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Abstract

Direct ink writing (DIW) technique is widely used for the fabrication of implants for
biomedical applications owing to its ability to create personalized products. Also termed as 3D
bioprinting, a variety of biomaterials that include natural and synthetic polymers are
extensively utilized to 3D print tissue constructs. However, natural polymers fail to mimic the
natural stiffness or ductility of the native organ but provide a suitable environment for the
growth of the tissue. Some applications that include bone scaffolds, tracheal scaffolds, tracheal
stents, ureter stents, etc. demand the need for both mechanical and biological properties
appropriate for clinical restoration of tissue constructs. Also, conventional DIW is unsuitable
for fabricating customized geometries with long, unsupported structures or overhangs. Hence,
the fabrication of customized biomedical implants with desired material properties and intricate

geometries is challenging.

In order to fill this research gap, a triple-shape memory polymer was developed by
solution blending of polylactic acid (PLA) with polypropylene carbonate (PPC), which was 3D
printed using the material extrusion principle. The blend of crystalline PLA and amorphous
PPC enabled it to attain tunable mechanical properties. Morphological observations of blended
PLA/PPC samples revealed a phase-segregated morphology, resulting in the appearance of two
distinct glass transition temperatures, exhibiting a triple-shape memory effect (triple-SME).
The PLA50/PPC50 composition achieved an optimum shape-fixity ratio and shape-recovery
ratio, due to the existence of a co-continuous phase morphology. As proof of concept, 4D
printing of the PLA50/PPC50 composition was demonstrated at body temperature as a potential
biomedical application to facilitate minimally invasive surgery. An in vitro degradation study
of the PLA50/PPC50 composition was performed over a period of 56 days. Finally, the in vitro
cytotoxicity of all 3D printed PLA/PPC blends demonstrated excellent biocompatibility,

proving its potential as an implant for tissue engineering applications. The elucidation of the
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parameters influencing the selective actuation of triple-SME gained from this study is expected

to open a wide range of possibilities for use in biomedical devices.

Further, a fabrication methodology was developed that provides flexibility to create
freeform structures using synthetic polymers. An innovative approach of embedded 3D
printing was developed, which allows the fabrication of freeform structures by directly 3D
printing inside a supporting matrix. The polymer ink solution was prepared by blending PLA
and PPC in 1,4-dioxane. Laponite RD was used to prepare the aqueous nano-silicate
suspension, which exhibited yield stress and thixotropic properties due to its house-of-cards
arrangement. Solidification of the 3D printed polymer ink occurred due to the hydrogen
bonding between the oxygen atoms of dioxane molecules and the protons of water molecules.
Particle image velocimetry study showed that the increasing nano-silicate concentration caused
a reduction in yield region as a result of increasing yield stress. Dimensionless parameters
(Oldroyd number and ratio of yield stress to hydrostatic pressure) for nano-silicate
concentrations with values less than 1 were found to facilitate the nozzle movement without
crevice formation, while the values greater than 1 were found to be unsuitable for printing.
Different intricate structures such as tubular structures with varying geometry that mimic the
native trachea, and a bifurcated tube were 3D printed as a proof-of-concept study. The proposed
method introduced a novel approach by utilizing the solvent-water interaction capability to
fabricate objects with overhanging geometry. This approach allows 3D printing of a wide
variety of polymers by leveraging the miscibility between its corresponding solvent and

supporting matrix.

The development of tissue-engineered tubular scaffolds was further investigated using
statistical modeling and multi-objective optimization of embedded 3D process parameters.
Design of experiments (DOE) was conducted using the central composite design to evaluate
the effects of layer thickness, print speed, and polymer concentration on mechanical properties
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and shrinkage. The mechanical properties were assessed by measuring the radial compressive
load, while shrinkage was recorded to understand dimensional stability. The experimental
results revealed that shrinkage was minimized at a combination of lower layer thickness,
reduced print speed, and higher polymer concentration. Conversely, the radial compressive
load exhibited a non-linear trend with print speed, increasing up to an optimal point before
decreasing. Furthermore, the radial load was observed to increase with decreasing layer
thickness and higher polymer concentration. A multi-objective optimization approach was
implemented using a genetic algorithm (GA) to determine the optimum parameters for
minimizing shrinkage and maximizing radial load. The optimized process parameters were
validated through experimental trials, demonstrating improvement in the scaffold performance.
To assess the practical utility of the optimized parameters, a case study was conducted by
fabricating a tracheal scaffold using embedded 3D printing, and its mechanical properties were
compared to those of a native goat trachea. The results confirmed that the scaffold achieved
comparable mechanical properties, emphasizing the effectiveness of the proposed optimization

strategy.

Finally, a study was conducted on the fabrication of PLA/PPC composite tracheal
scaffold using embedded 3D printing to demonstrate its triple-shape memory functionality. The
4D printed scaffolds are investigated using mechanical, shape-memory, and biological
assessment. Thermal characterization revealed that the Laponite nano-silicates on the
PLA/PPC composite surface had a negligible effect on thermal transitions and shape-memory
performance. Three scaffold geometries (cylinder, bellow, and spiral-shaped) were fabricated
and tested for radial and longitudinal compression, with the bellow-shaped scaffold closely
mimicking the mechanical properties of the native goat trachea. The PLA/PPC composite
samples exhibited high shape-fixity and shape-recovery ratios. As a case study, the bellow-

shaped scaffold was implanted inside the lumen of a native goat trachea, and the triple-shape
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memory behavior was demonstrated. The degradation of PLA/PPC samples was investigated
in PBS at physiological conditions (37 °C) for a period of 60 days. Additionally, Fourier-
transform infrared spectroscopy was performed to assess the effect on various functional
groups before and after the degradation test. To further assess the biocompatibility of the
samples, MTT, live/dead, and cell adhesion assays were conducted using fibroblast cells. The
in vitro cytotoxicity of the PLA/PPC composite demonstrated excellent biocompatibility,

proving its potential as an implant for tissue engineering applications.
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aR

SERTE b BT (DIW) THP BT ITANT FRAfSHS AT & e TR &
fmfor 3 fore saTUes = ¥ foha ST &, Riifds I8 Ao Td SdTG S BT &l @ 6 |
39 3D JEfifeT off Bg1 o B, o Uipfae ik Ridfes iR afd o5 e &
IRAHCRAA BT STAN Sad HU & T 58 99 W a1 ST g1 gralieh, Wdhfad
IR HeT 37T 1 UTpTaieh o Rl AT A=y & Fbel 3 H fathel T8a 8, Al SHaeb
& fapr & foIu Iugad araraRu UM oxd & | $ YA o d Sify Ham, yra-el
M, YITe K, FHale-l Ke e e 8, SHde FHiu 1 Aae sgre & fie
IUgad Tt 3R S 1 IUN Bt STa=adhdT ikl & | $Hd AT, TRAR® DIW T,
rqffa TaTell O SR F WY G ed SafHfa & Al & fw ruged g
gafere, Fifesa TRl o SR Sfed Sffa & WY MG IRfSHd TR &1
fmtor gl |1

3T MY R o WA & o, uichiudfees whrs (PLA) & I1y Uleliviuged=

HIEHE (PPC) & ©Idt THYUN GRT U fCUd-R AR OiehiwR faswRia fovar mar o1, fo
HeRad Tage RIgid &1 SUaRT Ras 3D flie fovar 7 ol fseedia PLA 3R SHIHR

PPC & i30T A 38 SHad A e d 01 Ui &= & e s fif¥a pLA/PPC T
& TUTHS 3faclicb-] 2 T TRUI-GYD SHThIRD] bl o o, forae uRumia=y g
SCT-31HT TN GehHUT dgAH fewrg T, S te foua-’ig AuR! gyE (fTud-SME)
TERId Hd ¢ | T8-FRAR TROT 31pfd faqH & 3ifdd & HRUT PLAS0/PPC50 TREHT A

UF 3VAH MHR-RURAT U 3R MHR-GAUGT 3Hurd UTe fordm| SfaeRun o JHToT
& U H, PLA50/PPC50 IRTT 1 4D fifeT &1 =gAaw 31aRia Toik! &t Jfaur & o
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JUTfad IAAfSHA SyaNT & ¥4 ® IR & dOHH W USRI fear m o
PLA50/PPC50 TRTT BT 3 fac! fee= 31eqa 56 fal ot 3fafdy & fosam wam Ut 3id &,
Tt 3D fiics PLA/PPC flrgioT o1 3 fac! ArscieliRIRicT 7 ShT Sfa-TTadT &1 UeRH
foan, TR S AR SUART & ol U TRl & =0 T SH®! &Hdl Aifad
B3| 9 3100 § U foUd-THuHg & 99T foharad &l THTad HRA aTdt ATUCS!
B e A TAIATSH SUBIUT H IUGNT BT FHEISN Bl Teb fIeqd y@en Ga B
Sufic gl

ST 3feiTal, Teb A0 Ul s 1 78 S Ridfees uiferR &1 Iuah e
WIBIH I M & oY Thare UeH adl 81 Teies 3D fUiféT &1t sifta
eI fIBRIa fobar mam o1, S T Teras Afead & siex WY 3D fUife gr1 wivrd
Txa1eT o Ao & SrgAfd a1 81 aifeR STt THIM 1,4-SHaH 8 PLA 3R PPC
&1 FrelTepR (R o 711 T | TUiHTSe RD ST SUART STaild A41-Rifeiare Feier duR &
& forg foam 7 T, fOTm 31U BTG Y-3iTh-HTs SHaRIT & HRUT ITS! a-1d 3R fAadieifts
Tl &1 e fan| 3D fiics diferR wmgl &1 9HT SRR S & ffaieH
TRATLSHT 3R U & SMU3T & Uleld & oid SRS IoH SiaT & HRUT gaf| ifiéhd ghd
IR 3rema ¥ gdr 9al § fob dgdl A)-Rifdide Tigdl A Iu a9 # If &
URUMTHRREY SUS &3 H HHI BT BRI 11 1 F HH A dTed A-1-Rifeidbe Figam & fog
MR IRIHIER (3NTS1aS AT 3R IESRefed GaTd & ol JUST a9 BT 3IUTd)
R & & 9T Aiora Sigiad & giauTsHe a9 & g e 17g, s 1 3 34fe 3=

51 & fog Sruged aTe T | fafie Sfed e ok f SraT-sren sarffd aTel sEer
RIS ST HE YR B Adhd Bl 8, AR T TG ogd Bl Jb-3HTh-H 10y S{eqa-
& ¥ H 3 8 fife fovar mar un| yxarfad fafyr 7 sarg i snfifa areh axgef & R &
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e foa®-art @ TRER a1 &\ dT S IYTRT B Th 91 VDI U fohar| I8
BP0 3HS I faamas iR Teras Afcad & ofa fsoreiadr &1 v o faftd
TR & UiferR 31 3 St fiife ) srgufa Tar |

S dB-Eol-aR SgEeR HaH! & (9T B! iRk AT e 3R Tees 3D Hfehar
AUCS] & Tg-Ie=T SIH e BT STANT HRab 3] Sffd B 15 | A 0T 3R Rigre
IR IRd &1 Aiers, fHie T iR Igad g & YTl &1 eI HRA o o8 daid Ty
fSSIga BT ITANT FRh YA B[S (DOE) 3faifoid fovan mar ot | fsaa HuRia dis
DI YD TifAeh 01 BT Yedids-1 fopdT T, Safds e fRRAr o1 gagH & fod Rigea
B Repls foan 1| Urifiies GROIHAT § UaT =ell fob 1 URd &1 HicTs, B e 1 ¢k
3 SgAD Higdl &b Yo IR Rige &H g1 T8 Y| 39 fquiid, saa HuRa drs =
fiie 71fd & Iy TH TRIRIF Ughy &1 U= o, i geq ¥ ugd T 3vad fog a 9¢
41| 3HF AT, TR BI Hels HH 8 3R I Tgad Higdl & 9 I sad ars § gfa
T TS | g B HH R 3R AT Al BT 3ifibaH B & 1T 3yad AU S| o
fA4Td H & foIe U SITIaRI® TEiad (GA) &1 YT S Uh 9g-3e-41T SHa
TSI A1 fohan T AT S lad UliehdT ATadS] ®f TN URIEON & H1eqd ¥ a1
o 7T, S e Ue R H QUR UeRId HRd1 8 | 3% cd ATICS! & sArdele STardm
B TH AT DR o 108, Taas 381 fUfeT HT TN Fb U <fohad HaM HI AT
PP Uh HY el o Bi T3 off, R 3P TS T &1 g <=0 Il & Yr-Teil
I H1 7 It aRkomat A g & o 7 = -t aife 7071 U foeg, St uRanfad Srdad
RO B} gTaRiiadr R SR &




3id #, TS s 3D flifeTT &1 IuahT eRds PLA/PPC FHHIITNIE Sfhad Whwics &
Ao R e sieggA foran T difes 39! foua-_i HART Srieddr &f Uaiid fear o
b | 4D flics Wrhics B Wid AbMHed, AY-HART 3R Sfdd Tedidd BT SUIRT B
@Y STl & | YHe T&0T IUM J T =l o PLA/PPC HHAITIC Tdg WR duIHTge A-I-Rifeide
BT YH GHHUT 3R VU-AHRY U= IR 707 YHTg UT| fiF Whhics wifafa (Ridsy, st
3R Fifd-sMeR) &1 At forar mar Sik Yeaa SR srded Tite & fog wieur fan
T, e Sl-SHIPR BT Whhics ol B B YIEcll P Al 0N B TRIDBT J Thd
AT 8| PLA/PPC SRS THAT 3 I 3MpR-RRAT 3R M R-GATIG 3ruTd Uefid
fhaT| U 9 WSl & U H, T-3HR & ThHIcs Pl o= Tl & YRl & o &
3R YR forar o o1, 3R RRUd-3MeR &t NHRY FragR &1 UexA fasar mar |
Ut ud.u/d a3t 991 & foges o offe i &l . & IRiRes Rufaat (37 i afcdm )
60 fat 1 3raf & forw &1 151 39 sifafkam, faged udeu A ugal IR e # fafva
HRTED THGI TR YHTT FT HAT B D 10T HRIX-CBIH SRS WI R4l BT
TR farar T Tl B S9-TIAA BT SR S BT IR & Y, BRSNS
HIRABTS BT ST TR TH.EL.E., SfTd/gd iR HIABT SIS TR BT T o
7| it v w3t Hrifore o 39 fae ArecielfiRict 3 ST Sla-TTddT &1 UekH
foba, St S ofifAaR rguarTl & T U TR0 & U H SHH! &HdT B! ifed

HAT B
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