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SIRASIT KAMPANGSAT : DEVELOPMENT OF POLYURETHANE-BASED SHAPE
MEMORY POLYMER TO BE USED AS SMART WOUND CLOSURE STRIP
THESIS ADVISOR : TATIYA TRONGSATITKUL, 68 PP.

Keyword : SHAPE MEMORY POLYMER, POLYURETHANE, WOUND CLOSURE, PALM OIL

The research aims to develop polyurethane-based a shape memory polymer.
The synthesis of polyurethane included a two-step polymerization procedure using
polycaprolactone diol and 44,4'-Methylenebis isocyanate. Enhancing Young's modulus
to be used as smart wound closure by including molar ratios of palm oil 0, 10, 20, 30,
and 40%. Through principle of shape memory polymer to recovery the wound until
the wound pull convergence of the two edges of the wound. The chemical bonding
of polyurethane was confirmed by FTIR, which revealed the functional groups of -NH,
C=0, C-0-C, Amide I, Amide Il, and Amide IlI. It was shown that the inclusion of palm
oil molar ratios resulted in an increase in the Amide | functional group. The DSC
evaluated the thermal behavior. The glass temperatures were found to be around -60
°C, though the melting temperature of polycaprolactone diol was around 52 °C and
butane diol was around 75 °C. Crystallization was detected by XRD, showing the
development of a crystalline structure during the sample preparation process. By using
the tensile method to test the mechanical properties, it was found that increasing the
molar ratio of palm oil from 20% to above could raise the Young's modulus to 130
MPa, the minimum requirement for a wound closure strip, and the maximum increase
was observed to be 327.86 MPa at a palm oil molar ratio of 30%. At a palm oil molar
ratio of 30%, the shape fixity and shape recovery were found to be optimal, with
values of 87% and 98%, respectively. In order to create a wound that was similar to
the wound that would result from the surgical operation, surgeons created a wound
on human artificial skin. The wound closure simulation was conducted in a
temperature-controlled environment setting at 25 °C. The test results showed that

heating polyurethane-based shape memory polymers to 70 °C started their shape



recovery behavior, which was able to keep wound closure. Further, the suffered wound
adhesion was observed for a duration of 15 days, which approximates the healing time

of human wounds as stated in the objective of this study.
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2.1 lAseas19venInig

Havilafediuiieginuuenanvass eyl Usenaumewaduasiilaidonaleyin

Y 9
vmiAvntessinigaindsantasurg 9 W W@else wuadise Weldldsuwdanyasy
Wgsenmevesuywd Hieshwgamgiivessnelilias visduindunsiedouyed an
Mannsasuslane viauwwa anuIany uasdidmaranizdnlalumuresgudnualniiuay

[

= v |4 (% 5 a U ¥ 1 v é’
dnae laelaseas1ananvesiuiirilsusenaunie 3 drunanaddl

Meissner corpuscle

>

Arrector pili muscle Epidermis
y

5

Sensory nerve

Pacinian corpuscles Dermis
Arteries ~ap- il
Veins —¥ Y
Hypodermis

5UN 2.1 lassafalmidlsvesuysd

(i Hurnan Anatomy Atlas 2020)

NIIAING1 (Epidermis) Harunuruszanm 0.4 83 1.5 ades dnisiinlnuves
& 1 a;' s a & a v 5 o9 va & o a v a )
\WwadegnaonIa1i uazlwad nindunsuazisesteuagsiuuy nliaaduduildaseeiu

£ '
= 1 1 1 A A

Jutu 9 wadimidsiiiedunesuszedegimuuugn wieliienintuilaaazgnndneanain

U 9

Avfavesywdlagisn1sausssuyd luduvewdsdmiliiivasniion Wulssam vise

sous 4 Wufisaeihuvesgvie wduaw wagluduinty

PV (Dermis) NoEAIUANNOAINNTININGT NUIUTZUIY 25 WINUDINUININSN

Y

wadfanylunduilsznauniy lwlusuanas (Fibroblasts) vinindilunisasiadule



Aoaalau (Collagen) waviduludanadn (Elastic fibers) waransiu (Ground substance) &9

¥ £ a

Juarswanwedudnanlsd (Polysaccharides) lutumisunildaduiiogues vasaidon
duusgam nanuilaniziduou deuludu deuwite lnslinisnsgavdiegnalunasnty
RIS

Ranistulusiu (Hypodermis #3e Subcutis #3e Subcutaneous fat 38 Panniculus)
Usgnaumewwadludu Sondn weRlnled (Adipocytes) Faagagiulufiou (Fat lobule) way
Y o & A A Y = =
NUAIENUILUBLE BLN8INU (Fat septum) HABAALIU Vaanalasn (Blood vessel) iaan
H = I | o Y Ao v 3
WUnded (Lymph vessels) 1udiuusegnay vimdnsuusanszunndesiunisuinduain

Aeuen wazAuAuMsHNayvatluiulusneuyed

FUTUNSLEUTAUIALKAINAITHIFA 2NNl AANSIauADAUYLilaLED

VIR wag wilsuy FuludiuduuengnrEeAuULENTeINIEINAMERTUBIRINY

<
22 lwsnduuna
Inufuunadogunsainnsnmsunndydania dndialunisandesinsvedeilie e
A dgl’ A Y Y [ o < [ o 1%
Wonlszauilodalmdminiu nsduunlseinnvedluiduiuanidn @misadiuunlaain
TPULIAIVDINIADE VDI VI UWNARIT]
Inuduunalsznniauisagedulalagsianievedddin awnsadesaaionie
weluldlusanmevesdsdidin aeluszeziailiiiu 90 Ju Tuuuunalunguiliun
1) wedlnalalan (Polyglycolide %3® Polyslycolic acid, Dexon) lnudanaszsi
wWulguuudn dauileunn deupdsvarsduarziiiioiunisnasdu 4y
Tdesanisldau Jealdduuinunanieluy (Deep closure)
2) wodlneanyluu (Polydioxanone) Tnudiasizsiluuidulne dnuiatoy
annsaldnulanuiiieiequeTeigdig 9 (Soft tissue) 1y N15UAYBIDS
= C% =3 a Y @
waelaludn deuldidvuinunanisly
3) WoAlASINTan1s ualum (Polytrimethylene carbonate, Maxon) tvu
duasgiiuudune) Iyanuiianansagnuuladte uilsduvaaesnlaein

MlmAnnssemedawailaidotosuin Jedldiduuinnnaniely



4) Fudu (Catgut w5e Gut) nuanidulesssund viainaildvesdmnisinan
A v o & a v a d' Y] | ¢
whzusedl vnsedeudanielasidion elssiunisgesaatsainieuleysd
Tguuauraniesly daenssunnuas vseusnaduiloBomqueies
Inuduunadssianiianunsaeglduiunii 60 Juduly vieaunsonseylinasnly
anansaldivuinunalaluynussian nslunguillaun
1) vy 8%y wazihe Wudulesssuwd Jegiulufeuldiliosandanundus
a1 wagneliiinnisdniauveniiowd alalaedne Yaguuielinisledlvg
duasziienaunulunusennaing
2) luasu lrudueszsndnawuuiduien wagsuuudn WJundeulunisldeu
o990 Hanuudusiardangugs Wadaiinnssnauiies awnsaldanu
lAMaIN A UM UANYUTTOIUINLLNE
3) wedlnsiau (Polypropylenes) luudaiasigst Adanundwsnazaly
A 1 d' 1Y o 5 d' %
gaveugailonnUulny widewinsynluvangtuivedesiunsvaneenues
Uulvy feulduiiln (Fascia) wazunafininitagiianisulandulade
Ussinmaealmnduuna avfinisuendnwauzveslnueandu 2 wuuges laun luadu
WNaLUUEN (Multifilament %38 Braided suture) Ag lunsinsiiuidndiaaeiu iwevinlw
a < A A | v < v a .
WAeANLUT T eInasan1TIdu werlmuduukawuuduis) (Monofilament suture)

[

fanwaziduluudunorliinisanlvudsmetuiiiansigay

annedies Ao ansidluanavialngszneutuainuiies vesansueueiues
(Monomer) natgniagi o19aginiou w3 elimiioutuid eudertudieiussla iaud
(Covalent bond) a1nmsvhufiisewediuelaisu (Polymerization) WAntuld 2 uvu e
n1siAevedluesuuuLis (Addition polymerization) WuufAzeinannsiiansdunid
Aoty ufad wdunedwedsdaiortu uaznisiinwediuofuuaivuiy
(Condensation polymerization) 1uUfATenfiinanuousiuesuinndt 1 viaviuFazen
Auansluanavuindn L i A9 audnfuneduesvdalndty aunsafnduesddni

555U (Natural polymer) &ailauiiniulafiusinievesuyud



lassasivesianUssinnneditesmudnuaenisinitesanaluananiegluned wes

Usnausme nedwesiiudu (Linear polymer) ddnwazvasanelgluianawuuisesaiuiin

a o [

Wuduena wuunediweslens (Branched polymer) fanwatunaudusenuiainaislene

IS

dwes fdnvurvesasldluananiiaelevanisealudu udriifvEouvubueanuiainais

Touan a1adbansaeledd unazanala g1l wagkuuLd auv314 (Crosslinked or three

[

dimensional network polymer) anwazn15i3osnonuteaslgitonoiuAa1un 19181

FIILHA

=

2.4  WOAYSIIU

]
Y
3

wodgwu unedwesiinannisduasizinionisyiu fAsenuuaruniuaes

Y

413 9 feMIsIANALsUATen MvnzauiunedySimusiiniideenisdunsiendigyvinli

(% [
v Y o 1 [

AnUAATemMIRAN HeTUaESAIRURILAEARY 2 vllnsail

'
I I

1) laleleleeun (Diisocyanate) lluansuszneudun3diidnyleldleeun 2

nauTITIMEAY

% L0 o°
@\\ /9
(N 0

R

JUN 2.2 ansusenevduvidnivylalelelyeun

2) lneoea (Diol) Luneuswesyianifidrulsznouinainngulansenda

o+

JUN 2.3 weuawaivlinlneeandrulsznauainngulansenda

(Hydroxy group) 2 nquusgnautmei
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2.5  waaeasIsU

v

WORLNDIINFU LARAINWORNBSNHIUNTZUIUNTTUTUAIBNTZUIUAITANN 9 LU N1

Y Y
[ [

AnugU nM3nedadugd nstugduuy 3 38 sudndugusimiuiidesnis Sengdsidlu
an1uzld1 3U5190135 (Original shape) #39@01uza125 (Permanent state) {ugusafiay
AnnsaAugUs e Wenedwesingulasunisnseduiiedadieng q wu nsnsedumenisii

NEIUANLSaU WAy

lassafaneluvesmedwasingulusyivluana Useneume 2 diuvdn fie yandou
U374 (Net-points) ¥iminfmnuA3Us190135 wasniigasuwias (Switch units) 1udiu
vosaglanazgnineenidlednisiiusaineuenuinssyin vimtiivuaguinedins wag

YA ! a 6 o
N13NAUFUINVDINDALUDIVIFU

nMsvhuvemediuesingy tuneunsudsususetinT warnsnsequlilinng

Y 1 1 [ & =1
Qﬂugﬂsw Ao useanlu 4 TUADUANU

1. Tuneun13ugUs1as Tuduneulinedweszgninbimiiadugusisniany
ALFBINTT WU wLTduVS9Insa sUAa Fegusisnsnanasdugusnnineduesdiglay
finsfAugUTanauiilalasunsnsERumeanseng 9

o

2. TunouMsuNlY3Us1e (Programing) wedlweidnguazlasundsauainuseu
Pnuvasiuile wWu msbianussungludaivaugungll uarluvazineifiuiiniglauss
A1BUBNNINTZYITUTANIENN 9 AuiANIsAReUNvRmUlsIUAeuLUaY auvinliaalguns

NOABSANNISENDBNUTONUAL

3. TUABUNITMIANAINUANLTOY hagnganisiiusinteuenfinseinde wed

€ 09 v a ° o Y v | Ay v Y A
wes MliAansandgusesdansamudnuurnsiins suseilaannsansgulildivieu
nauNduswINTeyi nisaunsaiinn1sAugUesnu1sdiule JasaunsaruIumd i

YN Lﬂ@%LG’?juﬁﬂﬁmgﬂmaqwaﬁLuai‘ﬁwgﬂlﬁmﬂammié’qﬁ
'] 'l gu
% shape fixity = —x 100

Em

auns?l 2.1 Wesidudnsasgy (% Shape fixity)

lngil &, Ao spEEgANUIINg, Ey, AR SrevdnaeanvasuL
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4. FunpuMINAUIUTI MendIn1TandizuiedlIngd madnsnsedunediues

[
LY

Agdndt wu mslandeuanuieu wedweiinsutuazgnnseiuliiinnsiaususg

[

Y
nauludagusneenasvestiuaiy anuauisatun1sgausuananamsafuIumlaan

s v

AUNSTNIABINFNER 3T
£y — &
% shape recovery = —— X 100
SO
aunsil 2.2 Wesi@udnnsugusne (% Shape fixity)

el €, Ao srazdasua, & Ao SrUrEANIEVaINITAUTY

) mg G

Shape recovery

Stretching

| B S § )
o ® BTT Tem

Shape fixity "'

[J

JUN 2.4 uanddgdnsnisviuveanedesinuingy

Y

A15YNUYBINBALLBSITULUAIUNITORENUTELAN AUSNWULNIVINIUVDING

U

[

awesdngy sendu 2 Ussinndail

a

1) weoRwesdguuuumaiel Aenediweidguiaiunsnandizusidisnle

=

Wgeguadeinty Welinsnseruagyihlinduauggusans nstluly

2

lutagdu Wu gunsalvnainn1avee (Stent) NilagnNIzAULAIILYIINTT

Yeefeeniiovenadudonw lussuunyuisulainveUie usu
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oA IFULUVARIMIY AaNediuesdngunainsnandiguinedinile
Aausl 2 3US9 Inensviliiinnsfaususeniensenfemnseduiliangig

fu wWu n1sunedweiiiguwuvasmnsluindouiuiden Welldunnned

2

Wwasa1sUazannseaulinamvinliunluanunsadunudednle waniniinig

Y Y 9

WNTuYe Nl wedlueidnguasgnnseiulvivensdioan vilvdenn

Y 9

A11505EUIEINEla A LS dudy

nsnsedunedwasiiminnsfugutuaunsanssilimedasimuandeiu Weswin

AIUNANYDINDTLUBSNUANA WA ARG NI wavntlsllFsuwlaivaamediuasin

¥
Y

sUTIudl
Beadl
1)
2)
3)
4)

AaLaNAaiY lvinsnsedunefiweidgumedusduamsansehldvainvany

maﬂis@fué’asta”amumm%’au (Thermo responsive shape memory
polymers) mansfunuuiugulasnisnsedulinodmesagy iansiiu
sUs1edhenslmdsnunesoulnenss tienseduliiAnnsiAugusis

ﬂ?'ﬁﬂ'ﬁwfuﬁwwﬁﬂmulv\lﬁﬂ (Electrical heating induced shape memory
effect) TnpunfmussuvfvesTanUszsinnmedimediu azlimdenhinih
(Duauauli) nasnseiunedwesdiguseliinddesordonisnauns
arguouuily (Carbon nano powders) asluludrunauvomediues el
ausainnsmdenilnduld Wefinsnsydudiensualnih Taseadns

q

meluramedimesiisuaniAanislvavesnszualiindu ldiAnnsudas
nszualifirfelifinnisgauuiandudusansvemeiiueidngy
N13n329 UAIBKAY (Light induced shape memory polymers) {aannuiin
swdmedweituaziimuemedufiansinzanduresiies Ssnsliuas
Nnuvasidafidamuemeduilanzianzes Naeandesiuwediueddngy
wiazwia annsnhliusymanivesmodiwostugnnazdulfiinns fu
sUS ARt

nInsAuUMIBulngn (Magnetically induced shape memory effect) ag
UnfinusssumivestanUssinvmediuostu liamusognnsedudousivgn

MInIeAuNedNesTFUMBLlWaN fote1AnITNaNeuNIARIWANTUIA
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1éin (Magnetic nanoparticles) %aaummﬁazﬁﬂﬁwaﬁLmai‘f\i’wgﬂmmmgﬂ
nzdufensusnanAnduls

5) MsnseRudaenl (Water activated shape memory) 1iun1snszdulasnis
twodiesdrguihluudluh Taglidesiinsuaudunaxle o dodislitng

syognamils wedluesdsuazyhmanduAusuingsusnnsmedies
nedweiTsUiulutlagtutuldfumasensu uasiinistanussgndldvnanisunme
ogaunsIvay feg1svesgUnsainanisunndflddnsihwedwesdrguanldauais 1y
gunsallunisvenevasadon lodmsunissnweinisiduidongadu aiuaiu (Catheters)
dmfunsdrudaanzvesiiiae gunsaitaelunisdniiu (Dental braces) Aifinseioy o Ay

Aeg19tn 9 welviiluinsuiiateny farnuvainralenianislidauduasiivedivauds

Y

aa DA o v a s o 1
warisn1snseiunwanaiulumulassassvamediuesinguudazUssan

]
A 14

2.6  9UAWNNEIVDY

26.1  UILTNIVBINUNITTIUIALNA

Arnab chanda and Vinu unnikrishnan (2017) 19 L@uakuuanaadn1suauInkEa by
a A v S a | ~ a a ) a &
gauad Welin1sselaauuuinunasg1ilussaninimasgn Jesiulonelunisiniioves
UNALKA LLazﬁawaIﬁUﬂﬂLLmalaiLﬁmasLLmaLﬁumwﬁﬂmﬁﬂm&f’rﬂm;ﬁﬂwimﬁulﬁq ety
NUATYAINAITNNIATIZIBIAUTENOUVDITURINUG LBLED hazhsIN g lunIsUTEaU
UIALNADE1ITUTZUU lazannad a9 Wil dunuIn19918990159N9uY kN uUs s a1
ya Y a [y Y] < a a

winuka Willenulnalfesiunsussanuuiaukavesfaswnndluanuduasannian

Daniel Greenwald et a (1994) lainausnisiIsuiisuandmaanaveslnuduuna

10 wiln seIsnsAmegeuiienmsIA InenisneaaeuluunU waglidinisynuuln

¥
a

NaaINATe dLansliiud A LA LIS aN1INaTusve sl uka RadusanisSaaniu
viaurabinieiu Alundavesdedmsvlnaduunailaannnisneaaeuluauided gn
o F N~ | % a d' a va a U a,
umﬂmﬂummqaqLwaﬂizmuammLﬁmﬂaﬁuamaﬁgﬂmamummma

262 IR MBInUEILUUNAY

Norshahli Mat Saad et al (2019) l@uauaiieifiuiannaunuy n15duaszined

WesdngugIuNedgTnunuuLAL 31nn1sduaseinedainsuininy laeea Wudiunan
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v
[y o o 13 L3

fiugu naudhuihdudaldn wedees Jaduveadeannnszuiumsnaniisiuuidy v

£%
[

1w Lﬁ@L*ﬂuwaémas‘aﬁ’wsﬂmuwaﬁﬂ%mu T3 TN ST s UIBUANULANANIYDINB AL DT

913U Nfdnsdunauvaanedalnsuininu laoea Futhsfudaundy wesesa AuANAN

ﬁudawaﬁaﬂmauﬁ’ﬁﬁm 9 19U N13FUANUAY Srezdnean ANNAINITALUNITINTIFUIN
Y

49A317 ANaINsatunsdAuguse lnenanawddeigniiunlddusuunidunis

duasgrmedgsmulunisAinuiil

Khairiah Haji Badri (2012) 1@1’1&’1Lauamié’fﬂmmzﬁwaﬁg?muﬁwﬂ’ﬁ@uﬁ;ﬁﬁumﬁm
Undu ilenaununsdansizinedgmunuuiiy figndaasziainianussaniingdoy
iierdunisanenlda nelunswanianuszinnedeimu LLazwudwfwﬁuma‘ummmﬂ%’wqa
audAvesTaguodgsuulintedu uendunmafiuyarvesmendsannszuiunisudnuniiy

q

Undu nmsfnsiunfslunisuiussanifdnasemedgfmulnsmaiusnndiuves

11

Y

wUdy gninldiluwuimslunsusudssandfendwendaveadinalunisined

Y
263  Adelngdesiunediaesingy

Subrat Kumar Barik et al (2019) n1suiaueiigdiulassasnslgugil veamediues

313U AnwdAgvesUkuulasiaTeveInediuesdngy viliAanediesingukuunIused

Y

s

w%awaﬁmaiﬁi”]gmwuamm@ PANNITVNIUNTADUAUDIA DA NI INLANAINY dINAND

ax v v | a & o a I3 a ¢ o =
15N19NTLAUNITNAUTUTNUDINDALNDIIIFU LAaZUUIAANITUTESYNANDALLDINIFULNENS

U TuauRLnneNay

Mahyar Panahi Sarmad et al (2019) msﬁmsmLﬁmﬁumié’qmeﬁwaﬁmaﬁ’]gﬂﬁ
T anuan o fuusuiladosidavastag Witamnuanunsolumsldauiiundedu wu
mMsUulgeAndaendavessa nsifiuanuamsnvesnuudausafisgega viliiAanis
Uszgnildwodmesdguldvanvansuuimisnndstu udndialumslfnuvesodues

915U

John A Hiltz (2002) lafinsunauenisdunsieinedys Iiindunedssmumiae
ANUIFUTI Mt iaueandanIedImnIsy Wy ALY mmm’%am mmﬂﬁauuﬂaagﬂiw

F3n317 MINANFUII ANuuans1slunsiauveInedgnumieauingusie aelagn
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191 uazgenIngeeuvgiiudsusiny LagnisdiausLwInensiinedSinumitgaud

JUseUsZENALgRUAWNG 9 Wy gunsalvenevaenidon vaendeniiay Wusu

Byung Kyu Kim et al (1996) nsiiauaiieniunansenuluaulssd@nsnn veine

dgSmumiieaudngusn Jadeniinansenudeusednsamlunisgaususie laedineadan

a

nswanlunu laosa iudrunaundn lusuisedinisAnendSeusudadenidinans

v

UseAnSn1nnsaugusne wu dmdnvesnaluana gamgiinsduaseindwasnenisiia
daugou wazdruudangluvemedySimunidieaudigusie audfilena ssezmsdasen

AOUTUUILVINBDNIINAY warNsTuLTInNelugamgiiviesUSeumeuiunssulsdled

'
a =

nshigamnll FedanadeUseansn nninisdeusdadlunuanmgiilunislidau

Y



uni 3
A5 IUN15IY

[
a = 1

msaliuauddeduinisoandu 3 Tuneu BuINNTTUIUNTERATIEINERLSINY
lngdsmsnedwelsiwtusisujisunuunivwiy 2 91U wamdadannlaluvinsdugy

AIUNTLUIUNITNADA UNTUINUN b MUFBUAIBNTZUIUNITNIINYFAERNS LUTURNDUN AN

a [

Anwrian Wy n1sdudunisiianedgsinu ngAnssunieauieuvesian audmidna

NSANIAINANIATEINEAWBIINFUTIUNBALTINY uazdunaun sUNaUDNTUTZENALY

Y

unedimeidngugiunedeiiny wWaltiuukulaauuuinunandn lnen1531aeen1s

NI T B VB e

3.1 d@15ead

3.1.1  wedamlnsuaninu leeoa

wodaA lnsuanlny leeea Aldluauideiliduvesusen v89usem Sigma-Aldrich

(UsA) dwiinluanawaslagdiviin 2000 Auselua FAuvLILiY 1.071 niuseliadans

Mgl 25 esrwaidea Mieluiandsiuveinsdunszinedesinumy
3.1.2  wnSaula lalelelyeiun

wnSauda lalelalognun AlluauidediduvesuSyn Sigma-Aldrich (USA)
nandngivemanvedlalowes ANUIANS 90 Wesiud ArmuruILLY 1.066 NFuAD
a aa - a = < a o ¢ va a Aa a = !
fiaddns Neaungdl 25 ssrwaldea (Jundndunniiauaudfidnais Ianuadiosdouas

wagnunusenisielaslada Mneduianadiuresnisduaseilndgsnu

313 tsulndy

(%
av a

wdiudndy ldluaddeiiluves vsdn a1ge Wsswalne) 910 nww) T8nvae
< = A a1 ' ° LY ' 3 a 4
Juvewnandmdemes dA1A10a99 WM 0.9202 NFUARANUIAMGUALIAT a1313aly
Uslnanseusznauams dutrdugnihaildidulunszuiunisdauaesinedysivu e

yandaliinnsuSuussaudicdauendavamadninmnedesimu
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3.1.4  Dwnu lneoa

Ty lnoea Nldlusuideiiduresusem Sigma-Aldrich (USA) 1luaisuseneu
dun3d lunquueanagedugundl (Primary alcohol) A1UUTANS 99 tWesidud A1AIy
WLUUA 1.066 nSusedaddns Maungd 25 esangadea ldidudviazaislunis

dunserimedesinu

2.15 leadqfanuleasisn

a a

lagafiafulaaose fldlusudsedidwduvesudem Siema-Aldrich (USA) 1u

a

ansUsznoudynduvisd THduduseuisetunisinnedesinu

9

3.2 MIAATIZVINEALIINY

Tumafedmsdunsginedgiing lnsnseuaudniduvesasied 2 siafo we
sAlnsudninu Tneea way unsfulduludnsdrufiunndneiu dreisnedwslswdudie
UFRSMUUAIULL 2 Tu Fail

UFRSELT 1

321  Sawlouans weaninsudnlny laesa neudunszuiunisdauasiziiilieu

figaunad 50 ssrmiwailoa uszeriia 24 dalus dedunslaanudy
2ONANAT
322 damIouvinfunauLuuRinesuIn 1000 daadns laadlusaiaiy @
Jawmssuliwtawlndiniuans

3.2.3 LG]%auIaw‘%aﬂJamﬁﬂ%’UiaﬂfwiaL%ﬁum%qqmmmm SowIouadlunivusd
Fousoudothuds Wanhnelunmusdntosifiotisludonsinwigund
Tfasinaus domsvindunaudfuase1dlivatenisesnyeseinianeLd
fulavdevandnauloth

324 vhmsduamsauda leleleloenun war wedalnsuanlny lneea finiu

nsvuaunseularuty lauvswudnnivasadidluviaiee

325 ymsUaRNuInIAe LAy L?J@Lﬂ'%laq@mmmmﬁa@@mmﬂmﬂummﬁma

90N ATRdRUTEUUMElUTIATAR I dan Ay InAvTely



3.2.6

3.2.7

3.2.8

3.29

3.2.10

3.2.11

3.2.12

3.2.13

18

Wausdmdnifiowdeniwiswimdnniuans lnsimunainausseuil 190
soudaudl vinsliganagd 80 esmwaldua demiliiniuaisidu
syogiam 2 2l 30 wnit iileliAensiUAze i
yhnsUniiesgnenie Dnehpsaeoonifiodisinguundy ausnsdi
Tua 0, 10, 20, 30 uaz 40 Wedldud Varhwanvaeilaiaiosgroinie Lile
sliszuundudanmeananmadnads
yhnsimunaaniiseulunisniuvesiswsiinanniuansd 190 seusie
Wi vinnsligaumanfl 80 esewaldua saewnliiiniuasidussesiian 2
Halue uldnanFasininedies
ﬂwwﬁmﬁm%w?waﬁLmaﬂﬂaﬂmmmqﬁyaunmﬂﬁqmmﬁ 60 BT E
Hunan 20 dlus

UFRSEuT 2

= L2

Jawieulvauiivunn 1000 daddns ldaslugranidu Agndawmsenlivumm
Tnifnauans
Y a & L ! LY (% Y v 1% Y1
JawwseunzosnIuasuutluinseiluindiiulnania Inglvdudaieves
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(Hard segment content, HSC) wanalumns19il 3.1 N1SAIUIUMSASIEIUAIULT $a11158

AuralaaNNaNNIS

(Mpo X Mpgp) + (Mympr X Mympr) + (Mppo X Mppo) % 100

(MpcL X Mpc) + (Mpo X Mpg) + (Mympr X Myypr) + (Mepo X Mppo)

AUNTTN 3.1 NNTANUIUTIONTIAIUAIULTS

Iﬂﬂﬁ Mpo, MHDMl’ MBD07 MPCL ﬁﬁl ﬁ?%ﬁﬂimaqaéuaﬂa’]‘imﬁ, Npo, Numpl, Nepos NpcL ﬁ’é]

ANUDWAULATBIA LA
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MITNN 3.1 ANTNUARAIBNTIAIUVDINTALATIEINDRETINY

Molar ratio
Code name HSC (%)
PCL PO HMDI BDO
PUO 1 0 6 5 50.31
PU10 0.9 0.1 6 5 53.47
PU20 0.8 0.2 6 5 56.89
PU30 0.7 0.3 6 5 60.62
PU40 0.6 0.4 6 5 64.69

3.3 MIVUFUNRRESMUAIELATEION

3
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3.4 NSAATITRLASNAFDUENUAYDIAIDE
3.4.1  mstudunmsifiaiiusemaail memallayises nsudresu dunsusa awn
lasalad (Fourier transform Infrared (FTIR) Spectroscopy) (BRUKER,
VERTEX 70, USA)
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Fununaaauldnwazllulduiduruin 10 x 10 Hadans w1 0.5 Jadluns Aag
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(Transmission) LagN15azvou (Reflection) 1l ogA1N1sAANAULAsTUY A AUA

WEhaudvesrduiiluifisutuassedunnuivesans wiewdaseanuiidy

fuszaadl Budunsifeiusziaiiveswedgiimudilsannnsdansie

3.4.2  msfigadngAnssuneanuiowresian mewmadadvinelsudva aunuils
unaestwes (Differential scanning calorimeter, DSC) (METTLER TOLEDO,
DSC3, USA)
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nsfgangAnssuneauiouvesian Junuiminuseunm 5 1addns gn

Y

AnuazUandnngluteegiiilen aeldusseniavesuialulasiay auausnsInig
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=~ v o b % A ~ | I PN ¢ v

I TaLdEd AenIINTIANNToUT 5 asAnwalleanauil Welnszviteya

gunin1siUdsusuvesian (Transition temperature) guntudguanInL?

(Glass transition temperature, T,) 8 M T N15Ua0ULNAIVDIT AR (Melting

temperature, T,,) bagnasuilslunisaosinanaeswdn (AH,) anduiilansaw
wazNIsAUIMMIUasIEUFANITuNEnvamaaA lnsuanvu Teooa auisamuiu

Taannaun1snal

AH,,
w X AH,,
A ° s & & <, =
AUNTN 3.2 N1FANUIUMLUBSIGURAMLUUNAN

Xc(%) =

Tne?l w Ao ewaulngdwtn (Weight fraction) ¥89 wedaalnsuaninu la

° I RS s (3 a
ooa, AH,,, Ao ouialniswasuivad 100 Wesidudues wedalnswanlnu lnesa

a

1A1ASFIN 140 Jasioniy

343 msiigaumsnendn sewmaliateauuesssdiand (X-Ray Diffractometer,

XRD) (Bruker, D8 Advance, USA)
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Artificial human skin

A ° a o s = v X o &
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Air dryer
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50 mm

Specimen




uni 4

NAN1SILaLNUSIUNE

= ) a ) = v =\ = -4 -1 -4 a
4.1 N15YUIUNITLNANUSTENLAL ﬂ’)‘c’JL‘VIﬂ‘Hﬂ‘IdJLiEJi NIUANDIN UNTILIA

=
anlasalad
n1sBudunisiinduvesnquitanduiiuszmianiives wedalnsudninu lnesa fu

wnsauda lalelalweiun cmewadamatanisasnsudnasudunsiseaunlnsalal wans

Y

Tuand 4.1 WSesnsudnasudunssaanlnsalal uansbiiuil wedalnsuanlnu la

=

ooa finwanansalunisganduuaslutisannuiadudl 1720 wag 1220 cm™ sgradmiau &
donndotuNguILEENIATves C=0 wag C-0-C MUEIAU LarusENILALived LunSau
Ta lalolwloeiun guandiiiuindmaganaunaslutianiud 2256 cn? wansiangy
Wuszmaaiives -N=C=0 uaz mspanduuaslugasaud 1680, 1520, waz 1230 cm

Lansdienguiuszuas Amide |, Amide Il kag Amide Il pudRU

a v I a a a v
ANILARNUTENINANVBINDAYILNY wanaluans1e 4.1 LanINISIAANUSE YD -NH,

A U a

C=0, C-O-C, Amide I, Amide Il waz Amide Il %ammmsusumimmwamﬁmsﬁwaﬁq%mu

' Ly

wagn1slinunIsganduuaasnud 2256 cm” Tunedssimu wansbiiuinlufinguituse

Al -N=C=0 vo3 wnsaula lalolglveiun 1Antuly wedySvu uanaNUNNaves

nsingnsd@ulaveshiududlUlundadaminede sy yilviinisiiuvuresgagean

Tugaamudndui 1680 cm™ vainquiusenIALived Amide | LaAITIANNFUNUSAUNIS

[%
o w

Nndurasiusemaaiisening lelelogiun AU didudrdy nsiiaduvesageantuiuse
sanamansaviuldegdaay Wellsuisunmsiiudussnine PUO Ay PUGO Wun1s

\UTUYD9AgaERAluY N SRANAULAINA U TEI 1.5 Wi



25

-CHy -CH, -N=C=0 Amide | Amide ll
2929 2850 2256 1680 1520 Amide Il
HMDI N B 2 : ! 1230
R /o * Ww
PUA0 : 5
e I
3 | puso ! i J
- g I | i
g [Pu20 ! W ! L
L or + 1
£ I VI I ' I' : :
E PU10 | 1 |
2 ' oy I
| |
s | PUD ! " ! : !
= i A : ¥ I
PCL ! L ! ]
Ry 2 /
/' .ﬁ' | ‘\IIJ}’“\UA./- : 1
-NH s
3290 =0 —7
1720 gl
1220
R R PSSR N R o T LoEd § T ELSELTL L A S S R e
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™1)

JUN 4.1 wedayiseinsudiesudunsnsaanlasalal veanedainsuininu lasea,

wmsduda lnlelgloeun waz wedesinu

M5NT 4.1 AN5MERINISAnYuYaInguilanduiussmualivomedesimu

ngurenduy 429A21uAAAY (cm-1)
-NH 3290
C=0 1720
(P 1220
Amide | 1680
Amide I 1520
Amide Il 1230

4.2 nsWgaungAnssunieAuouvesian dlemaila Avnalsuidea
dunuilesuaaasiines

MINGAUNGANTTUNIAINTBUVRITAR UARFIFUT 4.2 WagANT19 4.2 gunQiinng

wWasuruveanedysinuy Hinsiudnsdiuluavesinfiudidunuansdeiuadlutu wu



26

UMV U LA UEAA1BLAIVDINDRY TN UBEY Y1 -53 D3 -63 BaALwaLTea Ul

IS 1 v

vaninianagiidnuazaneguadieens (Rubbery state) nMelugumgiivies wugumgiinis

q 9

= a < ] =2 =
aaumaNANYed wedrlnsuaninu lneea gnisyludie 51 89 53 srwaidod wasny
gaumgiinvasuaIndnves Tunulaeea 1939 74 89 81 asawaldea uazluie 12 A
14 papwaldya wugavaeumalvasddiuUaulumiegns PU30 wag PULO wualiunisne

[

Yuvegaganty PU20 uwilingfnssunisvasumiausang1ily PUO way PUL0 wadnssu

L)E

ananiiinainuansznuvesundiulrauilainasly deadonisngAnssunieanusou vi

Tfimswuwuvaamgiinsesuvadlugadinariintu

I

m, palm oil

PU40

—_—

PU30

Heat flow endo up (W/g)

r - T r T r

1 1 > 1 S
-100  -80 -60 -40

T T
-20 0 20
Temperature (°C)

T - .
a0 60 80 100

JU 4.2 gaumniinisilfeusituveanedgsiny



27

M137 4.2 ansuansauURvesgumginisiaeusinuluyiewing 9 vamedgsiny

Tg Tm, po AHmpo T, peL AHm,pCL Xepcl  Tmep AHm,BD

Sample
co o ue O (U/9) %) (O U
PUO -55.50 - - 51.33 0.64 0.91 76.92 5.99
PU10 -53.98 - - 52.25 0.34 0.51 78.75 5.28
PU20 -57.21 - - 53.67 0.84 1.28 80.25 6.53

PU30 -62.54 14.33 1.25 44.25 0.24 0.37  74.50 5.50
PU40 -54.00 12.17 0.75 50.92 0.43 043  77.83 6.66

a 4 1 = 1% a 1 v A 1
4.3 mswgaumsnawan AFYLNAUALAYILUUUDIFIEALDNY

n1siigainisnendnvesnedysinug uaznansenuanmsandiduldy lugng

Y

v a & 6

druluavashdulnduuandaiu memallan1sideuuvessad@and wanslugun 4.3 n1s
fof19naanroINaNNUIULUUNSAEY Jeusilassasimdninisiaundulusening
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4.4 AUUALYTINAVDINDAYINY
auUABINaveImedySmuUgNAIUNIINARUANLINTE I ASTM D638 A91laain
N1INAABUKAAIIUAIT N 4.3 ULansauURlTnNavenedeTiny RINNITNAGDUNUNGANTTH

mMadeguiuuaamilen (Ductile behavior) #9aBAARDITUNANTNAGBUNGFNTINNAI

a

Youitszyintanazegluanue ifanudanguadioens nsnaaevantAidanavosiannuin
PUO Wusendavasdaiian 88.60 + 3.2x107 lunzwiada Auudussisesianiiaiogi
10.15 + 2.09 wngwiada Weddudnsdadfigauaniing 113.64 + 1537 Wedldud wuns
Winduaufisangegadl PU30 wudwegdavesssiianogil 327.60 + 2.80x102 wngwiada
mnuudaussfavasian 22,64 + 550 wnginada uay Weddudnsdaduestanivauaniin
184.13 + 12.43 Wosidud nmismedeumsnendnusiitenudundnduualiiuanainiu
Sosdruuituidufiid udu udannnisneasunansliiiuiTundavesds way
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anunsatelvimsiweslenvemygsinu iansniswenlesiulaunniu vlvrlugdaveds
LAZAIURDILIIRITN TN

M3199 4.3 M5 uansaudRanaveInedyTiny

Young’s modulus Tensile strength Elongation at break
Sample
(MPa) (MPa) (%)
PUO 88.60 + 3.20x107 10.15 + 2.09 113.64 + 15.37
PU10 81.40 + 6.26x107 15.70 + 1.22 118.82 + 10.18
PU20 155.60 + 6.22x107 13.01 + 2.15 191.67 + 22.16
PU30 327.60 + 2.80x107 22.64 + 554 184.13 + 12.43
PU40 235.60 + 0.82x107 20.75 = 7.02 145.43 + 22.52
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Abstract: Thermo-responsive, biocompatible polyurethane (PU) with shape memory properties is
highly desirable for biomedical applications. An innovative approach to producing wound closure
strips using shape memory polymers (SMPs) is of significant interest. In this work, PU composed of

polycaprolactone (PCL) and 1,4-butanediol (BDO) was synthesized using two-step polymerization.

Palm oil (PO) was added to PU for enhancing the Young’s modulus of the PU beyond the set criterion
of 130 MPa. It was found that PU had the ability to crystallize at room temperature and the segments
of individual PCL and BDO polyurethanes crystallized separately. The crystalline domains and
hard segment of PU greatly affected the tensile properties. The reduction of crystalline domains
by the addition of PO and deformation at the higher melting temperature of the crystalline PCL
polyurethane phase improved the shape fixity and shape recovery ratios. The new irreversible phase,
raised from the permanent deformation upon stretching at the between melting temperature of the
crystalline PCL and BDO polyurethanes of 70 °C, resulted in a decrease in shape fixity ratio after the
first thermomechanical stretching-recovering cycles. The demonstration of PU as a wound closure
strip showed its efficiency and potential until the surgical wound healed.

Keywords: shape memory polymer; polyurethane; polycaprolactone; wound closure; palm oil

1. Introduction

SMPs are a type of smart polymer that has become a significant category of responsive
materials for medical implants and biomedical and engineering applications [1-4]. The key
feature of SMPs is their ability to be programmed into a temporary shape by deformation
at the programming temperature (Tp) and then return to their original shape when exposed
to external stimuli such as heat, electricity, enzymes, etc. [4,5]. Thermo-responsive SMPs
typically consist of two phases: a thermally reversible phase (e.g., hydrogen bonds and
glassy-amorphous domains) that maintains a temporary shape and an irreversible phase
(e.g., chemical /physical cross-links and crystalline domains) that enables the recovery
of the original shape [4,6]. The reversible phase is responsible for fixing the temporary
shape after sample deformation by cooling and can be reversed by heating across the
shape-recovery temperature (Tr) [4,7,8]. The permanent network or irreversible phase
stores the elastic energy that drives the shape recovery upon stimulation and determines
the original shape [4,6]. For polymer materials, the glass transition temperature (Tg) of the
amorphous segment or melting temperature (Tm) of crystalline domains can be used as the
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Te [4). These properties allow SMPs to be used in many applications, including orthodontic
wires |9, orthodontic aligners [7], smart plaster [10], smart splints [3], sutures [4], and
wound closure strips [4].

Recent advancements in SMPs hold promise for use as wound closure strips. Wound
closure is a critical step in wound healing, as bringing the tissues surrounding a surgical
wound into close proximity facilitates efficient healing, reducing the risk of infection [11].
Currently, various methods, such as sutures or surgical staples, are emploved for wound
closure [12], However, while these methods are effective, they may also result in increased
pain and /or additional scarring [13). This drawback has spurred rescarch into altermative
products, including adhesive-based solutions like glue wounds [14] or Steri-strip [15].
Nevertheless, these alternatives present challenges such as application difficulties and
limitations in closing certain types of wounds, rendering them unable to address all scenar-
ios [16,17],

For wound closure applications, the designed wound closure strip must be tough and
chemically safe 10 avoid causing skin irritation. More importantly, the smart strip neceds
to effectively bring the skin together without losing its shape. In other words, from the
material property point of view, the Young's modulus of the strip must be greater than
that of the skin. This modulis is requined to ensure that the strip maintains its shape while
pulling the two sides of the wound together. For wound closure applications, the smart
strip needs to effectively bring the skin together without losing its shape, similar to that of
a suture. Greenwald et al. [18] suggested that the moechanical properties of monofilament
sutures (Maxon or PDS), which are currently popular for surgical wound closure, include a
Young's modulus of 130 MPa. This modulus is greater than that of human skin and is mone
than sufficient to hald surgical wounds together.

For the thermo-responsive SMP wound closure strip, the T, is also important. Heat is
applied on the strip to recover its primary shape. At T,, the strip shrinks, providing the force
necessary to pull the skin around the wound together. Ideally, the T, should be slightly
above the physiological temperature. The risk of thermal injury for most mammalian
tissues depends on both temperature and the duration of exposure. It was reported that
tissue underwent irreversible damage after 60 min of exposure at 43 “C. The same level
of damage occurred with 30 min of exposure at 44 “C or 15 min at 45 “C, indicating that
the heating time halved for each degree increase in temperature [19). Therefore, enhancing
the modulus of PU-based SMPs to meet the requirements for wound closure with a low
T close to human temperature, the body core temperature of 36-38 “C [19], is a crucial
attribute to consider for achieving practical application.

PU is a promising candidate for mecting these requirements due to its adaptable
mechanical properties, which can be tailored to fit specific applications [1,20,21]. In an
warly application [22], a PU-based SMP” was employed for a custom-designed spoon handle
intended for the physically handicapped. In this use case, the spoon handle was heated
and shaped to match an individual hand shape, and then its shape was fixed at room
temperature to provide a comfortable and personalized fit. PU is composed of lincar soft
and hard segments linking with urcthane bonds, formed By the reaction of a dilsocyanate
hard segment with a polyol soft segment [23-25]. The properties of PU-based SMPs
fangely depend on the structure, shape, and arystallization of hard and soft segments. The
symmetrical disocyanate tends to form s structure [25]. Ahmad, M. et al. [24]
synthesized vagious PUbased SMPs by utilizing five different polyols as soft segments and
two different ditsocyanate structures (liner aromatic bent structure of 4 4" -diphenyimethane
diisocyanate (MDI) and cycloaliphatic tsoph diisocyanate (IPD)) as hard segments.
AWMUMMhS\IP&mIﬁMWwW Because
IPDI had short-range conformational motions and restricted segmental movements of
softsegment chains, increasing [PDI content led to a weaker shape-memory effect while the
fixity rate increased. The T, of the SMPUs can be adjusted between 30 and 45 “C by altering
the MDI-to-IPDI molar ratio, making them suitable for medical device applications due to
their proximity to body temperature. In the literature, it was found that manipulating the
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hard-segment contents in the PU-based SMPs played a crucial role in physical characteristics
and their shape memory properties [6,26]. A high degree of crosslinking is essential for
producing PU-based SMPs with good thermomechanical properties and shape-memory
effects [24). Kim, BK._ et al. [6] reported that, as a major component was the soft segment,
the Young's modulus and tensile strength decreased as the block lengths increased. In
addition, the low content of the hard segment was detrimental to shape recovery. The
BDO hard segment was used to synthesize PU-based SMPs with good mechanical and
shape memory properties [6,26]. Lee, BS. et al. [26) revealed that maximum stress, tensile
modulus, and elongation of PU-based SMPs increased significantly as the BDO hard-
segment content moved beyond 30 wt'e. In addition, the high shape recovery of around
80-95% was achieved at 3045 wit of hard-segment contents,

PCL is a soft semiserystalline polymer with biodegradable and biocompatible proper-
ties, having low T, and Ty, at around - 60 and 60 “C [27], respectively. Thus, this material
exhibits flexible and rubber-like characteristics at room temperature, and it is applicable
for thermal stimulation of shape recovery close to human temperature. PU-based SMPs
composed of PCL soft segments and BDO hard segments demonstrated a shape recovery
of over 9%, with a wide T, ranging from 40 to 65 “C. However, the shape fixity is highly
dependent on both the hard-segyment content and the temperature programming [ 28], Their
crystallinities, mechanical properties, and shape memory properties varied depending on
the molecular weight of PCL and the molar ratio of soft and hard segments [25,29),

It is well known that PU comprises block copolymers composed of polyester or
polyether segments connected by urethane linkages (-NHCOO-), which are formed by the
reaction between («N=C=0) and hydroxyl (<OH) groups [30]. Several research
studies have explored the use of palm oil (PO) for PU preparation [20,31,32). The addition
of PO facilitates llwpuno&onof urethane bond formation [31], influencing the creation
of hard segments, which increases both the Young’s modulus and elongation as well as
achigves good M&nw and shape necovery ratios [20,32). However, PO primarily
consists of triglycerides (Tri-Gs), making it necessary to introduce hydroxyl groups to the
Tri-G: molecule for urethane reactions [23), PO-based polyols can be synthesized using
different methods [3033-37): Examples of palm oil applications in the synthesis of polyols
for the preparation of rigid PU can be found in the literature 30,32,34-36]. Such polyols
are usually obtained by transesterification using various agents, such as diethanolamine
(DEA) [35,%] and dibutyltin dilaurate (DBTDL) {20,40).

This work aimexd to synthesize PU-based SMPs composed of PCL soft segments and
BDO hard segments. The Young's modulus of 130 MPa-—derived from the linear clastic
mechanical properties of synthetic suture wires [ 18,41 ]—was selected for the criterion of
the thermo-responsive wound closure strip in this study. The effect of PO hard-segment
contents on the thermal, mechanical, and shape memory properties of U was characterized,
and the proof of concept for the use of PU-based SMPs in thermo-responsive wound
closure strip application was demonstrated. Our findings suggest that PU-based SMPs
with the addition of PO hold significant promise for improving wound closure techniques,
potentially leading to better clinical outcomes.

2. Materials and Methods
20: Magertnis

The following chemicals were séquired from Sigma-Aldrich (St. Louis, MO, USA):
PCL with an average molecular weight (My,) of 2000 g/mol, 4,4 -methylenebis (cyclohexyl
isocyanate) (HMDI) with a purity of 90% and a variety of isomers, BDO with a purity of
99%, and DBTDL with a purity of 95%. PO, an edible palm oil commercially available in
the Thailand market, was a product from Lam Soon Public Co., Ltd. (Bangkok, Thailand),
with a specific gravity of 09202 g /cm” [37]. All the chemicals were used as received. In
addition, an artificial 3-layer human skin model (model number SP01) was purchased from
Shawn Science Manufacturing (Atlanta, GA, USA).
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2.2. Synthesis of PU and Sample Preparation

PU was synthesized via a standard two-step pre-polymer method in the absence of or-
ganic solvent. The chemical reaction for the synthesis of PU is described elsewhere [42-46].
In the first step, the pre-polymer was prepared by adding the PCL as a soft-segment pre-
cursor and HMDI as a coupling agent in a round-bottom flask, heating to the temperature
of 110 °C in a pre-heated silicone oil bath, and stirring using a magnetic stirrer at a speed
of 190 rpm for 2.5 h. After that, PO as a hard segment was introduced into the mixture
and mixed for a further 2 h. The reaction was carried out under the vacuum condition
to remove the H,O molecules as a by-product. In the second step, the pre-polymer was
then reacted with BDO as a hard segment and one drop of DBTDL as the catalyst for a
further 20 min. The molar ratio of HMDI and BDO was fixed, whereas the molar ratio of
PCL and PO was varied. Table 1 summarizes the molar ratio of all reagents and the sample
code name and hard segment content (HSC). The HSC was calculated from the following
equation [28]:

o (npo xMpo) +(n gypr % Mimpr) + (N gpo X Mepo)
HSC X
SC('8 (npcy, XMpcr) +(npo X Mpo) + (N pvpr *Mimpi) +(nBpo X Mepo) 100 @

where Mpo, Mumpr, Mppo, and Mpc, are the molecular weights of each component and
npo, NMDI, NEPO, and npcy, are the mole numbers of the components in the PU molecule.

Table 1. The formulation, sample code name, and HSC of PU.

Molar Ratio i
HSC (°
Code Nungg PCL PO HMDI BDO )

PUO 1 0 6 5 50.31
PU10 0.9 0.1 6 5 53.47
PU20 08 02 6 5 56.89
PU30 0.7 0.3 6 5 60.62
PU40 0.6 0.4 6 5 64.69

For the mechanical, thermal, and shape memory tests, the resulting PU was hot-
pressed into dumbbell-shaped specimens with a thickness of 0.5 mm, according to ASTM
D638-14 [47], in a compression molding (LabTech Model LP20-B, Samutprakarn, Thailand)
at 150 °C under the pressure of 15 MPa for 5 min. The rectangular-shaped strip with a
dimension of 5 x 20 mm was cut from the narrow section of a dumbbell-shaped specimen
to demonstrate the wound closure strip application. All samples were kept at room
temperature before characterization.

2.3. Characterizations

The Fourier-transform infrared spectroscopy (FT-IR) (BRUKER, VERTEX 70, Billerica,
MA, USA) analysis was performed in a transmission mode to verify the success of the
PU synthesis. The FT-IR spectra of the PU specimen were recorded with a resolution of
4 cm~! and scan number of 64 in the range of 4000 to 500 cm ™~ for each measurement. The
thermal behaviours of PU were determined using Differential Scanning Calorimetry (DSC)
(METTLER TOLEDQ, DSC3, Columbus, OH, USA). The sample of around 5 mg was cut
and sealed in an aluminium pan. The sample was equilibrated at —100 °C for 2 min before
heating to 120 °C with the heating rate of 5 °C/min under 50 mL/min N flow. The Tg,
T, and melting enthalpy (AH,,) of PU were acquired from the first DSC heating scan to
relate to the mechanical properties and shape memory characteristic of PU. The crystallinity
percentage of the PCL phase in PU was calculated by the following Equation [48]:

AH’"
Xe(%) =

=" 2)
w x AH,, @
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where the w is the weight fraction of the PCL phase in the PU, and AH,, is the 100% melting
enthalpy of PCL crystals, having a value of 140 J /g [49].

The X-ray diffraction (XRD) (Bruker, D8 Advance, Billerica, MA, USA) measurement
was conducted at room temperature using a Cu-Ka X-ray source. The diffraction pattern
was recorded over a 26 range from 10° to 80°. Thermogravimetric analysis (TGA) (Mettler
Toledo, TGA/DSC1, Columbus, OH, USA) was employed to assess the thermal stability and
decomposition temperature of the PU. The samples were heated from 35 to 500 °C with a
heating rate of 10 °C/min under a N; flow rate of 100 mL/min. The tensile properties were
evaluated using a universal testing machine (UTM) (Instron 5565, Northwood, MA, USA)
at a crosshead speed of 50 mm/min with a 5 kN load cell according to ASTM D638 [47].
The average value from 5 samples was reported.

To evaluate the shape memory characteristics of the PU, the shape deformation was
analyzed using the UTM coupled with a temperature-controlled chamber (Instron, 3119-406,
Norwood, MA, USA). As shown in Figure 1, a dumbbell-shaped specimen was measured
with the original length as the primary shape (step 1), denoted as €g. Then, the specimen
was equilibrated at various Tj, ranging from 40 to 80 °C inside the temperature-controlled
chamber for 3 min before stretching to a specified length of 10 mm at a rate of 50 mm/min
to form a temporary shape (step 2), denoted as ¢,,. Subsequently, the specimen was rapidly
cooled using cool pads for 1 min while the force was being maintained. Next, the specimen
was removed from the clamps, conditioned in a cooler box (~0 °C) for 12 h, and the final
length was measured (step 3), denoted as (¢,,). After that, the specimen was immersed in
warm water with the corresponding T; for 1 min. The changes in length of the specimen
were measured, denoted as (g,). The shape fixity ratio (Ry) and the shape recovery ratio
(Ry) were calculated using the following equation: '

Ry(%) = =% x 100 )

Em
Ro(%) = 257 % 100 @
0
where ¢,, €, €4, and ¢, are the stain length of the material at the initial length, after

stretching to 10 mm at Ty, after cooling for 12 h, and after recovery [8], respectively. At
least 5 replications were averaged and reported.

& Original
‘T ) P2 EI
Shape recovery :

Stretching
gll & @
0°¢C

@ it
Shape fixity ’ } ’

i

Figure 1. The thermomechanical program for the shape memory test of PU.

The proof-of-concept experiment for the smart wound closure strip performance on
artificial human skin was designed based on information acquired from the finite element
(FE) model from the literature [50-53]. A small open wound with a dimension of 10 mm
in length and 4 mm in depth was created, as shown in Figure 2a. In order to demonstrate
the ability of the PU wound closure strip to retain its shape when subjected to pulling
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forces from artificial human skin after undergoing shape recovery, PU-based shape memory
polymers (SMPs) with a Young’s modulus of 130 MPa and above were utilized. A pre-
stretched specimen at 70 °C with 10 mm was attached to the artificial human skin across the
middle of the wound opening area. It was then heated with a hot-air dryer (HRHDO1BK,
HAN RIVER, Shenzhen Yunuo Supply Chain Co., Ltd., Shenzhen, China), which was set to
heating level 3 for 30 s. The experimental setup is shown in Figure 2b. The air temperature
monitored using a thermocouple at the surface of the artificial human skin was around
47 + 0.3 °C. After recovery, it was kept in a room with a controlled temperature of 25 °C for
15 days to simulate the duration required for the wound healing process. The performance
of the wound closure strip was assessed by capturing a sequence of photos both during and
after the recovery process, and the distance between the wound edges was measured using
the Image] program. The result was documented as the width of the wound opening at
various intervals of observation. A minimum of 5 replications were taken, and an average
value was reported.

e
Air dryer _—
50 mm
Specimen
Artificial human skin g ¢ _
(a) (b)

Figure 2. (a) Wound cutting dimension on artificial human skin and (b) the setup for the shape
recovery of wound closure strip made from PU.

3. Results and Discussion
3.1. FT-IR Analysis

FTIR spectroscopy was employed to identify the functional groups present in PCL,
HMDI, and PU molecules. Figure 3 illustrates their FT-IR spectra. In accordance with the
literature, the spectrum of PCL demonstrates distinct absorption peaks at the wavenumbers
of 1720 and 1220 em ™!, which correspond to the stretching of C=0 and C-O-C bonds,
respectively [45,54,55]. Additionally, the vibrations of -CHj groups were seen as symmetric
stretching at 2929 cm~! and asymmetric stretching at 2850 cm~! [55]. The FT-IR spectra
of PU with various amounts of added PO revealed the characteristic absorption peaks of
PCL, as previously mentioned, along with the identification of a newly emerging amine
functional group. The peak detected at 3290 cm ™ corresponds to the stretching vibration of
the -NH group in the urethane linkage. The peaks seen at 1680, 1520, and 1230 cm ™! can be
ascribed to the amide I, amide II, and amide III vibrations, respectively, as documented in
references [54-56]. There were no absorption peaks at 2256 cm ! in any of the FT-IR spectra
of PU, indicating the absence of the carbamate group (-N=C=0) of HMDI. Additionally,
it was noted that the intensity of the peak at 1680 cm~! corresponding to the amide I
was significantly associated with the existence of chemical bonds formed between the
isocyanate group and PO. The intensity of amide I at 1680 cm ™! tended to increase over the
peak intensity of the C=O bond at 1720 cm~! when the PO content increased, as clearly
seen for PU20 to PU40. Comparable FT-IR spectra of PCL-based PU have been documented
in various research studies [43,45,54,55].
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Figure 3. FTIR spectra of PCL, HMDI, and PU.

3.2. DSC Analysis

Figure 4 shows the first DSC heating scan of PU with various PO contents; all DSC
parameters are summarized in Table 2. Of course, the crystallization of all PU samples
was completed during the sample preparation process due to the absence of the cold-
crystallization behavior upon the DSC heating scan. The lower Tp, at around 50-54 °C
was attributed to the melting of the crystalline polycaprolactone-polyurethane (PCL-PU)
phase, and the higher Ty, at about 74-80 °C belonged to the crystalline BDO polyurethane
(BDO-PU) phase. The literature reported that the Trs of PCL-PU was in the range of
40-60 °C [24,28,29]. Ping, P. et al. [29] revealed that the PCL-PU with the My, of the PCL
precursor lower than 2000 g/mol was non-crystalline and absent of the melting peak upon
DSC heating scan. With the M,, of PCL above 2000 g/mol, PCL-PU could crystallize and
exhibit a Ty, of around 53.3 °C. These results are in agreement with the findings reported
in this work, where the M, of PCL was 2000 g/mol and the Ty, of the PCL-PU phase was
around 53 °C. In addition, the literature reported that the melting of BDO-PU occurred at
high T, [26]. Thus, it was confirmed that the lower and higher T, corresponded to the
melting of crystalline PCL-PU and crystalline BDO-PU phases, respectively. Moreover, the
two melting peaks were observed for all PU samples, indicating that the PCL-PU phase
and BDO-PU phase crystallized separately due to the different structural regularities and
thermodynamic incompatibility.

Table 2. The DSC parameters of PU.

sample (¢, TR BRIV o xom ¥ Tamco P
PUO —55.50 - - 51.33 0.64 091 76.92 5.99
PU10 —53.98 - - 52.25 0.34 0.51 78.75 5.28
PuU20 =57.21 = - 53.67 0.84 1.28 80.25 6.53
PU30 —62.54 14.33 125 44.25 024 0.37 74.50 5.50
PU40 —54.00 12.17 0.75 50.92 0.43 0.43 77.83 6.66

Furthermore, a broad and small melting endotherm at the temperature range from 4 to
15 °C was attributed to the melting of PO [57,58] which was prominently observed at the
higher PO content. The Ty, of PO was not seen in PU10 due to the low PO content. Initial
signs of PO melting began to appear in PU20, albeit with minimal deviations from the
baseline. The distinct peak associated with PO melting became clearly observable starting
from PU30 and above. This characteristic peak is indicative of the presence and influence
of palm oil in the formulation. The addition of PO had insignificant effects on the Tgs of
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PU due to it being far below room temperature. However, it was found to influence the
crystallization ability and degree of crystallinity determined from the AH,, of both PCL-PU
and BDO-PU phases. The %X, of the PCL-PU phase was negligible (less than 1%) due to
it being a minor phase (Table 1). As seen in Table 2, the AH,, of the BDO-PU phase for
PU10 decreased as compared to the PUO sample without the addition of PO, indicating the
interruption of crystallization from PO. With increasing of the PO content, the clear Ty, of
PO indicated the phase separation. Thus, the crystallization ability of PU was enhanced,
resulting in the increase of the AH,, of the BDO-PU phase. However, PU30 exhibited small
AH,, for both PCL-PU and BDO-PU phases, showing a lower crystallinity of PCL-PU and
BDO-PU phases.

Heat flow endo up (W/g)

T T T T T T
-100 -80 -60 -40 -20 0 20 40 60 80 100 120
Temperature (°C)

Figure 4. The 1st DSC heating thermogram of PU.

3.3. XRD Analysis

XRD analysis was used to evaluate the crystalline state of PU samples. As shown in
Figure 5, all PU samples presented a broad crystalline peak with an amorphous diffrac-
tion pattern in the XRD curves, indicating the crystalline structure developed during the
sample preparation process. The crystalline diffraction peaks at 18.5%, 30°, and 43° were
attributed to the characteristic pattern of the crystalline BDO-PU phase. A similar XRD
diffraction pattern was found for the palm kernel oil-based PU [20]. Normally, PCL as a
semi-crystalline polymer exhibits a sharp distinct diffraction peak at 21.6° and a small-
intensity sharp diffraction peak at 24.1?, corresponding to the (110) and (200) lattice planes
of the PCL [54,59], respectively. As the PCL precursor formed PCL-PU, the intensities
of both crystalline peaks became broadened and decreased in magnitude [48]. This was
because the hard segments in PU have higher polarity from isocyanate groups, short chain
length, and molecular asymmetry, unlike the soft segments [48,60]. Consequently, the
asymmetrical hard segment was difficult to crystallize and exhibited a lower crystallinity.
However, in this case, BDO was a symmetric molecule and capable of forming a crys-
talline structure. Therefore, a broad diffraction peak crystalline PCL-PU phase could be
overlapped with a broad diffraction pattern of the crystalline BDO-PU phase. A similar
diffraction pattern of PCL and BO-based PU was observed by others [20,54]. The diffraction
intensity of the crystalline PCL-PU phase reduced as the PO content increased due to
the portion of PCL soft segments being reduced. This observation was inconsistent with
the increase in peak intensity of the amide I group at 1680 cm " from the FTIR analysis
(Figure 3). The PO phase could not crystallize because the samples were kept and measured
at room temperature above the Tr, of PO (4-15 °C) thereby resulting in a liquid phase and
acting as a chain extender. The intensity of crystalline peaks of the BD-PU phase seemed to
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experience a negligible effect from the PO. Thus, there was a co-existence of the crystalline
and amorphous phases in the PU samples. In addition, all peak positions of all crystalline
diffraction patterns were located at the same 20 angle. This evidence indicated that the
crystal structure of the crystalline PCL-PU and BDO-PU did not change and confirmed the
DSC results that both phases crystallized separately and that PO was not crystalline.

18.5

Intensity (a.u.)

PUO

T T T T T T T

10 20 30 4 50 60 70 80
26 (%)

Figure 5. The XRD patterns showing the intensity of the crystalline diffraction peaks of PU with
different PO contents.

3.4. Tensile Behaviors

The tensile results of PU are summarized in Table 3. As the Tg of PU was far below
room temperature, the PU samples were in a rubbery state. Without the addition of PO,
PUO exhibited ductile behavior, having a low Young’s modulus of 88.6 - 3.20 x 10~ MPa
and low tensile strength of 10.15 + 2.09 MPa, with the elongation at break of nearly 114%.
By adding a small amount of PO, PU10 showed a lower Young’s modulus than that of
PUO, while the elongation was maintained. With increasing the PO contents, the Young’s
modulus increased and showed the maximum at 327.60 + 2.80 x 10~2 MPa for the PU30
sample. Further increase of the PO content (PU40) resulted in a slight decrease of the
Young's modulus. However, the tensile strength and elongation were improved by the
addition of PO.

Table 3. The tensile testing results.

Sample Young’s Modulus (MPa) Tensile Strength (MPa) Elongation at Break (%)
PUO 88.60 + 3.20 x 102 10.15 £ 2.09 113.64 + 15.37
PU10 81.40 + 6.26 x 1072 15.70 £1.22 118.82 +10.18
PU20 155.60 &+ 6.22 x 102 13.01 4+ 2.15 191.67 + 22.16
PU30 327.60 = 2.80 x 102 22.64 + 5.54 184.13 +12.43
PU40 235.60 + 0.82 x 102 20.75 4+ 7.02 14543 + 22.52

The literature reported that the symmetrically hard segment could form the crystalline
structure and affect the tensile properties [23]. In this case, the PCL-PU soft segment had a
very low degree of crystallinity (~1%), and the coupling agent HMDI hard segment was
asymmetric. Thus, the tensile properties of PU were influenced by the crystallinity of the
BDO-PU phase and the HSC in the PU molecular chains (Table 1). The addition of PO had
two contrasting effects on the tensile properties. DSC and XRD measurements indicated
that the crystallinity of the BDO-PU phase decreases with the addition of PO, leading to
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a reduction in Young’s modulus and tensile strength for the PU10 sample. Although the
crystallinity reduced, the Young’s modulus and tensile strength appeared to increase and
reached their maximum in the PU30 sample. This outcome was due to the increase in HSC
from the higher PO content through the filler-like effect, which played an important role in
enhancing the mechanical properties of the PU, resulting in a stiffer material [23,46]. On
the other hand, the reduction in crystallinity after the incorporation of PO improved the
elongation of PU.

3.5. Shape Memory Properties

The PU-based SMPs underwent testing for their shape memory properties through
two processes. The first process involved assessing the temperature effect to ascertain the
effective operating temperature for shape memory. Additionally, the shape recovery of
PU was tested to establish a temperature suitable for further assessing the functionality of
the wound closure strip. In the second process, a repeatable cycle testing procedure was
employed to identify the point at which the PU-based SMPs achieved a stable state. This
stable state was determined to be the most suitable point for simulating wound closure
strip testing.

3.5.1. Effect of Temperature on Shape Memory Properties of PU

At room temperature, a crystalline portion was observed in PU as confirmed by DSC
and XRD measurements. The crystalline domains of PCL-PU and BDO-PU as well as
physical crosslinks or entangled chains served as an irreversible phase and controlled the
shape memory effects in this situation. On the other hand, the amorphous PCL-PU phase,
amorphous BDO-PU phase, PO, and un-crystallizable HMDI phase acted as a reversible
phase upon the deformation and recovery processes. Five deformation temperatures of 40,
50, 60, 70, and 80 °C were chosen from the lower Tp, of the PCL-PU phase, peak maximum
Tm of the PCL-PU phase, greater Tr,, of PCL-PU phase, broad-based melting endotherm of
the BDO-PU phase, and peak maximum Ty, of the BDO-PU phase (Figure 4), respectively.

Figure 6 shows the effect of T, on the shape fixity and shape recovery ratios of PU
at the corresponding Tp. At the temperature lower than the Tr, of the PCL-PU phase
(Tp =40 °C), the shape fixity ratio of PUO without the addition of PO around 82% was
lower than that of the PU with the addition of PO, as shown in Figure 6a. A similar result
was observed at the T}, of 50 “C, but the shape fixity ratio of PUO slightly improved to 86%.
Compared to the T, above the Ty, of the PCL-PU phase (Tp, = 60-80 °C), all PU samples
showed a high shape fixity ratio, maintaining a value of around 95-98%, with minimal
variation observed between samples with and without the addition of PO. Herein, at a
temperature lower than the Tr, of the PCL-PU phase (T, = 40 °C), both crystalline PCL-
PU and BOD-PU domains existed. In combination with the low T, once the PU sample
deformed, the high elastic energy stored in the crystalline domain forced the temporary
shape to restore its original shape and resulted in a low shape fixity ratio. The overall
crystalline domains of PU were reduced by the addition of PO. Thus, the shape fixity
improved. In a similar manner, at the T}, above the Ty of the PCL-PU phase (Tp >50°C),
the elastic energy storage was derived from what the crystalline PCL-PU domains had lost,
making the polymer chains more flexible and mobile. Consequently, the temporary shape
could be effectively maintained, resulting in a high shape fixity ratio.

As seen in Figure 6b, the shape recovery ratio for all PU samples appeared to be
independent of Tp. The addition of PO had a more significant effect on the shape recovery
ability of PU. Regarding the Tj, and T; below the Ty, of the PCL-PU phase (T}, = 40 °C), the
existing crystalline domains of both PCL-PU and BDO-PU phases could be permanently
deformed, and the irreversible deformation took place upon stretching, resulting in the low
shape recovery in the PUO sample. As the crystalline domains decreased with the addition
of PO, the shape recovery of PU increased. Furthermore, when the crystalline domains of
the PCL-PU phase melted (Tp, > 50 °C), the increase in mobility allowed the material to be
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deformed more easily. The stress could then be transferred to the hard segment and stored.
Clearly, with higher PO content, the shape recovery ratio increased due to the rise in HSC.
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Figure 6. (a) Effect of temperature on shape fixity ratio of PU and (b) the recovery ability of PU at the
corresponding Tp.

From the above results, both the crystalline domain and HSC had influences on the
shape memory properties of the PU. The high crystalline domains showed a negative effect
on both shape fixity and shape recovery. By decreasing the overall crystalline domain
by stretching at the temperature above the Ty, of the PCL-PU phase, the hard segment
played the dominant role in enhancing the shape memory properties. Within the T, range
of 60-80 °C, the shape fixity ratio was maximized and still retained the temporary shape
effectively, with a desirable shape recovery ability. The T;, and Ty at 70 °C were selected for
a study of the repeatability of PU.

3.5.2. Repeatability Study of PU-Based SMPs

The repeatability of PU-based SMPs was evaluated to determine the stability of shape
memory parameters over multiple cycles and to ensure consistent functional behavior after
the initial cycles. Many SMPs exhibited an improvement in shape recovery after the first
deformation cycle [61-63]. This effect is well known as the “training effect” [64] and “cyclic
hardening” [65].

However, as seen in Figure 7, the shape fixity ratio of all PU samples decreased and
then remained stable after the first cycle of the repeatability test, while the shape recovery
remained almost constant along with the five thermomechanical stretching-recovering
cycles. In this case, the Tj, of 70 °C was in the broad-based melting endotherm region of the
BDO-PU phase. A number of crystalline domains of the BDO-PU phase existed in the PU
sample. As aforementioned, the deformation that arose from the crystalline domains could
cause permanent deformation upon stretching and consequently contributed to forming a
new irreversible phase structure in the first deformation cycle, resulting in a greater HSC
and higher elastic energy storage. Consequently, the shape fixity ratio was reduced in a
second deformation cycle. The stable shape fixity ratio of the second to fifth deformation
cycle indicated no occurrence of a new irreversible phase. Thus, the shape fixity ratio after
the involuntary generation of greater HSC was around 69-75%. A similar observation was
revealed in other PU-based SMP systems [66].
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Figure 7. (a) Shape fixity ratio and (b) shape recovery ratio of PU at Tp and T; of 70 °C under
5 thermomechanical stretching-recovering cycles.
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3.6. Proof-of-Concept of Thermo-Responsive Wound Closure Strip Application

As aforementioned, the criterion of Young’s modulus in this work was set as 130 MPa. From
tensile results, PU20, PU30, and PU40 had Young’s modulus values of 155.60 4 6.22 x 1072,
327.60 £ 2.80 x 102 and 235.60 £ 0.82 x 10~2 MPa, respectively. The PU20 and PU30 samples
were selected to demonstrate a thermo-responsive wound closure application due to the lowest
value occurring at higher the criterion and the maximum value achieved among the PU samples,
respectively. Figure 8 illustrates the wound dehiscence on artificial human skin, where the
wound typically displays separation on either side. The specimen was positioned in the center
of the wound on the artificial human skin. It was secured with pins at both ends to ensure it
adhered to the artificial skin. Employing the principle of shape memory polymer recovery, the
wound closure strip pulled the separated wound edges together, promoting closure. Figure 9
demonstrates the capability of using PU-based SMPs as wound closure strips. Both sides of the
wound were effectively brought together for healing following the recovery of the PU-based
SMPs to their primary shape. It was observed that the wound edges separated from each other
after a few days due to the tension from the artificial human skin. The distance between the
two sides of the separated wound edge is shown in Figure 10. The results indicated that, using
PU20, the center distance of the wound edges began to separate on the first day and tended
to increase over time, resulting in the appearance of a channel at the top and bottom parts of
the wound dehiscence. Conversely, PU30, which has the highest Young’s modulus, displayed
a small wound channel after 5 days, slightly increasing to 0.03 mm by day 15. The top and
bottom parts, which were not attached to the wound closure strip, began to separate after 3 days.
The results demonstrated that PU30 with a high Young’s modulus had a greater efficiency in
maintaining wound closure than that of PU20. This suggested that thermo-responsive PU-based
SMPs have the potential to be utilized to cover wounds until the surgical wounds heal.

From our point of view, a single wound closure strip made of PU-based SMPs with
a Young’s modulus slightly above 130 MPa was not effective during the wound healing
process. PU-based SMPs with a higher Young’s modulus had a significant impact on
resisting the pulling force. Future research will focus more on balancing the Young's
modulus, mechanical properties, and shape memory properties of PU. The aspects of
bio-adhesion between the PU surface and the artificial skin, as well as the sterilization
process, were not addressed here. In the future, it will be essential to use a sterilization
technique such as hydrogen peroxide, rather than relying on temperature, to maintain the
temporary shape of the PU wound closure strip. Additionally, using bio-adhesives instead
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of pins in practical applications would be a favorable choice due to their improved ability
to adhere to the skin and their non-destructive effect on live cells.

-
#
e —
M mme
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Figure 8. Digital image of (a) wound dehiscence on artificial human skin and (b) wound dehiscence
with the wound closure strip made from PU.
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Figure 9. Digital image presentation of a wound closure strip made from (a) PU20 and (b) PU30 for
maintaining the closure of wound dehiscence.
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4. Conclusions

In conclusion, the aim of enhancing the tensile modulus of PU-based SMPs was achieved
by adjusting the ratio of PO to PCL from 0 to 40 molar ratio, targeting a Young’s modulus of
130 MPa for wound closure applications. The successful incorporation of palm oil into the
PU-based SMP structure was confirmed by FTIR analysis. Mechanical testing demonstrated
that the target modulus was achieved by incorporating PO, starting from PU20. A signif-
icant increase in Young’s modulus was observed, from 88.60 = 3.20 x 10> MPa at PUO to
327.60 4 2.80 x 10> MPa at PU30, indicating a nearly 2.7-fold increase due to PO, attributed
to its filler-like effect and increased hard-segment content.

Furthermore, the shape fixity and recovery properties of PU-based samples were
found to be influenced by the Tp and hard-segment content, both of which increased with
PO content. In the proof-of-concept experiment, effective wound closure without gaps on
the first day was demonstrated by PU20 and PU30 wound closure strips. By day 15, PU20
exhibited a 1.5 mm increase in wound size, whereas PU30 showed only a 0.03 mm increase,
highlighting PU30’s approximately 50-fold superior wound-holding ability over PU20.

While promising results were achieved in this study, challenges remain. The relatively
high recovery temperature of the samples may require careful adjustment to optimize
practical applications alongside mechanical properties. Furthermore, investigation into the
cytotoxicity of PO-modified PU-based SMPs is crucial for ensuring their safety and suit-
ability in medical applications. Addressing these challenges will be pivotal for advancing
smart wound closure strips based on PO-modified PU-based SMPs.
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