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Abstract

Four-dimensional (4D) printing provides a route for the incorporation of transformation
information into 3D-printed structures which allows them to change shape, characteristics, or
functionality with time. 4D printing includes 3-dimensional (3D) printing technology as well
as smart materials such as shape-memory polymers (SMPs), and shape-memory polymer
composites (SMPCs) along with some stimulants such as heat, temperature, etc. SMPs and
SMPCs are increasingly being utilized in 4D printing and have gained popularity for their
distinctive ability to change shape in response to external stimuli. These materials have a wide
range of applications across several industries. Although SMPs have notable benefits when
used in conjunction with 4D printing, their potential in 4D printing has only been partially
investigated. Moreover, when it comes to biomedical applications 4D printing is an emerging
technology that has a wide potential to be used in the development of smart implants and organs
which can result in minimally invasive surgery. Hence, the objective of this study was to
investigate and enhance the domain of 4D printing technology through the development and
optimization of SMPCs for use in biomedical applications. The study also sought to create a
structure for the future advancement of 4D-printed biomedical smart devices by
comprehending the connection between the design, material characteristics, and effectiveness
of SMPCs. To achieve that goal the SMPC system was developed by utilizing polylactic acid
(PLA) and bioactive glass (BG) which can be further used for 4D printing for the development
of some smart biomedical implants and devices. Due to its ability to undergo hydrolysis
breakdown and bio-resorption, PLA is widely used in several biomedical applications. In this
study, a range of 0 - 2 wt% of BG microparticles was incorporated into the PLA matrix. The
composite mixture obtained was subsequently introduced into a solvent-cast 3D printing
(SC3DP) setup to fabricate composites through a layer-by-layer manufacturing process. Based

on the physiochemical analysis, it was shown that the BG particles were uniformly distributed
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within the polymer matrix, leading to the formation of strong interfacial bonds between them.
Mechanical properties were evaluated by examining the tensile and flexural behavior of the
composites. According to the findings of the mechanical testing, the PLA/BG composites
demonstrated qualities suitable for use in bioimplants. The cytocompatibility of all the
composites was assessed by in vitro cellular assays. According to the findings, the materials
that were developed were biocompatible, had a lower hemolysis rate, and possessed non-
thrombogenic features, which indicated that they had the potential to be utilized in the field of
biomedical implants.

Further investigation was conducted to analyze the impact of BG on the thermal and shape-
memory properties of composites. It was hypothesized that the incorporation of reinforcement
might potentially alter the SMPs in order to improve their thermal as well as shape memory
qualities. Several kinds of bioceramics have already been employed to modify the thermal and
shape memory characteristics of SMPs. Nevertheless, the utilization of BG as a filler to alter
these qualities has not yet been investigated. Hence the developed composites were examined
for the thermal and shape memory properties of PLA/BG composites. It was observed that the
presence of BG altered the glass transition and melting temperature of the composites and
increased the crystallinity. However, the presence of BG resulted in the reduced thermal
stability of the composites. Better crystallinity and viscoelastic qualities of PLA/BG
composites resulted in enhanced shape memory attributes, such as shape fixity and shape
recovery. In the last, 4D printed structures demonstrated good shape fixity and recovery
behavior under the influence of thermal stimulus. The results of this study provided hope for
the future of smart biomedical devices and self-foldable structure development by combining
the created SMPCs with 4D printing technology.

Further study was conducted which aimed to minimize shrinkage and maximize strength as

well as structural transition responsiveness for SMPCs with the help of the central composite



design (CCD) approach commonly referred to as response surface methodology (RSM). It is
very necessary to develop statistical models that can relate the effect of different process
parameters with the different responses of the developed composites. SMPCs were made by
blending PLA in a suitable solvent, reinforcing with 45S5 BG, and printing parts using SC3DP.
Three different factors infill density, printing speed, and BG concentration with three different
levels were considered for the study. The results revealed that increasing printing speed caused
the component to shrink more, whilst increasing the infill density and BG concentration
reduced the amount of shrinkage. An increase in infill density and BG concentration led to
greater ultimate tensile strength but an increase in printing speed led to lower values of strength.
At last, it was found that shape recovery of the printed components declined with increasing
infill density and printing speed, but it improved with increasing BG concentrations. The model
was validated by conducting confirmation tests using the best possible combination of
parameters for the process, as determined utilizing the genetic algorithm multi-objective
optimization method. different structures were 4D printed by utilizing the optimum parameters
and their shape-changing behaviour was also recorded.

To address the issue of stent-related thrombosis and in-stent restenosis, self-expandable
biodegradable vascular stents were created using 4D printing and developed PLA/BG
composite. The printed stents were capable of being crimped into a temporary form with a
reduced diameter, which could make it easier to implant. The dimensional study demonstrated
the deviation in dimensions from the CAD model and manufacturing precision. The mechanical
properties of the stents were investigated by axial compression and three-point bending tests.
The findings demonstrated that stents possessed sufficient mechanical characteristics to
effectively carry out the essential functions within the human coronary system. With a
significant fixity and recovery ratio of 85%, and 90%, the printed stent demonstrated shape

memory capabilities and was able to retain its temporary shape while being stored at ambient
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temperature. Finite element analysis was used to calculate the longitudinal contraction or
radical expansion under operating conditions and compared with the ballon expanded vascular
stent. In vitro biological testing showed that the stents were biocompatible, hemocompatible,
and thrombosis-resistant. The integration of self-expansion and personalized 4D printing in the
creation of vascular stents offers a promising alternative for the treatment of cardiovascular
diseases. This approach has the potential to address the limitations of balloon angioplasty.

So, the current work contributed to filling the gap between various aspects of 4D printing by
developing and optimizing the SMPCs for biomedical applications. The current work also
concluded with an extensive understating of how to tailor the properties of SMPC for different
end applications. The present study enhanced the application area of 4D printing by creating
smart biomedical devices that can be triggered by external stimuli inside the human body

touching a new horizon beyond the static nature of biomedical implants and devices.
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AR (4D) Fifer 3D fifé wramrett # ufade STHeRT i it e i Ant
&M Tl 8 ST Ira A o A1 HATHR, TaIaaratl AT HRIEHAT i See i STTHIT
Fdr 2l 4D TS 3D i qerrien o arer-arer T wmaft S - gifore, 2o-
THRT 9T SIS o |TY-HT 6 Saieh S T, QIO ST I 8 319 3H

Tifetit (SMPs) 3TR 3o SHUIfSIE (SMPCs) TATK{NT HHERT & 9 H 39X § fSreht

ST 4D TSTET 9 fomam S HomdT @ 3T S8 SASHTRAT o STae § TR sed a1
SIEN o U IS I oh ST farf¥eeT JeTTi # g SIS 9o id &l 4D fufén

Tehiih o |TY HYH B T AT-HAR Gifetit (SMPC) % HeEcaqul ATHI o STaIs[e, 4D

ST H 3R &THAT ohT oheleT ek HHTHQ AT ook B IdT SITTRIT TRIT ©) S8k STATdT, SIe

STRIHTSSHET SIS shl ST AT & dT 4D THifeT weh 3wt g8 dehiteh & forersht It
THTE TR STR 3T o forehre 7 Foram ST Eeha &, Torereh Ty *[Aad =Iaq
Zafta T — fafercar 81 ward) B1 zafere, 3@ @@ 3 diefidfdes e (PLA) 3t
AU AT (BG) 3T SUANT ohieh Teh SMPC TUTTe! foreh fra aht, fTereht Su=mmT 31mt
FS TS ATAHISHS SFTed S IR o forehret o feTw 4D fife o @rer foram s
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