien gfeirr sbt
and the | ast HTE aligned up with the edge of b
are s hroiwgn27i(ebBi g&8(ebFi g9(ebayncktadi |l s will be dis

secki@nbs
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225Cal cul ati on

A total of 90 rcagamdtimeg £¢e rotbit.Ars ne@chdes oned ear |
eahc clasidt s own e xmf2d)sisti omasf orhen ready to use
parameters and assumptions to express the ar
equast iaorne provi dleldn i or AAprpetnadi bt ain the anal
fundament al functi ons, we further i nvestigate
HTE, swollen HTE and the segment ofusphlaltanxes
simplify the Sxaeessiav2ehawmadi (BiEMEdqreess used t o repl

parameters of dry HTE and phal anxes.

(2.4)

<=

1
<o

(2.5)

in whiemresents the radius for Osheandgl if mdr it e
height of cyNisdrheaph@iemumixtesmalo wsl.y, a |lineail

was used to connect the parameteriss owiltlhebar:

SThearée t ypes 18UniH-BEXSRE 8cBy ( 1 D) scoy3(2 D)) ssop3.D For each typ
there8 acd®eskeoemoddend 9 Mmodlet TtBhea®@22+ @0 cases.
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provided in the subsections as the meaning of

I'n the emd,umed the phal ange 4+ emjgttho walst diem ttf
numericakiona@duéqsi onéd flor teaals odseéhe average
of -D.ywears old infant, whose age is B8MMitabl e |

=l@as a reasonable valrpee48déd%98di ng to the | it

2251Bi | asweerl dtli snsgupandeBs: 2D

(a) Standard View (b) Top View

Fi g2%Sec hemabBtc #A Bnséerdion case (

Baed tohre compl ete adhesi on (#EAQR.7(Bpp e e nxatshe t i
established to represent the HotO@aamemidalx équa

for #TB cases.

~

As seemg2ftret he i nterval DbRit wéehs twas aalq wale ntt o 2

(Oof the dewidce hiet slelIsft al device was aligned v
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| engt h of 0)t¢chaen pthhaulsa rox@a(dtdlse rn brale Wa)y,of devi ces

0 ¢ po (2.6)

Note thaathheisntwislulali nevi hamlitysdseuree vt | gsat t act
to the dHeowiecveesr, accordingrtfdeasswnhhidbehefghpr
generated taillsomres adteheet dve& $ i ve ap etalydhdactcVybgin

defect.

BecaudBée 2w@s assumed to swella dnlnyairn stwee | i ad

descri b@dwasn Emgeroduced

a = 2.7)

Wi thhed& ddef i ne (@4)iamdEH#HYE qge7anEg69c oubled si mplified
Eq6.8&EQ6l @ Appendi x | ), oahsi ¢t ec.oeArsassripevsssi ¢/ i v e
integd@I|bk, td), 3@86 o0 btesiulddyl ftoffe each case. Al I

ar e s Hhfawzi2ei n

The reGuifab22efepresent the required swelling c

val ueds dowbul d be used to calculate the HTE v

"According to t hoenlaysdiiusnepotBiiao2wdi ( B1) ncrease during the expa
wi || remai n utntcedn ghhe) e @ f 2 BRRisque d lheech h @ itagnhhty derf of@ s€O) .

8Accordi agstumiBt theena dd fu st heBidriyTER Dwais 0f.igbed t o

Yol Yoo

° ' n the function, b was nrptidddmaighertdd sasevari €gluas | bac 4
- ¢ paSi mee assumPne Wad— In a&dilitRpn3éo

55



compari son between each type of HTEs.

Tab22d8he calcul at-Bon# Aeistus$peigt odn 20

£ 1 2 3 4 5 6 7 8 9
-H- 10 3.:2.C1.41.10.¢0.70.¢€60. ¢
#T =|= 0.70.€¢€0.70.70.70.€0.€0.¢€0. ¢
O 2.¢3.23.13.02.¢2.72.¢€2.%52./4
-H- 10 3.¢2.(C1.41.10.¢0.70.¢€0. ¢
#TB =|= 0.£t0.£0.£50.50.50.50.:50.40. ¢4
] 2.12.:2.%:2.22.12.02.C0C1.¢1.¢

*For #TBimodée number of exopBindkudsroaftemed#is asmel ef; o rf
an#lT Bio d.e

2252Un i aswied lltiishsgueandetdai 1D

The cyli-bdii ldEsl1Were desi ¢grnnagd8Eawibteh ptlhaecierd

swelling direction perpendicular to the axi s
penetration at both ends of the ph@Banwes, as
assumed t he i AUneir vHallE sb emavee emulal t o t he di amet
as$ !l | ustFri ay@8(kb )ic.e xlpfanders i nsertidid,canlvwei Irlel ati o
b &

0 ¢ pzci (2.8)

“Accor di nags stuonpt hen ( B1l)de htyhder adtreeiddi elglu aolf s tthlree r adi u
swol | eni dievi ce (
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(a)Standard View (b) Top View

Fi g28Sec hemdltBUai #A i ngemwjt. on case (

For-Unii s related to the initiOagl blyeiag ptr opfortthe
a , as defgRYe&driepresents the swelling capacit
directiUnn .ofl nl1addas¢s s omygtBiRaye itroi ttihael def or mati

the relGit ionsvawed | EHEq2llDovbased on the .Pythagor e

a = (2.9)

Y O Yo Y 21p

Wi t h(28,d25),(29an@1PEqR1)1 can be derived:

® a6 p O O (211

The fundamenttahle e#qlu aatnido WsDBind rn# Ar¢ a 9es ower e es

a &q7. 1aomEq7. 2Appendi xThle t wo equations were then
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rel ati ons ngq.h20niElg®s 2Bp pen)dimerled gs hakhe.variabl

Theorcr es pipin@werrge hence sol ved.ratThttalBesul t s ar e

Tab23@he calcul at-Uoin #Asibks$s®Ooif ol D(

+ 071 056 045 0.38 0.33 0.29
#T 4 131 141 149 156 162 1.66
o, 3151 1356 9.23 7.37 635 571
+ 071 056 045 038 033 0.29

#TEB -H- 068 0.76 083 089 094 0.98

O 16.26 7.28 5.12 419 3.68 3.35

T
*For #TEBEimodée number of edpldmydalrséaorne fetahceh ssaindee ;f of
#T and #TBAambaredi n2B),d=a)/ [EHLH.Wh eldY=100=5/(2 1)l n
addidimpne,ads Yitneantimeg insertideafof mHTEse wniti al | ay

whiwiholtehteesassumpti oho¢(-B@P. 1 T harree3boeryeoond utnhdee rdi scus ¢
the precond¥.ti on of

2253l s ot exoppa ncdiisnsguggander s

Cyl i nderliscoale x3painsdog ) ( 3D

When-l 30D was cyllscaydri cals (®bg axis should alig

eitheBiRigg22fe or perpendicul a-UnFog®H.e finger a:

3B scoy pl ackBjd naasr XZaDbscop 2 Wp ud ddr e t fiée naaame equi red
0f,0of -BRjD merighe v éamuad Aafb2d2al s o a p-p bopy (t200)3 D

addition, -doied étfaood rtmae | 0o B2 siump bhZd2evo ul d be

58



considered as the mini nBuBbmsceywe2 D)i .+h goa;rat3I e r eq
' inear swelling ratio of-l stoyl( 2dDi) r eeosahah shavwhi c

st arteii @FtQa ) t2hEBNO £0 .

Si mi Bd&drdcoy, pl aclérdi anar KB dscop s Wpo ul adr es ht Hé nsad me
requi r edOosfi #leDi o f mtetaen i Wédyd ndd Tahb2A3a@al so apply to 3
| scoyiD)T.heorrespondi hge mini mum swelllscogg.1lDati o r

3B scoy (1D) would have & =bdna)l Iter-&msitad).t i ng radi u

Spheri-csad &xXOpalnsdopn ( 3D

Fi g29Tehe spheri c-ab@mo3)e.l of 3D

For the #A mode, the tissue area at the final
crowns above the orikiig&le The siuret eorl vaanle , s esthtoiwmg
as tdWei RAiDg28&8(eéb) . The equations for E&qga2MW #T and
and Egq. 6.25 in Appendix |, and tahkeqg6c @vdr espon

and Eq. O=2®,. tWheeanr @ s s liTdaw2t4ei n

Tab24@ he r ed&d ft BrBlodsopg as e s
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#T

#TB

Displacement constrain (e.g. Eq. 2.6 & 2.8)

Fundamental equation: 4, = 4,

Ratios: a, b (e.g. Eq. 2.4 & 2.5)

Phalange

W
co*‘e’\\%
@ $

ati

r el

Fi gaXY®he ons

bet ween t

Swollen HTE

)
Ol

®
N
&

he parameters

To ummar iszhee & tai nods

requinrge do s eolspPBj -8 Bcoy ( 1 D)

3D scoy( 2aby-l 3owenmodt ai ned

b a s ebde towe d nhneke hreeil cant si oonfs

phalsandey

HT

Es andprsemod fFiegq@IHETREs, as

2.3 Resultand Discussion

Despite t

fundamentsnloatteubhavenpractical

a

S

he

reacti on

either -Uo

force

Teebst2¢t O bdebveeiinlge n numer i ol t Bel ut i

significance. |

on the expanding HTE, suggest

o pl amement B®r ptlaxc efmeantt i fndar2bDver
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swelling ratio of HTE for each case may not b
' i mitations of mechani cal and swelling proper
resulAss mentioned i nvotrihkes itnd k esiMAT)d li WThE Pashi &

exanpd eanal yse the modelling results.

After discussimBg3tthhbk@ E$ ewer bi cietmparade¢ .a¥smpect s.
di s cussswoslviedhneme Do o6l E8i n t-Wmies enoesftf ivoilumBe devi
i nvest irgagtud sr etdheover al Isf wio labrhse oxcvdesltldleimg nreat i o
t hrag qamirnd mum swelt2.idntgd dthaescd ist wnadiwaad sreequ

tacquihreeswiashe ni mum i nFitnia&ll Iveduonndsat nr aet xeasmp | e

of si mpl et os ypnrdoavcitdyel ya mor e intuitive image of
model I i ng.
231Femability Analysis: Stability and

To f urtvlessttheggarteesul ts oét akiplainyei sdbéxumepur al rat

swoll en ahTE capa@fpielgiutiy eidndexiewat sswdlokedeg@chatiask

2.3.1.1St abinldiet{ ¢ s

St abiinddweach case

During the expansion, the compressive stress
expander | aBie)y adrl ya XUmoilr) y2gD(¥v®em HY t he overlyin

instability may rbeswlrte itrh ed eewinpea elswsd kolni mg ac he
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that the materi alFs gaob8R2DEng&Y 2loo Wm Di n

Note that consideringUnmshpe wdsaaburdndcoge odaray,s pahse |

woul d not be swibijle@ BUnitegs hiowd kdl isrugoj eatc kt bng he

Criteg i@@ERi roUnilDcounterpart.

' (a) High H/r: No buckling (b) Low H/r: Buckling occurs i
| \ » |
! ” “ Buckling i
! Iissue —) |
i 2D-Bi 2D-Bi 2D-Bi l

Fig2rEonditi ®BnsT EBorfd &rD s k:i(anh o rbewswski2iBB ifp a s
rel abi Whjlypuckdd mngr L Dvihareel at D @We.Ngpt estubht
condiatliscoptsop-iI8sboy ( 2ajdh e scihemanliyc fpurpobsestrat

and daeg unredtf d leydth esi veasoupdeéalviiioonuescl®yi @ n 3

! (a) Low H/r: No buckling (b) High H/r: Buckling occurs i
: - Tissue [~ et i
i . 7 Buckling « i
: F ( F — :
| i 1D-Uni 1D-Uni i

___________________________________________________________________________________

Fi g2XZondi t i olhrndil TEEf uinspsruees s mroe b u(wd e n-bd D
has rel d0fii véby bowkI| IDalgn oltcawu rrse Whidiovt eel yt hhaitg h
such conditi ofdsscod)gsdheapdplsy stenli Bds afm@h e

I I | usanddatsihcelsondassaomz.d2 st demomstrcaueadacy
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Buckl imgl avtaessd t o t h df osrl einrdBe)rannetsbse rlaotado (axi al

andoungés (@Qodultihe Imataerfiualll.y swoll en HTE can :
maxi mum sitpessi blhyatappl i ed, it i's considered
procesfsorsimBtehadUisltabil ity deccmweddess aand tthe H

swoll ent hHe&sf sst abl e.

Stability criteriofu,: slenderness
_ is the critical slenderness ratio that res
applliteswas found that t he mawirmwmmg dthree ssswedpp

pol vMIMAR) (90: 10waw/4w)k PHRTE and t he Youngdés modul
pol yNIMAR) HTE wa[s15H& kPcaoul d be t heaersetfniigg e obt a
Cclsaiecmpi biuc &1 d nmgu |l lars &adudciktliionng, experi ments on t
pol yNMAR) HTE awerrieed ouwemedultadeed exipetrdilane nt

datBodt h meeull tTe b5 nidniw hefvfeer ed more asrict CcQ

choaéehfei sBabbility criterion

For b&dti h azlbn 6, B3 a fodindthieord Llehgt §walakhaedd icamet er
be cal cul artaedda ¢ias)i Mg bA2B@Ta b23es f cerachi s hs en

i Fi gY4€ a) fBd(r )abPHiIi gX¥Ror-Uua@ ). I't is worth not
sincBi 2B dcoy (B PDar ke same num@&d c aHhaedhees slatme o f

aThwaal so t rWwrei feahrdcay3dpDL D) .

Mor eovetBiad ogseEdmaile t he_ hitdlkeemiome KTBRBDI EBherefo
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cases_ wi_ith wewval i &i midraUd(®i, g2k Rcases_ with

are .Datldidl ed cadmdil aarenshofvn in the subse

Stabilian ZdBrian@Bliscoy (XD, « 4+

2DBBi HTbBowagontally placed anBi plj)mamThl g usde
simithe & pnmmendbcatleoaded ciirthkearcpl abeackling

(G Yof whi chgihvaedr uesthi 41569 Eiqdl 2

00

i n cwl@iis the Youngos modsl uBeoPoit somas er ati ¢.

The abovéeadsat oon whher e Pand@d= 140

8 1
kP.aof a hydrogel generalll57]ranbaedetir osm ODh25Bt «
equait ®oh9~HWawesv®r, t hi_s wmodelFor gneu@ @of

val,uewoul di Wiasr yassi @yinfefde rwd ntAsv ailitusemss i lgtoyr ous t o

c omptahvel e pendenthconst anit

Al t ernatai Wballcykl i ng experi mdMAHTOEBnNnd bdell lo@awmét an p
was cardateai ot gi(2ers hiomwmed that the buckling si

t @hand = 1lf @t e cbruictkilcianlg «sE Fo e ssRiDod-Ir s @ D

®The resoatesubéted based oner hiegy Blr eApdp el &xt ildn are gi v
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cCy(2DyFOfineebdes | arger tthaavnoi d buckling

StabilithocUubdredt sy (1) o 4ia

1BUni HTEs were designed to be par.dleloamlhlay dpl ac
Euldeerri ved a cflarsniolca bubkbimogeneasdus, nl ibredharv i otun
per f ercatilgyhts,t axi aJ] L$y8] oad@dpd col umn

O
” 0 :)rm

(21 B

Whey e is the critianadi sbudlel icomdg usnnr e OfOect i ve |
anidar e t heprseavmeo uasdiy od & fedspeodu)d f f er feadti fd @mehdnt s
end cosofli thencol uRMng21a3 bhdlleBwmn ,csegpeace bet ween
t hpehal avihegibeot t om of t heamTke i s ¢j xiedldesddhals has
no degree. W& ng kaid dadtlceh etdop ofstti H ds abdef ierxst ent of
fl exiamdant ¢ hbee @ iradsepricendn e.d Heanwl©e 7 barsae d on Egq.

21P_ L= = 3.25,

On the oMaeeesainmedidat t he Eul er buckling forn
buckling tTBUmgiol VyvdWPHTEI f a safety facawd Wwias ¢

experi ment al dMMA) o9 0@ bh® pwMy)X WR&3 .[01 55]
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Fi g2rEul er column: end condieproaodilded of somnd
for column piore@.dbont Ibod bhdx0fdBnxeé oend fi xed, t

other emd Riommeeénd fixed, one end free

The deviation of the practical result to the
geometry alnidnetalreet srhams sbehavi our of the mater

= 3 was used to |jWeafil B3P dcdyd Nabt)ch bi | ity of

2312S5wel |l i ng cap@bility indexes

Notdat the cawabi bl 69 t hderxequired | inear swe
(G Q G ) - We daovinpdr eedhe possi bIMVIMMA)angessaof

swellidgg naotisee( i f the requiredihewehiéeagtgpes
HTEs within t he sdanec ursasvwb ama taema ceeldeennth eadnii fsfot r o
treat ment ( dPrrvenuos |tyr, e a ttimevaat SUimpiu,@vide d r eat ment me
changed the I inear swelling capacity in spec

swel | i nd 4dMnpda ciitt yitsh aats stuhmeedc oncl usi onBican al s«
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HTE.herefore, 6or, twee arladnagyes ohfia v e a

for t heMMWMA) yofVPt he same composition.

Equi |l isbeliloam®Jnrequi | i brium swelling case

Ther acddquwialls wel uimng r aMMA) 4lfDHPp BEvlaweWBrted to b
bet ween (66 dand 8) 4®&sx Y& , we 6have8For

3B so, the sﬁtwelliml‘?g Xi.altei. @, . A)hpossi ble range o
requsweldl i ng -Brimds eonZoehh 2B3the | ower bound was t
limit of the 4dwel leixpandatrisg @afimd3Dhe upper bol

1BUni expander s.

In pr édhootwiedvde,e , HTEsS ¢ o ubledf obree traekaecnh idnegg utihleiibrr inmam i

swel |l iommgca agdfof i ci ent tThherue shhacsu lbk eme grem elr caw e
swelling capacityd i ng;& hie% dc aeve Santsr ¢ her ¢ j nal
criterion for the swelling capacity index

2313The feasi bl e cases

FigplI4e 6i gl otiwedi adexeorrespondfiowrgBxD i ti cal
and-l BBTEShe exper i nkeingtBrrkeas)u Igtisvei nmore strict c

the resul tt hee dasdheat if oiroRn( g@lp evA p p e.n dHiing 2t %)

“The exper i meyabdnd 4OMo Wtnd 3.7
2The experiimen@al edldta andersidmrhscnot change the re
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(bal,l poidnt<ss.meTot s uwBniHTUPps r2dgmi fer ¢&T7 o nod
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| p<3 Valid region

6
—=— 1D-Uni / #T
= —e— 1D-Uni/ #TB
Woglo S
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Y
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)
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2
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Figure2-15The(a) stability index_, and(b) capability indexd  of 1D-Uni HTEs

3D scoy ( 2D) shares Fi lg@8tI#4amee ddtsa tihre -Biamenas 2IL
Fi g4 a), while the Gcad2tAd iayregultter imm ¢ &s e
consi decadd prreadt iblont ht hcer i st sanya nlnDe)r ,shar es t he
of -UDi Fiig2Y3®ut with a differea( .d@a)yalaiblliety cri

2240f the viabllssopcabdes| domlBPO2sibject to the

Tab2beresents the criterion¢had eadehcbypespbnH

the geuakhifséging both the stability and swell
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Theandreveal egpar | imit of the possible number
For theOzsotfditthheonhaxi mmm si dgeigd & heTlpdhadagr e
freedom off i nlweupat iiemrctr ease wi t h tthhee sdmu ngbeeorn o f
oper ati on mao/n vbeen itehide eonpapyo sc arec. | uBlie htahsatt hteh emo2sL

expansive space for thebfso#iTeatido® oof HadBvicase s

For -UnhD, there seems to beuaredntida&didetrin@erssbe
swelling capacity, resulting ilnscoy (2®)ataindeBY
| scoy ( 1D) , the core conflict is that their pr a
swelling to meet oup ntihe adsgdemptriman i ofn f t he

B2Furt hetrhneoraep,pl i cat i-lossopoi ssphéoircabks8mi had r e
I't may be feasible to-lussop. mtdoevetamay n ekpdavies & s
could be complicated in procedures, and the f

of thetidsesvuiecer el ati on diraom) #tAo mb-E&hegddié h) mar e

B¢ = clorrespondexpanders on ormls®a stiatealofoft he4 femnmam
actually considered for this case.
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Table2-5 Thevalid = for 3 types of expande(gcluding equilibrium andin-equilibriumswellingcase), - means no valid case.

Cylin@8Bisal

Spheri-cad

2BBi 1BUni 3D ssop
3B scoy (2D 3B scoy (1D
o 1.56 3 1.56 3 Stable
Li mi_t
and t
sui teab
=15 |¢&¢ =17 45 | ¢ =48 =15 | ¢ =17 45 | ¢ =48 —any¢& =an
a 6 a 8 a 2.1
Li miat
and t
sui teah
=19 |¢ =19 79 | ¢ =59 € =69 € =89
The quég
sconsigeg=15 ) =q=1-7 §1=°8 bl 41589
bottand
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232Required HTE Vol ume for Sufficien

2D-Bi #T —e— 1D-Uni_#TB_Vi

. — —e—2D-Bi_#T Vi
S 1ok —o— 2D-Bi_#TB_Vi

x 3D-Iso-sp_#TB_Vi
2 7 3D-Iso-cy(2D)_#TB_Vi
S 5

N—r

> 3

)

E 2D-Bi_#TB

° 3D-Iso-cy(2D)_#TB

> (shared with 2D-Bi_#TB)

T f

3 07

=

5 0.5

£

0.3
1 1 1 1 1 1 1 1 1

Fi g2k@he swoll en ivrodidvwded uaalll dwabikcee$ T and #TB

20
—&—1D_#TB_Vt
18k —e— 2D-Bi_#T_Vt
2D-Bi #TB —6—2D_#TB_Vt
& - 3D3D-Iso-sp_#TB_Vt
X 16t 3D-Iso-cy(2D)_#TB_Vt|
c
S 14}
N—r
=
o 12F 3D-Iso-cy(2D)_#TB
g 2D-Bi #T (shared with 2D-Bi_#TB)
S 10} - /
>
— ~— ~o
S s 3D-Iso-sp_#TB
|_
61 1D-Uni_#TB
4 1 1 1 1 1 1 1 1 1

Figure2-17 The total volume of all inserted swollen devices for all valid cases in #T and #TB modes.

Solid symbols represent all the #T cases and hollow symbols for all the #TB cases.

The indiviodukailg2dslhuswet he required volume of e;
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sufficient tissue for the rogicBingBr®masi ohesurg
productndoft he number dheHTBs mem eazph esaend.ed t h
device size which might influence paasentso c
more relmaecedritalPob@sts that did not meet the s
were eliminated from the fcguséedkbeThgabebuty

capability criRieg6iZzaenHii s&r3panoAppgeddi x | |

Both figures showed that the more anisotropic
suggesting that small er devi ces -affedrce egecnye raanldl
the feeling of patiedc®p, Foor ¢ sexpapider xpand
wbut war-BPr has bwarhdtshmadBlizba Alds o3®DE (= ) 7

shows awtshmandl Is3o (= 8% 1 t9)shoul dpbée ndBBti®od t hat

= -®) Ri g2 @nki gkr®dhared the samel scogg@D)s with t

Consistent with owrBBi nunhdat #&pPpBr mmwidfiaglthraeds a s
221 and ar(giegr®B compared t o tthhee #aTnsmdbdesrss, si n
inserted undercc.FiTRimMbdesi wered the aBisol ute r
inserted forwamadtdf cHaTlsRE . mdBdbash were | arger thar

(compar ablteh e nrl &ingvengeand 5 i b It ywedBlees it on of di spl ac

%In Appen2dBixt f=B,)h@ad sdahthée hanl s3ofs=8,) 9as shown in
Fi gutenkt gu2 e H& wever, they may be prone to buckl e
¢vg=8and fbE-Z39) .
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all owed for a better wutilization of the finge

20

—=— 2D-Bi #T_Vi
2D-Bi #TB_Vi

—e— 2D-Bi #T_Vt

—o— 2D-Bi #TB_Vt

18+

16}
14}
12}

10f
2D BisTg \,

. 2D-Bi #TB_Vi
or Vi
1 1 1 1 1 1 1 1 1

0 2 4 6 8 10 12 14 16 18 20
The total number of devices

Required Volume for 2D-Bi (unit: R3)

Fig2aXr&he individual and -Bwtsalt avo Inwmsb eaf osfwalely

each case. The tot atli nnuwbieann ddTB deasee®s eqU

The riesdil¢asted that t-thnei  WHATYE so fnhinpglkat c i lnégf ilcD e n't
Howeveef,fitchheencycanhaibme!| yebé ckdst ermi ned by the
devices. I't is also a matt ervodfuwtahdef ir eigaun oy d
coul d bet Bheirgeesquulitr eodé nstwed fl i ng rati os. Det ail s

in the next section.

233Required HTE V&bhu#thesSwelling
The initial settingliofedr esvwaldleilan gv amatiaittee ee d nsh e
fixed vahogui Té@e from the fundamental equation

achieve the tissue generation target for each c
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determined byeits materi al natur

As ment RoB8edaR®insotropic processing is supposed

swel |l i qgtOalidl@idtkysiugnipdgad nofni r nteyd talpemienx peuil mens &b wn

i Ri g48(a) anCh a(pet)e Fiord i thtsd ainscet,r o diso tshimedé 41 @eg 3 D

ani sotr opi-Onsshveerlelainrdge miah e r iealuv d li bme ustwsHU)l i ng r at

wi || al sa be the same
Thereby, for each case, dtchaen rbesqg uciornevde ritiermde airn t sow e
volume swé]lragreséenbing the requirement for th
material. lhe, Iahgehi gher demand for the swelli
words, ifea ®asieghemgneiams t hat the expansion eff
specific insertion mode is relatively | ow.
Anisotropic HTE Isotropic HTE
12 —o— 1D-Uni #TB
—&— 2D-Bi #T
A1 20*8- 2D-Bi #TB
=3 (5 3D-Iso-sp #TB
> 10+ 3 —<&— 3D-Iso-cy(2D)_#TB
S 0.
g of o, %,
§ %O)% /SO'%
CDB_ \7“@ \»§‘7~é
£
T T
&
o O 2D"BL#TB
3 5t
o
>
4+
3 1 1 1 1 1 1 1 1 1

Figure2-19 Volume swelling capacity required for each valid case.
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For -Unb, which swells ol y i nFoBie,2Dwhmieah gwelel

uni formly in two |inear directions, its vol um
ratbi oa . Folrs®dD which expands isotropically in
swelling ratio is the, cilbéidc,.of its I|inear swe

Therefore, vind uedy i we e b2t dab24e we <calcul ated
corresponding r equilbrfeodr veoalcuhmec asswee. | |Trhireg urreestuil a s
2219Taken tloyeth¢B,4#TB equmirreismamhieme swahding r af
2BBi(#TBhowed very prominentin itslsaiebrgeanckceratapm
ranige addespbhe BhatpatrhéealDy shalrseoy ( 2Be resul
terms of the swollen dimensions (diameter, h e

vol ume swel I-liscoy ( 2®1 i hdi sgpohineur® B-Bhia nc oiutnst e2rp ar t .

The abovesacewaleivéési wht hout considering the cap
Fi g&dire Appenditxhfadlr sdlmdvws #TOand # DB (awdhseas ,n

=8, 090 buwi t h vall aBaer)t.h eir mor e, 0D <0

i ndidias pkacilnsgo tHTeE s3-Bdrse studet r 2llhegeid r e ment f or

mat erial 6s intrinsic volume swelling ratio

Based roes utbhtesa nafi t bceaon cdtuhdaeta nti lseo t rowae Icl ianlg y
HTEs have higher expansion efficiencyBithan th
showed a | arger swollen vo-Uome reqhasetdheompae

for the intrinsic swelling capacity of the ma
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234Requilmed si on Size for HTE I nserti

It would be interesting to know the initial de
size for madh Tihesémtciiemon i s -Bis,uiatl thigys iaor i mlear e
is a circly, (dandadmeherinct s8“izgini s htolueé de lbas teiqaiatl
incision .i FgowegiDogi b0 nplea-UBiD, ashé&Di nci si on
rectaeahagt eriad BWezassthreed ki n hast me ehaisgsientygo
be wide open; thereforegqttantec esseschtd oinrad i giean mle
of t he( ad ecviircedBie o mbdssoP[D amntdamg lrédnfiThre 1rDequi r ed
i ncision sfizfeori-BR Dehredsse@ aredOf or-UdDhe i ncision
size for eachFicps2e@l §{ ss kb bwsvn Bh ata nldssdpD halk e

smal |l er i neUdnsii ounnsd etrhatnh el D nsertion fashion des

12l —®— 2D-Bi_#T

—=—1D-Uni_#TB
2D-Bi_#TB
3D-Iso-sp_ #TB

Incision Size (unit: R)
-
o

08F

Fi garaz®equinedsi on size for each wvalid
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235An Exampl e

Thi s section

i ncision size,
This def dothgi3gmng 0 mmd

The parameters

depicts

fi

of

nal

t he

an

has

nf ant syndactyly <ca

swol |l en

a me

datmemsame @mes am

anmmi@dmnphgeal r ac

o/fues eTda.bR-bet a8 ch t he

respectively shbiowsdhD eashudsapsD f or 2D

Tab26®evi ce s4Bzle=@NYF3,i22M.,75i nc2 .s)3;@ink = mm.

a 2.1¢2.

* 3-Dscoy ( 2D)

Tab2t7®e v i

rm

2.

4
0Cc4. 2
312. 2
1£3. 0
7:1. 6
312. 2

[da}

rm

2.

. 611,

142

7*
7:2. 31
5€¢1. 51
0i2. 01

aresBit hffor ez BB whehm 2D

e

(o]
~1

N
73]

(o))
[4;]

siUn®=18Y% )BD uni t: mm.

6 7
1.3¢1.
0.4¢0
1.471
5.1¢4
3.212

cn

(@y}

8

1.0C
0. 7¢
1. 8C¢C
3. 3¢
2. 7¢€
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Tab28®evsckarB ssofp= 3YF ,3=0.,75i ns2 s ®duwni t: mm.

Tab29®evicee -fscoy (RB) 3YG, 35 O0.a@bdh; mm.

. 31

=

=
N
~
o
N

P | 1.5¢1. 51

2.01

-1

4 2.0
1

For-B2D anldssofll s i ni t0i.a715 mnxdas¥t5o imake the most

spaaxned i tdepgeamgtthhe number of expanders insert
required final volume, the best model among a
ni neUnliD on both b@gases(HTB)t.heHopweav er , the inc
expanders will decrease the interval bet ween
mode between tissue and expanders (small inter
anexpanders) . On the cemt¢rarynséetved mwmapacodar
mobilitye®f phahAms abapdi tb BBgi 3HTEsSs may be t he

suitablf eprrcahootiicceal  aspwpellil ciantgi oenfsf i acnadc y

79



236A BriefkibDigHowms

= i «  1D-Uni
\C-)/ 2D-Bi
L]
= —— 3D-lIso-sp
] .
- - .
c 100 3
T . ¥
= .
0 N . 1D-Uni
pr— L .
© e e ® ® _(L_ZOR 3D-Iso-sp
g . . . e L=20R
O ° — A
L]

S L .-
s % g
.5 - e
o
o}
[ad

- L=2R

1
0 10

Number of Expanders (n)

Figax2PBequired vol umgofs vi3sdop i h#4 FWBNait i(bAOT(B) and 2LC

Bi (#TB) .

Apar tofYs omli iInt egr &t @malbu@asg swiganeidnvesti gate the
oOfYrati o on thie_besaltstof nedeout da, heg gener al
anohbwi EWwoul d notby aca Y dtxede ptt of oDit hehangi ng
from monotonically increasing to fimast incre
provi diegtSi(e2-Bi #FT ygo6(e2-Bi #HBYOG7(el-Oni FRiTQur e

6-8( 1-Dni #TRB®I(e3-Dssop #HEI) gotlr @ 3-Dssop #HTAR)pendi x |
Noted Uhnat #IMPBcoy3ld) # Tsecoy BM) #-TBcoy23DD #T have nc

val i d eclassog 8D) hBTRery | i miit ddh ualei @ ERBricesieed Vi e
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suitable for OGe=l2Yt @ ¥Yewi pheesxhboféombreu mbef s
e xpanderbse I Bsneir tiesd. sOg PMt adb¥ien ftchre #TB i nserti ol

overall <choi cesarbef me k-pssopd @3 nvienYedh 2vh e n

shows the requirmreaetd))ysdBussop $waWBNindg ¥DB) and 2I

Bi (effBal l cases without the consdhlewsatt loamt of
2BBi in gener al ha®.the minimum required

2.4 Summary

I n this chapter, the author compared the tiss!
andol ume swelling ratio) and incision size of
uni axial, bilateral and isotropic swelling ca
The core of this modelling work atast haskeids Dune

required for reconstructive surgery should eq
was a function of phalanx geometry, whil e the
di mensions and placement (tdhier escwa lolnen | HHTCES.i oW
assumptions and boundary conditions, the di me
HTRverodt ained. Then the stability and capabil:i

cases were sel paredohor further com

1BUni wi || be more favourable if smal | final \Y
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has the smallest indivbd&dlsBopndstooal appl umeb
the cases as it fails no.-m&ét htahse gsowoedl Isitnagbirla
spherical shape (the rolling along the phalar
when more than 8 expanders are inserted, and
rati o comparedct 6T EBie HADE shoasr otphe advantages
i nci siaontdh®i Zmoewgeusitr e me nt ofvonasmeee | il wh et at nsi c
€ = .2BEBi al sbsemadd est faimoalg waol umd e= 4IT-Es whe
Fur t he2 EBio & ftedr swi destc hroancgees ofn t he noamber of

i nserted

I n additi on, the results also provided some
Inserting HTEs on both siasmal bér thedfvindeak (¢
and volume swelling ratio but greater tot al
ani sotropic expansion, insertingfmbceedi swagt
both wdlsiemeand vol vwmesswelHdwegenr attilbebupper |

1Y) was7 foBi 2eDn=d 8 flonri .1 D

I n the end, an example was given tessbowowhat
the effYfetbowefl that within the range of 2~20,
di fferemmesufitemundedfYtlh@end-Bh@Dgenenabfy has t|

requirement fosi d hwolmame.rsvadl! liinmg irmmati o

There are many | imits to this study: al | t he
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insertion of HTEs should nox pledme m whiech nmay

the primary concerhnfaddianhi arct utahe s-hpaajmei by. o

after the removal of t he epxpamadeyr ss)weltlhengsidzer

HTEs and a more famewomliegrnyrdeacctiyn yt einyi soundy

introduced in the future to improve the model

I'n all, thhiepitcfecphtsérbllrkas hapes, expansion dir e

devices for typicald HTebsi fasedi nisymnda cgteynleyr ad n

ani sotropic HTEs and s hionMelda ttihreg b{i B-Bashpyaes ad x psawec

various advantages over the ododeweredHTEs. eXpko

devenleoff 2 EBi HTE.
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3Devel oping a Bil-ater al
Il nflating Tissue Expan
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List of Parameters(Chapter 3)

Mechani cal

Anal ysi s

TH

Diameter of a sample before eieawing

Diameterof a sample slab in the die

Diameter of a sample after diltawing

The compressive stress from die to sampleié¢ wall)

The friction stress from die to sampfg die wall)

The axial stresef a sample slab

The radial stressf a sample slab

Principle stresst(= 1, 2, 3)of a sample slab

The yield stress of the sample material

Friction coefficient

The semiangle (hakKangle) of the die

The ratioof * overO A 1

Theredundant work factor

The delta factoe OE 1z
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Processing Parameters

T

il |

Tm

1
1
1

Diameter at gridbefore diedrawing

Average diametenf the sample before ddrawing’© -B O

Distance between the gri@dl and(before diedrawing,Oa 5 mm

Average distance between grids beforedi@ving, O -B O

Diameter at gridafter diedrawing

Average diameteof the diedrawn sample#{Die-drawn),O -B O

Distance between the gridl andGfter diedrawing

Averagedistance between grids #Die-drawn,O -B O

Diameterof die exit,O =7 mm

Nominal deformation ratioY —

Nominal deformation ratioY —

Nominal deformation ratioY —

Displacement of the crosshead/die

Rel ative displacement of the

Di spl acement of the

Original length of the sample

Actual elongation of the sample, Y Y

crosshead

S

an

w h
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Oom

Length of the diedrawn sample

<

Engineering strain of the samp- —

A certain time point during didrawing

The whole diedrawing time (without pausing)

Drawing ratev  —

Engineering strain rate, — —

Average engineering strain rate of the wholedt@wing process,i —

Crosssectional area of sample before-diawing,0 —

Axial load recorded by the load cell at time

Crosssectional area of sample at-@diemwing time 0

Engineering stres§] —

True stressd -

The maximum engineering drawing stress in theddéaving process
The average engineering drawing stress at a stsathy

Truestraink, 1 1p - 1+
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3.1 Introduction

Hydrtgsesled tissue expanders (HTE) can be i mpl

absorbing the bodygrfoljutlikd2,}] oC@&mp anrue dnt tteio ot i dsles ue o |

bal togpre tissue expander, HTE does not require
An anisotropic swelling HTE can be suitable f
more | ikely to cause punmtherces satrr [yd @l §reecttd o

Swan etpreels.s eldgvVviPMiMA)podwt ubdéent s a disc. The pr

gained a more significant swelling in the pr e
swelling in the radial di-dececbhon8bhsedmpnes &
hydrogel, i t eicse sosfi tiyn tteor efsutr tehred rexpl ore t he |
di mensi onal swel larmgndf cbBBmMmEr olThef athe hydrog

achieved by the comprehensi ve mani pul ati on (

reconstrucftornvegsamagteriieasl |y ani sotropic defect
The predeasssisngand swelling directionfl6e8&8lation
naturally |l ed to the idea of Jdwirrce loait drhel heec

anhydrous HTE to achieve Fhegdlk @tDeraavli ngwe lelxit m aq,

or -ddrieewi ng a samplde et lsradu gt ia& sc smuicdhalrequi r emer

However, as mentioneddrn awitime, |whiechhtouombirres e

of free drawing and extrusi on, became the pro

8 8



—— Proved routes P: Compressive stress
-—--—-» Potential routes T: Tensile stress

Swelling l
P
ﬁ Compression E 7 Swelling i 7
/’
- Dry HTE Processed dry HTE Swollen HTE
T
u 4 Drawing/
| T Extrusion/ Bilateral
T '
Swelling
Fi g3#XTeop: the mechanism of making unidirectior

( 1-Dnji )bottom: the idea of making bRBiaX eral sw

The -ddiaewvwi ng has been wi dperl o/c esstsuidnige dd oausvea pPrdile
pol ymer showed axi al ori ph14ati dGGiuxlwi tah memproayv e
primarilypueedsébngtboe thermoplastic materi al
gel have not been reported in the |iterature.
pol yNNM#R) has been presented and studied via a
t haapter i s -droawinng oprucceee -dgd ien gMNMA) ,t haen dnad ketr d ial

bil ateral swelling properties through its sha

Based odratwendidevice designed by Coates and
dr awi ngd mfedrh-MaVAD)Y. ( MPr i gi nal -MMA)t rroppd c  weorl ey ( &/ Ps
thrdhgehdi e under different protocols and proc

temperatur e, drawing rate, aiming to generat
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curent work investigated the indlawinhcgspodc@s:
and the swelling behaviours of the HTE. The 1

chapters.

3.2 Materials

The raw materiakperuvisneedht sn wehe -MM#&dt rroopd sc Po
("1 4mml 140mm) manufactured by Pol ymewerce Sci en
synt hesi sed by the phar maceuti cal-vigmRalde me t |
pyrrolidone (VP) (VP: MMA = 90:10 w/w) upon tt}
wtte) as the crossiaizobiisg sadanty r wtid t 2ejs 2fér re(eAl BN,
radi cal initiator. Sample weriegmgmesed alclay gstamu

as the desiccant .

3.3 Die-drawing System Design and Processing Protocol

The -ddiaswi ng device was essendi awi n®@ afcht ke ep ol

MMA) . This sectiometrysofditéeusdses thengeapl a
die with the temperature control device and t
compl edreawdiine g system, and finally presents t

pol yyNINA) -ddria@wi process.
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331 Di e Geometry

The dies used for didrawing are commonlgonical[123, 126, 133]wedge[138, 164] or
profiled [165]. The conical die was chosen for the poly{MRIA) to keepconsistencywith

the shapeof the raw materials. The die design included the geometry of the conical slope,
including the entrance diameter, the exit diameter, and the half cone|angled(the length

of the exit An extra cylindrical part at the exit can avoid an abrupt endlittgan acute angle

and reduce the chance of wearing.

The approxi mat e -arnagnlgee woafs tohbet adiinee dh atlhfr ough t he
mo d e | based on the ided&@l 3pllWwidthct hégtHebodilyi c
previous studies in |iterature, and the consi

the die design was determined and presented i

331.1Mechani gal santl axi symmetric dr awi

Al t hough the-MM&A3gt adcd mpolty (tVWPe i deal pl astic, [
approximated model to understand the mechanic

the die geometry.

Sl ab methodhtomdet emumi neduction ratio

The sl ab method is widely apapplpireodsionnatteengn nfee@mr

pl asti cBdirani ags u nspltalbotnhso do-dfr cdrkiechige i ncl ude but
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l'i mited to: (1) wuniform deformation: the cyli
samel icnder axis beforeramEctgpmtaear dadfeomma miad n ;s
unit surface i spmuinmndgiopenths;g d@idifd iukewnmticeed of sheart

and friction sheearridmrvom.Mi ses yi el

D

+ da, 1” o, _CEJ

D +dD
o
D

Figure3-2 Stress analysis for material in the-di@wing process: (a) geometry of a die and

material, (b) stress analysis of a slab chosen from the rod with a thickr@ss of

Assume hal f|,caonhee aonrglge niasd ©d i aeaméi @aehleo i amet er
theeddawmps$s® .i sl n the cylindricaQd bbokdemsat & s:¢
sel efcrtoemd t he def or mithwo bmaryaslelTdlée omnso dnvs b s a di @
OCand QQ especti vnelkyngdad(eabhsihg@&(eb) i ntroduces the
occurring in tFhegGa@b,)i $etimedsprr elsrs aalxoinsg t he
direction where th®orodhbdbg iad dihameitnetrer mfal

perpendi caalkéid st d htehed rz ctional sheard0ssress be

the nor mal strefsiss faogumehce tdd eobwayy | Coul ombbs
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We can eseqbbisbns wbased oBROsmanBiCc meqThéi bri u

equations a3l gh@BeRkqgaseskgecti vely.

Q “0 Q0 “ 0 OQOLI . ,O,,OdE'ET (3.1)
” i T ” T A || (f\ | U O n )
“0Qu. . ., “0Qa .
= ) = ) 3.2
, “oQat IIOOEI 0 &7, 1O m (32

With the geom@OrciOATehdti bas@opl ombdsd,l aw of f

we can simpl itfiyomdshaE3ddadhpav@i)Eg.ua

¢, U p 547 Q0 09 m (3.3)

0 = (3.4)

According to the von M rsiersgtiymegdlsde, stk mierra toen,, wi

the yield st,r,escsanofbematxeprrieaslisse,d by:

(35)

N|O

I n t he case of a conical di e,anyhi,ch, i.s of r
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Therefore, the von Mises (Qpiterion can be sim

(3.6)

Then take such (B3 atni@hiEghamp beatexpfqeds sad by

shown (37n. Eq.

0 L ., (3.7)

—_)

Substiithu(B8 . wi th the abo38 €tanmhbhbaobhdi Eqd.

20 = - (3.8)

whetd e—. I ntegrate o®8 both sides of Egq.

(3.9)

whedies a constant. WhenOt Pe, smod arc ebe ddhesd wn i S

O— (31D

The expression of the principle drawing stres
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” o ” p —~ (31 ).
I f the reducti on (31apt,icoa ni sa ldseof ibnee @IxFsr eisns eEdq .a s
Y — (3172

" — P P Y (313

For ideal plastic sol i dharwhencihngdoiens tnhoet pelxapsetri
, has the maxi mwmesttd@es maxi muny defsrmaacbaedr a
as show@Bldam,dEq.shoul d equal the vyiegldiTrhg sstr ec

can reNderinthaen i deal@Bktuation in Eq.

5
" p" . P P Y 31x»
0
: Y
Y P —— (315
p O~
As weioE[ﬁv(je_ Q
1 EY P P T 0 C (31 P
° Q
60 mrepresent §9 ttheSoc,asteheofmarxi muin Il iomlity odxi st
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noMriction calsedgiitbng t heegeagir smmum reduction r a
This could be a refernrémué df bre hihe¢iidedal golaa $ tfiok

sol i W, tcbaul d bargierher smaller than the val ue

Redundant work method to determine the anc

The deduction of the redundant wor k method i s

def ormation stress can be expressed by:

B1Yy
wheries still the yield stress of the materi al
, e
l'IQ- 'H_ cnlio_ (3.18

| f we ftraket itdhe force and the redundant wor k i

[ 166]
. O o A . o A
o e L5 p TANO %ng—‘p “AlO (319
whe%d s the redundatd OWNbr kAS ash@Wh WihkeEq .de a

wor k of homogeneous plastitThdeworkkmaused te ov

friction ()i tckker rceoandeas|nimi t h“)i,ncwheialsd ntghe redund
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increases wiltfhia hiKen e rtelasimwygr ve of tot al

wor k
dr aw stress, should have a milhAi mMum ovrad eure taa osl
| %, the delta factor, whisltde it ainn[tdre@8llnecee d he di e
3> OET'O o O&d p Y 3.2
'70 'O 'Y p p ( D
Al sacc,cor édixmegrtiament al studi es|, the delta factor
‘ 7
—_— 3.2
| pTp Y 321
The correspoln(diinngr aodpitainnsuym can be expressed by
e . YU ..
* AOA GEH d Ollp, - (3272
P p Y pY
As di scussé&d p=r elv.iTob3e2s.ey or e, t he

range of opti
die (in rathit awmermdctame bferi cti on coefficient is
* AOA®REIU (323

Assume t hat t hebeftrwecetni-kgAl)cyo(@iRl i & ik emeokunlidu m s
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close to that of/ sPthebedll dnd whl o mbtnds v9h a7t®éen 0. |
t he'd5. 482 .8MBhe retrospective rangleewdfscaroivhide t h a
gener al pol ymer genef aRPPy34aa@s8d flLmBRYays 304 2t o 14
on these results, |t=d@AddnBBA) -athegH &2 wietrre 1s®eA e(c
for t he dideriaadi sn g oMMANayn( v Pwer e MmadARieed a@awsd 5ADI

respectivel y.

3.312Pr acti cal |l i mitations of the di e

The wsrecds onal 3D viewings, perspective 3D vie
two dies BRrg3dFbawd itihmhe di e plaabllbeEherdi amet éi s
of raw i@at elrd) anines¢(r ai ned the diameter of the
than 14 mm. The diameter ofn7mm® Edi7e) mmxTihe was
maxi mum reduction rattio=goud & Bed8dasign, t har
whiwhs | arger than the theoreltlicawm!| f oresslubs ed
experiments to explore t-MHEAMaxTmea mpadtedéomtr mal it
rati o wamnuiyeld ble mmi ng down t he di dmetaardidfi otnh e a
extra cylindrical part was added to the end o

an acute angle and reduce the chance of die w

260 5t vret dynamic frictPMMAOdaeaddfr muco € 10e. e7bbeeti vileyenna mi ¢
friction coeffici dmt ab estiwoeded naht edaotpe dr urbudeatree r ¥ r Y MMA)
al umil/rsitwemnl
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SECTION A-A SECTION A-A

Figure3-3 Thecrosssectional 3D viewtop), perspective 3D viemiddle) and the

engineering drawing (bottom) of the die with kaifgle 109left) and 5°(right).

Table3-1 Die parameters.

Part Parameters 10ADi 5ADi e
Die Bo: Di amet er 90. 0m 90. 0m
Cy i nyr Lengt h 50.0m 60.0m
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Il nner di amet ¢ 22.5m 16. 4m

Conical Hal f cone 10A 5A

Vertical Le 44. 0m 54.0m

Di amet er 7. 0mm 7. 0mm

Length 6. 0mm 6. O0mm

3.32Di-&dr awi ng System

As temperature and force arcrawiengt wit hes sseyrnstti

composed of a mechanical system and a temper a

3.32.IMec hani cal system

Depending on t de endorveewniemgt coan tbhee categori sed i

horizont al way (die still) that c¢clamps and pu
way (sample still) that fize st heemasthedrgilal btuhir g
This study selected the | atter approach as it

be carried out directly on théeéetemrshhaeitaést g
of thiki gB4uedg o si sptoewdero ipatrit@r ovi ded t he dr awi
controll ed the dr awidnegf orramitenhgatpdacrgmoceldlue & st h &

def or mat igoenar iannddapgtahreto nnect ed the above.
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Frame of the
Crosshead tensile testing

machine
Load
Cell

Cross-section view

Fi g84Sec hemati c of the mechanical system wi

Top v

350 350
21000
SECTION A-A

e
Croossesct i o %W////%IIV////////AIV/

Fi g8&5Tehe engineering drawing of the top pl
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Thepower partwas basically the tensile testing machine, andl#ierming partdiscussed in

the previous section primarily consisted of the die. Fog#weing part a plate was required

to transfer the driving force to the die from the tensile tester. The plate was connected to the
die using the screws and nuts via four-g@eud holes { 8.5mm). The engineering drawing

of the plate is given ifigure3-5. Another screw in the centre of the plate was attached to the

sensor of the lahcell.

3.322Temper ature control system

Thermocouple

Crosshead

| Load |
Cell

Thermometer

Power supply

165.0°C| ALY

Temperature Controller

Figure3-6 The de-drawing setup with athermalsystem.

Previous work by Swan-MMA I alef osmmabwéddt has pgol

transition bhempmewhengi éndool s downl@M®] room t
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t her mal system is indispensabl e-MMAN ftchiagamer i r
Foll owing the desi[dm2dtfh eCodaitee swaasn db owamrdd by an
heater, Risg¥#h® Wmeiwall of the bespoke heater w
a heated atmosphere for the sampl ed tThhee dtiheer n
woul d feed the die surface tenmpeAdtdiuteobabtkyt
temperature of the sample was monitored by a
the controller can be adjswstteadl! &c deradii mgl y,r otc
the processing, the gl asaMMA) awdhistail ey e mper at

di fferentiate scanning calorideteymi(i D&S€L) and

Gl ass trrempertatouwmr e

From theihempefdbwregcuvehmieg2fi@ DghGass transiti
t emper¥atluerl A Cqf itshcet p @lpy-MMAPL) (#1 so) was obtaine
t wionfilesem on t hei D8 Cc eetheavheptehl eyMINAR) fr om gl assy st
rubbery state, t emperdtonr epfol3AGt tsh iBAC )1 Bveesree t wo
consifdeerr emr oxcpeesrsiiMegn eesviemniri imdls showed that the
pol yNIMR) undewadi 35 i coumldtwni ng was abibokelICl 860 o0c

Theredosmall er temperal@Oweasr amgkee noff 0t45 he s

28l't was found that putting the probe close to the
cause the overheating of the die.
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experi ments.

Heating time requirement

Fi g3#%Seampl e prepared for the temperatu

180

Setting: 96C ~ Setting: 168C — = Power off

160 -

140 |

[y
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o
T
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o

o
T

Temperature (°C)
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(o]
o
T

f —e— |Interface of Heater and Die
| —a— Sample (core/ botton)

Y
o
T

N
o
T

0 25 50 75 100
Time (min)

Figure3-8 Temperature profile of the die and sample.

A 43mm delpdweso fdrtihlel ed at 14 mdn dhet ddIMABNY ¢ P o f

rodi ¢3Me hkedet mdarmetremmogroalpd ewas i nserted into
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hole to monitor the core temperature of the s:¢
temperatuwascomretftolble ween diitee mandt beat ke dined
temperature. The heating temperature was init
the overheatingeompetrlaec ofemnpleadg®heand t he samp
as a functFiig®& efT htei nde ei sur f ace reached ~160A

the 14mm sample took aroundg6bempevatsr eo rea

3323Equi pment model s

Table3-2 List of equipment models and supplier information

Devi ce Mo d el Provider

Tensil e

. DMG universal tens
machi ne

Operatin

system Rubicon digital <co

I nterface
Load cel SMI00 force transd (Scottsdal

Capacilthg 43DN) USA)

Mi ca band heater

Band hean89.31155mm/ 1000m El matic |

maxi mum wemBémnagt ur (Cardiff,
IBZL?OEERS K Type Thermoco Parts all p
/temperaSta'n--IeSS Steel/ 1 Component L

-100 Y +1000 AC UK)
controll

Eurotherm 2166tpOg0 Circuits b

derivative control technician
Temperat 48*96mmb485supply (Materials,
controll _ Oxford)

Solid state relay

10A PR AsB/OVac All assemb
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aut hor

Electronic enclosu

2U1178DI 203 W
Thermoco Testo K Type Therm
(materiaFibreglass/ 1.5181
ometer) 50 Y +399 AC

Thermome RS 1319A digital t

Cyl i ng@.roi(50. 0 mm)
) channel (e@d2r@d.NCem
10ADi e 10A half cone) and
("7.07T6.0mm) in the -
Made swiaihnl ess st e M?gﬁ;éiaégl
Cyl i n@@®.r0l(60. 0mm) Mat e Dephst |
) channel (efh6pr7@hCremn Universit’y
5ADi e half cone) and a ¢
"7.01 6. 0mm) in the Machi nedubl
Made with aluminiu ,nder the s
. technician
Top plat Alumini umMOPD&LO. On( Material s,
Oxford)
Hol ding M8T1130mm steel scr
Lat he XYZA 440 centre IatlXYZ Machine

(Tiverton

Crosshead
» Load cell

Top plate

Band heater

Clamp
Temperature

Controller

Fi g3#9Pehot o odr avhienglieeystem (the

t her momet er
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The equi pments ipmfowva bB&in donmeot o odr aviengdisey st em

presefiri g&9 ien

3.33Di-¢r awi ng Processing

The section demonstrates the workflow of t he
preparation, di€drdwawigngTaedpposwethaboofhteadchn

t he subsecti on

3331Sampl e preparation

10° Die 5° Die

Figure3-10 lllustrations of lathed samples for 10Die and 5Die.

Consistent with prdevaiwding wdr o | ggnmmethiee dihd e d
the necessity of for-thi agi agbfbtethénobampbébo

mentioned i#WraWweing frtstcl di ¢hat the nose coul
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sampl e or having an iisameto@i calbdti@ 2ilOttshvier Bngt
reporimad hpmed sampl es withH?2& ,t dldgh&d ntda ga waasp esrne:
than the die exit to allow for the initial gr
e. g.A5 sseamgl e sampl ecafig@lre adilé)A tsed miaavé inlgi taat et hte

beginning

The hydrostatic ext rawslieonf owa-8Meéep npaosl dye(hvePd pues 8
l iquid might conTheni mam ee Xthreusnadrerwad .proved
failed attempMMa) Thohd patyfded out of the die
original shapf@edeentdo tti men s@athkdeds he retained hi
bul ky esdmwhaet hbef avourable for the gripping.
tended to occur upon more signif-maahitniexg rus

met hod wals iamddamte present study.

The cylindriidall 1r4Addnm)apmrsox .at hed into a 6torc
angle to fit thedcbaigalt dylkindeér codbali mdé), a
(dboni cald)f rainsdt uam sl i mmer cyl i rcdoerif a(@dshauthddl e 6 ) .
6 bud arowietdh téregaloedné he O6bul bd di ametes,i zwhil e t

of6.5125mm, Risg®I® Wirhei N ength was to ensure a

Mor eover, t h-madbiuhédd twasdpfberent di ameters f
deformation rdei é,amwAassmalill Ireal é n( the centre
the thermocouple probe of the thermometer. Th
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at 110eC for 1 hour.

Then a é6gripping marké was drawn 6 mmefrom t h
sampl e axis of symmetry) were drawn at 5mm
di mensions at the marks were measured. The sa

ready -dfroarwidnige processing.

3.33.2Di-¢ér awi ng protocol : heagi ng, dr aw
After the system assembly, the sample was i ns:
die was repositioned via the tensile machinebéb

6gripping markd and hol d ashec réthcainall etdo amp@w e ptrh

down -3rmm t20 detach the die?®and the sample bef

The thermocouple probe of the ther mometer wa:
instant temperatur e off empheer astaurpd ec ccretnrtalel. e rT hve

and its set tempO6A&thirghewastbhanathg Bargeted

®The small air gap coul d egluecwerntheunenvian ahedtriimcg i am
of the sample with the die caused increased fricti
drawing began. The mechanism behind the scene r em
expadaed materi al in the die (resul tleelatfirrogn ttihme hlea
enhanced the interactio-MMAjJ Bwheadmel maukniral eapt. p
a head 4odoaeed interfacivwdenc htehmd ctawo bmoatdé migalbstor
physical coupling of the tiny O0sawtoothdé on the in
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due to the heat dissipatioch iThet heaowamy Ppystce

usualitey0 mimatedtempteh @t afleladpmrno fsialnep | e

During the heating, the drawing parameters (d
per3 odthe safety boundarh etshe wRuli.cpahhessaeimme a
parameters and the experimental3d.dée.sWhean wtiHd b
sampl e r eactheentp etrhaet utraer,geat command waos dyriivveen t ¢

the die upwards as previously set in the Rubi

After the sample was pulled out of the die an:
to remove excess moastuhen dkxkemdeédrmhtoogh ¢t
previously. Finally, the samples were cut int

experiments.

3.4 Experimental Design

The current stddayxtosednet hed singliemmpesteéegate t

parameters on t he-MMA9 . drl aawlhaedgtirdaiwoymgp ryto(dVuPc t s w

As mentioned 8as8, 2telke | hh sxwadAi@moweeV O0a set temper a
9AC first.

311 n scoansee s , pauseisomwalre necessary because sampl es
down and set. The timing and duration of pauses va
rates and t empeérnavtod rMdpsd. o cTehses pwai ul sl e sbhien fsud@ctthiedn di scu
on9 %
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charactdiftedembtyi al scanni ay diafl oraeoteitory ( OSDC
optical mi croscope (OM) to exdamirddawhegchadge

tdiscuss the influence of parameters further

341Di-¢r awi ng Parameters

Tab33&xper i mendiaxdr adve sniggm ar amet er s

Vari abl Vari Bt amet ContRearlamet e

Di e angel T=1€0

| q

) i 1 1 2 3 4 mm
Di e ang ( 5A-amgllfe d ’ ’ ’

10A -ahragl 1fe d| 711 S;'mm:ﬁf)tnérr; )°
i a

Bul bd6 di amet

ori gi naloda i 5haamngl e di
Def ormat | M. 5rmmQ. Omhrh, O 1 T=16€0
hL2. OmMhr8,. O mm 4 mm/ s Dr awi
Rl 4. 0 mm)

5haadamngl e di

#9. 5plS@m 0. 3,
. Speed of cross¢g 4 mm/s (T=1.
Dra";"art‘% "(o0.3mm/s, 0.9 #10 Samplce./3,
2mm/ s, 3mm/ s mm/ s (T=145

#11 Samplle/ 2,

(T=160 )

g t S5haamgl e di

Dr awi n( Pro
( 4 mm/ s Dr awi

temper a

Tab3Freflects the drawing parameters desighec

cal cul ation of the parameters wil/ be further
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341.1Di e amgl e (

At the same tdGpredatduawid g A-&0,ensm/asnp lhees wi t h

same originall.6Cmnm bwe radvackiifaD@tebBi dr0especti vely.

I n additi am,awbeafggr é ndite al shaping -MBA) done f
rod44(140mm). Only the vol ume otfhe heef féebcutlibvoe od
drawing. The total wastage vaalomme ailon dinwdée di mt |

the O0Hdamg&r&®PO7 showed that the effective (6bul

was | ongeBsADhansampl e. I n order to intuitive
efficiency of the two dies, the efficiency ra
shown i 8. 5ettilon

3412Def or matiPn rati os (

I n order to explore the influence of drawing I
same O6handl eb-aspgpke comd thbe fohuak fduini f er ent 6bul
(M. Onn, S5nhiin0 . O him,. O hin2,. O hin8,. O himl,. Omm wi t h an err
NO.2mm). These sampl essADacer d 60 A&wmwi t hr @au gilr atwh e
mm/ s. -Ihewdi eods were marked as #size accordi
repr e@shendtdsa @n sampl g pakkramd)ut oThe def or mati on

calcul ated based on the following definitions
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Cal cul ati on of the deformation ratios

Fi g3lrled) | ubowootra sgiamaplber-mdr kvé d h f i xeS5dmm nt er v al
Fig@t# b) shows the -dgsamwilhegs wmwafutkant edde wi th th
stretchbsaqgpMeta stuheement s sat the drametmar ks and
bet ween the grids wer e #&oornedib@nesBeefO,Ond after

-B 0O ; and fOor-Bl é@©ngba 0O -B O(represeertrsal he

number of .grRPirckevimamulssly, Y he—+ d ucetrieo iidoerfai tnieod (i
(B1pFor diiddee awn samples, [(@wegtle wmeasisemeant y per

the same side qf atsherRisg®¥nieh) mar k s

H, H, H; H,

Grid Mark
Extended Grid Mark

(b) --- = N e

Mo T

Fig3#rBchematic of meadmawimegptcaXedmwd agfdf ér) . di

I n this section, various deformation ratios a
extent -dfawmeFa@omehemi nal d¥fier matei ot t+at iod, i ni
section area over that ot theidiefeQ@)niof i whi dh
the di amet efO).®Ofi st hteh ed idei aecukeitadevm @\c ctblwalti dnigd vy, tF

actual ar ea e fsortnhaet iroant i4so& totfo oinniatrieaa -ocvreors st h a
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drawn pamdiusttshe -dabiwa efhmgie height to that ¢
Y is the &vemtbtdgeheoff our defYryart a owi araed i os

express@addiBhg3Ry. respectively and the calcul at

i B8.5.1.2
Y o (32 %
o .
Y o (325
o .
Y 0 3.2
0 (32p
. P . :
Y - Y Y 32Y
C
Not eYt iYat mpl i es that the volume remai,ns const

whiMeY (Y Y)indicates a (Welcuadet sdan cprecacsees si ng

34.1.3Dr awi ngm)r & e t(rgi n r at e

The isotropic sampl &6ADavter ehelraawmet hempghat hree
drawi n(@ =r @t.e83s ~ 4 mm/ s) to exami ne -dirhaewienfgf ect
processal sTshoweadmm/hsatwoul d c autstkee ddrfdwicrud ts ot
and | argely increase tFhoer ctth%a.ni®,e3  0f 0 .sma.mp2e B

(T=145#1,0 £ 00. 3, 0.5, 1 mmjos= (Ir,=124,5 3),; 4 omm/#sl 1(
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Def i nidriaowm nogfamate®train rate

Within this study, drawing rated() is the displacement rate of the crosshead/die. Its value

was set through the Rubicon systém= 0.1~4 mm/s.

Figure 3-12 demonstrates the relationship™§f'Y 0 , 0 and¥0 ("Vis the crosshead or die
displacement)Y is therelative movementofthd u | b 6 e n d igdthe origihatlength e ;
of the sampled is the length of the didrawn sampleY0 0 0 Y "Yis the actual
elongation of the sample). Therefpbe can be expressed as the displacement of the crosshead

over the drawing time, as shown in E¢3.28).

QY QYo Y
Qo Qo

(32 B

Figure3-12 Relations between die movement and sample elongation.
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-is the engineeringy—.§trai—r)ia)httheehechnaarlgaeiian,mat
relative to ti me. As the sample in the die we
Obul b6 endvawakbatradwlag® di ff eoDeMmst o rroens utlhte, t he

bet weemd s exyped 389 Eq.

Q- Q5 Qv Y o Qv (329
Qo Q6 Q& O Q&
| f, during the whole process, t vever @t s mead h

with a comstapul $pedd sampl¥el), ustheo atveirdaget Ivd

ratle of psruwcchesas woul d be:

P 339D
Q6 O i) o

Ther efwere, cal cud @teaemddatntdr owi d H b2. 9.i 5c3Issed in

3414Processing d)emperature (

As previ ous I3y 3nivnfi2s onedp iIMMAp O ldye(t\VeP mi ned by DS
1631AC According to these results, the experi me
a 5 ADivez4wini/hs a't 145180 1,60r esapnedct i vel vy, to stu

temperature on the die drawing process.
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34155t r-esisai n cudrrvaewifnogr di e

Axi al stress is an essential mechani cal char
drawing. |t reflettmatbei phrsnchpahestdrawsng
tensile conditions. The drawing force was r ecc¢

to the drawing stre3bedembknedmi dr )iverdd ekt set b
t heengi neering stress when t e | leaivdelreasgte ddrraawiinngg
strgssya(s calculated via the averaglen ftorece du
experj memots,pended t o dthreeescsa ik i mdl he -ddHi @aewi ng

proceasssanfpdehi Watshe awvwebageefen t hatghbeul dbi e nared
the end @favt Ing.Albhd lekx almpl e iwkil 3 hgi vehati ons
bet weefr )and'yY ,0,(-},"Yare provi dx.di.olndssecussenth

ef f epcar aonfirent etride adviieng process.

Definition of drawing stress

Stress is the force exerted pedefuonriniatairoena eoxft ¢
of the material,, &@&ngnhomenahg®§side s xl eids btyh & hleo
sectional area of the)ar iTgiugplsita efsedicsizdad s a
by the area oesfeathd)d atnswhaincth ctrhoessl oad +,s appl i e
or nominal strain) is the change of materials
(YY) over the origioal MTengtbjohsnhhbeasammméal |

of the r attiiomeo floednlgeb hegalt he Oor,i,grbamdarleengt h (
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express@8lti@3¥Eqrespectivel y.

o ,
- (331}
.2 (33 2
(0]

Y9 33

5 (B3 B
- ¥ 0

A I T i e (33 %

I n this,ergeusaeladrecdh ,t he drawing for cesadtviiadreal by
area-warsd approxi mated as the crosshead displ ac
the sampl e. Note that the actual engineering
crosshead displacement because thd ysanmpmlreattlad

in the di-drwiwt hgt pbeodressi on.

342Char act er i gataiwaan SafmpDiees

Prevg towsdshowed tdHatawnhe@otlyemers had increased o
their unprocpséd8d, cdBbgdesprarnuttural alignment
i nteracti on, which further |l ed to the alter af

mat eri al

I n order to invesidirqavt ea gt M Ap)o fitdymged/Pper 0 f edi of
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t he-ddvme product s, t he o4MIMAI) # &§lo ainsdo tdirrleegwind i @ o |

sampk®ser ggwnwer e analysed by differemtaiyal sca
di ffraction (XRD) and the optical microscope
342.1DSC

Di fferential scaninsi mognmanad Ino t ihrae tmray @& CT)ycars t e

detect the specialized theDb™@lamnalansiis,i omhd os
reference materi al are placed Tihre sdgareat e ca
enerrgegqui r edt htee mpgualt ur es ammaihneépr ¢ heies mat er i

measured as a function of temperature

The heatteniperwat ure curve ob¢etdYiorfe dp ciWAIVFC coul
The di f fYdbrednweesnona-ddawdDi eoul d be substanti al

structure alteration. The DSC equipment used
Scanning Cal ori metderawnB3#@lal#hp Is®s awar e¢¢tdpreepar e
chips$n themgsnanmplsed swas- pl aced in the sample cl
in a nitrogen atmosphere at a-tsecngprenriantgu rreatceuro

measured by the daFiogd2nde® e5.. 2vel e pl ott e

3.422XRD
Xray diffraction (XRD), coulyd bweagurl @ stimeg @rair
resulting from the interaction between el ectr

119



[ 170RD is a technique to investigate the crysH
(CQOE}F ¢, whesethe distance beitsseehedi i¢érdentina
the Beamany integial themwavel andth of the be:
cleavage faces of crrayystlnd amsapagptenc e rHteanicre fd regltd
rotating the crystal amathehddedlecaoai pstaind i esh e do

r eicee the -maey.l eRuchld Xharacteristic angles exhi

The origi-MMA) paobhyg (VBotrofdiddXRDndt ocamar blreouaspp!l i
determine whredwiemg thhreoade s woul d alter the ma
crystallinit}RRnlanoytshifidss cd malgn # O dvla sa ncda r# li 3e)d

outMal vern PANal y+ iadgdliaenmp ywine bsiaaX&xam at i on, 45Kk

vol t age cawnrdr ésrfOtmAat r o o nJrtaenngpee rfatounr & Al nt ot h7ed A2

34230pt inc&xlroscope

OM techniagwsetussds convex | enses tohefpotrint ad mag
microfZeops oAXi2o sMAT, fitted with ,Awvaisowuasmddit @it
exami merphel oge esabbér als esiodted vaon da-dadraciedsi € # 1 1,

#12 and #1a%)d IviMiatgm i Xd cat i on.

3.5 Results of Diedrawing Experiments

I'n $dctsi on, the first hadrgl/liwdg | (dedios ods $ onhe ae

120



Y 'Y 'Y and )drawi ng /ytartaei o) rane t(eMperomt-utrhee (di e
drawing process, wheimoen stthrea tsee ctohned chhaalrfa cwielrli s a

dr awn pWMAy)(.VP

351l nfluende awi nDi ar ameters

The phot odroafwnt h#e9 .d5i es afnipd 8k 3 ST hsthr cawvne ismmp | e

be divided into four-dzawms 0 biad add,d!|rdudsotridaritih e t
partially ®Oi-awgl éhadeéeledbmati on rati o, temper al
protocols all/l pl ay eddr aews snegn tpiraolc erscsl. e sT hien dtehteai d
affect eddr atwhiengdiper ocess and results wild.l be dis

T T |
‘Bulb’ Die-drawn Die-drawn Partially tensile
tail ‘bulb’ ‘cone’  drawn ‘handle’

Fi g8rXFhe i nedyei edarlasdnimp | €2 (#9. 5)

3.5.1.1Di e amgl e (

The maxi mum and average drawiagel shdwhhoef nt he

2The i mambitwed sepgrhaot os oft onatvhded 8 6 0o peemphpectt i ve
ef fBlce .original phogudeAgpendi xehlln
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1ADimcreased the maximum and average drawing

respectivel y,ADioemp(acroends itdoe rtihneg (6).he aver age for

55

—e— 10°Die (#11) Max

10°Die (#11) Average
4+—5°Die (#11) Max

5°Die (#11) Average

Drawing Force (N)
w w e B a1
o a o o o
T T T T T
I+

N
a1
T

g

N
o
T

L L L L L
1.0 15 2.0 25 3.0 3.5 4.0

=
ol

Drawing rate (mm/s)

Fi g3TrZhe drawing -topawer ADbAIULidige various dr a

rates (T = 160AC).

I n additi on, t he maxi mum dtiharneude® wand1 @ roalisnd h a
12mm. However, | ami nar cracks occurred to th

drawing force had damaged theFbg4plk.e’' s i ntern

For AjeetShe | argest sample that HGulod ,banpgultlhe
di-der awn sample survived theAbPiwelghifngcthastyg. rk
the overal lt owecerlko nrgeagwei rpeed unit | ength of #11,

and the work to overcome ADPietion were | ower
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5° Die Bulb Volume (Effective Volume) \w['- Bulb Volume (Effective Volume)
I Lathed-off Volume (Waste) Lathed-off Volume (Waste)
Frustum Cone Volume (Waste Frustum Cone Volume (Waste
I Handle Volume (Waste) Handle Volume (Waste)

48%

Volume % of total raw cylinder sample

Sample #

Fi g3IrEffective armpdkrwaeaniteasgeemp uead DiaatdABidef or 5

[10°Die

Bulb Volume (Effective Volume) Bulb Volume (Effective Volume
Frustum Cone Volume (Waste Frustum Cone Volume (Waste
L] [ |

9
9
o

N

[} Handle Volume (Waste) Handle Volume (Waste)

a

S

]

(%]

S

9]

©

£

2 0 71%

o " 78% 76% 74%

> B1%gsy, 80%ge 7 gey 85% 85% 84%

@

©

8

o

o

s

o

x 24%

L 9% 12% 15% 17% 20% )

= 4% 6% 7% 8% 9% 11%

=g 10% 0% 9% 9% 8% 7% [l 7% 6% M 6% 6% M 5% 5%

> 9 10 11 12 13 14
Sample #
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FigBdX®resents the ratio of effective and wast
vol ume. The materi al wastage of a 10ADie sam

di fferenceh itnhcer esaasnepdl ewicki amet er .

I't is theoretically possMMAI)e itno aditroeccthl ys hpagley
eliminate the necessity of Il athing. By doing
i ncrease for b&ti g ePye atso sthiomevnamgl e si ze, t
a 5ADie sample would always be about twice th

vol ume ra—t—i—Jr‘]c) 2qgunbs s

Al thoudbrelqgei 5ed more mathAeDjiedlt wWwaasdt ea diviaannt atghee
incrmagediurawi ng rati os, reduced overall wor k,
the practical experi eADisss mhre atahoMDisd@igg etsh a

in tkdeawieg process, and the fol |IAMwieng di scus

35.12Def or matiqpn rati o (

The dimensions of t hedrsaawipn ge aifech agriev edodi naf tvea
b ook marrke fseerlefnfchee. ¢ orYr €Ys foanrdd nwer e cadrcdil at ed
pl ot Fed3#liAmhe p,J ovs&ofand v& are pr é&vigthe@8 i n

¢is the number of samples on which the averag:

't showsY ahdwebet haVWamer tthrearhcawr| dddwamset er
al ways smaller th®ni7tmm .| Chmphrdd ewierxg hef di
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thermoplastic material s, fcouml whibeh 1650é& a ot BHI0
[ 123,, x¥hEbY ) i n tohnilsy shtauddya rel atively small

(maximum di fféew)ence was 8% of

Table3-4 Sample size before and afterdies awi ng (drawing .rate 4mm/

Bef ore (DOmmwirAf tbeawi ng ( mr

Sampl €
O ( O( (0] ko)

#9 9.0 5.0 6.91N0. 8. 79N0.
#9.5 9.5 5.0 6. 76 N0. 10. 12N0
#10 10.0 5.0 6. 59N0. 11. 56N1
#11 11.0 5.0 6.82N0. 14. 47N1
#12 12.0 5.0 6. 58N0. 15. 99N1
#13 13.0 5.0 6. 69N0. 18. 05N1

4.0

30F

25F

Deformation Ratio

20F

15 1 . 1 . 1 . 1 . 1
9 10 11 12 13

Initial Diameter of the Sample (mm)

Fi g3#r®he actual and norifniadlz 4dneni/osr,AgTt=i106n0 r at i

125



1600

—=a— Maximum Drawing Strejs #13 (n=1

1400 - —e— Average Drawing Stres

1200

[N
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o
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#11 (n=5)
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#10 (n=2)
#9.5 (n=3)

Drawing Stress (kPa)

D

o

o
T

#9 (n=1)
400 |-

200 I I I I
15 2.0 25 3.0 3.5 4.0

Deformation Ratio R

Ave

Figure3-18 Relations betweenrdwing gressand’Y ( Bie, U =4mm/s, T=160C)

This was possibly due to the regular pausing
had frozen out fhetbhampdefoompridodheMeneev dret
theY Y andincreased with the deformation rati

occurred under higher drawing stress

Y was prominentl(yi ‘Oéar, ®Or wemar-3. bepr esaenting

volume ahteerpadsrtaevi digeThi sc emd gg.ht thkee bextanas ev oif d
introduced T Thy 9wl elsclvieng. observed through the
further 3di5y.clusBsedeX agd® (vf ) wi |l | be used to r

actual drawing ratio for each case in the fol

I'n addbdot ham,d geneiratltgased .wiTthhi st hweas consi st
findingsdrianwitnhge odfi emany t her mopl astifcl DD, ymer s

1209, 133as18b§ csuescstla.dd mhdnl HYhgpeas equi val ent to
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initial di ameter I n -utph e wdu rcrhe nnte aehx pveara it nee nih atl €

squeezed through the die.

35.13Dr awi ngm)r & e t(rgi n r at e

As t he -MMA)Yy (&d?Pes not-hahradveeniangsterfdierct |, suffic
i mportant to ngi toifatneattelre ah adrrdesmsin gb iplrioz e s ¢ he
preliminary test s-dowwdngt bt dtbhbeyg hs aammplues Hri eeak
caused by the |l ocali zed c.atPaesrtiroodpihci cp anuesceksi nwge r
i ntroidnutcoedt he process to give the sample extr a
successfully pul Deldntaer ersetliantgilve |l yafhieghefrurt he
found that the process coul d by Ilexw npnt tfhriosm
section, t hedriamti enrgmiatntde-dctoandiii ngu oaurse diinet r oduced

di scussion o font i ddeeafdfiiencgt sp roofc e s s .

Di scussion on the drawing modes: i nter mit
dawi ng

The i nterdmiatwtienngt (diMD) rFderfaewirnegd ptroo ctelses dvii ¢ h
pauses. The-dcamwti ngudqLCNDJi avas a smooth process
showed that | MD was e®sden2tmna/ls f~or6 mam/hsi,g hteor arlal

to cool adequately, whileOdCMDOdBawmmig)wasnfde av

Y O 2.Th®. typical crosshead displacement Vs
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presefki ga&lr®n

N
U
(=]

#11_148C_5 Die
2mm/s;
pause (10s every 40mm)

200}

150

#10_148C_5° Die

100} 0.3mm/s; pauses: hone

50+ -
Intermittant _2mm/s

ol —— Continuous_0.3mmy/s i

Crosshead/Die Displacement (mm)

100 0 100 200 300 400 500 600 700
Time (s)

Figure3-19 Two drawing modes for the didrawing of poly(VRPMMA).

The ewfepbhurve reprEeentbet hBID, the short pl at
which was 10s for the current case. The disp
betneé40~60mm. The required pausingYWwasndl so t
temperd) ur ©®né empirical function was generat «

pausi ng 9?fiare tdhreaewdineg under (¢iafrfaenree retr spr ocessi

o ™ Uo'Y p T 10V (335

Notethbatoni t sofecOaldsiand valsuaed¥ mouwlhd sbequati
and this equation is sui-MMA)l adrifeewd meg . s eqpuil aeds

pausing time extenvedn®d th the increase of

When the drawing rate was adequately | ow, t h
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combi mdtiofinite pauses. Hence, the materi al
and relaxation simultaneous!| y,amlnea ddel ipmag tt iel

to fix the deformati on

#11_2mm/s_14%

500 Bulb ‘tail’
Frustum Cone Bulb ulb 'tai
& part of the 1250
400} handle
4200
‘T 300
Q —
X {150
(a) § 200} 2
= 4100=
9 100}
. ) 450
Engineering
or ;
Time -e
40
_100 1 1 1 1 1 1 1 1 1
-02 00 02 04 06 08 10 12 14 16 18
Strain
#10_0.3mm/s_14%
300 1200
Erustum Cone Bulb Bulb tail]
& Part of the
250r Handle 1600
200+ 4500
g
< 150+ 1400 @
1) [0)
b) @ {300
(b) @ 100} E
» {200
50+
—— Engineering 1100
or Time - engineering 1o
_50 1 1 1 1 1 1 1 1
-0.2 00 02 04 06 08 10 12 14 16

Strain

Figure3-20 The engineering strestrain & timestrain plos of (a) IMD and(b)

CND.®

3%For both | MD santdh eCNda xnjordwema s sptetsgtsrse ss i;n ahndde tcur ve
average was esbe st edeasigpe ipmfifiebtosh htdh e 7 b e xbc | eunddi on g
t hlearsa psit dderspspe gsi o n
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The typisagalaint-rfausosied MD and ENDBAEGEa) gahmdn(bh,
respecdthieveloy.responding dr awiawq Fptapaddrdges @éof di f f
mar ked with Hiog82e&d Tlhidmr easivieing of O6coni cal frus
Ohandl ed corresponds to the ¢ MDWFéE 3@ feare t he

and the slope beforki gdee& Ip) at @aawfiog &NDODbual

correspond he | MD middle fluctuadtawungeofandhe
Obul b taildéd corresponds to the final i ncompl
declining part on the CND curve.

For the | MDgpax®arsshows -tnepengeérmrt tdener eases i

under a constant strain, and each decrease ¢
phenomenon, whi ch r erfd leacx ast iao nmoilnesciudlea rt hceh amant
di ssipati on, is a characterjisftliectiethg@gvti beardod:

tendency of the polymer to recover[ li7tls] ori gin

Duringdtrlei dadgeof the O6bul bd, the stress rose
for each crosshead active period of | MD and t
toethsseadgd reported by Gibson dmndwWargd oif n PtEh

and[ PP6]

It should be noted that the plateaus in bot
progresspoaoace®ds.t hehis could be possibly due

dr awing went on, the mateegdaheheé¢tt he todguidie
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overcome the gravity of the materi al reduced,;

rai sed due t o: more heat was transferred from

initial heati ng owaes hneoatt tthroarnosufgehr)r/e dort om uni t v

heating system (considering the constant worKk

ssipation for the opendn ndwsteam)a/c camutl lae | mae c

when appreoacnhdi nodfr étWhien gd,i e¢e he free 6bul bd end e

t he overall cont act area between the die and

iction force and therefore thdr awifag#to.obad r

d not see an apparent decline in the drawin

assumptions. Due to a smaller O6bul b6 diametert

uni form temperature distrsbagepontimeghedhbheede a

St

om the die also | essened the friction.

rai @) rcaatlec u(l ati on

0 O36-‘+ Average Strain Rate'(ﬂ
"% 0.032 #13 (n=2)
T
% 0.026 #12 (n=2)
g #11 (n=4)
Z =
% 0.024 #10 (n=3)
2
< 0.020

#9 (n=2)
0.016 1 1 1 1
15 2.0 25 3.0 35 4.0

Ave

Fig&2®Bverage strain rat edsefoofr nsaat(hfoDne er aftiitohs d i
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V=4mm/ s, LHP=160

0.035

—=—#11
0.030F n=4]

)

0.025f

0.020F

0.010r

Average Strain Ra
=
&

0.005r

0.000f n=4

00 05 10 15 20 25 30 35 40 45
Drawing Rate (mm/s)

Figa2x2lof samples #11 an@dAB9e5 with diffe

With the expe-fiome netaaclh dcaatsae, weh(88 Pohltim6i Med t hr o
strain rategy afr es gprhpoitgd@defiionn #9. 5 and #11 wi't

Obare shHdwd2enTFhecreased with deformation rat.i

The inf lmoenddce of

Previoheswegdi nheel ation to the aver ahe 5dDawi ng
and 10ADi e. t®iemipll/mntwdwf #9. 5 Fingd2BROp o mt s
showed various r-a@srueltastsodpnrsernvii @xisdly 1d.o &s.ddu.s4s e d
Gi bsofoawsdswende-ddawi ng of PEL-ardsPP2waslhdl]t

Hope et al . showed Whaeawaxigal ncoadskdn®OMr di a

“FoMand#l 3 sampbhéeswersuccessf ul byacdrigaredd atwi ofg di e
have also been taken into consideration.
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gradual | y ofrl aetvteenn edde cadurta e[dle3a3t]Rihd lghred et al . st
| oad -dorfawiireg PVF coul d first0 abaeh=ed,s ewhninlde tfhaermn
Y =2 or 4, the | oad rvetmat nedpapvipsnaed waén a |
exceeded[ 133Tmmif-2fred@ati on seems to be deter mi

of t he materi al i tsel f, and for t hhe ws ame mat

vari,owsel ati ons.

650F T n=4 #9.5/ 148C/ 5°Die
600} n=4
© _

n=2
£ ss0t n=4
[)]
§ 500 -
() & asof -

(o)) n=4\|"" n=2
S 400t
© Continuous n=2 |ntermittent
Q350 Drawing Drawing

300—*— Maximum Drawing Stress

—=— Average Drawing Stress
250 1 1 1 1 1 1

0 0305 1 2 3 4
Drawing Rate (mm/s)

800
Continuous | #10/ 148C/ 5°Die
. Drawing
©
& 700
=
% n=2
g
(b) {7 600 =2
g n=2
=
‘Df 500  1M=2 =2 .
—e— Maximum Drawing Stress
—=— Average Drawing Stress
400 - - :

0.3 0.5 1.0
Drawing Rate (mm/s)

Fi g8%2 3t rcersswing rate plots of (a) #9.5
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BotFh g&2 % a) and ( h® dsehcorweeads a0 awi tthh e hlecxwt r ange
mm/ s) f orPrtetve s@N.gdht gher range 0vadfl dnndwei)ng r a
in which the | ND was apm@lbi=e2d ,mn¥ Ish dfsili Oew eadn da  mi
maxi mam t hefsamehe 5AmMirrei neEppe adOedmmt s for

the 5ADiI e. 't wvsahrpuelwds else i mo ttence tlMNaDt mMagrhe @ nf | U

data needs to be collected MMAJraw a further

0]
o

| #9.5/ 145C/ 5°Die n=4

—~

&
Work per unit time (N*m/s)
= N w H [6)] D ~
o o o o o o o

o
T

0.000 0.005 0010 0015 0.020 0.025
Strain Rate (%)

| #10/148c/ 5Die
(2]
_kE 20+ %
é n=2
()
£
(b) S
Z 10} ;
8 / n:2
A4
B []
; n=2
O 1 1 1 1
0.001 0.002 0.003 0.004 0.005

Strain Rate (3)

Fi g&#2Mor k (persturnaitn trianted pl ots of (a) #9
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Accor dAing®2tzo an ilncepassdnts-lameantngamede mat

deformation per unit ti me, which should requi
work in each casiengrasheabcetagedfovaadti mes
showdd gid#4 It reveals a monotonical relations
and #10.

3514Pr oscsee ng temperatur e

As shdwmgdh e raising the temperature has signi
stress Thfe #9.eXx.ibility of pol ymer chains i nc

prominently reduwceidng ot hse rfearcche trheequnat er i al

650 —=— Maximum Drawing Stress

n=4 —e— Average Drawing Stress

(o]

o

o
T

a1

al

[=}
T

a1

o

o
T

IS

o

=)
T

n=2

Drawing Stress (kPa)
5
o
o

w

al

(=}
T

n=2

w

o

(=]
T

250 | | | | | | | |
140 145 150 155 160 165 170 175 180 185

Temperature®C)

Figure3-25 The temperaturedrawing stress relations (IMD/#9.®%/ 0 =4 mm/s).

The average drawing r at iFoi goBfZ gdai)f.f elrte nwa sc afsceusn

the samples drawn at higher temperature tends

<

t emperTahteursda.andard error was o0bd%®rtvhagn yt moosree s
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t heACl 45 dC MBroe oavmap |, e s W8 wnadathi gher opacity th

at a | ower temperature, possibly dufi gwrda he e
32
1.95
ool Toea €) o1 (b)
i) &s
=1 =3
g 1.85¢ n o 115 n=2
< 1.80} <3
2 n=2 8 110
T 1750 o
£ ©
S 170 £ 105
2 =]
165¢ § 1.00-
Leok Deformation Ratio n=4 — Volume Change Ratio
140 14‘15 150 155 160 1é5 1‘70 1‘75 léO 185 0'9?40 14‘15 1~l'>0 1%5 160 165 1‘70 1‘75 léO 185
Temperature®C) Temperature®C)
Figd#2za&he (a) actual drawing rdartavwns a(tb )v avroil cuuns

temperatures.

10 mm #9.5 145°C

#9.5 180°C

Fi g8&2®2hot os dfr atwmo schimgp | e s .

The volume change of the sampl e Fohgfdil@fed )and aft
shows 18®satmpl|l es nbmelglai gi bl e volume increase,
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possi bil-iinducoefd hbevatbl e generati on. The initia
bubbles as the radical i ni ti.atTihoen hpirgohc etsesmpienr\

mi ght have initiated the reaction of residual

352Char act eReissaoattiDadrewn P-MMA{) VP

In this section, DSC, XRD Thefdfe ODMMehsae awclttes i arad i |

bet wehgeld-d r aavmd s#td mpwli el sl be. di scussed

3521DSCe sul t

DS@nal ysis was perf ordmedvno pMMAyY) VPA mpl easnd FEiDe e
fl otwemper at ur e dratg®2 &rae . poTrdee edd e mheat i ¥ € owf t
curve iBi g#avgm) iaind its maxi ma peak of the plo

temperygyt wrfetid722d mpl e

As di spl aye@oéins d #ladn dar &p lappr oxinma t1 A8y &1hee3 . 1
Yis inversely proportional to the flexibilit:
intermol ecul ar "Modr ddeiewhheaimpteeasddcated a re
the polymeric chai rescuédmdr eifsiud it @ ansglei-dér raomnit ety hmeo |
procesihrernt éafeo reS Cs hroewsewdt htehdada i ng process i ncr
pol ymeric or d-MMMAPD s skhye | gloil yn(iViPg t he poel ymeri c

drawing directions.
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FigB2& a) The DS#l so#ifdd a&awmfpMwMAY)( VsPa mplfte s ; (b)
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3522XRD result

40
— #tlso
— #11
#13
= 30 17.7°
; }
g M
z 2 h
2 4
% \\ UWN\MM M,}W
- w' ¥ W\ r ‘A |
10 i 'Mww | u jwwww‘“wwm L“n)‘.,wuivf'(\#vwr\ﬁﬂ»)\\f\mwj
Wi,
P i A
0 (I) . 2IO . 4IO . 6IO . 80
29 (°)

Fi g3#2%¥RDof# 1l ap#lD-dr awhHhll and #13)

Previous studies confipuread RMMAcBRPRMMMA/NhPWB nat L
bl emand peMMAOVR opol ymer. There are slight wvari.
in gadreoad diffaficondn2aPARURWLII Ehd PMMA ten

to show most i ndveanlswee sh-80fdl p&Aa kEhAaada@i ti on, De
compared the PMMA/ PVP bl esndandviftdumrdd ftfreate nitn
content wihHd peak eiarsteensi ty and terei narca esaes eo fi

PVP conclehT8J]ati on

Fi g3#z2®&®howXRDhe esul t s oifdriasvont rphdM Ay) VePawdp dda@ =
and -4Dawn pWMAys(hvePab r odaidf f rbaacntdi b&r Ar0ef |l ecti ng

I asnor prhaotulshe hi gh VP cont e AMMMA()9 #%)s oidm atdmet Dg el y
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may

i nc

whi

th ei

have | ed

onsi stent

to increased bandwidth and the d

wi t h[ 1 71 3f idri ddi pg = sefn t Déav ikealka br o

ch may indicate a subtle incr daswewastr , cryst

fdf er ences

hbetldedn # 148 evwddiitdshiiea c k gr ouwads noi se

signif@centbanaolcuasn obne gener auXRPE hir eognu It th.

3.5230pt imalr o phog ® s

Compared to

| at

thetl itlsBr bpi havemplaeal el ly aligr

eral walls, masgmpiFfeig@&ttadol inA gn [Fé igd& ke

Fi g3 ®ptical microscope i malgmasy naff jtscaeenp loen )l at

vertical

di-deawi ng dbrdrosgi#dlnle o f# 12D e 13)
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The widtemgt bf abhbtdehaspead ppattern vary from the

def oomat ati os. I'n |iterdatramwe ,ngt e ev vied 3 icrodnumo
al . reportlddket weoildad dberr t he -dSEEMvNMiR@GM]@haphs o
patterns in the present work are very similar

di-der awn and extruded POMJ[ & 8bnpd etsh ubsy wMeorhea npraag s i

voi ds i ndtulcteddidaurdmagwi ng process.

TH12 BESE

Fi g3 Bptical microscdme eirsad@dda geeif f s afmpil enh e

#Dide awn (#11, #12, #13),dtawi verdicadct dome

't was r e pvooritdesd atshpaetc tt hreat i o i ncreases | inear/|
and the valuedrawmrsamelre ithhan diites extrudate

of the tensile naduveei o[ PdekHewsess, i nhhehdr divi
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in the present wor kd4dwacompapead at 0o velheg dmoawi( kg

the |iterature (<~9); therefore, the presence

I n addition, we B8 hoalts esrovnee frrednmat i vely | arge

sampdeensongdt pdattd eshdest Saeucvhoipchenomenon uni quel

t he cOMbled a rle sguhltt dai fifdf riancttfeirafnee emmaiedsf | ect i on

(

the residual stress of material around the 0
be verticadawiong hdi rdeéceti ons, indicating the d
parall elhed deiwti mg directions.

|l maged was used to calculate the total ar ea,
case and the rEBQgHI2Z2we pe ecisheiogyBeEs8dt ama) agnd h(eb)
tot al ar e av ooifd sv oai stpeeccit @ aryeet wlioit¥ne gthiec h s howed a
similar tr edhrdavars RVOManw H j1BGE naleFegdIdbag) v,
showst hteh attot all voids numbeywr . de&€omda ne gl ithearrle
t hahever agevair&iagpde®d) it indicates the growth of
realized by the merging of neighbouringssmall
showhi g3 22e) amdaenift)g be posWVt, vede ypirted att lea Iwe

increase oY #3.22%)ampdse not very significant.
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Fi g3 Zhrel adfi owmsi ¢ def omuwmatnigon an at ige nier at ed f
(a)total area of voids in the OM image; (b) v

void area; (e) average void width and (

Fig83®8hows the difference between the OM pict
cresstionaldraa#k®l hef cdkicd $ on al arrea ddhes ahotgne
pattern. The paralleksedtipbodgéesfsbawe resuheteed

The dmalklund dots with a diametewseati appodx.t h:
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aligned polymeric cl| usatlesros.s hTohwee d astiemmialla rp incotrupr

Fi g33®M i mageé@apfl aterabestdenalbyucfiass (2

magni ficati on)

3.6 Summary

I n this sectiam,awt heg-MM)lyd dtPoofugdhi ea coni cal di
and the influences of pdri ;ec eadnsgalwag,n o ar ame ft er st

temper at urde aown ntgh e rdicess have teRenpiovess.i gat

The polymers wused -dmawihneg cpornovceenstsiiomga |l wedriee mo s

mat erial, which becomes fl exible upon reasonat
mat erials, commonly with apllasteiac o¢peofl ymmaati icors
temperatures; hence, regardless of the coolin
return to their original shape whehinkheg | ea

pol yvyNIMAR) shows a veury off miharmbelhavtioc since i
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at a raised temperature, its deformation in t

This explains why the exMMA)siiom tWdheae awtr eviotr ke

setting. Onc e thbamexobouuded ndfieerdiad ,sttah e fwoa
i mmedi ately initiate the recovery (returned t
efficient cooling system was attached to the
tendencgi et e xihte, and rianvti eargmi (tItMDn)t  pdrioet oc o | Wa s

relatively high drawing ratdeawamdg mE€dNDWh iwlae, f

feasible for a | ow temperature and | ow dr awin

The experi ment s -dsrhaowendy tekidAp otldtya(uMdd eac hi eve a
deformation range and an i-acglasdide sucmearsed a
haafigle die. The maxi mum deformation ratio ac

for the 5ADi ef carn dl RADH aWH{(1#t11Rr @li @h 1 0ADi e br oke

tests). The feasible temperature ranged from
within the range resulted in an increased s amg
of tbhbel ebsu eventually disappeared in the swell:i
180 ) would result in browning and-6blméaking ¢

were proved to e aftwe aagi ENFMAPDO aywiviPe st hess dur
di-der awi ng i ncreased withandlee dedoocmadd e wiatth
temperature and showed non monotonically relat

done per unit time was monot wapcapobytrehaltedo
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strain rate.

Di fferential Scannirmgy @alfdrrianetiroyn ((DSE)), axx d
have been used t odrdewienmrgni mreo cheosns thas diiref | uenc
pol yvNINAR) . DSC showddawi a poMAY) e VhRhide a sl i ghtly i
glass transition temperatur e, indicating the
chains. The XRD-dsrhaowiendy tphraotc etstee ddide not change
of poMMANP Thecopticople mi ctures presented voi
drawn while no simil ar cp etesceoifnostn owea seineodrs etr ve d
| ateral side of an isotropic sampl e.ralghee t ot a
width of the voids (except the number of wvoi ds:s

aligned patterns further supported the DSC an
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4Swel l i ng Behdavaiwonur of
Hydr ogel
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List of Parameters(Chapter 4)

1
=

|
{m

I

il
Il

1o
1o

Mass of diedrawn xerogel (the didrawn sample before swelling)

Mass of diedrawn hydrogel (#Diglrawn) at timed

Mass of #Diedrawn at equilibrium swelling state

<

The mass swelling ratio éDie-drawn 4|5
The equilibrium mass swelling ratio #Die-drawn |
Diameter of #Diedrawn xerogel
Diameter of #Diedrawn at timed

Diameter of #Diedrawn at equilibrium swelling state

<

The diameter swelling ratio éfDie-drawn {|m
The equilibrium diameter swelling ratio #Die-drawn {|m
Height of #Diedrawn xerogel
Height of #Diedrawn at timed

Height of #Diedrawn atequilibrium swelling state

«

The height swelling ratio gfDie-drawn { |
The equilibrium height swelling ratio ¢Die-drawn {|
Volume of #Diedrawn xerogel

Volume of #Diedrawn at timed

Volume of #Diedrawn at equilibrium swelling state
The volume swelling ratio ¢fDie-drawn {, ——

The equilibrium volume swelling ratio éDie-drawn | I
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u Diameter of random isotropic xerogel (#1so)

™ Diameter of fully swollen #1so

|
| The equilibrium diameter swelling ratio #fso, {|m !'.—

Height of random isotropic xerogel (#lso)
k Height of fully swollen #lso

I The equilibrium height swelling ratio ¢so, ||| —-I—I

4.1 Introduction

Based oprebesetddMpaA) ycdHR swell primarily in thi
this project idsr adweisnigg nteod atcahwuedvdei diidgedoMA) P @lt ye (r AP
(Fig%e This chapter examinesdrdawn spMMA)(i VWB beh

(#Ddreawn) to verify the design.

Thepol vyNINMAR) rods procedsdedawinadgrcadndifeirems wer e

columns and | eft in distilled waterhet diifdemnmtein
swelling propert i esdiwfefreer ecrotr rperl mdveesds an ¢ hp a rhaen
"y,

Consi deri-dgawhee¥Pawesi on properties (decrease
the progress of swel ling) and its potenti al
exertirmeg anfahe | ater aldrsawlre) ,ofi tt hnea ys wen d a unmgt
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during the swelling. This project studied the

compl ete swMMAENn poly (VP

Smith reporteMMANMahast heemoprbyh pféevValt ur e as t he com
swell ed back to the [sh@G®Jehiasd d ttsa ypnrpor voec essuscend as

aplied tdratwa $Bmpl es as well

Lastl vy, the research had a preli mi daraywnst udy
pol vy MIMAR) . I n previous works, a semipermeabl e s

the gel to coa@[tdddl, ,ilthk]csames d itnhge ruantcon-t r ol | ed

MMA) <caused higher complication rates in the
ondgsx85, Jhledr#tabinrne swel l s even faster i n some
Therefore, the swelling rate awwann twreardet edld pwiotf h i
multiple | ayhgdsidfoxpmpanley diPetS, si |l i cone) membr
swelling behaviour.

4.2 Swelling Properties of #Diedrawn

This section will introduce the method of i nve
force, (2) oft hddri a@wn fnlgu epnacrea met er s on t he swell

buckling sit#uwuatwinons of #Di e
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421Ani sotropi c Sweawn ng of #Di e

The indmaeawndieds were cut into stubs (~14 mm
The stubs werve tfhudividsteslrumaek eack t o deter mine t
over the swelling period. adAft dari Rtneea eme dheu rgenme
Q) , dehydrated stulls stwvelt eedmmwat g ead (cihi)stt rend s
tempetln atcwifeNt3dr, Me mmer t GaawbH3 7 @®e wasny)sed i n
swelling experiments, as Swan et al . proved
simul at ed( SBH)y (fU-RINMfgPLEBt] desi gned interval s,
taken out fusoirmngDW,i Idtreredpapers until no water
Then measuremgnt di Rmemadsde iwephte (t kb2 d, at ti me
2, 3, 5,(d8ay, 128) 2dland2 216. hlobnr aldd] idicobpoitre,) t

pol yNNMR) #1 so, were also | athed#DbD-dr amal Bndtub

underwent the same swelling tests.

I n thisYreyeyawecrhee used to represent the mass,

swelling r-dtawnopMMAWE Vaeti es we | Iriers ¥t iiver e | y .
Ywere defined as foll ows:
"y 0"0( (4.1
a
Y U‘U 4.2
0
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Q 0 (4.3)

Q Q (4.9)

Il n addi t9Q®and -“Q Q Note t hcaatQ&theet owegrdescr.i
the size of materi al i n -ctahee® Gmeenlt li iomge dc qompeavri eod
i n Ch3afparert he di mensions of the sample befor

Theore®i Qal | vy,

Tabdlé¢ Dide awn samples for the swelling e
Procesg Variabl es Control_le_d p
Par ame conditionc:
Deforn #lso=01) &d#dwe 5De
Fat Y =1.74, 2.01, 2. T=1€0
(i .e., #9, #9. 5, L =4 mm/ s
Dr awi >Die
fat e v =2, 3 and 4 ' T =45C
Y =2.01 (#¢
Dr awi >Dhie
temper Y=145, 160, 1 'Y‘ =2.01 (#¢
0 =4 mm/ s
The equilibrium swelling stmaore ofmag heg diyrdirrog €

hours. The conr)e,spwaldimad i(Rasedaa(rd Q)e ngwel I(i ng
ratio for this'Yst&teY was¥ mae&pedclthigmvpalcyt. of

process pYramahn®&ns o the swelli-dgawrehwereur s
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investigated, and t heTaeb#tleer i ment design i s gi

422Buck Expegri ment s

The potenti al buckling phenomenon has-been di
Uni Bi2DaAd o3MHTEs previously in Chapter 2. | n

for tdle awvbh2®BB,i ) are further examined through e

Crosshead

Pedestal y

Figure4-1 Schematic for buckling test sep.

The setting of the buckling experiments showRigure4-1. A stainless steel plat&gomm)
was attached to the load célnterface Inc., USA of a tensile testing machine (Denison
Mayes Group, UK). A thin layer of nitrile film was wrapped arouhd plate to prevent
corrosion by water and oxygeh petri dishwas placed on top of a pedestal affially swollen
poly(VP:MMA) samples waplaced in the centre gietri dish The fully swollen #Diedrawn

would have thdowestYo u n g 6 s Mo d srallestsleaderdesstraticecompared to its
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dry or nonequilibrium swelling stateBhereforethe fully swollen statés when the buckling

is most likely to happerSamples with the same equilibrium diameter and different lengths

were prepared so that each sample possessed different slendernes3 hatiplate was

designed to move downwards at a steady speed efm3§), simulating the tegown tissue

compressionThe buckling of each sample could be directly observed in the experiment or

presentedn the forcedisplacement curve. To define the critical stress at the buckling, we

calculated the corresponding contacting area between the sample and thagddten the

assumption that the radius and height of the cylindér ) remained the same during the

compression.

Before
Compression
+«—>
h
(a)
Front View Side View
After
Compression
S|
(b)
Front View Side View

Fi g#42Ded agram of constant radius/ height
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compressi omdi us @fs tththe <shaempmlhda;/ Tiesngtthhe of t he

crosshead displ aicsehoemee r at ldc khiengompr essi

As showmgd2re t he i)rhaadlifusl e(lngt h of (0t @omprndeaesec

di fference of the radius and it h$arde sspU mjcearte ntt

t hgt Ragtoheammelhe coOnt@céd garea - EThe stress at

the buckli-nag wa®Owhi the critical | oad for b uc

bet ween the critical buckl i nNgh sfOfie)s swiadnd btehe

shown i4a4.8e2tion
423Swel l ing Rate Control
The tissue expansion using conventi ohal bal |

weekbs79]and a few studies confirmed the feasib
but the tissue generatedewapanehbHps LB hoft hteh e
processed and uMdApcewskldegpol g ( VPs maxi mum wi
80% of swelling was|[ 40 hild0&tlihel npoar cfiernve day sl
compresse-dMMAP)o,l y{(N® hard posterior pal ates of
uncoated samples showed wulceration |lamd eldoc al
tissue expander was part ipadllydibnmeotkheynl,s iwhoixlaen et
coat ed sshaoomyeldesno compl i ¢ @ilhoen sd Doaveenr s3bs rayH eek s

for theed®athi mapde wit hN.CND mode at 145
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javascript:;

PDMS is a biocompatibl e mat-teoxiad, -gemedmabheg. co
The chemical structuFegédfe PDMS si swipirerd wi diesck di
product s, the food indsstfgctaandt meantciafl oamivh g

l ens material s.

PDMS in
heptane =SS
Drying 48 h ’
sheet 1.
1. Make the PDMS 2. Cut the sheet 3. Adhere strips on both _ 4. Cut out the
shee " into strips "% sides of the #Die-drawn excess strips

i

PDMS in heptane

6. Drying in 48h 7. Drying in 24h
fume cupboard = desiccators S

Finish

mp 5. Dip-coating

Repeat for multiple coatings 1h

Figure4-4 The dipcoating procedure for #Digrawn poly(VRMMA) .

PDMS ( MBDG , origina$lly Pio8yysmegman€ec MNuol ogy Lt
was used as a semipermeable coating to restral
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pol yNNA) and showed successful le®dmmploes odf t h
approximately the same si zel@&.s5Itlhdeenpyr ecvo aotuesd s
with various | ayers of -POMSI ramgr dmetwredrdaevdo ri nt D&/

stubs was devel oped, Famgdddehdke ¢eandroiclodd iass sthaolwl

12Making the. PEMBtaheips toxic and® veAeonceses
the procedure was car PDdM&/ beptianetbel Uumenc wp
apol yspgten®@®@imsnh ¢o a depth of 6 mm. The pet:
cupboard for two days to evaporate heptane an
thickness. The sweeth wasicet ofnZd38tAD0Dpsm and

petri di sh.

34Adhering samplpMss ttohda hewel |dirnagwnc hpsbMayp(tVelr t of d
was beneficial to coat the | ater al side of ex
t woMBDstrips were glued to the sample circul a
the ¥B.glTuheedb excess strip materi al around the s
remained for thga plsamwdeklriendi.el Tdh € loggmg theetro fb yt me pe!

required proper adjusting so that the sampl e

B Thequilibrium ovfa phoeupbt. Prre@ BigsCrad mosphere pressure i s
Oxford aPROACtude and

%Met hordoumn®@DMS/ hept awadsiopagendead o fi ptoh ef dsrtime &

(I2~3mm) Thene circsbhmphemddoatehghed to armaaségl ued d
heubdder gentor PreessfuDemuati achment. The sampl e wi
l eft in thehofufmeaehe opldud otro cur e
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was hung on a rack to ensure an even and bal a

56 .Di-poating andThRrysampl e was t hen compl et e
PDMSheptane solution and hel d& fbDher tskeeonamplbe
hung on a rack to dry in a fume hood for 1 ho

multiple |l ayers of PDMS coating.

7Further dryi Mmdtagd afpphiysamget amount of coati
werde i ed for 48h. Then the strips that protrud

was kept in the desiccator wembvgrahael.bhepsahec

PDMS hedabevoles in the coatinghetrbeedampke t
to i mplement dipping, the glue between the st
material. As the strips wild.l be wunahveo imdualbtliy c

usages of PDMS retained the coating consisten

I n the experiments, 1, 2, 3, 4 draawn8 dahe 10t e
coating thickness of each sample was measur ed
cal culdatsediss t he c ocncsatsitnegn cnye tohfo dshweeTdleepl ed at e

in the DW for about 20 weeks to see how the

"Excesswdsicqupgdd agai nstt ader d earkley tahagl Hmenmbd ragyree wds

coated ont®t lHeérewRB&pollveotud lnumul ate at the [ ower | at
anfdoramhump during dvowbwagl afStuegprh sheuvnepr a l laget® and
amneven | ateral coating.
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behaviour.

424Shape Memory Feature

Smith discussed the shegpsesende madNY)[fVePdBtédur e of

revealtehdent aat ale dchoempprddidys) VR e l still 6remember

shapdef the same feature applidesawnowi hé saveapl e

same di mensions as its unprocessed isotropic
dy ="
~ : ,
. - Swelling (S4_c ) . .
." 4 \\
,f Random #Iso ‘\
Dy =dy?i Fully swollen #Iso | d,= d}
‘\ D0: ? ."

: o e
Isotropic counterpart ~ AS ® ) %«ey
of #Die-drawn “ Fully swollen
#Die-drawn
#Die-drawn

Figure4-5 Schematic of the shape memory feature of polyfRA) (black arrows:

processing and swelling routes; orange arrows: shape memory effect deduction.

Fi gd%iel |l ustrates a possible way of -dprraowni ng t h

pol yNNNA&R) . Asas#ubmdengwn and a random #I|l so achiev

after Qwel) i ndgvofvke backwar dst hdeina mafee#iDvee t hat
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dr abwenf o rde adviDehggg  al s t he di ameter (Y, tWweé sc&mh so
prove that this random #Ilso is of tdreavemme si
and hence prodireawnhadan hree oDriieze t he shape of
Based on—wlhiss expeassed bytitbeanefowenladti mg r at
drawn and #I1 so. Because these ratios—were ava

could be calcul at ed.

|
The deductior- of expression
T

As 1 aswamed QQhafFor -dhawwDi e

v 20 t (4.5)
, 0 (o)
Y o5 o (4.6)

For the random #I|l so sampl e:

o 0
v I 4.7
o (4.7)

The expr—was ombtodi nedQ &y eéhi mheatboge three e

~ 0
YoV p

Q
o (4.8)

Then the expevY 7YV waY weata acfsi(d8tad ot &ign t he

valu— oBimilarly, we can deduce tOramcitghe r e

160



#Dideg awn isotro®® (— ———eyx v Vv anyY wer e
v

assigned to o—ati h—abh—tematlo lof it means that

counterpartawof a#hAdi ¢ he random #1 so dr &8&.id4dentic

4.3 Results and Discussion

431Anitsroopi ¢ SwellingdrPawmperties of #

(a) Front View (b) Perspective View

Fi g#46Pechot 8420t 6 hours of swelling: (a) fro

Phot aséslaofpweerse ftradkmernantwivaihewne i g ha sn gt thewmalbackgr out
as shdwh .per spech(ibmap v o enwdient uiideiv ehow -t he #Di e
dr awn waosn ptlhaec ede Fg g % hsgh dowsatt. he phot os of swel
# Dide awn i n aclhradradodmoagnecr ehensi ve phorRiogusget i s
6-12 n AppemMditeftdatwabepti actelle pmeiaghiemg boat | «
# Dide apvanr d ldlheel wei ghi ngAlblo atth es hsoamp laexs sst art ed

samée ze.
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22-24h

Oh 1-2h 3-4h 5-6h

Sample &
Placement

Figure4-7 Photos(front view) of the swelling #Iso and #Digrawn with various

deformation ratioSy
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I'n the swelling process, the size of #Ilso inci
t he -d¢¢frDawen deformed relative to the original S
sampl es WY téx pheirgiheenrciegin infoirccant-meahepaeoaokadege ab

di ameter increase and height decrease.

Fi g48pel ohtes dti amet er , height, surfacefardas,0 mas
an#tlDdr aovn®r d&y g49de spl ays the diameter and hei

12 hour s.

3.0}
P25t
2 ——#13
S 20} e #12
o #11
(@) & 15} #10
O #9.5
S 10} e #9
g —=— #lso
<
N 0.5F
0.0
0 2 4 6 10
Time (days)
1.2
1.0F -
ur 0.8
S —=— #lso
'% 0.6 —eo—#9
o
o 04f | #9.5
(b) 2 #10
©
= 0.2} #11
2 | B S e I S )
E oof & o
g W' —b—#l3
T o2 &
1
L
0.4r P 4« - < - <4
h > —»
_06 1 1 1 1 1
0 2 4 6 8 10

Time (days)
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6000

5000}
Kg ——#13
£ 4000} s
; #11
(C) g #10
g 3000¢ #0
; —e—#9
’ > —=—#lso
1000}
10
8
ras
> 6}
: —— #13
e 14 —<—#12
2 1 #11
c e/
DEsr } #10
p ii‘? #9.5
g il 1 —e—#9
g J —a— #Iso
Q ¥
> 1k ;
|
-1 L . - , I
’ ’ " 6 10
Time (days)
° ;- 4 —— Sy
T
UE 5T : ;//r
: y —>—#13
§ I 1 f 4 #12
: ;J #11
O #10
6 *' #9.5
2r £
: i ——#9
‘U -
! g —=—#lIso
o
i ’ 8 10

4 6
Time (days)

Figure4-8 The (a) diameter, (b) height, (c) surface areaydt)me and(e) massswelling

ratios of #lso andBie-drawn with different deformation ratig¢s = 3).
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Figure4-9 Theswelling ratios of #lso and3#e-drawnin first 12 hourq¢ = 3): (a) diameter

swelling ratio”Y and (b) height swelling ratity.

Fi g48(ea) Fag49(ea) show dhawnt sewe# Dieed faster and
i n threalbidiat.ad. taincert e( ) t han #1 so, and the dial
positively correlated to the defor mataiton r at.
i tfsul |y stwad¥d &n 1. 0)d,r awwhDi e eached a 163. 1N0. 5%

di amet eecY(easl. 6~2.9) .

As pr esking @&ebi)n -d#®we experienced entirely di
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height direction from #I1 so. Tthléah emogshtt sohfa r#elds
the same incrYaBowigngatherinsatsropic swelling |
hei ght oedfr aaMnl e#xDpieer i enced a s harepx praendduecdt iaofnt eir
around 6 hexpangi#d® oecurred afterdr&whours)
equilibriumYywedahged .fobattno 0. 1, suggesting tha
of #Diaesvn was significantly i mpaired, and the
than the dry stafYe.da SOp¥ciaf Oen&lBIny ngf walekdrmud | y
#9. 5 achieved bilateral swelling with no exp:

beginning di mensions.

Fi g48(ec) i mthiatawes h ¥ he timersewmrsfeaomd area of th
to a greater extent and at a greater rate, ir
| arger contact area for t heThwat emi ganhd eaptali
phenomenom%fem) and (b)) that the swelling/ def ol

Y

| i g&8(edipd &) ,YatnTHec ur ve s safmptlteesssenear |l y coincid
i mplying that t he mechamii d@Hhcaanpgted gtelses i n gt idmalt ¢
absor pti ofn tchaep ddddiAtlyy( v@Pmpl e, whi ch coul d be evi
#Didg awn samples did not change by -thawmechan
sampl es had "fas¥igbtéegséashethe first few hou

s@al |l er def or mat iiosno urlad iboes eaxnpdl a#ilnseod alfghai n by t
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I Ri g48(ecHur t he#rin2o raes,th owve 8 s | ifgihedlycmenagberati o
Y ). This coalldarbgerduwoitdo aspeesulaedofobdbm#d

dr awi nags shiogv®h3 2 Im) . The voids preoclwafporeed s om

swel,l itrhereforelreoboamegi hokeetbBeagalpsacity

431.1An explanation for tkHKeaaswnel | i ng ¢
I nitial height decrease: competitive effec
As describeddeawhi erpenl engbBPdean inittial shar
expansion after a few hours. An explanation o
assumpti on. One competitor wa<ert daehydr dgesl énse
hydrophilic property. The ot her competitor we
cooling down under tension stored the residual

the tempor avdy asvmape)n,d d#eDicet relssasipon critical
hydrogels, the critical conditions can be an i
flexibility of the pol ymer chain, or a humid

pol ymer netwomakphandtactgea.

Fi ga4r@®si &l ustrati on osfunphtei gdelrdgrep)e taintd o(nbd) assh o w
strapspsl i ed to the draawil egdprooagsg handlitehe cor

tendency when swelling. The recovery was oppo
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#12 (in the die-drawing) #12 (when just in water) #12 (1.5h swelling)

Stress in the die-drawing —» Recovery tendency — Peripheral part
Die-drawing direction ——» Swelling tendency  ---»

Tensile ,_L P g)r(tial ,'_\.\_1

Tensile :
Helght increase
(d)
Height increase due to the swelling %
/Water diffusion
Height reduction due to the recovery # l\
Helght decrease
Helght increase
t @
Macroscopic height deformation <— N
Height decrease
Figa4X®l |l ustration of the competitivel/coll abc

tendency and swa#Didée aggnt efde¢ntheostress applie

theddawi ng process;swehl)l itnlge treenaddewmeryy odnd he
beginning of swelling; (c) the photo of #12 a
heicghhange caused by ewatver ydidfesicasemma thiza do f

overarldsamapgi ¢ height change

The likely rsphemenbdbehwasd that only a | imited
into the system in the first place. Because tt

of the hydrogel skebhstanpl abtei whatzer, aahedt mer
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presended ot teatpioossn t e -drawit hg dieecti on. Such
consistent with the obs-dr awahii @pafgecod amntsh e @pna
3) and t he sPFvegddITiencg :o ft h#el 2p eirni p hceamtlr gpatred ommo rt

than the paraxial part as the water diffused

Moredvgtirgc) shows that the degree of recover:
theawi$ distance in the paraxi al part, whil e
showed relative consi stFdmayt Gadd)ma g( ¢ hteh e ade al
possible reason for such a difference. The he

related to the amougtstefm. watnet hai plavaad ail nt o ht

as it was much more sensitive to water. I n t
recovery decrease and swelling increase becam
Enhanced | ateral swelthegradopbal adbratiwvene

The enhanced | ater al swel FigglI@&@bul dlal sbhebe at
direction, the swelling anlheareafboergea , wewer s hiam i
a coll aborative relation. Thed ¢tol ltdakrorsameildn ng

increasér awn#dompared to the #I| so.

4312Breaking in the swelling

Samples that haddbewewn wuthbestsfbiégkidnhge may no
intact sweledir agwnp Soimen é¢ré&udp d varmeerd d atrhe swel |l i ng.
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Figdat® ecor deadnefl Hemat u2(ed-dcefaw#hl from the 10ADiI e)

swel ling. Bef ore bei 8@gamwpinepsiepnttiecbdyeabr okape ahe
hours of swelling.

) Oh 1h 3h 6h

Time >

#12
(10°Die)
A hydrogel flower
Fi g&4rBhsewel | i ng2(pldDi e /68 mm/ s) .

The mechanism for the breaking during swell .
reason was that althoughdt metmaxicmerd drhawiund i
str eonfgtthh e tret esrhieaalr, stress from the die wall

strength of the materi al and might have cause

was quickly frozen as the samprleeakciamgpe. out of

During the swelling, the crack end materi al e
the crack tip as the crack itself contributed
crack end started t o pauskh te apc hp rootphaegrata mdch Ifeud
surrounding, resulting in two (or more) separ

a swollen state when the tip reached the core
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abl e to coinanlelcyt ftrhaec tpuarretdF il (pdytels eQit,h earswi ssheq wnt hie

growth will continue and | ead to the complete

4313The influence of processing parar

Def ormat Hon rati os

S Rave (a)

w
o
T

\

1.5F

Diameter Swelling Ratio S o
o

10F =

1.0 15 2.0 25 3.0 3.5 4.0
Average Deformation Ratio &,

ol - (b)

0.8F

0.6
041

0.2

0.0f H\m

e
04k \m\

]
-0.6

Height Swelling Ratio S_ 5

1.0 15 2.0 25 3.0 3.5 4.0
Average Deformation Ratio &,

Fi g##4rZhe plot of (a) equil¥b)yiwitE=Eanet er s we

(b) equilibriumYhei giwttes®el |l ing ratio
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Fi gdteg a) presents the relatiaoamdhi pe obqguielfioln
di ameter sWel)lYi nigs rmaodnioot o(ni c a 'Yl \8F ii delrZeba)s i n g

pl ot 8 tvieeg Contrary ™MoYth¥ waendowdt oni cal l
decreasYng with

Based on the sdméheawomat et eal aanogieasnsd ng

Y, the deformation ratios determined the
Drawi ngmr ates

# Dide awn

wi tohd idd frd etr embhow

significant

as shéwgdé4Xr®d The small variationshdeeween
by the different actual def ormation ratios.
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Fi g4 Pi amet er
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e dr awn Owi t2h

heiYght)odwetdDiaemry wiatbh odi f(f er e

BAGide. ma/ s145AC,
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Temperaures (
11-12 2324

OOEDEE
- ID0DCEEEEE
-I00DDDEEER

Figure4-14 Front view photos of the swelling #9.5 dieawn at various temperatures

g
P

.
3
L »

(photos taken at 0, 1, 2:483 56, 1112, 2324, 45, 72, 144 hours after swelling).

Fi ga#tar4hows the photmwmrse wifo-ssvlewn d mty di9f. fher ent t e
The opacity of anhydr ousdrsaammlge st grrpo@rheda suag e sw i
visbbbkbles could BAE 46MQ) .i nTh#e9 .b5u b(bll6eds di sapp:¢

front vi24&4 lébwes of swelling.

#9.5 die-drawn at 180°C

(a) 5.5h (b) 72h (c) 144h

Fi g4r®hotos of) #8f 6e( 188) 5.5h, (b) 72h, anc

However, 1460 |24e6A0Ch e aenpé retsual |y ended up with a
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cresesstiontheAfC86ampf es presented tiFniyguriet s, a

415

One explanation was 18O stahmep lienst ehmasdi v ee db ut bob It eh:

and these fragile walls inevitably encountere
The bubble wall fragments dumiing ad wtyt ibred omaye
hol e.

Figditeé hows thatdrsawpl| esndld4Bb6r0esented no signi
di ffer¥nd¥anidmMHowever, -dampheatdi B80ACYshowed &

i Fi g&r@®a) possi bbbyl t(Fi grr@ay) .

Fi g4X@&) al so shows a sYogfin8 Gsiacmapoloehsp adedr easedh
sampAsesprevi ouBi g&aseég btivme | HOAde awn had a | arger
v ol uTnhmee.r e fhoer ed,rsyalm®p0l es wi th bubbles cou-ld be co
exapnded sample by thexmadsumn aoccu@iued @r por
expansion that the waheri Rdgulré) of ndi nat kg &abh
exi stence of the bubble did not change the ul
I't also meaBBsdrmmlte f otrhdéhe was nagn taeeoiysrttda rod wa

bubbles without contributing to the volume in
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Figure4-16 (a) Diameter, (byolume (c) massswelling ratio of #9.5 digrawn at different

temperaturegwith 5Die and 0 = 4mm/s & = 3).
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432Buckling Experi ments

26
< 241 = Critical buckling stress "
o . R
~ Linear Fit
~ 22t
7
@ 20+
[%2] 18+
o
£ 16}
S
S 14}
o
< 12r
o Equation y =a+ b*x
E  10f a -9.33141+2.18838
(@) i b 47.13439#4.06044
" R-Square(COD) 0.95062

0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70 0.75
Hir

Fi g&4r®he relationship ofslemidteir dils sbuakli iong

The critical, buckwassgascsquiessd (and plotted aga
‘Oand shdcwegdtri@énThe -ON rel ation were plotted
Appendi x |1 1. The Ilinear fi4t7t418® . SBdws mpli els:
that Gihe®, 2@ he buckling wil!/l l' i kely happen ¢
" 6 kP@dneepairopl fywwmd t(hwdtw @01 4APran dh as

amaxi mum swel |I6idhGa sPrieies, @@fskin mMLWMbL hdevi ce

correspohdb g

433Swel Il ing Rate Control
I n the experiment, samples coated with | ess t
in the initial 72 hours for most of the cases

176



coating was insufficient t ohysduppeerlt. tThhee & xhpg anr
coating, the | ower the mechanical strength of
addi tion, a thinner coating meant a greater ¢
part and the | atteeatopahe embetddedamMPM8 strip:
deteriorate the wunbalanced swelling of the hy
the samples coated with 4, 6, 8, 10 |l ayers o

compar erdo-ctooa ttetide advine sampl es .

Coating thickness

PDMS Strip PDMS coating PDMS Strip
- o
D2
Circular end
Hydrogel > thickness (height
direction)
S N —D3
¢ . v . Average* of
Circular end thickness Thickness in the Circular end thickness D1 & D2
(lateral direction) middle (lateral direction)

D1
Average of these thicknesses

Figure4-18lllustration of a coate&dDie-drawnstub(*D3 is the sum of D1 and D2 times

their corresponding area proportipns

Figdtrt& s a schébDMBioat eflr @ lWmeg 4t S hows the mass
di fference of the sample before and after coa
' i near trend ads, tahned |ltahyee amgaesisncofeape®ny r emai ned

consisfT@et i nfl uence of strips atoatthengciprowleas!
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seemed to be negligible.

0.40}
|
0.35f+ /

G .

< 0.30F

=

& 0.25}

o

o L]

A 0.15; % :

g —=— Mass of total coatings
0.10r —e— Mass per layer of coatings
0.05} %7 S
0‘00 1 1 1 1

4 6 8 10

Number of layers

Figure4-19 The mass of total coatings and mass per |@yer3).

Fig&Xx&l so shows that the coating thickness <co
sampl e. I n order to study the -dndWoneexpaonsi 6w
D1, D2 anidntDr3odwecreed to distinguish axbilal , | at e
was the averagehé adbeenmnbge hotkmeddl ¢é and t wo
di ameter/ | at ea$t dheetodotahsircul ameendonhi ck
D3was the overall aDv3e rvaagse tolfe tshuem safmpD®. and

corresponding a&0e.dDdp+@PHT oi oeaThedB8aasleyes of D

T he arceyd ionbdnesriasrtesa ooff ¢tih®ahattemalarea @f“ithe circu

Hence, the |(Dtschroanld dithriichlun@®s'ss dQ ¢ “i pr opoorft itohne
overall Bhiatnkleescsi rDul ar thicknesg “i(Ix2) Qshoul d co
¢ “i percent dage@edr eD3md ag u realitehf ocraesaentdrad i ninigsmdi o

Dland wbitreal c mlcaxtoedCiomgli yyer i ng ahk tdfa gtdtedpafrqgiro iomt s
DiwaG. 885 apndOofwsa502D5 {Thed elId5.e, i 40 .il®9d ¢ 6IDRLuded D3
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D2D3a ntdh e

correbpypdi mgiepgireghd ® a)

and

(b) .

1.1
1ol D3: overall average
| —e— D2: axial/height average
= 09 —=—D1: lateral average D2
£ o08f
% 0.7k ,D3
& osf /m
< |
L 0.5F po
N
= 04t 1
g 03_
E 0.2- -
o 0-1- D1
' a
0.0 1 1 1 (I)
4 6 8 10
Number of layers
0.18
’g 0.16 D3: overall average
g D2 —e— D2: axial/height average
= o014} J —=— D1: lateral average
(5]
>
8 0.12F
@
o 0.10-
(2]
@ o.08f
£
© 0.06F
=
o 0.04+
£
T 0.02f
S b
(-) 0.00 1 1 1 I()
4 6 8 10
Number of layers
Fi g#42®DMS caat(ian g sa chci ucnkunleastse, d (tb) (&=hi3c)kness p
Figd2@& a) shows that the increase rate of D1
reflecting the accumul ation of PDMS at the ci
of the prog&z2@Eb), I-lhdyeempetrhi ckness of D2 got cl c
of the strip thickness | essenedswitthte tphe piomdri
of Iateral ®thigeknéesdan(Dbp Bgikbl thickness (D2
closer to D2 in both figures. Il n addition, D3

179



coating thickness f clrayeerc ht hciacsken e sTsh eo fa vielrea gReD |

from 0.00%4 mmo O.

Figdrte@ankdi gd2@ toget her reflected that the coa
consistent fr dmelcdoyagtri ntgo neatyheord devel oped i n th
of manual procedur es. I-wi seasbutnepgrf dxii dend malne

consistency and did not rely on extra equi pme

Coating thildkmgsdehavswe r

» Layers

Day 0

Day 1

Day 2

Fi g##42PBhot os cobaPbd$SAWNeduring the first thre

Fig#42Z®BBhows the photos of coated sampl-2 in its

days. The surface waviness observed in the in

180



i i gdT,€i g4t @ani@i gdit® did not occur on the coa

membr ane essentially reduced the water penetr .
and a smaller gradientn otfhevasaempldd fd amp aorne d i tsc
sampl es. Therefesreeasithee mbeeowartyertendency d
deformation initially, ands itghnei flsivceal nitelchyg (v ol u
Fi gaa2Zemonstrates the swelling behaviour (diar

of the cohrmd@ampitdried to thEi gaa&ORMS dc ¢tdt. i5ng nh a

significantslwelrl @ cdwcedaptalca ty in di amegare hei

4-2 2 THhaet day 1)500f( the coated samples reached

Y =1.8fL the uncoated sampl e

I'n hweigédt the uncoated #9.5 achieWwWed mMedarly t

while the uncoated $amplkéd fdowageas22Bedl@t i

days.

0.8

(a)

0.6+ //i’::f::ii:f:?ﬁiif:;
i —=—4 layers
:I' o Svers

\‘ 8 layers

- 10 layers

20 0 20 40 60 80 100 120 140 160
Time (days)
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(b) ~ v 10 layers
0.0 + 8 layers
F —+ 6 layers
o1l T —=— 4 layers
uF 0.2+ JJ' I
gt j@ "
_ L VT 2 B —
03 B 1
T
0.4
20 0 20 40 60 80 100 120 140 160
Time (days)
1.2} (€)
0.9+
vy 0.6f
03l —=—4 layers
' “ — 6 layers
g 8 layers
0.0 & —v— 10 layers
20 0 20 40 60 80 100 120 140 160
Time (days)
12+ (d)
0.9t 4
v o6l -
v————%
0.3l —=— 4 layers
—e— 6 layers
8 layers
0.0F ¢ —— 10 layers
20 0 20 40 60 80 100 120 140 160

Time (days)

Figure4-22 Diameter(a), height(b), volume(c) and mass{@lling of #Diedrawn coated

with different layers of PDMS.
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The mass increment of the coated sample achie
t hhuencoated #9.5 sample, and the volume increas
the uncoat ed Fd mgdi8(.a )l ns pfalaadfs et @ DotoHleet -l labyceorat e d

samples, indicating that the expansion force
the tension of PDawsp lceosatwintgh I[Tenses od dheetri rsg s eer

expansion potenti al

-0.20
070} @) (b)
%&\\\\\\\\ -0.22f : ;
0.65} I T e
< 0.60} §-024» L////// [//////
3 AR - i B
U) 0.55}¢ -0.26} = = I »——«T
0-30r = p2- Sr150 -0.28¢ —=—D4-§ ;5
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07t % o6l \\\\\\\\\\\
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15
o o
© ©
Sm 150
o
®

Figure4-23 The(a) diameter, i§) height, (c) volume and (d) masselling ratio at day 150

vs the coating thickness of the sames 3).

Fi g#423%l ots the swelling ratios at day 150 vs



To study whether the unevenness in the coating

particufarYyhaws2d fror.

I n gemerawel ting capacity and rate of the coa
the number of coatinfFilbgayyPany oo ¢CdaX Bhgwt hhak
Y anv were al|l negatively ™¢orwed apesi twiuveéely
correlatedi gt g a3 .prdaesents a b&¥ttehahi Dear f
suggestitnhgrmhedi bmeger swellimgthaet iowewad | marhe
of the sample rather thahi g®&2e® BY,c als tbheitctkenre s ¢
| i nfeiatrt ed wi th , Dposbahl P3because the existen

provided extesat meaithanhealght direction.

Previously, a silicone sheet perfcompraedswith
pol vNIMAR) . The envel oped Y% aomp lteh er emacstse s wed | i ng
uncoate@ 4@d¢hresicaunr rsmtr acegi esmassvel bingdatheo

|l east | @®rPovement needs t o be done based on

met hod/ materi al should be used in future wor
without great !l y nago neparpilaseviemnge .rt,h et hsewedMvear al | S WE
reduction wil/l be inevitable unless the membr
®The linear r €Y atandBY¥hi:Pp2¥or=021349D* BA’E0( R745)

an@3y =0. 07 P* P2P@®50. 9225)
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434Shape Memory Fchkeragwmr e of #Di e

Table4-2 Data of 'Y ,Y,°Y andyY (for#lso,”Y =0.98;"Y =0.99).

Sample #9 #9.5 #10 #11 #12 #13
"y 1.63 1.81 2.07 2.28 2.63 2.89
Y 1.72 2.00 2.32 2.74 3.33 3.57
Y 0.1 0.0 0.2 0.2 0.4 0.5
Y 1.76 2.02 2.31 2.65 3.25 3.77
Tab#3®wal U@ TOf— — ) &I (— — ).
\%
Sample 4#9 #9.5 #10 #11 #12 #13
]
= 1.01 1.00 1.02 1.00 1.01 1.04
T
1 5 0.9¢{ 0.9¢ 0.9: 0.9! 0.9: 0.9
__ll

The data obtained fronatdi2e dhperi habhtas yaeé ded
ofQ YO an@7TO0i Mabd43e Talweer a@EO aof@TOappr oxi mately eq
lmeantimeg i sotropi ¢ -doaoauwnt earnpda rtth eo fr athlioen #1 s o a

proving t-thmawmh hmew®diiesed its original shape i

l detaltt hQid@are cl ose to butQBlairgehts nyalllaerrg etrh at
meaning the rdacaower(yespfecdildy the samples wit

was more than 100%. This mighthdbe ad e tthatsy qite
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competition/coll aboration between the recover

l ed to a final swoll en state with internal t et

was overstretched fdeett oft recoyeelgiantdi cs wee | |

passive compression of those chains in the he
4.4 Summary
This chapter primarily focusedlr aowmn tshaempsiweesl.|l iT

#Dideg awn samples achi ededi aimghnieffi cavetd Il y ngncrae¢a
height swelling while roughly maintaining the

the #1l so. As a resul dr aweé nmgay whad rcchl wope | ti eat | tah

and axi al shydtopehg aohitdeed our initial hyj
swelling and decrease the axi al swelling of t
The swelling path of the sample was mainly re

relations withwthg dbteangbdet heheedctparatur e.
ratio, the greater the sample deformation dur
of the shape memorgwmproiperwgs of o##®d et hat t he

or i gi n asls eudn psrhoacpee .

The whole swel l idnorgawmr occoeuslsd obfe #Deigear ded as e
competition between the recovery trend to its
a |l arger dimension/vol ume.ecAdv drhye amd tdxad a mstiac
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di-der awn sample in diameter were towards the

synergistic and showed a more prominent and r

recovery and expansiendinebeighs$, wehesi showipmw

relati on. Mor eover, the recovery tendency was

expansion tendency | ater, so macroscopically,

On the other emamd.,altstoe i mhdercamed t hat the wate

more as a plasticizer at the beginning, which

stress release. Then gradually, water started

sampl e manifested the expansi on.

Since both the initial sweldlrianwgn fwarsc d aamgders we

it was necessary to codrtawn ttohemismienilziengt hreata

rates. This workndgotbowedl t met lsovk | bf previ ol

preliminary study ondthwnstg!l hi RPMSEoonbRDI ngf

coating method wasddewel spmgd| éotot hbeo#¥Dde a r

pelrayer coatTihheg mihnicnkunne sasv.er age | ayer thicknes

force -dfawnDsempl e was around O0.2mm. Although

the swelling rate, it also significantly redu

coasampl e reached a diameter swelling of mer e
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5Summary and Future Wor
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5.1 Summary

Based on the prevwiroeusssi mar-koMA p odl hyd-dviPlow i g e
experience of thermoplastic galawmnergs ,prTolcies spm
i mpart shape memor yMMAe)a thuyrder otgoe It haen dp asluyc(c\eRs s f

novel bil at arndll astwenlgl itrnigs ssueel fexpander .

I n the processing,-MMA)e wcayslr iadniche itcharloumgdl!l ya( VdPo n |
at/ around its glass transition temperature. )
drawing temdmpdroatmarntre on ratio, and drawing rate
for the sdrawissd udfMdp @l yT(h\éeP dr awi ng stress sig
with Bhegldi and was positively correlated with
angle die, the maxi mum el odgawi og pdetesmatvh e |

drawing rates suitable was 0:1180tAcC.6 mm/ s and

Il n addmattihoenmatai ¢ model based on t het signpddcey syn
the tissue gener at i-bmi )c,a phieBiia)tye roafh du(rb ESaox)iraolp i (cl

HTEs Based on the assmpwaonl/o¥O0Opdhfaliatnwalseampg tale

thatBi2bver al l requiressertsheepomhsrmest vakidioas
of stability andtbBewel bwegt capgbiftemgntandf mat
rati o compgmair ead-hd o3 BB DE. Moreover, the results
broader OiYmab@e2®20) . In terms of the required

volum&ni 1Dut performed the etfHdrcd eand HWd&s tl me
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ani sotropic HTE showed considerable advantage

The -ddiaevn produett Ww# Ddhreadwinf)f eand the unprocesse
(#1 sonNehwr acterized by differentriagyl dscddmmicrtg c
analysis (XRD) and t hDeSCo pdtaitcaa | s hnedwceadw stchbaptes #a00 M
slightl ygdisscrtegasnesd ti on temperature compared
mobidfi ttyhe proce@GMeshcwenpl €l ongatcéedoemokeldyg occ
| at ercaft Dided dwni | e we rteh ea bsseeotbid conhsh-é@r #wWm eand t he
#1 sSTh.eoivd area and wihdeehoi mareaser awi it &, sugges
Y and correspondingly Hiaglherresaxitaeld dmawi nmgo rs
orientation al ongHotweev ekKRDwihneg ud it reeocsthilogwnevde n o

evideincer ®dised cryst-dthwzagMpmeadés &lry $he dmnmet h

drawn may be ddmree etxda echat eorf micregystall i zation an
| n #Dhicde asvme |l | i ng experi ments, de eofextptaer sd wini ma
#Dideg awn sample were increased in the diameter

direction. The extent of thisY amrRi,Qotthreo p##Diwea s

drawn could merely have radial expansion (dia
change compared to its dry state. I n additio
processed materi al coul d exmpandnattert hé sSamMEe:s

shape memoriherowelrltiiregs.r ad reavwm dwd roe cfea tf e r# Da |

than #1 so, pwhilarhy Iseddidtyo oan t he swelldiilngx arad e ¢
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rate afratwbi e it simultaneously rest-danawed

PDMS) was used aWhtl e tcheatciorag i magt eriiganli f i cant

ts

coated with ®&cli2e wmend RAOMEBD aotfe dt hseampl e' s di amet

20% in the water mass intake

I n summary, this present study mathematically
seilldfl ating tissue expanders over uniaxial s we
expander s, and furthetrdr@mwodnagavteto hteheihdshaa poef nuesni
feature -BMMMApPoamgd@dVvVBbtained hydrogel ti ssue exfg
swelling capacities.

The bil ateral expansion of materials by means
expansion conteoftebfchydypgmbaseriThl s with si mi
achieve biaxial (bilateral) expansion by mear
characteristics of the application object, k
approprihataends tsrweenlglti ng properties, the applice
extended to a mucsho mei dsepre cfiifdlcd ,c osnugcem i & sa | def
embolization for various diseases.

5.2 Future Work

There are many unfulfilled tasks in this work.
has not been carried out, and the swelling ra
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the coatadn dpMMAY)( WRPAve not beemadomabdl todptavion
bil ater al swelling HTE wil!/ influence the gr

uni axi al swelling anisotropic sampl es.

New coating methods or new coating material s I

rate @auwmfficient swelling ratio at thea same ti
more uniform coating; appropriate proliferati
water penetration; coating materiarl ss twridrhgtlhow
may be applied. Al ternatively, i f the existe
expansiondofAwnhher #i smaterial with higher intr]

A few | mpagouvadédnenatde t heér alwpgnogc eand t he potentia
| arsgeal e pr oducdriawmn opghoMyh(eveR Di d b.€hd nsveempliegsat e
coul sy btehient @aed twirtchh tshhea preitgchttfeu | mariTdn eneeft feac t i
temperature contdoboeesying omptr eoir@dedad ontdriocel | abl e
heatainmdg-do et cool i ngTlkkeavimeohmahntal syysbem coul ¢
hortadonf ashi onaltoongfeamdlddtea ng Fmprroctelses. | arge s
producti o«dr afwnlt @NINAR)d,i ea f udOhcans el eorfgt3D coul d be
onto tHhlei memordr awi ng maddédsingnevd t &l &t evwon sfpiece am
and a cutting teglthedttialwi ed at ot basts dlide5 car r i
undern nuomuts( ONddd) et h am/ . 3G awi hber #9e5 can possi

a smoot h hedartawign ga®mic ¢dcides adwieng process shoul d
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produccer awmdireod at 20 c¢cm per minute chhesistent
hot pr esaismypoepprreoscseéisnsg, i n which a batch of pro
Thmec haof spgmod sdd thgrtmhitaltees sampl e must wait for

down Ibefitoageen out .

There areotré¢ mtpipdli bat idp msvn fneehmeogrisge hydr ogel / pol
The bil ataeabatoswweérhparmntged on othraerearmplt ec ati eanf
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6.1 Appendix I: Equations for Modelling (=, =

6.1.12 BB i Model s

1) 2DBINA#T

CCYOTYD ¢ - DéEi— WEi— YD YD ¢ YD
COEi— cOéEi— “ 10 ¢ 'YOTYD Eq.6.1
Cp wop — — - G N Eq.6.2
2) 2DBiINA#TB

¢CYOTYD ¢ coéi— chéi— YO T YD ¢ YDTYD
C COéEi— CcOEi— “ 10 Eq.6.3
®» p — — CMd - Eq.6.4
3) 2BBiINA#TSI ngl e

o AT O _ o - M d p g “ ¢ Eq.6.5
4) 2BBINA#TBingl e

O DEd _ o - M d p o — Eq.6.6

5 2BBiA-#M™Mul ti pl e
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gl 1 el A & WYl 1 CYi oY MYl Y'Y

CR CYWCYID | ¢Yli Y ¢ 'YOTYD EQ.6.7
O WEY  OE - p - g ccd O ¢ p £ T ¢
“ E p Y WEI - p - & MO @
p ¢ ® ¢ p Eq.6.8
6) 2DBIA#TBMul tipl e
-¢tYOTYD & p YT I ¢Yi Y MCYI Y Y
i pi QY Hei Ll cmIWICYT T cYi Y EQ69
o O& wéEi - p - E clic & Cc p £“ ¢ p
- E p “ WEL - p - O MO
p ccw @ ¢i p Eq.6.10
6.1.21 BUn i Model s
7) 1DUNNA#T
¢ O COACYI I ¢ ¢Y ¢Yc¢© o0®E O COAYI |
OHE—A - Y IYD ¢ YOTYD Eq.6.11
O i B O 00E G D © O0hEi——— - p EQ.6.12
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8) 1BUNNA#TB

T 0 oYl I T ¢Ycg co®E 'O COACYL |
co Y L ¢“'YTYD ¢ YOTYD Eq.6.13
O cd o O 00E O D @ O0hE—2—— Eq.6.14

9) 1BUnA#TSi ngl e

c00O O ¢t 'YOTYD Eq.6.15

a pp Wd ® “zC EQ.6.16
10) 1 DUnNA#TBi ngl e
T0'0 O ¢ YOTYD Eq.6.17

a pp Wd ® — Eq.6.18

1) 1 BUnA-#TFMul t i pl e

¢‘i &L 0 ¢ YOTYOD Eq.6.19

a S P Eq.6.20

12) 1 DUnA-#TRIul tipl e

™18 0 ¢ YOTYD Eq.6.21

a — p Eq.6.22
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6.1.33 D so Models (Sphere)

13 3 DA-#Mul t i pl e

iYL 1T Y 1 “¢& ¢WACYL 1T ¢Yi Y ¢“ ¢'Y0 Eq.6.23

E WO pUcd & & - C - Eq.6.24

14) 3PDA-# TBIul tipl e

¢ c'i &Yl i Yo “& Y CYi i cYi 'Y
¢* ¢'YO Eq.6.25
“E QO pUCd B ® - “Q — EQ.6.26
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6.2 Appendix Il: Supplementary Figures
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6.3 Appendix Ill: Supplementary Figures
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