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Abstract

This study involved the preparation and optimisation of novel temperature-sensitive
hydrogel copolymer and terpolymer systems, and also the development and evaluation of
smart hydrogels with the potential for 4D printing and shape-shifting behaviours.

In this work, N-vinylcaprolactam (NVCL) was chosen as the base polymer. NVCL is a
temperature-responsive polymer which is often used for biomedical applications due to its
biocompatibility, solubility and non-toxic features. However, studies of the use of NVCL
for developing 4D material have been limited. This polymer was bonded with different
types and concentrations of photoinitiators, crosslinkers, and other polymers to obtain the
optimum ratio, with the most suitable properties and performance for 3D printing. UV
polymerisation, a process with similar mechanisms to Stereolithography (SLA) printing,
was first employed for the preparation of samples. The cured polymers were characterised
by the following techniques: The chemical structure of the hydrogels was confirmed using
Fourier transform infrared spectroscopy (FTIR). Four techniques were used to determine
the lower critical solution temperature (LCST) of the polymers in aqueous solution: i)
cloud point analysis, ii) UV-spectrometry, iii) differential scanning calorimetry and iv)
rheology. Pulsatile swelling studies were performed to investigate the effect of the
transition temperature, monomer feed ratio and crosslinker content on the swelling size
and quality. The mechanical properties of the polymers were detected by tensile tests.
Goniometry was used to probe the water absorption capacity of the samples. Results
indicated that the physically and chemically crosslinked NVCL based polymers exhibited
a tuneable LCST by modifying the contents with regard to the material composition and
concentration. The LCST could be raised to 54<C and was validated by four different
techniques. FTIR showed that the samples were successfully synthesised. After
incorporating with the monomer N, N-dimethylacrylamide (DMAAmM), the mechanical
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properties improved. The copolymer P (7ONVCL-30DMAAmM) exhibited potential for the
next stages of 4D printing trials. It exhibited outstanding swelling capabilities and was
flexible to changes in size as the temperature increased or decreased.

By changing structures that can be converted in a pre-programmed manner in response
to a stimulus, 3D printed materials can be modified to impart flexibility and boost utility.
Four-dimensional (4D) printing is a relatively new concept that was initially reported in
2013. 4D printing refers to the idea that the shape or properties of a printed object can be
changed again when an external stimulus is applied. In this study, by using a modified P
(NVCL-DMAAmM) candidate formulation, containing 2 wt% H-Nu 400IL, 2 wt%
PEGDMA, 30 wt% DMAAm and 70 wt% NVCL, 4D printing was achieved. The same
characterisation tests were applied to the 3D printed samples to compare the differences
in the properties of materials between samples prepared using SLA and those prepared
with UV chamber photopolymerisation.

Due to the superior properties of the shape memory polymers, a number of
scholars have used the material to produce 4D printed objects in multi-material 3D printers.
The printed objects are capable of demonstrating complex and magnificent changes when
stimulated. However, smart hydrogels are only able to expand/contract in water. In
addition, the printer used in this study was an inexpensive one and could only apply one
material at a time for printing. It is difficult to develop flexible shape-shifting behaviours
by using a single hydrogel material and a single material 3D printer. This study exploited
a new method to utilise bilayer structures and a UV chamber system to allow hydrogel-
based materials to exhibit controllable shape shifting behaviours (such as self-curving and
self-bending behaviours). Although other researchers have developed similar smart
structures, none have use a NVCL based polymers developed in a UV chamber system.

Based on the different ways of transformation, diverse demonstrators were developed.
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In summary, by constantly modifying and improving the formulation of NVCL
solutions, a new ‘NVCL-based resin’ that can be used in an SLA 3D printer has been
successfully systhesised. In the presence of water, the 4D printed parts were able to switch
their sizes as the temperature rises and falls. In addition, by using bilayer structures, the
shape shifting behaviours have also been successfully developed for hydrogel-based
materials. This research not only opens up new applications for NVCL materials, but also

provides a simple and fast method for the preparation of 4D materials.
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1 Literature Review

1.1 Problem statement

Reviewing the literature on the development of auto-deformation using
temperature-sensitive polymers, nearly all the reports suggest used Poly (N-
isopropylacrylamide) (PNIPAAm) derivatives. Lee et al. (2018) created a bilayer structure
that exhibited unique altered bending behaviour by combining NIPAAm with poly (vinyl
alcohol) (PVA). The direction and extent of bending can be controlled by combining
NIPAAm and PVA films with different swelling ratios. Also, Lee et al. have developed a
motion of grasping and releasing in response to temperature which was demonstrated in
the starfish structures (Lee & Jho, 2018). Zheng et al. (2018) composed of a PNIPAAmM
layer (featuring a lower critical solution temperature, LCST) and a poly (acrylic acid-
coacrylamide) (P(AAc-co-AAm)) layer (featuring an upper critical solution temperature,
UCST), produced a reversible thermo-responsiveness bilayer composite structure. The
actuation of this hydrogel can be operated under non-aqueous conditions (Zheng et al.,
2018).

Although a large number of 4D printed concepts have been pioneered in recent
years, experts are undecided about the market growth potential of this recent technology.
4D printing opportunities are vast, especially in the biomedical, aerospace, lifestyle,
robotics and military fields, however, there still exist several challenges which need to be
overcome before it becomes widely adopted technology.

4D printing technology can be considered to be still in its early stage of
development with the materials in use being one of the limiting factors with regards to its
widespread use. The materials used in 4D printing must be responsive and not all
responsive materials are capable of being printed, resulting in only a small number of

materials being available for selection (Ding et al., 2019). Additionally, the majority of
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these materials can generally be activated with only a single type of external stimulus
which may be unable to satisfy the requirements of complicated constructs (Otrokov, et
al., 2018). The development of new formulations for existing reactive materials to provide
them with printability and multi-sensitivity is a future challenge for 4D printing.

The second factor limiting the development of 4D printing is the lack of complex
and appropriate deformation mechanisms and high precision multi-material 3D printers.
4D printing is a high-precision, rapid and customisable way to prepare monolayer/bilayer
smart hydrogels (Wu et al., 2018). The mathematical modelling supports for multilateral
design ensure the quality and responsiveness of the printed objects (Saritha & Boyina,
2021). However, complicated manufacturing process and diversity of materials seems to
be a difficult task for an ordinary 3D printer. As a result of the high price and advanced
technology of multi-layer 3D printers, they are not readily available. Currently, for some
complex 3D models, the existing multi-materials 3D printer is unable to supply suitable
support structures for intricate geometrical objects, resulting in printed structures or
objects that exhibit low geometric accuracy and fidelity.

Moreover, the existing deformation of 4D-printed parts is confined to a single
deformation. For many fields, only complex multi-dimensional variations can fulfil their
requirements. Hence, the design and fabrication of advanced 3D printers and the mastery
of new deformation mechanisms will be important directions to explore in the field of 4D
printing in the future (Ayushi et al., 2021). Designing 4D printing structures is another
important aspect of the 4D printing process. The lack of computational design and
simulation software to program time into structures in a systematic and controlled manner
is another issue that needs to be addressed in the field of 4D printing (Demoly et al., 2021).
These tools require a combination of information on material properties, the printing
process and designed structures. The current methods rely on several practical trials before

the desired deformation can be obtained, which is time-consuming (Otrokov, et al., 2018).
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Besides the challenge involved in materials, printing equipment and technologies,
other issues, including slow printing and response times, slow and inaccurate actuation,
high set-up costs and the inability to have control over intermediate states have all acted

as barriers to the adoption of 4D printing (Shahrubudin et al., 2020).

1.2 Aims and objectives of this study

Having extensively reviewed the literature for 4D printing, several limitations
have been identified. It is these limitations such as lack of multi-materials 3D printer and
printable responsive materials etc. that have allowed for clear and concise aims to be
proposed for this research study. Thus, for the development of a feasible scheme to achieve
4D printing and shape-shifting behaviour using temperature-responsive hydrogels the key
aims are as follow:

1. To develop a new temperature-responsive hydrogel formulations

(differentiation of NIPAAmM) as a candidate for 4D printing;

2. To develop formulations for the temperature-responsive hydrogels with
reasonable properties and printability, which allows the formulations to be
used with traditional 3D printing;

3. Without using multi-layer 3D printers, to develop more complex autonomous
shape-shifting behaviours for the temperature-responsive hydrogel.

Based on the proposed the aims of this study. The objectives of this body of

research are summarised below:

1. To prepare both physically and chemically crosslinked photopolymerisable
NVCL smart hydrogels;

2. To characterise the thermal, mechanical and swelling behaviour of the
synthesised hydrogels and select formulations that can potentially be used for

4D printing;
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3. To design and create complex shaped objects via 3D printing techniques and
to detect the change of state for the printed object as the temperature rises and
falls;

4. Toexamine the effect of NVCL properties prepared via stereolithography and
UV chamber polymerisation;

5. To implement the shape shifting behaviours using NVCL-based gels and

develop demonstrators for those deformable objects.

1.3 Definition and history of hydrogels

“Hydrogels as three-dimensional crosslinked hydrophilic polymer networks are capable
of swelling or de-swelling reversibly in water and retaining large volume of liquid in
swollen state.” (Ahmed, 2015)

As a polymeric material, hydrogels are defined as water-swollen, cross-linked
polymeric three-dimensional network structure established by the response of one or more
monomers. Hydrogels may be resistant to chemicals, or they can deteriorate, disintegrate,
and dissolve (Cal&& Khutoryanskiy, 2015). “Hydrogel”, as a term, was first used in print
in 1894 to describe a "colloidal gel of inorganic salts". Because the good biocompatibility
and good degradability, hydrogels have received widespread attention and are widely used
in biomedical engineering (Su et al., 2023). The present knowledge of hydrogels for
biological applications was discovered in 1960 (Lee et al., 2013; Liu et al., 2022). As
mentioned in the introductory quote of this paragraph, hydrogels are capable of absorbing
large volumes of water due to crosslinking between the hydrophilic functional groups
linked to the polymer backbone (Shin et al., 2010; Michalik & Wandzik, 2020). Since the
beginning of human activity on the planet, hydrogels have been discovered in nature
(Ratner & Zhang, 2020).

The classification of hydrogels is quite a broad area of categorisation and is

displayed graphically in Figure 1-1. The categorisation of hydrogels may be performed
4
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based on their configuration, physical appearance, network electrical charge or origin
(Khansari et al., 2017). They may be further subdivided into being homopolymeric
hydrogels, copolymeric hydrogels, and multipolymer interpenetrating polymer networks
(IPNs) on the polymer composition. Commonly, hydrogels may be classified as one of
two categories corresponding to the types of crosslinking agent — physically or
chemically crosslinked (Bustamante-Torres et al., 2021). The configuration can be a
criterion for classification as well — they may be amorphous, semi-crystalline, and
crystalline. Hydrogels can be cationic, anionic, or neutral, depending on the charges on the
bonded groups (Ullah et al., 2015; Ahmed, 2015; Sanchez et al., 2021).

By definition, hydrogels are regarded as a hydrophilic network with an elastic
structure produced by crosslinking; thus, crosslinking is the primary method of hydrogel
preparation. To synthesise the crosslinks, the polymer chains may attach via a chemical
reaction or ionising radiation to build main-chain free radicals and physical interactions
such as entanglement or crystalline formation (Ahmed, 2015). Hydrogels have been used
since their discovery to the present day (Kim & Park, 1998; Juan Liu et al., 2015; Yuanfen
Liu et al., 2022). They are generally biocompatible, and the breakdown products produced
have a minimal toxicity potential. The qualities of degradation products produced can also

be altered by choosing the right starting ingredients for hydrogels (Akhtar et al., 2016).
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Figure 1-1 Classification of hydrogels by different factors (Ullah et al., 2015).
1.3.1 Physically and chemically crosslinked hydrogels

An innovative trend in the polymer industry is that of polymerising the monomer
with various initiators to create a new polymer which possesses different structures and
performances (Nowak et al., 2017). Crosslinking is a connection that connects one
molecular chain to another. It is a steady process in polymer chemistry that results in the
multi-dimensional expansion of polymeric chains to construct mesh structures (Maitra &
Shukla, 2014). Akhtar et al. (2016) and Ebara et al. (2014) summarised several approaches
to forming physical or chemical crosslinking.

Figure 1-2 demonstrates the principle of physical and chemical crosslinking. The
transient junctions of physically crosslinked hydrogels are always achieved due to
molecular entanglements or secondary forces — such as ionic interactions, H-bonding, or
hydrophobic forces (Ahmed, 2015; Soni et al., 2021). These gels are always degradable

and the interaction can be collapsed in response to the temperature, pH and solution
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concentration etc. (Hoffman, 2012; Caldé & Khutoryanskiy, 2015). Controlling
degradability is desirable for many applications, such as a drug delivery system (DDSs).
Additionally, the dissolution can be prevented by physical interactions between the
polymeric chains (Varaprasad et al., 2017). Freeze-thawing can achieve physical
crosslinking as well and under repeat freezing and thawing cycle conditions microcrystals
are generated. The relative ease of production and the absence of crosslinking agents
during synthesis are among the advantages of physical crosslinking. Compared with other
physical crosslinkers with the presence of strong hydrogen bonds, polyurethanes (PUs)
possess significant biocompatible and mechanical properties (Xie et al., 2019). PUs can
be used as excellent physical crosslinking agents in the synthesis of hydrogels to enhance
mechanical integrity (Patel & Mequanint, 2011; Claudio-Rizo et al., 2021). In summary,
without any addition or chemical modification, physically crosslinked gels can be formed
by interactions. However, because of the difficulties in decoupling the variables, flexibility
and mechanical strength are limited (Ebara et al., 2014; Xia et al., 2018).

To initiate chemical crosslinking, low molecular weight (Mw) crosslinking agents
and polymers are chosen for incorporation into the reaction mixture (Ullah et al., 2015;
Wegrzynowska-Drzymalska et al., 2020). Furthermore, the covalent connection between
polymer chains can be built by the reaction of the functional groups. These two methods
are called radical polymerisation. Moreover, enzymes can be used as catalysts to
synthesise chemically crosslinked hydrogels. Compared with physical methods, the
chemical route provides very good regioselectivity to hydrogels, particularly via the
Michael addition reaction (Hennink & van Nostrum, 2012; Stojkov et al., 2021).
Chemically crosslinked gels are permanent and stable and, due to the existence of covalent
bonds, cannot be dissolved in any solvent (Varaprasad et al., 2017). On the contrary, they
swell due to the thermodynamic compatibility (Brannon-Peppast, 1991; Lusina &

Ceglowski, 2022). Solubility counteracts the balance by the elastic retraction force of the
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crosslinking points in the network. The swelling stops when these forces are equal (Ullah
et al., 2015). Depending on the type of the chemical bonds and the crosslinks, chemical
crosslinking provides a relatively robust mechanical property and stability for hydrogels,
but the chemical agents are generally toxic (Akhtar et al., 2016). The chemical agents link
the two molecules together and are usually obtained via reacting with other entities,
including proteins, peptides, active pharmaceutical ingredients (APIs), nucleic acids and
solid particles (Back et al., 2003). The chemical hydrogels are able to be produced by
crosslinking the water-soluble polymer or, alternatively, by transferring the hydrophobic
polymers to hydrophilic form in a crosslinking network (Hoffman, 2012; Asghar et al.,
2018). A successful crosslinking has to retain several circumstances — side-chain groups
must be acceptable to the agent, such as carboxylic acids and primary amines; besides, the
distance span of them must be in crosslinker spacer chains and generate a special or limited

number of conjunctions (Maitra & Shukla, 2014).

Chemical
crosslinking

Crosslinkable “Crosslinker”

functional groups Backbone Chemically

crosslinked segments

Physical

Electrostatic interaction
“physical crosslinking™

Monomer chains

Figure 1-2 The principle of physical and chemical crosslinking (Fajardo et al., 2013).
Table 1-1 demonstrates the typical physical and chemical crosslinking processes.
For physically crosslinked hydrogels, due to the diminished capacity of the individual
chain movement, a liquid or sol state polymer is capable of being transferred to a solid or
gel state. Additionally, with increasing molecular weight, the chemically crosslinked

polymer will have high mechanical strength and the ability to resist heat, wear and solvent
8
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erosion (Liu et al., 2001; Chen et al., 2022). However, the hydrogels synthesised by
crosslinking have poor cell adhesion performance. At the same time, it is difficult to find
a non-toxic crosslinker to eliminate the toxicity of crosslinking agents for application to
the medical industry (Patel & Mequanint, 2011). In addition, another restriction of photo-
crosslinking is that light cannot penetrate deeply into a material, resulting in an incomplete
or failure crosslinking (Bhattacharjee & Ahearne, 2021).

Table 1-1 Approaches for synthesising physically and chemically crosslinked hydrogels (Ebara
etal., 2014).

Physically crosslinked hydrogels

lonic interaction (alginate, etc.)
Hydrophobic interactions (PEO-PPO-PEOQ, etc.)

Hydrogen bonding interactions (PAAc, etc.)

Stereocomplexation (enantiomeric lactic acid, etc.)

Supramolecular chemistry (inclusion complex, etc.)

Freeze-thawing (PVA, etc.)

Chemically crosslinked hydrogels

e Polymerisation (acryloyl group, etc.)
e Chemical/Radiation grafting (Chitosan, NVCL etc.)
e Small-molecule crosslinking (glutaraldehyde, etc.)

e Polymer-polymer crosslinking (condensation reaction, etc.)

1.3.2 Preparation and characteristics of hydrogels

There are two general schemes used to establish hydrogels; (i) Polymerisation of
hydrophilic monomers and (ii) Modification or functionalisation of existing polymers
(natural or artificial) (Ullah et al., 2015; Ahmed, 2015).

Hydrogels can exist as either natural or synthetically derived materials. The two
most commonly used natural materials utilised for the synthesis of hydrogels are
polysaccharides and polypeptides. Figure 1-3 shows example of mechanisms for hydrogel

preparation by free radical polymerisation. The natural-based hydrogels are usually
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synthesised by synthetic parts with the natural substrate — for example, graft
copolymerisation of vinyl monomers on polysaccharides (Ahmed et al., 2013). The free-
radical multifunctional vinyl monomers are the best-known and most widely used means
of producing synthetic hydrogels. Each monomer has an active carbon double bond centre
that can propagate to form polymer chains. The way to produce active centres depends on
the solvents, reaction conditions, and specific monomers, and can be achieved by heat
(thermal-initiators), light (photo-initiators), enzymes (bio-initiators) or electron beams
(Saxena, 2010; Chen et al., 2016; Ribas-Massonis et al., 2022).

In an equilibrium state, the synthetic-based hydrogel structures can contain
varying quantities of water (Zainal et al., 2021). As synthetic hydrogels have greater gel
strength, high water absorption, and longer service life, they have gradually replaced the
natural hydrogels to become the leading product. In addition, the structure of synthetic
hydrogel can be amorphous, semi-crystalline and crystalline which can be modified to

produce unique performance and function (Ahmed, 2015).

a. Initiation = S,0Og2~ ——=— 2(eSO,7)

b. Propagation @™ +eSO, —=— eMSO,"

C. Particle nuclueation M + eMSO,;~ —— oM, ., SO,

=, Lo
IR AN

S
d. Particle aggregation

e. Particle growth

Figure 1-3 Example of mechanisms for hydrogel preparation by free radical
polymerisation (Ullah et al., 2015).
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1.3.3 Applications of hydrogels

During the reaction process of hydrogel synthesis, a portion of monomer remains
unreacted. This unreacted monomer may lead to hydrogel toxicity and, as such, these
hydrogels should undergo a purification process. This purification is commonly performed
by extraction into excess water (Caldo & Khutoryanskiy, 2015). There are several
approaches by which the purification process may be enhanced or avoided altogether. One
such method is to add a new process and maximise the degree of monomer conversion —
for example, irradiation or heat treatment of products. Alternatively, it is possible to choose
non-toxic monomers, such as poly(acrylic acid) (PAA) and poly(vinyl alcohol) (PVA), to
avoid purification (Park & Nho, 2003; Mao et al., 2022).

However, due to their characteristics, hydrogels are most frequently used in the
biomedical field in wound dressings, medication delivery, tissue engineering (Cald &
Khutoryanskiy, 2015; Aswathy et al., 2020), dyes for encapsulating cells (Akhtar et al.,
2016) and diagnostics (Taylor & Dua, 2020). Hydrogels can also be used for sealing, coal
dewatering, artificial snow, and the agriculture industry (Varaprasad et al., 2017), and they
can be used to make contact lenses and hygienic products (Chen et al., 2020). In addition,
there is a lot of literature available on natural hydrogels prepared from food biopolymers
(proteins and polysaccharides) (Ahmad et al., 2019; Y. Cao & Mezzenga, 2020). Due to
the diversity of hydrogel structures, it brings a wider scope for functional modulation,
which opens the door to the application of hydrogels in the food sector (Li et al., 2021).
For instance, Wang et al. (2019) formed a 2D molecularly imprinted photonic crystal
hydrogel sensor for the detection of oxytetracycline in milk (Wang et al., 2019).

A drug release model is exhibited graphically in Figure 1-4. A major aim of drug
delivery research is to investigate innovative drug delivery methods or devices to treat and

support patients (Lee et al., 2013). The loading and subsequent release of API from
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hydrogels is due to their porous structure which may be adjusted through alteration of the

crosslinking density of the polymer matrix and the affinity for water.

Hydrogel and —_—

Hydrogel and
A Drug diffusion from the
- ®  matrix containing the
. a dispersed drug

Figure 1-4 Drug release from matrix systems (Cal&6& Khutoryanskiy, 2015).

The advantages of hydrogels for drug delivery applications include the possibility
of sustained release, which leads to the consistent maintenance of high local concentrations
of active pharmaceutical ingredients (Hoare & Kohane, 2008). The release of API from
hydrogel-based DDSs can be a result of several mechanisms such controlled diffusion,
controlled swelling of the hydrogel matrix or, chemically controlled or environmentally-
responsive (Cald & Khutoryanskiy, 2015). An example of a hydrogel-based DDS
is a self-regulating insulin delivery system. A self-regulating insulin delivery system or
the creation of an artificial pancreas would be good examples of this in practice. (Lee et
al., 2013). Such self-regulating DDSs are comprised of “smart” hydrogels. The family of
smart hydrogels are those of which have the ability to react to small changes in the
surrounding environment and subsequently undergo a large change in physicochemical
properties, degradation, sol-gel phase transition, and transformation in morphology. The
properties can be optimised for safety reasons, biodegradability, drug-loading ability and
control of drug release. The creation of unique formulations that controls release rate of
API or adjusts itself to the environment has become an area of significant interest for new

smart hydrogels.
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An excellent example of the future outlook of DDSs is the aforementioned self-
regulating insulin delivery system. The release of insulin depends on the glucose (Glu)
concentration in the blood-balanced environment. If Glu concentration increases, the right
amount of insulin must be released to reduce the Glu concentration. Once Glu has dropped
to normal levels, the system should be switched off to avoid hypoglycaemia. Therefore,
controlling the time, speed and amount of insulin release are crucial (Lee et al., 2013). To
date, 3D bioprinting using hydrogels ushers in a new age of tissue engineering and
regenerative medicine. Although some human-scale tissues have been successfully
generated, 3D bioprinting is still in its early stages of development. Currently, the selection
of printing materials is based mostly on their biocompatibility with cell growth, function,
and printing qualities such as viscosity, extrudability, and post-printing stability. The most
recent achievement in chemical synthesis is the development of a functionally adaptable
material that reprograms its structure and functioning in response to external stimuli —
however, current discoveries of "4D bioprinting" are far from producing a practical

human-scale tissue construct (Unagolla & Jayasuriya, 2020).

1.4 Stimuli-responsive polymers

Polymers offer many uses for humans. Stimuli-sensitive polymers are one type
of smart polymer, where properties are altered (e.g. solubility or shape) according to
changes in the surrounding environment, including temperature (Nastyshyn et al., 2022),
electrical field (Mokhtar et al., 2021), PH (Deirram et al., 2019), solvent (Meng & L1,
2013) and light (Stoychev et al., 2019). The stimulus can first be observed at the molecular
level. As many molecules change, the performance of the material changes to a different
state. The response time of different materials to the stimulus is also different, and the
response occurs at different levels, usually involving multiple processes. Not all materials
are capable of responding to stimuli. In some cases, the material requires passing through

a physical process to obtain stimuli-responsiveness (Roth & Lowe, 2017).
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The potential stimuli and responses for the stimuli-responsive polymers are
represented in Figure 1-5. In the last ten years, a series of smart materials have been
developed. Sun et al. (2019) critically evaluated the state-of-the-art synthetic strategies
that enable stimuli-responsive polymers and summarised the various stimuli that can
induce transformation as well as examining recent advancements and future directions
(Sunetal., 2019). Moad et al. (2017) introduced a reversible addition-fragmentation chain
transfer (RAFT) method, which is a process of free radical polymerisation to form stimuli-
responsive polymers. One major application branch of stimuli-sensitive polymers is the
biomedical field, where changes in conformation or solubility would alter the
hydrophilic/hydrophobic balance or release of a bioactive molecule (Schmaljohann, 2006;

Sarwan et al., 2020; Husseiny et al., 2022).

STIMULI RESPONSES
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Figure 1-5 The stimulus and responses to stimuli-responsive polymers (Schmaljohann,
2006).

There has been a lot of interest in pH-sensitive hydrogels for medication targeting
and controlled-release applications among other stimuli-sensitive hydrogels. Changes in
ambient pH can alter the ionisation of pH-dependent hydrogels, causing
swelling/deswelling, which can then be employed as a drug release regulator (Bazban et

al., 2017).
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1.4.1 Temperature-responsive polymers/gels

Temperature-responsive polymers are polymers whose physical or chemical
properties are changed with temperature (Brighenti & Cosma, 2022). Water-soluble
polymers have been extensively investigated due to their wide range of applications in
medicine, biotechnology, ecology and pharmacology. H-bonding between the hydrophilic
regions of the polymer chain and water molecules is effective at low temperatures. When
the temperature is increased, there is a partial displacement of water from the polymer coil.
Water displacement weakens the H-bonds and improves interactions between the
hydrophobic segments of the polymer macromolecules. The internal and intermolecular
hydrogen connections between the hydrophobic portions of the polymer molecules cause
polymer collapse, aggregation, and phase separation. H-bonds are reorganised around the
non-polar polymer. The polymers form a separate phase in solution and change their
conformation from the coil to globule (Quoika et al., 2020). The temperature at which
phase separation occurs is taken as the critical solution transition temperature. Hydrogels
as a prototype are most frequently applied in biomedical applications where they
swell/shrink in water when they meet the desired temperature (Killion et al., 2013; Sarwan
et al., 2020).

Poly (N-isoropylacrylamide) (PNIPAAmM) is the most commonly researched
temperature-responsive polymer as its phase transition temperature is close to
physiological temperature (Alarcén et al., 2005; Ortega-Garc & et al., 2022). When the
temperature increases beyond the transition point, the stored API is released. In recent
years, temperature-responsive polymers have been formed into nano and hyperbranched
sizes. Wang et al. (2017) reported two different approaches to synthesise hyperbranched
temperature responsive polymers:

1) Modification moieties resulting in temperature sensitivity;
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2) The dendritic polymer's backbone can be designed to be temperature sensitive by
adjusting the hydrophobic/hydrophilic balance and distribution.

Other polymers such as poly(N-vinylcaprolactam) (PNVCL), poly(ethylene
glycol) (PEG) or poly(ethylene oxide) (PEO) and poly(propylene oxide) (PPO) can exhibit
the temperature-responsive nature (Marsili et al., 2021), the chemical structures of which
are shown in Figure 1-6. In an aqueous solution, the performance of smart polymers which
are sensitive to temperature become active at the lower critical solution temperature (LCST)
(Roth & Lowe, 2017). This means that the hydration is high in the low temperature region

and phase separation occurs upon heating (Messing & Schmidt, 2011).

(A) (D) (E)
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Figure 1-6 The chemical structure of typical temperature responsive polymers: (a)
Poly(N-isopropylacrylamide); (b) Poly(N,N -diethylacryamide);(c) Poly(N-
vinylcaprolactam); (d) Poly(ethylene glycol); (e) Poly(propylene oxide).

1.4.2 Lower and upper critical solution temperature

At a certain temperature, polymers are compatible with a solvent. The critical
solution temperature (CST) is the temperature at which the polymer solution undergoes
phase separation. As can be seen in Figure 1-7, the temperature, at which the polymer
dissolves and subsequently undergoes phase separation, is deemed the Lower Critical
Solution Temperature (LCST). Conversely, should the polymer dissolve above a specific
temperature, this point is deemed the Upper Critical Solution Temperature (UCST)

(Bordat et al., 2019).
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Figure 1-7 A plot of typical phase behaviour of polymer binary solution (Mao et al., 2016).

This phenomenon can be explained as follows. Gibbs presents an equation
applied to the phase behaviour of any mixture at a constant pressure P and temperature T
(Lemanowicz et al., 2014; Takeuchi, 2020).

AG = AH —TAS Equation (1)

Where: AH and TAS are the enthalpy and entropy of mixing respectively.

Typically Figure 1-8 displays the state change of a molecular chain below and
above LCST. Water loses entropy when it is hydrated to the polymer chains, which results
in the free energy (AG) of dissolving the polymer in water becoming negative at lower
temperatures. As the temperature increases, the enthalpic interaction will decrease. More
importantly, however, the entropy term (-TAS) will become dominant, thereby leading to
positive free energy of mixing and, thus, to phase separation (Hoogenboom, 2014). For
example, when the temperature exceeds the critical point, the LCST response polymer
solution changes from transparent to opaque. As the temperature increases, water is
repelled from the polymer chains and the H-bonds collapse (positive enthalpy)
(Lemanowicz et al., 2014), and the increase of water molecules leads to the increase of

entropy. In general, a homogenous and transparent solution can be observed below LCST
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while higher temperatures cause the polymer to become insoluble in water and change to

milky white (Garc B-Pef®s et al., 2019).
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Figure 1-8 The state of the molecular chain below and above LCST (Alarcn et al., 2005).

When T>Tcst, polymer transfers spontaneously from a soluble and elongating
chain to an insoluble shrunken mass curl (Messing & Schmidt, 2011). Differential
scanning calorimetry (DSC) and turbidimetric detection are commonly used techniques
for detecting phase transition temperatures in aqueous solutions. The specific phase
transition temperature is also called cloud point temperature (T¢p) (Pelosi et al., 2021). The
LCST of temperature-sensitive polymers may additionally be determined utilising
technique such as transmittance, viscosimetric (Can et al., 2015), dynamic light scattering
(DLS) (Ram Tez-Jiménez et al., 2019) and pH measurement (Lemanowicz et al., 2014).
Other methods, such as nuclear magnetic resonance spectroscopy (NMR), or fluorescence
spectroscopic and X-ray scattering methods, are frequently utilised to gather specific
information on the nature of the transition (Thompson et al., 2019). NVCL exhibits a well-
defined LCST in water and each chain shows a sharp coil-to-globule transition when
heated to 33<C (Mohammed et al., 2018). By integrating comonomer units, the LCST can
be increased to 37C (Gonzalez-Urias et al., 2022). Due to the local structural
transformation of water molecules around a specific part of the polymer, LCST type
systems are far more concentrated than those showing UCST transitions (Strandman &

Zhu, 2015).
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LCST and UCST transitions differ in that the LCST transition is a cooperative
entropy driven process whereas the UCST transition is an enthalpic process (Pietsch et al.,
2010). Zwitterionic polymers, which consist of strong intermolecular H-bonds, would

shrink at a temperature<<UCST and swell at a higher temperature (Zhang & Hoogenboom,

2015). The phase transition temperature of UCST polymer is sensitive to external

environment factors which has led to such materials not finding widespread use as of yet.

1.4.3 Adjustment of LCST

Due to the aforementioned issue, there are substantially fewer reports on the
UCST-type systems in aqueous solutions than on polymers displaying the LCST transition.
As a rule of thumb, it can be taken that better hydrated polymers have a higher T, than
poorly hydrated polymers (Hoogenboom, 2014). Indeed, depending on the polymer
functionality and application field, the value of LCST can be tailored. The LCST transition
behaviour can be explained by a local structural transition involving water molecules
surrounding a specific segment of the polymer (Strandman & Zhu, 2015), which depends
on the delicate balance between polymer-solvent H-bonding and hydrophobic and
hydrophilic polymer-polymer interactions (Nigro et al., 2017). Furthermore, the LCST can
be adjusted by other factors, such as Mw, polymer architecture, end groups (Furyk et al.,
2006; Mohammed et al., 2018), neighbouring blocks and possible linkers in the case of
block copolymers, concentration, spatial separation between the co-monomers, and the
presence of salts or additives (Strandman & Zhu, 2015). In general, the LCST for
temperature-responsive polymers will decrease when polymerised with a more
hydrophobic monomer and increase with a more hydrophilic monomer (Frazar et al., 2020).

The phase transition behaviour of PNVCL can be modified by various methods.
Anufrieva et al. (2001) found that utilising N-vinylpyrrolidone (NVP) as a comonomer led
to an increase of LCST of PNVCL from 33<C to 80<C while, for NVCL copolymers with

the concentration from 15 to 66 mol% vinyl acetate (VAc), the LCST gradually decreased
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from 30 to 5C (Norma A Cortez-Lemus & Licea-Claverie, 2016). This alternation in the
LCST of polymers has similarly been shown when incorporating various salts into the
formulation. Maeda et al. (2002) found that the transition temperature decreases with the
addition of KCI or KF and increases with the addition of KBr or KI. Another interesting
result was obtained by Kirsh et al. (2001), who reported that n-propanol and tertbutanol
will decrease the LCST even further, to 10-12<C. However, the same alcohol at
concentrations >20 mol% will improve the PNVCL solubility and increase the LCST
to >60-80<C (Norma A Cortez-Lemus & Licea-Claverie, 2016).

Sabrina et al. (2005) reported that saccharide molecules will affect the LCST
polymer system and will induce the disruption of the H-bonding between polymer and
water molecules in solution and, therefore, will decrease both inter- and intra-molecular
hydrophobic interactions; in other words, the phase transition temperature is being altered
(Belbekhouche et al., 2013). Alternation in the balance of hydrophilic/hydrophobic
molecular fragments is not the sole method of controlling the LCST. It also depends on
Mw, polymer pattern, functional groups, neighbouring blocks and possible linkers
(Strandman & Zhu, 2015). Furyk et al. (2006) found that the LCST of temperature-
responsive polymers with My, above 50,000 are affected by changes in polydispersity and
Mu; for lower My specimens, the change can be seen by altering end-group structure and

polarity.

1.5 Main polymers used in this study

1.5.1 N-vinylcaprolactam

N-vinylcapralatam (NVCL) is a temperature-sensitive monomer with an
amphiphilic performance composed of a vinyl group and seven ring members. It consists
of six carbon atoms (C) and one nitrogen atom (N), the only N atom connected to a vinyl

group. Additionally, a seven-number NVCL ring includes the rigid amide group connected
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to the double bond — therefore, for the combination, the “chair” conformation is the most
favourable one (Figure 1-9). Kirsch et al. (1999) used the quantum-chemical method and
x-ray analysis to express confirmation of a type of NVCL (Kozanoglu, 2008).
Polymerisation occurs at the carbon-carbon double bond of the vinyl group, which ensures
the balance of hydrophobic (the presence of the vinyl group) and hydrophilic (the presence

of carboxylic and amide group).

Figure 1-9 (L) Structure of NVCL determined by quantum-chemical calculation; (R)
Structure of NVCL determined by x-ray (H. B. Sun et al., 2008).

1.5.2 Poly (N-vinylcaprolactam)

Poly (N-vinyl caprolactam) (PNVCL) is a temperature-responsive polymer. It is
well-known for its exceptional biocompatibility, solubility, thermosensitivity, and non-
ionic and non-toxic properties. PNVCL presents a LCST in solution (32-34<C). Due to
this, PNVCL is fabricated into hydrogels by both chemical and physical crosslinking and
researched extensively for drug delivery applications (Halligan et al., 2017). PNVCL is
compared with the most commonly used temperature-responsive polymer poly PNIPAAM.
PNVCL is hydrophilic and water-soluble at room temperature, gradually becoming
hydrophobic and insoluble as the temperature increases (Alarcén et al., 2005). However,
due to the difficulty of synthesising copolymer via NVCL monomer, PNVCL has received
less attention compared with PNIPAAm (Norma A Cortez-Lemus & Licea-Claverie,

2016).
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In the case of LCST-types polymers, the amphiphilic groups cause the
temperature sensitive behaviour. Polymer chains are soluble in an aqueous medium at low
temperatures but become insoluble while heating, and the transition from coil-to-globule
occurred (Nizardo et al., 2022). In an aqueous solution, chemically crosslinked hydrogel-
based PNVCL exhibits swelling or de-swelling phenomena when the temperature is
increased to a critical point. Free radical polymerisation is a well-established method for
preparing PNVCL homopolymers and copolymers (Figure 1-10)(Halligan et al., 2017;
Fallon et al., 2019; Gonzdez-Ay et al., 2020; Gonzalez-Urias et al., 2022). Furthermore,
it has been indicated that PNVCL is biocompatible and thermosensitive. Thus, it may be
widely applied in the biomedical and environmental field (Norma A Cortez-Lemus &

Licea-Claverie, 2016).
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Figure 1-10 The preparation of PNVCL by free radical polymerisation.

For the preparation of PNVCL, NVCL is an soluble amphiphilic monomer, which
is soluble in both polar and non-polar solvents (Vihola et al., 2008). Its free radical
synthesis has been performed in different media — bulk, toluene, benzene and water
provide outstanding media for it. The concentration of the solution determines the My and
dispersity of the sample post-synthesis. Nevertheless, due to its degradable performances,
PNVCL has been blended with other additives or materials to form a new temperature-
sensitive copolymer, such as poly (ethylene glycol) (PEG) (Halligan et al., 2017), vinyl
acetate (VAc), methacrylic acid (MAA) (Liu et al., 2016) and a-azide terminated poly

(oligo(ethylene oxide) methyl ether methacrylate (Ns-POEOMA) (G@Gs et al., 2016). This
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series of composites have been used in DDSs. Ultraviolet (UV) light is usually capable of
creating the physical or chemical crosslink between monomers, crosslinkers and initiators.

PNVCL is fabricated to produce different forms with other substances to form
various copolymers. The different forms of PNVCL are displayed graphically in Figure
1-11. Henna et al. (2007) reported that, when compared with pure PNVCL, a copolymer
PNVCL-C11EO4 allows for more opportunities for H-bond generation due to the CEO.
This in turn allows for creation of a more stable structure, which results in a steady and

sustained drug release.
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Figure 1-11 Poly(N-vinylcaprolactam) (PNVCL) in different architectures (Norma A
Cortez-Lemus & Licea-Claverie, 2016).

1.5.3 Photoinitiators

The technology of radiation curing has evolved from an esoteric research
speciality into a major industrial development and is now a core sector in polymer science
and technology. Applications include barrier coatings, paper, board and metal coatings,
dentistry, imaging science and printing. Inherent in these technologies is the use of a
photoactivation system which is capable of absorbing the incident ultraviolet (UV) or
visible radiation wavelengths employed for converting a monomer or prepolymer system

into a crosslinked network (Wang et al., 2021). The key property of a photoinitiator is that
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it will not react with the monomer itself — the photoinitiator must first absorb UV light to
form free radicals/ions. The UV curable resin must be exposed to light of the correct
wavelength and of sufficient intensity to ensure the photoinitiator reacts correctly (Huang
et al., 2015). Photoinitiators (PI) are necessary for the photopolymerisation processes.
They absorb light and are typically added as additives into the solution (Xiao et al., 2015).
The selected Pl is unique, depending on the wavelength and application area. Mondschein
et al. found that the photoinitiator Irgacure 2959 had minimal toxicity compared to
Irgacure 184 and Irgacure 651, when employing these Pl in six cell populations
(Mondschein et al., 2017). Knowlton et al. (2017) evaluated the effect of various
wavelengths in the crosslinked polymer chain on photocuring efficiency. The authors
found that, as the wavelength increases from 295 to 635 nm, the efficiency decreased.
Radical photoinitiating systems are commonly classified according to the nature of the
mechanism that produces the free-radical intermediates upon irradiation of the initiators.
The mechanisms characterising the classes of photoinitiators are photofragmentation that
generates radical pairs through a highly efficient a-cleavage process (type 1) and hydrogen
abstraction from donor molecules (type Il) (Kabatc, 2017). The Norish type I initiators are
typically compounds containing benzoyl groups. The carbonyl group of the initiator
absorbs a photon and is converted into an excited state. Two other common Norish type |
initiators  are  1-hydroxycyclohexylphenyl-ketone and  2-hydroxy-2-methyl-1-
phenylpropanone. Both are soluble in many solvents (monomers) and can be used in
combination with other initiators. Common type Il photoinitiator systems include
benzophenone and its derivatives, and isopropyl thioxanthone in combination with a
synergist such as tertiary amines. The amines function as active hydrogen donors for the

excited photoinitiators (Bastani & Mohseni, 2015).
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Table 1-2 Common photoinitiators with their corresponding wavelength peak and properties

(Mondschein et al., 2017).

Photoinitiater

Wavelength Peak

Properties
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375 nm

380 nm

3E5 nm

514 nm

= One of most common initiators
» Least toxic of lgracures

= More cytotoxic than Irgacure 2959

s More cytotoxic than Irgacure 2959

« More cytotoxic than Irgacure 2959

» Can absorts blue light

= Relatively high water solubiliny
= Initiate in visible light region

= Low yellowing
= Warer miscible

= Marrow activation range

= Usable with green light
» Less toxic than Irgacure 2959

1.6 Photopolymerisation

Photopolymerisation, a ubiquitous free radical polymerisation method, was

widely used in the preparation of materials in the 1940s such as coatings, adhesives and

printing ink (Nowak et al., 2017). The primary materials that can be utilised in

photopolymerisation are liquids, such as radiation-curable resin and photopolymer

solutions. It is a complex process involving many chemical participants. Upon irradiation

in the specific wavelength range of UV light or visible light, such polymers undergo a

chemical reaction and solidify into a solid. This kind of response is called

photopolymerisation (Gibson et al., 2010). A UV curable mixture must contain a

photoinitiator which is used to initiate the photopolymerisation of chemically

multifunctional oligomers or prepolymers (Huang et al., 2015).
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Figure 1-12 shows the process of the photopolymerisation method. Compared to
the thermal polymerisation method, photopolymerisation occurs with a high cure rate at
ambient temperature. In addition, some temperature sensitive molecules — such as
pharmaceutical compounds, enzymes, peptides or proteins — can safely penetrate the
polymer during photopolymerisation (Pan et al., 2016). Additionally, compared to other
coating treatments, the use of free solvents, low energy consumption, low space
consumption, low cost and environmental friendliness are the main advantages of
photopolymerisation (Bastani & Mohseni, 2015). Currently, as different types of
monomers and initiators are developed, the curable composites can be processed by free
radical and cationic photopolymerisation mechanisms. Many free radical photoinitiators
can be selected and combined into several free radical photo curable formulations.
However, one paper pointed out that, for a free radical polymerisation, the reaction can be
inhibited by oxygen. Covering the coated surface with nitrogen or other inert gas allows

for fast cure rates and non-stick surfaces (Nowak et al., 2017).
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Figure 1-12 General presentation of photoinitiated polymerisation (Pan et al., 2016).

1.7 Three-dimensional (3D) printing

Three-dimensional printing (3D) technique, which is also known as additive
fabrication and rapid prototyping, is a fast way to create objects based on pre-designed
shapes and sizes. These processes may lead to the toolless production of finished goods

and the mass production of individually customised parts (Niaki et al., 2019). 3D printing
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has slowly evolved to create one-of-a-kind devices. Everything from small machine
components to large automotive and aerospace equipment can be created by 3D printing.
In the biomedical field, 3D printing technology can even be used to create therapeutic
devices that fit individual patient, such as customised implants, diagnostic platform,
scaffolds for tissue engineering and DDSs (Chia & Wu, 2015). With the continuous
development of science and technology, the 3D printer has evolved an ability to work with
a variety of types, from liquid resin to thermoplastic solid material. Each 3D printer
employs different methods and principles to process the entity model. The size, shape and
performance of the objects produced by each 3D printer are varied.

Table 1-3 Assessment criteria for each printing technique used for manufacturing (Hwa et al.,
2017).

Techniques SLA SLS SLM FDM 3DP
N Material
Laser source Laser source Laser source ANl o Material -
) ) | melt in ' jetting i
Technique schematic Liguid I p—— S LT L
resin hed bed — mm— =_—

Operating principle  Photo polymerization Powder sintering Powder melting Melt extrusion Power +binder deposition

Characterizations  Surface quality Average Good Poor Average Good
Post-finish Average Good Average Average Good
Accuracy Excellent Good Poor Average Average
Resistance to impact Average Good Good Good Low
Flexural strength Low Excellent Excellent Excellent Low
Prototype cost High High High Low Medium
Post cure Yes Yes No No No

The first 3D printing technology for pharmaceuticals used an ink-jet printer to jet
a liquid binder onto a powder bed, adhering particles together to form an agglomerated
mass (Martinez et al., 2017). Realising the multi-functionality and ductility of the 3D
structure created, researchers sought to improve the 3D printing technique by adding other
materials such as smart materials, biomaterials and nanomaterials (Lee & Chua, 2017). In
contrast with conventional manufacturing methods, 3D printing has the ability to
hierarchically construct intricate 3D patterns. However, material applicability is still a

limiting factor for additive manufacturing technology (Zhang et al., 2017). In the future,
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improvements in 3D printing will be sought to process higher dimensional accuracy and
improve the surface finish of production. In addition, utilising super sources (nanoscale
material, faster speed and lower energy consumption) to construct larger volume models
will be a challenge for the future development of 3D printing (Lee & Chua, 2017).

Table 1-4 Summary of the recent developments with novel materials in 3D printing (Lee
& Chua, 2017).

Specific material Process (ASTM) Application
Digital and smart materials ~ shape memory polymers  Vat Photopolymerization  Actuator, sensor, jewelry, gripper
Ceramic materials UV curable monomers Vat Photopolymerization Thermal protection
Electronic matierlas Silver nanoparticle Material jetting Thin-film translator, antenna emitter
Conductive polymer Material jetting Resistors
Quantum dot Material jetting Light emitting diodes
Biomaterials Hydrogels Material Extrusion Tissue engineering
Functional inks Material Extrusion Cardiac micro-physiological devices
Composite materials CB/PCL Material Extrusion Sensors
VeroWhite Plis & TangoBlack Material Jetting Fracture resistant composites
Plus
Barium titanate Vat Photopolymerization 3D piezoelectric polymers

nanoparticle/polyethylene
glycol diacrylate

1.7.1 Stereolithography (SLA)

Stereolithography (SLA) is a solid free formation technology and was first
exposed to the public in the early 1970s by a Japanese researcher Hideo Kodama (Sood et
al., 2010). Stereolithography (SLA) is a type of 3D-printing technique which works by
solidifying light-sensitive photocurable resin. Optical fabrication provides the capability
to print a part with high accuracy (Melchels et al., 2010). An ultraviolet (UV) laser can
solidify the photopolymer to create a link chain between molecules. The product is created
layer by layer following the shape and size of a virtual model, which is drawn in the
computer-aided design software (CAD) in advance (Chia & Wu, 2015). Following the pre-
designed model, the photopolymer resin is solidified by UV light to form a single layer
onto the surface of the photopolymer vat, then the elevator platform descends and repeats
the process to form a new layer until the actual object is built from bottom to top.

Removing the residual resin on the surface and the auxiliary layer used for building, the
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object is formed (Mondschein et al., 2017). A decade ago, a top-down system process
approach was also gradually applied to the technique of stereolithography (Figure 1-13).
This method did not require a large amount of resin and created a smooth surface on the

manufactured piece (Melchels et al., 2010).

computer—controlled\ 5 movable
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Figure 1-13 Schemes of two types of stereolithography setups. (L): a bottom-up system
with a scanning laser & (R): a top-down setup with digital light (Melchels et al., 2010).

The solid freeform technique has been expertly applied in electronics components,
jewellery manufacturing and the automotive and biomedical industries. Mondschein et al.
(2017) listed the limitations and requirements for fabricating scaffolds used for patient
tissue necrosis and reviewed the recent developments and prospects in tissue engineering.
The main benefit of SLA technique is the capability to print a part with high resolution.
Also, compared to the fused-deposition modelling (FDM) 3D printing, nozzle jamming
does not occur during the process (Wang et al., 2017). In addition, due to the complex
consolidation behavior and molecular diffusion of selective laser sintering (SLS) process,
SLA have relatively wider the choice of materials (Goodridge et al., 2011). Currently,
commercial SLA 3D printers do not allow the operator to program the printer’s parameters;
only specific resins can be used in specific printers. However, some studies have shown
that the quality of printed parts can be improved by replacing components or modifying
the parameters of the printers (Mart mez-Pellitero et al., 2017). The intensity of the laser,
laser scan speed and the content of oxygen can all affect the curing responses and quality

of the final objects (Manapat et al., 2017). The depth and efficiency of the polymerisation
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are impacted by adding varying photoinitiators or crosslinkers (Pereira & Batolo, 2015).
In the future, the development of a resin that could be applied to all SLA printers will be

a big challenge for all the 3D printer companies.

1.8 Fourth-dimensional printing

“The process of building a physical object using appropriate additive manufacturing
technology, laying down successive layers of stimuli-responsive composite or multi-
material with varying properties. After being built, the object reacts to stimuli from the
natural environment or through human intervention, resulting in a physical or chemical
change of state through time.”

(Pei, 2014)

Smart materials are those materials that can change their shape or properties under
the influence of external stimuli (Khoo et al., 2015). With the introduction of smart
materials, the AM-fabricated components are able to alter their shape or properties over
time (the 4™ dimension) as a response to the applied external stimuli (Momeni et al., 2017).
4D printed objects can be adjusted by exposing them to an environment in which pressure,
moisture, temperature, magnetic field, etc., changes (Gao et al., 2016).

4D printing was first initiated and described by a research group at MIT (Skylar
Tibbits, 2013). The fundamental building requirements of 4D printing are mathematical
modelling, smart material, stimulus, 3D printing facility, and interaction mechanism.
Mathematical modelling: the material and structural design relies on math to achieve the
desired change in shape, property, or functionality. Theoretical and numerical models need
to be developed to build the connections between four core elements: material structure,
desired final shape, material properties, and stimulus properties (Momeni et al., 2017).
The difference between the 3D and 4D printing is exhibited in Figure 1-14. Smart or
stimuli-responsive material: In an era of lack of multi-material 3D printers, smart material

is one of the most crucial components for 4D printing. These materials possess a number
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of capabilities, such as self-sensing, decision making, responsiveness, shape memory, self-
adaptability, self-repair and multi-functionality (Khoo et al., 2015). Stimulus: a stimulus
is required to induce the alterations of shape/property/functionality of a 4D printed
structure. The selection of the stimulus depends on the requirements of the specific
application which, in turn, determine the types of smart materials used in the 4D printed
structure. 3D printing facility: A 4D printed structure is usually created by integrating
several materials in the appropriate distribution into a single structure (Raviv et al., 2014).
The differences in material properties, such as swelling ratio and thermal expansion
coefficient, will lead to the desired behaviour. Therefore, 3D printing is necessary for the
fabrication of multi-material structures with straightforward geometry (Roy et al., 2010).
Interaction mechanism: In some cases, the desired shape of a 4D printed structure is not
directly achieved by merely exposing the materials to the stimulus. The stimulus is
required to be employed in a particular sequence for an appropriate amount of time, and

this is called an interaction mechanism (Momeni et al., 2017).
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3D printer:
To be able to print multi-
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> Smart static
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Mathematics:

Mainly an inverse problem to find
the printing paths

Figure 1-14 The difference between 3D and 4D printing (Momeni et al., 2017).
4D printing is a new technology with possibilities for development in the bio-

industry (Gao et al., 2016; Chua & Mironov, 2016; Sydney Gladman et al., 2016),

31



Literature Review

including cell encapsulation, tissue regeneration, drug delivery (Bakarich et al., 2015) and
functional heterogeneity (Kokkinis et al., 2015). Additionally, Zarek et al. (2016) have
successfully used a type of SMP called methacrylate semicrystalline oligomer melts to
form flexible and changeable geometries for electronic device parts by SLA (Zarek et al.,
2016). Yang et al. (2016) pointed out the appropriate parameters for the manufacture of
high-class SMP filament and examined the influence of different printing parameters on
the quality of printed parts in FDM (Yang et al., 2016). In the future, shoes may become
intelligent — such that when the user exercises, they provide additional support to ankles
or knees to avoid strain, or provide additional non-slip performance when walking in wet
weather. Such shoes would be able to transform their mode via changes induced by the
surrounding environment, such as force, pressure, temperature and humidity (Kayla
Matthews, 2016). However, the materials’ printable performance and satisfactory
properties (Khoo et al., 2015), the right ingredient ratio, mathematical model design and
complex preparation process are all necessary and would need to be explored continuously

(Momeni et al., 2017).

1.8.1 Shape-shifting materials & materials used for 4D printing

Shape-shifting of flat materials into programmed 3D configurations is an
emerging area of research that holds a lot of promise for the development of complex
materials with unprecedented functionalities and properties. A wide range of shapeshifting
phenomena is seen in nature and often originate from the spatial arrangement of the
structural elements and their differential responses to the various types of stimuli (van
Manen et al., 2018). Many plants (such as pine cone (Studart, 2015) and mimosa pudica
(Volkov et al., 2010)) use the principle of cellulose orientation to guide water-driven
deployment. The complex transformation behaviours is produced with more elaborate
cellulose arrangements (Oliver et al., 2016). Integration of 3D printing and active

polymers, together with the necessary mathematical modelling and sequential stimulation,
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allows the printed objects to transform between multiple configurations. These sorts of
geometrically changeable polymers are not new. In fact, active polymers have been
extensively investigated before 4D printing came into being. Three main classes of stimuli-
responsive polymers have been used in shape-shifting materials. First, the reversible
volumetric expansion or contraction of polymer gels has been widely used as a driving
force for changing the shape of materials (lonov, 2014). Many swellable polymers have
good biocompatibility as well as biodegradability, which makes them suitable materials
for biomedical applications (Liu & Urban, 2010). However, 4D behaviours can only occur
when such smart hydrogels are combined with soft and elastic materials. Dielectric
elastomers (DEs) and liquid crystal elastomers (LCES) are also active materials that have
the shape morphing capability upon triggering. LCE materials are composed of a liquid
crystalline material aligned inside a polymeric network. In contrast to most swellable
polymers, the response time of LCE is much shorter (Ohm et al., 2010). A third widely
reported class of active materials are shape memory polymers (SMP). Two key attributes
of SMPs are their ability to fix a temporary programmed shape (fixity) and to subsequently
recover the initial shape upon activation by a stimulus (recover) (Ge et al., 2016). Both
SMPs and LCEs can be printed to form a single-material structure and undergo morphing
afterwards. To date, SMPs and hydrogels are the two main active polymers used in 4D
printing. The most important feature that distinguishes SMPs from hydrogels is that the
shape shifting pathway for SMPs can be programmed after they are printed, a feature that
makes SMP attractive. However, most of the early studies on 4D printing focused on multi-
material structures which can either be a mixture of different active materials or a
combination of active materials and non-active materials (Wu et al., 2018).

Figure 1-15 gives a comprehensive summary of types of printers, stimuli,
materials and applications that have been used for 4D printing. In addition to the materials

mentioned above, a number of other materials have the potential to be used for 4D printing
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— such as wood, wax, fibres, plant cellulose, thermoplastic polyurethane (TPU) and
ferrofluids (Sharma & Singholi, 2019). Polylactic acid (PLA) is a biodegradable plastic
that is made into filaments for use in fused deposition moulding (FDM) 4D printing
systems (Deshmukh et al., 2019). In order to improve the shape memory effect of PLA,
Lai & Lan (2013) melt-blended TPU with PLA to form a shape memory bio-based mixture.
They found that the peak of the recovery stress largely corresponded to the predeformation

temperatures. As the temperature increased, the recovery stress was enhanced.

Figure 1-15 A summary of the types of printers, stimuli, materials and applications that
have been used for 4D printing (Kuang et al., 2019).

1.8.1.1 Shape memory polymers
“Shape memory polymers (SMPs) represent responsive polymers which can fix deformed
temporary shape and recover their original shape upon the external stimulus. ”
(Liu et al., 2010)
SMPs are easily confused with shape-changing polymers (SCPs). Compared
with the SMP, the shape change in SCP can only be converted to several stable states. In
other words, this shape change cannot be controlled externally after it is formed. It is a

non-programmable changing behaviour — however, under the influence of shape memory
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effect (SME), SMP possesses the ability to transfer the shape from a temporary to a
permanent state (Zhao et al., 2015). Figure 1-16 displays the common shape memory
effects of shape memory materials. In theory, this is a programmable cycle and the SMP
can recover its original shape several times (Hager et al., 2015). SMPs also possess some
distinct properties, such as that the density range must be between 900-1000 kg/m?, and 1-
3 MPa stress is required for the deformation and recovery process. In addition, SMPs are
able to withstand the deformation and can be processed into other polymer structures (Liu
et al., 2017). The literature shows that scientists have applied SMP in many areas, such as
biomedical installations, aerospace, textile, civil engineering, energy, electrical
engineering and daily necessities (Stuart et al., 2010; Zhao, Qi & Xie, 2015; Liu et al.,

2017).

Reprogramming
Stimulus required Stimulus

Onse“-nuéay @L M. [B l. | Triple SME ]

l Dual SME I

Stimulus on

L A
Two-way @\C No reprogramming (a) == = B

SME required

Stimulus off

Figure 1-16 Schematic illustrations of (L) one-way and two-way SME & (R) Dual and
Triple-SME (Hager et al., 2015).

SMPs consist of net points and molecular switches which are formed by either
chemical or physical crosslinking. These crosslinks contribute to the thermal transition as
switching domains. For thermoplastics, the formation of phase-segregated morphology is
the fundamental mechanism behind the SME of the material. For thermosets, the switch
segments of chemical crosslinks are the network chains between net points, and the
thermal transition of polymer segments is used as the shape memory switch. In comparison
with thermoplastics, thermosets usually display better chemical, thermal, mechanical, and

shape memory properties than thermoplastics (Lee & Chua, 2017).
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For applications, SMPs tend to be reversible multiple times without any human
intervention, which means that the temporary shape must reorganise itself and return the
shape to its initial stage (Hager et al., 2015). A new development trend in recent years is
multi-shape memory polymers (multi-SMPs) (Zhao et al., 2015). Liu et al. (2010)
examined the shape memory performance of polymers including polyurethanes,
polynorbornenes, styrene-butadiene copolymers, crosslinked polyethylenes and epoxy-
based polymers with shape memory performances. Generally, depending on the synthesis
route, the glass transition temperature (Tg) and melting temperature (Tm) are the two
typical phase shift temperatures of SMPs. According to Hager et al. (2015), the conversion
temperatures of different types of general SMPs are usually expressed in Tm or Ty.
Scientists have found that, by blending with metal, ceramics or inorganics, SMP
performance can be enhanced to form shape memory polymer composites (SMPCs). In
addition, polymorphic memory effects, space control shape memory effects, and two-way
shape memory effects have been the subject of the most innovative studies in the past few
years (Meng & Li, 2013). Temperature and extended light are reported to be the two
standard stimuli (Hager et al., 2015). In the future, scientists may look for alternative
stimuli to trigger shape changes. Exploring the new molecular structure or morphology of
SMPs and discovering new shape memory effects constitute the main direction of future

research (Khalid et al., 2022).

1.8.2 The deformation mechanisms of the shape-shifting behaviours for hydrogel-
based materials

Stimuli-sensitive hydrogels are named as one type of smart or intelligent polymer,

where size, shape, solubility, conductivity, permeability, viscosity, mechanics can be

altered, according to changes in the surrounding environment. Given the inherent water

absorption/release behaviour of hydrogels, the swelling and shrinking behaviour of

hydrogels have attracted a broad range of interest. However, since hydrogels are typically
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isotropic materials that normally undergo uniform volume swelling and shrinking under
stimulation, it is difficult to achieve asymmetric shape changes such as bending, curving
and buckling. This poses a challenge to achieve shape-changing behaviours using
environmentally sensitive hydrogels (He et al., 2019). Bending and buckling are two basic
deformation types. However, to date, scientists have created new transformations by
combining different arrangements of materials, such as folding, rolling, twisting, helixing,
curving, and waving. The strategies to achieve these changes are summarised in Table 1-
5. To address this issue, researchers designed hybrid hydrogels with different (or even
opposite) compositions and network structures, which introduces a new strategy for
achieving complex shape-shifting for intelligent hydrogels. The deformation occurs when
force is generated. Normally, an anisotropic deformation is often accomplished by
fabrication of two materials (Zhang et al., 2019). One is the active layer, made of stimuli-
responsive materials; the other is a passive layer and is often the layer with low stiffness
(for example rigid or soft materials). Once triggered by the activation stimulus, the
deformation is generated on the active layer and spurs the passive change which leads to
the change in the planer dimensions and curvature (Champeau et al., 2020). The curvature
of the multi-layer structures can be controlled based on the swelling ratio of the hydrogels,
thickness ratio, the stiffness of the materials and the shape and size of the designs, etc. By
inducing stress only in the desired directions, one additional programming parameter could
be included in the form of anisotropic material properties so that more complex
transformations could be achieved (Chen et al., 2016). The multilayer structure enables
accurate control in both directions and the amount of curving depends on the dimensions
and material properties. However, the high shear stress levels at the interface between the
layers and the multi manufacturing steps required are disadvantages of this type of

structure (van Manen et al., 2018).
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Noteworthy, the strategy of using a single-layer structure has also been proposed.
Instead of incorporating multiple different materials into a multilayer structure, a gradient
in the material properties of a single-layer structure can be used to produce a stress gradient
along the thickness of the material (Otero & Valero, 2017; van Manen et al., 2018; Chen
et al., 2022;). The gradient could be achieved by exposing the light from one side while
being partially absorbed by the polymer. In addition, non-homogenous exposure of the
material to the activating stimulus can also generate a stress gradient. This strategy is
typically more suitable for shape memory polymers (SMPs). SMPs can be retained with a
temporary shape without an external stimulus and return to its original shape when
exposed to a suitable external stimulation, which allows SMPs achieve the self-changing
independently (Xia et al., 2021). Compared with the multilayer structures, the high shear
stress levels at the interface of two different materials can be avoided in a monolayer
structure so that the risk of delamination is eliminated. However, complex manufacturing
processes and limited forms of transformation limit the use of monolayers. Moreover,
precisely controlling the location of the stimulus is also a huge challenge for monolayer
structures (van Manen et al., 2018). Therefore, it is of great significance to develop an

intelligent mono-gel that can achieve autonomous deformation.

Table 1-5 Mechanical analysis of each shape deformation (Nam & Pei, 2019).

Shape Changing Behaviour Mechanical Analysis

Folding deformation is caused by a stress

mismatch between rigid and active materials,

— Folding o _ . . . _
which is possible with various swelling ratios
(Drahansky et al., 2016)
Bending deformation is the swelling/shrinkage
mismatch between both layers in response to
’ . activation stimuli, while sustaining the same
Bending

strain at the interface between both layers, could
result in different types of deformation (Cendula
et al., 2009)
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Rolling

Rolling deformation is a normalized curvature
that varies depending on both the expansion
mismatch and the thickness, which is a nonlinear
relationship between the rolling radius of one
hand and the ratio of expansion and the sample
thickness (Byun, Santangelo & Hayward, 2013)

Twisting

Twisting deformation printed the fibres with
certain angles to induce twisting, and by
adjusting the print angles of active fibres, the
final twist angle would be changed (Zhang & Hu,
2016)

Helixing

Helixing deformation is made by a uniaxial
expanding/shrinking active layer for a nonzero
angle between the main straining direction of the
active layer and the main axis of the bilayer strip
(Janbaz, Hedayati & Zadpoor, 2016)

Buckling

Buckling deformation that compressive stresses
above a certain critical value will induce out-of-
plane buckling of the flat structure (van Manen,
Janbaz & Zadpoor, 2018)

\ Ay
”
T e '

Curving

Based on the light intensity gradient along the
thickness of material, a stress gradient could be
created, which results in spontaneous curving of
the structure after release from the substrate (Z.
Zhao et al., 2017)

Expansion/contraction

This mechanism is driven by a variety of
expansion ratios between active and rigid
materials, which consist of scalable, hydrophobic
active materials and rigid materials (Bakarich et
al., 2016)

Waving

Wave shape deformation could occur in bilayers
with comparable stiffness and layer thickness
through  swelling/shrinkage  mismatch in
response to activation stimuli (Cendula et al.,
2009)

Curling

Curling deformation is enabled by a stress
mismatch between rigid and active materials
from their different swelling properties (Tibbits
etal., 2014)
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1.9 4D printing state-of-the-art

The state-of-the-art commercial printable materials are mainly formulated to be
tough, elastic, transparent, colourful, or recyclable, to satisfy various end applications. The
current State-of-the-Art in the field of 4D printing is summarised in Table 1-6. Also,
further applications are shown in Appendix A. There is definitely more that can be done
to make the printed parts more useful, especially with the rapid development of active or
smart materials. The initial conceptualisation of 4D printing was presented by Skylar
Tibbits (in collaboration with Stratasys™). This marked the beginning of the 4D printing
concept, where the fourth dimension is time. Since then, 4D printing has become a new
and exciting evolution of 3D printing, increasingly gaining substantial attention from
scientists and engineers from various disciplines. The essential characteristic of 4D
printing is that the printed objects are no longer static. Instead, they can reshape in a pre-
programmed and active manner over time, and may be accompanied with function
evolvement in the process. Beyond such a somewhat vague description, there is currently
no standard definition of 4D printing. Even if there were a strict definition now, it would
be challenged by future groundbreaking developments.

4D printing as an advanced concept opens a new field for applications in which a
structure may be activated for self-transformation, reconfiguration, and reproduction
through environmental free energies (Tibbits et al., 2014). This solves several limitations,
such as the significant volume requirement for storage, reduced flexibility in terms of
product design and manufacture and lack of diversity and functionality (Choong et al.,

2017).
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Table 1-6 Summary of the applications of 4D printing that exists in the literature.

Material(s) Stimuli Reaction time Printing method Prototype developed Function Reference
TecophilicTPU (HP-
93A-100), NinjaFlex H20 >11-h FFF Self-fold (Baker et al., 2019)
85A
HEA, EPOX, BA,
HDDA PEGDA, ) Sea star self- (Schwartz &
H20 2-h DLP UV printer
TAS, Igracure 819, change Boydston, 2019)
hydroquinone
DI water, NIPAM, L
H.0 & o Bioinspired ]
AAM, Irgacure 24-h 3D bioprinter (Liu et al., 2019)
] Heat tubes
2959, Laponite
9 Orignal g Blocked o  Sweling i Entering o Trapped
& ; w %Gﬁ;. »/f“:'\;. :
AAc, NIPAAm, PVP, o Y W W =
pH 0.39s Ilumination light ow - ow Drug load (Hu et al., 2019)
ethyl lactate " g T
| @ _'_r"‘? i "z? | & o
L [ o |
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2 Experimental details

2.1 Materials’ selection

The monomers employed throughout this research were N-Vinylcaprolactam
(139.19 g/mol NVCL, Sigma Aldrich), N-vinyl-2-pyrrolidone (111.14 g/mol NVP, Sigma
Aldrich), N, N-dimethylacrylamide (99.13 g/mol DMAAmM, Sigma Aldrich), N-
isopropylacrylamide>98% (NIPAAm, Tokyo Chemical Industry). The UV light-sensitive
initiators used were 4-(2hydroxyethoxy) phenyl-(2-hydroxy-2-propyl) ketone (lrgacure
2959, Siba Specialty Chemicals), the 1-Hydroxycyclohexyl phenyl ketone (Irgacure 184),
2,2’-Azobis[2-methyl-N-(2-hydroxyethyl) propionamide] (VA-086, Wako Chemicals
GmbH Germany), 2,3-Bornanedione (Camphorquinone, Sigma Aldrich), Phenylbis(2,4,6-
trimethyl-benzoyl)phosphine oxide (BAPO, Sigma Aldrich), Diphenyl(2,4,6-trimethyl-
benzoyl)phosphine oxide (TPO, Sigma Aldrich) and H-Nu 400 IL (Spectra Photopolymers
Industry). Polyethylene glycol 550 dimethacrylate (PEGDMA 550, Sigma Aldrich) was
used as crosslinking agent. Flexible and elastic 50A (Formlabs) was used for fabricating

the bilayer structures.

Table 2-1 Name and chemical structure of selected materials.
N-vinylcaprolatam
(NVCL) N

4-(2hydroxyethoxy)phenyl-(2-hydroxy-2- O

propyl)ketone (Irgacure 2959) oH
OH \/\O

2,2’-Azobis[2-methyl-N-(2-hydroxyethyl) OH—\_
propionamide] (VA-086) NH CH
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2,3-Bornanedione (Camphorquinone) HsC CHgs;

H30 O

1-Hydroxycyclohexyl phenyl ketone

OH
(Irgacure 184)
0

Phenylbis(2,4,6-trimethyl-benzoyl) HaC CHs HyC CHa

phosphine oxide (BAPO) Q
P

HC O i O CH;

Diphenyl(2,4,6-trimethyl-benzoyl) HsC CHs

phosphine oxide (TPO) Qﬁ‘p

Poly (ethylene glycol) Dimethacrylate o CH4
(PEGDMA) H2C§)L{o/\/h? \[(gon
CHs o
N-isopropylacrylamide (NIPAAmM) @) CHj;
” CHj

N-vinylpyrrolidone (NVP) r/CH >

e

N, N-dimethylacrylamide (DMAAM) @)
CH _CH
2\)']\ |}| 3

CHs3

2.2 Preparation of hydrogels

The polymeric mixtures investigated in this study were prepared by combining
the photoinitiator, monomers and crosslinker via free-radical polymerisation using
ultraviolet (UV) light. The UV irradiation chamber (Dr. Grébel UV- Elektronik GmbH) is

a controllable light source with 20 UV-tubes, providing a spectral range of 315-400 nm
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wavelength at an average intensity of 10-13.5 mW/cm?. The monomer was put into a
100mL beaker and, using a pipette, was added to the other solution to form a mixture and
formulate the different concentrations. To achieve homogeneity, a magnetic stirrer was

used to stir the mixture for 20 minutes at 50<C heat. The solution was pipetted (1 mL)

directly into silicone moulds containing disc impressions (23 mm diameter x 2.2 mm

thickness) in preparation for photopolymerisation. The moulds were placed into the UV
chamber for 10 minutes per side to ensure the gels had full exposure to the UV source

during the process.

2.2.1 Photopolymerisation 1

NVCL was selected as the homopolymer because of its non-ionic, water-soluble,
non-toxic, thermosensitive and biocompatible properties. The initial study was carried out
to determine the effects of different photoinitiators and concentrations on hydrogels’
properties. The samples were prepared by incorporating different concentrations of
Irgacure 2959, VA-086 and Camphorquinone with NVCL to form the different monomeric

compositions. The Table 2-2 lists the composition details for the samples.

Table 2-2 Formulated polymer composition of NVCL physically crosslinked with varying
concentrations of Irgacure 2959, VA-086 and Camphorquinone.

Sample Irgacure 2959 VA-086 Camphorqguinone NVCL

(Wt%) (Wt%) (Wt%) (Wt%)
P1 0.1 - - 100
P2 -- 0.1 -- 100
P3 -- - 0.1 100
P4 0.2 -- -- 100
P5 0.5 - -- 100
P6 1 - -- 100
P7 2 -- - 100
P8 3 -- -- 100
P9 5 -- -- 100
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P10 -- 0.5 -- 100
P11 -- 1 - 100
P12 -- 2 -- 100
P13 -- 3 -- 100

2.2.2 Photopolymerisation 2

After initial characterisation, the subsequent study investigated the effect on
polymers’ swelling properties by incorporating different concentrations of chemical
crosslinker PEGDMA with NVCL. All xerogels were fixed at 0.1 wt% Irgacure 2959 and
formed by photopolymerisation, See Table 2-3 for the composition details of hydrogel
samples with differing feed ratios.

Table 2-3 Formulated polymer composition of NVCL chemically crosslinked with varying
concentrations of PEGDMA.

Sample Irgacure 2959 NVCL PEGDMA
(Wt%0) (wt%o) (Wt%o)
Cl 0.1 100 0.1
C2 0.1 100 1
C3 0.1 100 2
C4 0.1 100 5

2.2.3 Photopolymerisation 3

The third element of research investigated the effect on performance when
incorporating different concentrations of other hydrophilic polymers. Based on the
previous studies, the content of the photoinitiator was kept constant. See Table 2-4 for

formulation details.
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Table 2-4 Formulated NVCL terpolymers physically and chemically crosslinked with varying
concentrations of NVP, DMAAm, and NIPAAm.

Irgacure
Sample 2959 NVP DMAAM NIPAAm NVCL PEGDMA
(Wt.9%0) (Wt.%0) (Wt.90) (Wt.%) (Wt.%)
(wt.%)
s1 0.1 30 - - 70 ;
s2 0.1 - 30 - 70 -
S3 0.1 15 15 - 70 )
S4 0.1 30 . ) 20 o1
S5 0.1 30 - ) 70 )
S6 0.1 - 30 _ 70 01
S7 0.1 - 30 _ 70 )
S8 0.1 15 15 ) 70 01
S9 0.1 15 15 ) 70 5
S10 0.1 65 - 20 15 ]
S11 0.1 - 65 20 15 ]
S12 0.1 30 _ 30 40 ]
S13 0.1 25 - 50 o5 ]
S14 0.1 65 _ 20 15 01
S15 0.1 65 - 20 15 )
S16 0.1 30 - 30 40 01
S17 0.1 30 - 30 40 )
S18 0.1 25 - 50 o5 01
S19 0.1 25 - 50 o5 )

2.3 Form 2 SLA 3D printing parameters

Form 2 is a stereolithography 3D printer developed by Formlab. Items are
constructed on the platform from bottom to top in an upside-down posture. Only files in
STL format can be accepted and uploaded to the printer. Based on a model designed in
advance in computer-aided design software (CAD), the photopolymer resin is solidified
by the provided UV laser (405 nm) to form a single layer onto the surface of the
photopolymer vat, then the elevator platform descends and repeats the process to form a
new layer until the object is built. The laser spot size of the 3D printer is 140 microns and

the maximum printing size is 14.5x14.5x17.5 cm?®, with a range from 25-300 microns per
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layer. A range of materials can be used for printing, including standard materials, tough &
durable materials, flexible & elastic materials, rigid & structural materials, dental materials,
biomedical materials, castable and specialty materials. The specific resin cartridge and
tank and build platform should be correctly installed on the printer before the printing
begins. During the printing process, the resin can be automatically filled into the self-
heating resin tank. Depending on the material, the resin would be heated and kept at a
constant temperature until the print is complete. Independently developed resins can also
be used on this printer, but open mode needs to be activated. In this mode, the cartridge or
tank detection function, resin heating, resin wiper, and resin dispensing are disabled. The

resin also needs to be filled manually in the resin tank.

2.4 Patterns design

In order to explore whether further scenarios and patterns of 4D objects are able
to display the same intelligent behaviour, more complex three-dimension objects were
designed and prepared. The model of a jigsaw and flower shape were designed in
Solidworks software, the size and patterns are shown in Figure 2-1. The thickness of the
models is 2 mm. In order to prepare the silicone mould for photopolymerisation, the jigsaw
and flower prototypes were printed using the SLA Form 2 3D printer with V2 High
Temperature resin (Formlab company, Berlin, Germany). The prototype made of High

Temperature resin has tough properties to avoid adhesion during the mould processing.
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v

Figure 2-1 (L) Jigsaw and (R) flower shape models designed in Solidwork.
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2.4.1 Development of mould for complex-shaped samples
2.4.1.1 Development Phase I: 3D printed mould

As a starting point, the model of the jigsaw shape was designed. It consists of a
square (4.5 cm>4.5 cm) with a 0.5 cm intermediate groove in the middle (Figure 2-1L).
Prior to the photopolymerisation commencing, a suitable mould should be produced to
contain the solution under the UV irradiation. The technique of 3D printing is a rapid
processing method that can quickly create custom components and products. Thus, the
first puzzle mould was fabricated with support using Form 2 SLA 3D printer with V2
Flexible resin. The mould was first designed in Solidworks software and set in the Preform
software. The support part was constructed at the base to ensure the quality of the practical
part. Finally, the printed mould was immersed in an IPA solution for 20 minutes to remove
the residual resin and exposed to UV light for 30 minutes to guarantee the residual resin
was fully cured. According to the previous formulation, the solution was prepared and
pipetted into the prepared mould and cured in the UV chamber for 10 minutes on each side.
2.4.1.2 Development Phase I1: Silicone mould

The earlier study revealed that silicone mould is suitable for containing the UV
curable liquid base material. The cured materials can be easily removed from the mould
and possess an excellent appearance. Due to this reason, it was decided to make the next
generation mould of silicone. As can be seen in Figure 2-2L, the puzzle prototype was
printed with support using SLA Form 2 3D printer with V3 white resin. The model made
of white resin has tough properties to avoid adhesion during the second processing. Then,
after removal of the support, the printed puzzle model was immersed in the IPA solution
for 20 minutes to remove the residual resin and exposed to UV light for 30 minutes to
ensure the residual resin was fully cured. After that the printed and treated puzzle model
was placed at the bottom of a clean glass petri dish. To prepare the silicone, the BASE and

Red catalyst are mixed at a ratio of 9:1 in the plastic beaker (total 200 g) and stirred until
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homogeneous. Subsequently, the mixture was allowed to stand until no more bubbles
were produced and then poured into the petri dish until the container was fully filled. After
24 hours of self-solidification, the puzzle shape mould was successfully established

(Figure 2-2R).

Figure 2-2 (L) The printed jigsaw shape prototype & (R) the jigsaw type silicone mould.
Using the same method, other complex shape components can be easily fabricated.

A flower shape pattern was designed on the CAD software (2 mm thick) and modified in
the Preform software (Figure 2-3L). Subsequently, the flower model was printed with
support using SLA Form 2 3D printer with V2 high temperature resin. Using the same
treating, processing, and manufacturing method, the final flower prototypes were created.
It is worth noting that, since the angle between each of the petals was small, it was
necessary to fill all the small angles when making the silicone moulds (Figure 2-3R). In

addition, the samples had to be carefully removed from the mould to ensure their integrity.
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Figure 2-3 (L) The designed flower shape set in the Preform software & (R) flower shape
silicone mould.
2.5 4D printing

In this study, 4D printing was carried out using the SLA 3D printer (Formlabs,
Form 2) to print homemade resin. The prototype is created layer-by-layer following the
model designed in advance using computer-aided design software (CAD). Preform
software is the specific application to upload the model to the printer. The orientation and
numbers of the model can be adjusted in Preform software automatically or manually and
the support structure can also be created automatically in the software. The printer should
switch to the open mode for third party resin use. After the model was uploaded to the
printer, the homemade solution was prepared in the same way as the hydrogels in section
2.2.1. Based on the formulations, the monomer was first placed into a 250 mL beaker and
other solutions were added to the beaker using a pipette to prepare a mixture of different
concentrations. To achieve homogeneity, a magnetic stirrer was used to stir the mixture
for 20 mins at 50<C heat. All in all, 50 g of solutions were prepared and poured directly
into the resin tank in preparation for printing. After printing, any residue remaining on the
printed objects was removed with a tissue containing IPA. The finished parts were placed

into a UV box to post cure for 20 minutes.
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2.5.1 4D printing trial with increasing Irgacure 2959 concentration

The formulations used for 4D printing were based on the formula (S7) of the
photopolymerisation 3 trials. The initial study was carried out to determine the effects of
different concentrations of photoinitiator on the printing. The influence of crosslinking

methods on printing was also explored. The sample details are shown in Table 2-5.

Table 2-5 Formulated polymer composition of physically and chemically crosslinked NVCL

with varying concentrations of Irgacure 2959.

Photoinitiator Monomer Crosslinker
Irgacure 2959 NVCL PEGDMA
Sample
(Wt%) (Wt%o) (Wt%)
D1 2 100 -
D2 3 100 -
D3 4 100 -
D4 5 100 -
D5 2 100 2
D6 3 100 2
D7 4 100 2
D8 5 100 2
2.5.2 4D printing trial with different types of photoinitiators

The second trial was designed to determine the effects of different photoinitiators

on printing. All wavelengths of the photoinitiators had been found in the literature (Jing

Zhang & Xiao, 2018). All samples were fixed at 2 wt% content of the photoinitiator and

formed by 3D printing technique. The sample details are shown in Table 2-6.

Table 2-6 Formulated polymer composition of NVCL with varying photoinitiators.

Monomers (wt%)

Crosslinker (wt%)

Photoinitiators (wt%)

NVCL DMAAmM

PEGDMA

Irgacure 184

TPO BAPO H-Nu 400IL

(~246 nm)  (~380nm) (~370nm) (300~430 nm)
70 30 2 2 - - -
70 30 2 - 2 - -
70 30 2 - - 2
70 30 2 - - - 2
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2.5.3 4D printing trial with a stepwise increase in H-Nu 400IL concentration

After the samples containing 2 wt% H-Nu 400 IL from the second trial showed a
promising performance after printing, a subsequent study was performed to investigate the
effect on polymers’ properties by incorporating different concentrations of photoinitiator
H-Nu 400 IL with NVCL. The preparation of the H-Nu 400IL based solutions was
performed in a dark environment. Aluminium paper was used to surround the beaker to
avoid prepolymerisation. See Table 2-7 for the details of H-Nu 400IL samples with

differing feed ratios.

Table 2-7 Formulated composition of NVCL copolymers with varying concentrations of H-Nu
400IL.

Samples Monomers (wt %) Crosslinkers (wt%) Photoinitiators (wt %)
H-Nu 400IL
NVCL DMAAmM PEGDMA
(300~430 nm)
F1 70 30 2 1
F2 70 30 2 2
F3 70 30 2 3
F4 70 30 2 4
F5 70 30 2 5

2.6 Preparation of aqueous polymer and copolymer solutions

Homogeneous solutions of the physically crosslinked gels were prepared by
weighing appropriate amounts of the polymers and distilled water in a plastic tube. The
mixtures were placed at room temperature for hours/days until the samples completely
dissolved. The aqueous polymer and copolymer solutions were prepared for subsequent
phase transition temperature measurements using cloud point measurement, differential

scanning calorimetry (DSC), UV-spectroscopy, and rheological techniques.
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Figure 2-4 Polymer dissolved in the distilled water.

2.7 Characterisation techniques

2.7.1 Attenuated total reflectance Fourier Transform Infrared Spectroscopy
Fourier Transform Infrared Spectroscopy (FTIR) offers quantitative and
qualitative analysis for organic and inorganic samples. FTIR is an effective analytical
instrument for detecting functional groups and characterising covalent bonding
information. ATR-FTIR equipment consisted of a Perkin ElImer Spectrum One component
with a conventional ATR accessory sampling. All data was obtained at ambient
temperature (<25 <C), within the wavelength of 4000-650 cm™! with a resolution of 0.5 cm’
! Four scans for each sample cycle were used, with a compression force of 85 N.
Subsequent analysis was performed using Spectrum One and the original software. The

tests were performed in duplicate for each sample.
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Figure 2-5 Perkin Elmer Spectrum One ATR-FTIR (left side) and FTIR spectrometer
layout (right side).

2.7.2 Phase transition temperature analysis for physically crosslinked samples
2.7.2.1 Cloud point measurement

Cloud point measurement was used to investigate the transition temperature of
the physically crosslinked gels. The aqueous polymer solution, which was prepared in
advance (see Section 2.6), was put into a 10 mm diameter sealed glass test tube and placed
in a thermostable bath. The temperature was gradually increased at a rate of less than 1<C
per minute. After the temperature reached a few degrees below the pre-estimated transition
temperature, cloud point was determined visually at the first sign of turbidity with an
accuracy of #0.2<C. All tests were performed in triplicate. Photographs were taken of
samples to show the contrasting visual appearance of the solutions above and below the
phase transition temperature.
2.7.2.2 UV-spectroscopy

The LCST behaviour of samples was analysed using a UV-spectroscopy synergy
HT BioTek plate reader. The temperature was increased by 1<C/min from 22<C to 50<C.
The transmittance of samples in aqueous polymer solutions was measured at 500 nm. The

solution was allowed to equilibrate at each temperature before transmittance was measured.
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Each sample was measured in triplicate, with the average measurement used as the final

absorbance.

Figure 2-6 UV-spectroscopy Synergy HT BioTek plate reader.
2.7.2.3 Differential scanning calorimetry of aqueous solutions

The DSC method was among the techniques used for the examination of the phase
transition phenomenon exhibited by the temperature-sensitive polymers. Analysis was
performed using a DSC 2920 DSC (TA Instruments). Samples of between 8-12 mg were
transferred by micropipette and weighed using a Sartorius scale. A constant nitrogen gas
flow at 20 mL/min was applied while performing all tests. Samples were ramped from 10
to 60<C at a rate of 1<T/min, referenced against an empty pan. The tests were performed
in triplicate.
2.7.2.4 Rheology

Dynamic rheological tests were conducted on the physically crosslinked gel
solution with a TA DISCOVERY HR-2 hybrid rheometer. In all cases, the instrument was
calibrated for inertia and mapped before use. The gap between the plates was zeroed prior
to loading of samples. To determine the phase transition temperature of the selected sample
solutions, temperature ramp tests were performed. In this study, the storage modulus (G’)
and loss modulus (G") were examined with a change in temperature from 15-50<C at the

rate of 1<C/min. A 20 mm diameter stainless-steel parallel plate was used for testing all
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samples. The test was conducted at a constant 0.5% strain and 0.1Hz frequency. The tests

were performed in triplicate.

2.7.3 Phase transition temperature analysis for chemically crosslinked hydrogels
The LCST of the chemically crosslinked hydrogels was performed on the TA
instruments 2920 apparatus. The hydrogel samples were allowed to swell until equilibrium
in distilled water at room temperature. The sample’s surface was wiped with moistened
filter paper to remove free water and placed into the aluminium pans and weighed out,
ranging from 8 to 12 mg, using a Sartorius scale with 0.01 mg resolution. DSC
measurement was performed on swollen samples from 10<C to 60<C at a rate 1<C/min,
referenced against an empty pan. The results were plotted as a function of heat flow (W/g)

against temperature (<C). All tests were carried out in triplicate.

2.7.4 Swelling studies

The 20 mm diameter xerogel samples were placed in a vacuum oven for 24 hours
at 50<C and their apparent dry weights (W,) were measured. Samples were temperature
tested below (ambient temperature) and above (50 Degree Celsius) the LCST. The disc
samples were placed into Petri dishes containing 30mL distilled water (18Q2M). These
Petri dishes were stored in the oven at 50T or at room temperature, to ensure the correct
LCST conditions. Petri dish lids were placed on the Petri dishes while in the oven to
prevent evaporation. Periodically, the excess polymer solution was removed after
predetermined time intervals by pouring the solution through a funnel. The samples were
then blotted free of surface water with filter paper, and the weight of the sample was
measured at room temperature after specific intervals (W) to determine water uptake until
the swelling equilibrium was reached. All tests were carried out in triplicate. The swelling

weight percentage for each time was calculated using Equation 2,

wt—-Wo

Swelling ratio % = X 100 % Equation 2
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where W, is the weight of the dry and, W, is the weight of hydrogel in the swollen state at

a particular time during testing.

2.7.5 Gel fraction measurement

Gel fraction measurement may be used as a quantitative indicator of the efficiency
of hydrogels network formation (Killion et al., 2013). The gel fraction of all batches was
measured using a round disc. The xerogel samples were placed into covered Petri dishes
of distilled water at room temperature until equilibrium swelling was achieved. Once
equilibrium swelling was attained, samples were dried in the vacuum oven at 100 Pa and
50<C until no change in weight was observed. Each sample was measured in triplicate.

Gel fraction (%) was calculated using Equation 3,
Gel fraction% = % x 100% Equation 3
0

where Wp is the weight of the xerogel after photopolymerisation, and Wq represents the

dried weight of the sample after extraction of soluble parts.

2.7.6 Pulsatile swelling studies

The apparent dry weight (Wo) of the samples was measured first. The samples
were placed into Petri dishes containing distilled water (18QM). Samples were tested
under switching conditions between ambient temperature and 50 degrees Celsius. The
Petri dishes were first stored at room temperature and weighed after specific intervals (W)
to determine water uptake until the swelling equilibrium was reached. Then these Petri
dishes were placed into the oven to raise the temperature to 50<C (above LCST) and the
weight of samples was measured again. After the new equilibrium state was reached, these
Petri dishes were restored to room temperature. Before each measurement, the excess
distilled water was dried with filter paper. The measurement was conducted in triplicate
for each sample. The expanding percentage for each time was calculated using Equation

2.
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2.7.7 Goniometry

Contact angle goniometry is used to assess a solid substrate's capacity to resist
liquids (Mahltig, 2016). The 20 mm diameter xerogels were placed onto the stage area and
a dynamic sessile droplet of water was placed on the sample surface while simultaneously
photographing the spread of the drop over the surface of the xerogel. The angle
measurement can be automatically performed on the photo screen. In this study, photos at
0 second and 115 seconds were used to analyse the wettability of the xerogels. All samples

were measured in triplicate.

2.7.8 Tensile test

Tensile testing is a destructive test process that provides information about the
tensile strength, yield strength, and ductility of the materials. It measures the force required
to break a composite or plastic specimen and the extent to which the specimen stretches
or elongates up to that breaking point (Saba et al., 2018). The tensile strength at break of
samples was analysed in line with ASTM standard D 638 Type V, using a Lloyd LRX
tensometer set up in tensile mode. A < 0.005% of load cell is provided (resolution). Each
sample was measured in quintuplet. Specimens were mounted and strained at a rate of 20

mm per minute until failure occurred. The dimensions of the dumbbell samples are shown

in Figure 2-7.
l — 1 - 1
o T ]

Figure 2-7 The dimensions of the dumbbell tensile bars.
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2.8 Preparation of bilayer structures

The trial of bilayer structures was prepared in the shape of a rectangle strip and
flower. The prototype of the strip and flower was 3D printed with high temperature V4
(Formlabs Company, Berlin, Germany) based on the designs shown in Figure 2-1R,
Figure 2-8, Figure 2-9 and Figure 2-10 for silicone mould preparation. The bilayer
structures were fabricated by the Dr. Gré&oel UV chamber system for the detection of self-
changing behaviours. The formulation S7 was used to form the active layer. The passive
layer was prepared with commercial resin. For the flower samples and first and second-
generation strips, the active layer was first prepared by pipetted the S7 solution into the
shaped mould. The mould was exposed to UV light for 10 minutes to cure. After curing,
the commercial resin was pipetted on the top of the cured active layer and cured in the UV
chamber system for a further 10 minutes. For the third-generation strips, the passive layer
was first generated by pipetted the commercial resin onto the shaped mould. The mould
was placed into the UV chamber for 10 minutes to cure. After curing, the S7 solution was
pipetted onto the prepared elastic shaped layer and cured for a further 10 minutes.

The passive layer was constructed using commercial flexible and elastic 50A
resins obtained from the Formlabs Company. These types of resin are UV curable and can

be used directly. The details of each layer are listed in the table below.

Table 2-8 The mixing details of the bilayer structure.

Bilayer structure

Samples Active layer Passive layer
1 S7 Flexible resin
2 S7 Elastic 50A resin

2.8.1 The strips prototype design 1
Five types of strips were designed for the preparation of the bilayer structures.

The strips were first designed in Solidworks software and converted to STL format. The
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STL profiles were modified in Preform software and uploaded to the Form 2 3D printer
for silicone mould manufacturing. Each strip is 75 mm in length and 20 mm in width.

Further details of the parameters are explained in the following diagram.

Figure 2-8 The first generation of strips designed in Solidworks.

a) The two rectangles are designed on both sides of the long strip, with a length of 20 mm
and a thickness of 1.5 mm. The thickness of the strip is 3 mm.

b) The normal rectangle strip prototype thickness is 3 mm.

c) The rectangle is designed in the middle of the long strip, with a length of 25 mm and
a thickness of 1.5mm. The thickness of the strip is 3 mm.

d) The rectangle is designed on one side of the long strip, with a length of 20 mm and a
thickness of 1.5 mm. The thickness of the strip is 3 mm.

e) The two rectangles are designed on both sides of the long strip, with a length of 15 mm

and a thickness of 1.5 mm. The thickness of the strip is 3 mm.

2.8.2 The strips prototype design 2

The design for the second type of strips was carried out in Solidworks. All three
types of design strips are 75 mm in length, 20 mm in width and 3 mm in thickness. In order
to control the ratio between the passive and active layers, one end of these strips has been
designed in a stepped shape. The stepped structure is designed to be 10 mm wide and 1

mm, 1.5 mm and 2 mm thick respectively. This effectively ensures that the ratio between
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the active and passive layers is 0.5, 1 and 2. The designs were converted to STL files for
modification and uploaded to the Form 2 3D printer for moulding with high temperature

resin.

3mm ¢ r_t_.;:_ffj". —

Figure 2-9 The second generation of strips designed in Solidworks.
2.8.3 The strips prototype design 3

More complex third types of strip pattern were also designed in Solidwork
software in STL format and uploaded to Preform software for silicone mould preparation.
Unlike the first design, the elastic resin is first dropped into the mould and cured under
UV light to form the corresponding pattern. The S7 solution is then pipetted into the
reserved rectangular slot for secondary curing to form double layer structures. All the strips
are 85 mm in length and 15 mm in width. The details of dimensions for each strip is

presented below.
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I

15 mm

Figure 2-10 The third generation of strips designed in the Solidworks.

All strips in the third design are 3 mm thick.
The strip consists of 3 long rectangular recesses, 2 mm in width, 81 mm in length 1.5
mm in thickness, spaced 5 mm apart from each other.
The strip consists of 8 identically size rectangular recesses, 10 mm in width, 5 mm in
length and 1.5 mm in thickness, spaced 5 mm apart from each other.
The strip consists of 6 rectangular recesses. The length is increased by 2 mm each,
from 2 mm to 12 mm. The width and thickness are maintained at 10 mm and 1.5 mm
respectively.
The strip consists of 12 rectangular recesses, 2 mm in width, 10 mm in length and 1.5
mm deep arranged in three rows. 4 recesses are arranged in each row 20 mm apart
from each other.
The strip consists of 9 identically size rectangular recesses placed at a 45-degree angle,
11 mm in width, 3 mm in length and 1.5 mm in thickness, spaced 3 mm apart from

each other.
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2.9 Fabrication of the demonstrators

To explore the practicality of layered samples, three different kinds of

deomonstrators were fabricated. The specific production process is as follows.

2.9.1 Automatic demonstrator

Initially, the AIT, LIT and TUS letters were designed in CAD software and
uploaded to a Form 2 3D printer and printed using high temperature resin. The printed
letters were then placed in a UV system for 20 minutes post-cure and painted in different
colours. In the meantime, the type ‘b’ bilayer strips were prepared based on the method in
Section 2.8.3. LOCTITE® 401 adhesive is a highly absorbent and water resistant. This
adhesive has previously been used to bond superelastic polymers to shape memory
polymers to construct bilayer structures (Janbaz et al., 2016). Therefore, in order to avoid
the letters falling off the strip during the experiment, they were glued to one side of the
double layered strips. Subsequently, the strips with the letters were aligned neatly and
fixed to the bottom of a transparent box by means of LOCTITE® 401 adhesive. Each strip
was positioned 2 mm apart to ensure that the strips did not interfere with each other in the
event of curving. Finally, when all the preparations had been completed, a large quantity

of water was added to the container until the strips were submerged.

2.9.2 Toy train puller

The wooden toy locomotive was purchased from Smith’s Toys (Ireland). The
train head is fitted with magnets on both sides. Due to the light weight of the wooden train,
two small pieces of iron were attached to the magnets to ensure that the train remained
submerged throughout the experiment. A type ‘b’ double layer strip was prepared
according to the method in Section 2.8.3. In order to clearly observe any changes, the type
‘b’ strip was coloured orange. A small hole was drilled in one end of the strip to connect
the rope to the strip. The other end of the rope was tied to the chimney of the train. This

created a simple connection between the train and the strip. The other end of the strip was
64



Experimental Details

glued to the bottom of the container with LOCTITE® 401 adhesive. When all the
preparations had been completed, a large quantity of water was added to the container until

the train and strip were submerged.

2.9.3 Gripper

The bilayer flower was mounted on a long plastic burette. In order to connect the
flower to the burette, a stretchable film was inserted into the burette. Thereafter,
LOCTITE® 401 adhesive was applied around the hole in the centre of the flower so that
the flower model could be mounted on the stretchable elastic film. This ensured that the
flower would not fall off during the experiment. In addition, the outlet of the burette was
sealed with tape. Subsequently, the burette with the flower model was then mounted on a
burette clamp. This allowed the flower to be suspended and the height of the flower to be
flexibly adjusted. For this work, an automatic heating water bath system was used so that
the temperature could accurately be controlled over time. A thumb-sized bolt was placed
at the bottom of the water bath. Finally, when all the preparations had been completed, a

large quantity of water was poured into the water bath until the bolt was submerged.

2.10 Statistical Analysis

A statistical comparison of results was performed using a one-way ANOVA with
Turkey post-tests to determine differences between each batch. Differences were
considered significant when p<0.05. The software package used to perform statistical

analysis was IBM SPSS Statistics.
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3 Results and Discussion

3.1 Formulation development I: Synthesis, characterisation, phase
transition and swelling of temperature-responsive polymers based

on poly (N-vinylcaprolactam)

3.1.1 Preface

Stimuli-responsive polymers, also known as smart, intelligent or environmentally
sensitive polymers, have recently received increased attention (Hoffman, 2013; Moad,
2017; Wurm et al., 2021). Stimuli-responsive polymers are polymers that react abruptly
to small changes in physical or chemical conditions with relatively large phase or property
changes. Physical stimuli, such as temperature, electric or magnetic fields, and mechanical
stress, will affect the level of various energy sources and alter molecular interactions at
critical onset points. Chemical stimuli, such as pH, chemical agents and ionic factors,
change the interactions between polymer chains or solvents at molecular levels (Gil &
Hudson, 2004). Among the stimuli-responsive polymers investigated; temperature is the
most frequently used. Temperature-responsive materials can fold, shrink or swell in
response to a change in temperature (Gao et al., 2016). These behaviours enable
temperature-responsive polymers to be used in biomedical applications such as diagnostics
and cell culture.

Hydrogels are cross-linked hydrophilic polymer networks formed by the reaction
of one or more monomers (Ahmed, 2015). They have the capability of imbibing significant
amounts of fluid from the aqueous media in which they are placed, causing them to swell,
while retaining their overall structure (Jakubiak et al., 2003; Maitra & Shukla, 2014;
Akhtar, Hanif & Ranjha, 2016; Vandenhaute et al., 2017). Therefore, these polymer

materials have extensive application capabilities in various areas, such as sealing (A. Singh
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et al., 2010), coal dewatering (Ahmed, 2015), artificial snow (A. Singh et al., 2010), drug
delivery systems and tissue engineering (Qiu & Park, 2012).

NVCL monomer contains a tertiary amine with a carbonyl group and methylene
group which has bonds that separate during free radical polymerisation (Figure 3-1).
PNVCL is a temperature-responsive polymer which was first investigated in 1968 (Norma
A Cortez-Lemus & Licea-Claverie, 2016). The lower critical solution temperature (LCST)
of PNVCL is close to physiological temperature (Maeda et al., 2002), and has been
acknowledged for its superior characteristics such as biocompatibility (Vihola et al., 2008)
and solubility (Anufrieva et al., 2001) and also for its non-ionic and non-toxic features
(Liu et al., 2016). PNVCL is an ideal material for biomedical and industrial applications.
In both theoretical and experimental studies, copolymerisation has been used to tune the
desired functionalities of PNVCL. The incorporation of ionic monomers and hydrophilic
or hydrophobic functional groups into the NVCL polymer chains can add new properties
to the polymer while preserving the temperature-responsive properties (Norma A Cortez-

Lemus & Licea-Claverie, 2016).

CH
(/ 2 Irgacure 2959 \i\(\l}

O N >~ O _N

Figure 3-1 Scheme of photopolymerisation of poly (N-vinylcaprolactam) using Irgacure

2959 and N-vinylcaprolactam.

Research was undertaken to assess the polymers’ potential suitability for 4D
printing applications. The samples were initially synthesised using photopolymerisation in
a UV chamber as it employs the same mechanism as the stereolithography (SLA)
technique, whereby UV radiation is used to cure liquid-based materials. In addition,
photopolymerisation has a higher curing efficiency than SLA, and can produce a large

number of samples for characterisation in a short timeframe. Therefore, the sensing
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wavelength of the selected photoinitiators is required to be within the range of the laser
provided by the UV chamber and SLA printer.

UV photopolymerisation is a common and safe free radical polymerisation
method widely used to prepare materials (Nowak et al., 2017). The initial formulation
development concentrated on examining the effect of different photoinitiators and
crosslinkers with different feed ratios on the material behaviours. The effects on the three
selected photoinitiators were based on the wavelengths used with different concentrations
in the synthesis of novel hydrogels. The crosslinker PEGDMA was employed with
different contents to prepare chemically-crosslinked hydrogels. The chemical structure of
the xerogels was explored by ATR-FTIR. The characterisation methods DSC, cloud point
measurement, UV spectrometry, and rheology were used to investigate the LCST of the
aqueous polymer solutions. Gel fraction measurement and swelling analysis were
performed to detect the potential change at critical temperatures, both below and above
LCST. The goniometry and tensile tests were carried out to explore the mechanical

properties and hydrophilicity of the chemical xerogels.
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Figure 3-2 Work breakdown structure for the evaluation of the effects of the different

concentrations of photoinitiators and crosslinkers.
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3.1.2 Preparation of physically crosslinked xerogels

Based on the crosslinking mechanism, hydrogels can be formed to be either
physically or chemically crosslinked. These are synthesised from hydrophilic monomers
by either chain or step-growth, along with a functional crosslinker to promote network
formulation (Maitra & Shukla, 2014). Physically crosslinked hydrogels have become
significant as they are relatively easy to produce and have the advantage of not requiring
crosslinking agents during their synthesis (Varaprasad et al., 2017).

Physically crosslinked hydrogels can absorb water. However, inhomogeneities or
network defects may occur due to free chain ends or chain loops (Maitra & Shukla, 2014).
The physically crosslinked xerogels were prepared by polymerising NVCL into PNVCL
using Irgacure 2959, VA-086 and CQ initiators at different feed ratios for
photopolymerisation. In photocurable systems, photoinitiators mainly impact curing speed,
yellowing and cost (Yagci et al., 2010). The photoinitiators are substances which can be
decomposed and cleave when exposed to a UV or visible light source which initiates the
polymerisation of the monomers.

In this research, the three different photoinitiators: Irgacure 2959, VA-086, and
Camphorquinone (CQ) were applied to initiate polymerisation of the NVCL monomers.
Igracure 2959 undergoes cleavage from the excited triplet state, which generates two
radicals for initiating polymerisation (Occhetta et al., 2015). Irgacure 2959 is water-
soluble and tolerated by many cell types over a range of mammalian species (Duquette &
Dumont, 2019). Moreover, Irgacure 2959 has low toxicity when compared to other
Igracure initiators (Mondschein et al., 2017). VA-086 is an azo initiator having two
hydroxyl groups. It was selected due to its outstanding biocompatibility and low
cytotoxicity (Park et al., 2010). The low cytotoxicity photosensitiser camphorquinone is
ubiquitously used in visible-light-curing systems (Jakubiak et al., 2003; Singh et al., 2017).

It is a powder with an intense yellow colour which remains after light irradiation
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(Kowalska et al., 2021). Based on the method provided in Section 2.2, the quantified
solutions were pipetted into silicone moulds and cured under UV irradiation. Cured
samples were dried in a 50<C oven for 24 hours.

All xerogel samples which were formed using different concentrations of
Irgacure 2959 exhibited a bright, transparent appearance and had a glossy surface. This
indicates that the chains are arranged randomly and present no actual boundaries or
discontinuities from which light can be reflected (Ward, 2009). After drying in the oven,

no shrinkage or swelling occurred. However, they were slightly brittle and had a pungent

odour (Figure 3-3).

Figure 3-3 PNVCL xerogels fabricated using different concentrations of Igracure 2959
initiator: a) 0.1 wt%; b) 0.2 wt%; c) 0.5 wt%); d) 1 wt%); e) 2 wt%; f) 3 wt%; g) 5 wt%.

In comparison, the xerogels developed using VA-086 displayed a worse
appearance than Igracure 2959 samples. As can be seen in Figure 3-4, bubbles appeared
in the synthesised samples. This escalated as the concentration of photoinitiator was
increased. Such bubbles filled the entire sample when the concentration increased to 3
wt%. At high concentration, UV radiation results in an increase in the contribution of the
diffusion relaxation process. At the freshly solidified interface, the initiator concentration
of the post-cured solution is higher than that of the non-cured solution, causing a decrease
in the dynamic surface tension. Thus, bubbles were produced (Jiang et al., 2018). Though
the samples were fully intact, the surface was rough and uneven. Additionally, the gels

had a pungent odour and were slightly brittle.
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Figure 3-4 PNVCL xerogels fabricated using different concentrations of VA-086 initiator:
a) 0.1 wt%; b) 0.5 wt%; c) 1 wt%; d) 2 wt%; e) 3 wt%.

The samples blended with CQ were unable to cure at all when exposed to UV
radiation. Based on the literature, Camphorquinone, a blue light photoinitiator, is
commonly used in dental resin formulation. However, since the 3D printer light source of
this project is UV, the sample made by CQ was not considered further.

Comparison of the samples showed that the PNVCL xerogels formed using
Irgacure 2959 exhibited the best performances and were considered for further study to
develop the chemical crosslinking hydrogels. In order to possess the lowest cytotoxic
potential in the same group sample, 0.1 wt% was considered for use in the preparation of

smart chemically crosslinked materials.

3.1.3 Preparation of chemically crosslinked xerogels

Hydrophilic polymers such as PNVCL can be crosslinked by either physical or
chemical means to form hydrogels (Varaprasad et al., 2017). Chemical crosslinks are
formed by creating a permanent junction (covalent bond) between molecule chains, which
provides excellent mechanical strength and a stable three-dimensional network structure
for hydrogels (Hennink & van Nostrum, 2012; Ahmed, 2015).

PNVCL is a temperature-sensitive polymer. Most literature has reported that
PNVCL is an outstanding material for biomedical applications due to its biocompatibility
and acceptable cytotoxicity (Liu et al., 2016). When a crosslinker is added to the solution,
the LCST behaviour can be tailored, the network structure and mechanical strength can be
heightened, and the longevity of the polymers increased. To date, monomers such as N-
vinylpyrrolidone (NVP) (Norma Aidé Cortez-Lemus & Licea-Claverie, 2018),
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methacrylic acid (MAA) (Liu et al., 2016), 2-hydroxyethylacrylate (HEA) (Kenessova et
al., 2019) and poly(ethylene oxide) (PEO) (Vihola et al., 2007) have been used for
copolymerisation. PEGDMA is commonly used as a crosslinker, which serves to enhance
the internal molecule network strength and is added into the solution to form the
chemically crosslinked gels. It has attracted broad interest as a material for tissue
engineering due to its biocompatibility, non-toxicity, variable degradability and its ability
to be formed readily in situ (Beamish et al., 2010; Aldana et al., 2017; Burke et al., 2019).

Chemically crosslinked gels can be obtained by radical polymerisation in the
presence of the crosslinked agent. The crosslinked polymers were achieved by adding
crosslinker PEGDMA into NVCL monomer solution, which creates the chemical bonds
between the linear molecules, forming a network structure to increase the strength and
elasticity of the samples. Using wet chemistry methods, monomer mixtures of NVCL-
PEGDMA were prepared by using 0.1 wt% Irgacure 2959 photoinitiator which was based
on the earlier study, and various concentrations of PEGDMA crosslinker. The mixture
solution was pipetted into the silicone mould and cured under UV irradiation. The cured
samples were dried in a 50C oven for 24 hours. Figure 3-5 illustrates the

photopolymerisation reaction occurring in NVCL-PEGDMA mixtures.

_CH,
o I

Figure 3-5 Polymerisation of NVCL with PEGDMA.
0.1 wt% Irgacure 2959 was employed to initiate the polymerisation with 0.1 wt%,

1 wt%, 2 wt% and 5 wt% of PEGDMA to form chemically crosslinked gels. As Figure 3-
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6 shows, the polymers exhibited a clear, transparent appearance. The disc samples were
non-brittle due to the chemical bonds produced between the linear molecules. After drying
in the oven, no shrinkage or swelling of the sample occurred. All samples showed a
consistent shape without noticeable impurities. Due to the presence of covalent bonds, the
chemically crosslinked hydrogels are able to absorb water and swell. As 4D printed objects
require the ability to change shape or properties when acted on by a stimulus, the swelling
ability of the samples is the most critical factor in achieving 4D transformation. The size,
integrity and properties of the sample before and after expansion need to be considered.

Therefore, an array of analytical techniques was used in selecting the best sample and

application of the formulation into the next phase of the research.

Figure 3-6 Chemically crosslinked PNVCL polymers fabricated using different
concentrations of PEGDMA: a) 0.1 wt%; b) 1 wt%; c) 2 wt%; d) 5 wt%.

3.1.4 Attenuated total reflectance Fourier Transform Infrared Spectroscopy

ATR-FTIR was used to determine if PNVCL was successfully photopolymerised.
Both physical and chemical crosslinking was explored. When infrared radiation passes
through the sample, some of the radiation is absorbed by the sample and some radiation is
passed (i.e., transmitted). The signal generated at the detector represents the spectral
“fingerprint" of the molecule. Different structures or chemical bonds can be distinguished
following the spectral curve.

Figure 3-7 shows the spectra of NVCL and PNVCL, and Table 3-1 identifies the
peaks. Functional groups in NVCL and PNVCL found by FTIR show a carbonyl (C=0)

absorption band, which depends on the degree of hydrogen bonding and the physical state
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of the compound (Dalton et al., 2018). In the NVVCL spectrum, the characteristic carbonyl
peak is seen at 1622 cm™, a C=C peak was observed at 1649 cm™, while the aliphatic C-
H stretching peak is observed at 2933 cm™ and 2850 cm™. The peaks at 3108 cm™ and 992
cm™ correspond to the characteristic vinyl peaks (=CH and =CHy), similar to those

reported in the literature (Dalton et al., 2018).
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Figure 3-7 FTIR spectra of NVCL and PNVCL. Block marks the C=C and vinyl group in NVCL monomer. These are absent in PNVCL
polymer. n=2.
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Table 3-1 Functional groups in NVCL and PNVCL following FTIR analysis.

Shift(cm™)
Functional Group NVCL PNVCL
Aliphatic C-H 2933, 2850 2924, 2855
C=0 1622 1619
C-N 1486 1478
-CHa- 1438 1440
C=C 1649
=CH and =CH> 3108, 992
O-H 3463

In the spectrum of PNVCL, a carbonyl peak was located at 1619 cm™, as in the
monomer. The carbon double bond peak disappeared in the PNVCL spectrum. The
aliphatic C-H stretching peak was observed at 2924 cm™ and 2855 cm, close to that of
the monomer. The —CH> peak is situated at 1440 cm™. The stretching and bending
vibration peaks of the C-H bond in the vinyl group (=CH and =CH>) were seen at 3108
cmt and 992 cm™ in the monomer, and disappeared in the spectrum of PNVCL. These
results indicate that polymerisation was a success without any change in the caprolactam
ring. As Figure 3-7 shows, a new broad peak arose at 3463 cm™, related to O-H stretching.
This may be associated with the polymer hydrophilic character and ability to absorb
moisture from the air or have been brought about by the photoinitiator, which has O-H

bonds in its structure (Kozanoglu, 2008; Lee et al., 2013; Halligan et al., 2020).
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Figure 3-8 FTIR spectra of NVCL, PEGDMA and PNVCL. Block marks the C=C and vinyl group in NVCL monomer. These are absent in the
PNVCL base polymers. n=2.
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Table 3-2 Functional groups in NVCL, PEGDMA and PNVCL-PEGDMA following FTIR
analysis.

Shift(cm™?)
Functional Group
NVCL PEGDMA PNVCL-PEGDMA
Aliphatic C-H 2933, 2850 2868 2924, 2855
C=0 1622 1716 1616
C-N 1486 --- 1478
-CH,- 1438 1453 1441
c=C 1649 1637
C-O0 --- 1166
=CH and =CH; 3108, 992 815
O-H --- - 3418

Figure 3-8 shows the spectra of NVCL, PEGDMA and chemically crosslinked
gels PNVCL-PEGDMA, and Table 3-2 identifies the associated peaks. In the NVCL
spectrum, the characteristic carbonyl peak is seen at 1622 cm™, a C=C peak was recognised
at 1649 cm™ while the aliphatic C-H stretching peak is observed at 2933 cm™ and 2850
cm™. The peaks at 3108 cm™ and 992 cm™ correspond to the characteristic vinyl peaks
(=CH and =CHy).

In the PEGDMA spectrum, the ester groups were identified at 1716 cm™ and 1166
cm, represented as the carbonyl peak (C=0) and C-O stretching respectively. The peak
at 2868 cm™ corresponds to the aliphatic C-H stretching, and =CH and =CH, peaks were
located at 815 cm™ and 1453 cm™ (Killion et al., 2011). In the PNVCL-PEGDMA
spectrum, the C=0 peak is observed at 1616 cm™ and a C-N stretching was observed at
1478 cm't, similar to NVCL monomer. The caprolactam ring was not changed due to the
aliphatic C-H peaks as seen at 2924 cm™ and 2855 cm, and -CH,- was located at 1441
cm. This evidence indicated that the chemically crosslinked gels were successfully
synthesised in the absence of C=C, C-O peaks, which exist in NVCL and PEGDMA
monomers respectively. The stretching and bending vibration peaks of the C-H bond in

the vinyl group (=CH and =CH,) observed at 3108 cm™ and 992 cm™ in the monomer
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disappeared as well. This is in agreement with reports in the literature (Wu et al., 2010;

Halligan et al., 2020).

3.1.5 Phase transition determination in solution
3.1.5.1 Cloud point analysis

The covalent bonds in chemically crosslinked hydrogels are strong, and these
types of polymers cannot dissolve in solution. The phase transition in solution was thus
determined using only physically crosslinked hydrogels (Chai et al., 2017). In this study,
cloud point was used for analysing different concentrations of the homopolymer in an
aqueous solution. The cloud point is defined as the temperature at which the first sign of
opacity appear in the solution (Idris et al., 2017). At ambient temperature, the aqueous
polymer solutions were transparent. Due to the effect of the hydrophobic chain, the
polymers precipitated gradually, resulting in the solutions becoming opaque as the
temperature increased. At a certain temperature, the growing internal energy breaks the
hydrogen bonds. The water molecules are released to generate polar polymer conformation,
leading to an increased entropy in the system. In order to maintain the balance of entropy,
the prevalence of hydrophobic molecules tends to aggregate, leading to phase transition
(Wu et al., 2007). Essentially, LCST behaviour is dependent on the enthalpy and entropy
of the mixture of the polymer with water. Figure 3-9 illustrates the appearance of polymers
at 5% in solution with different concentrations of photoinitiator in solution at 32<C. There
was a clear difference in the degree of whiteness in each tube. The turbidity from left to
right decreased. Moreover, white precipitates can be observed at the bottom of tube “A”
and “B”, which contained 5 wt% and 2 wt% Irgacure 2959 photoinitiator. However, the
solution with 0.1 wt% Irgacure 2959 (F) was almost transparent. Figure 3-10 summarises
the cloud point result for PNVCL samples containing different concentrations of
photoinitiator. In conclusion, increasing initiator concentrations resulted in a decrease in

LCST. However, no relevant papers were found in the literature relating to this finding.
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Figure 3-9 Cloud point of PNVCL samples at 10 wt% in solution with different
concentrations of photoinitiator at 32<C: A. 5wt% Irgacure 2959, B. 2 wt% Irgacure 2959,
C. 1 wt% lrgacure 2959, D 0.5 wt% Irgacure 2959, E 0.2wt% Irgacure 2959, F. 0.1 wt%
Irgacure 2959.

Cloud point temperature (10 wt%)
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0.1 0.2 0.5 1 2 5
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Figure 3-10 Cloud point analysis of PNVCL with different concentrations of photoinitiator
(Igracure 2959). n=3, P<0.05.

Additional testing was carried out on specific agueous solution concentrations of
homopolymer. Based on the initial study, the sample which contained 0.1 wt% Irgacure
2959 was considered for further testing. Solutions consisting of 5 wt% and 10 wt%
homopolymers were used. The polymer solutions were transparent at 25<C. As the
temperature increased close to its LCST, a precipitate began to appear in the solution. The

cloud point of the 5 wt% PNVCL solution was determined to be 32.5<C, while the cloud
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point of the 10 wt% PNVCL solution was 33<C, with similar results being reported in the
literature (Gaballa et al., 2013; Halligan et al., 2017). Corresponding to the literature, the
LCST increases as the polymer concentration in solution increases. This is attributed to
endothermic enthalpy; an increase is required to break a number of hydrogen bonds

according to the solute increasing (Halligan et al., 2017; Marsili et al., 2021).

Figure 3-11 Cloud point of samples (L) PNVCL 5 wt% at 32.3<C, (R) 10 wt% at 33<C.
n=3, p>0.05.

3.1.5.2 UV-spectroscopy

The phase separation temperature of aqueous solutions of PNVCL homopolymer
(5 wt%) and (10 wt%) was investigated using UV-spectroscopy. This technique measured
the absorbance of the sample, which is a universally used technique for determination of
the LCST (Lee et al., 2013). All samples were analysed over a temperature range of 22°C-
50°C. Figure 3-12 illustrates the phase transition behaviour of PNVCL. The change in
absorbance is attributed to the transfer of the solution state — optically transparent below
the LCST and opaque above the LCST (Halligan et al., 2017). The inflexion point in the
S-shaped curve corresponds to the LCST. The solution which contained 5 wt%
homopolymer was shown to have a LCST at 33°C, whereas, the 10 wt% sample
experienced the phase transition at 35°C. The phase transition temperature obtained for
PNVCL was within the range already reported in the literature (Lee et al., 2013; Ferraz et

al., 2014).
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Figure 3-12 UV Spectrometry illustrating the LCST of PNVCL homopolymer at different

aqueous solution concentrations. n=3, p>0.05.
3.1.5.3 Differential scanning calorimetry

Differential scanning calorimetry is a thermal analytical technique used to
measure a heat capacity of a material, its endothermic and exothermic transitions, and
relationship to change in temperature (Dalton et al., 2014). It was used to analyse the LCST
behaviour in this body of work. As the temperature rises slowly, it facilitates the separation
of adjacent peaks or adjacent weightless platforms while displaying a small peak.
Mohammed (2018) et al. reported that the LCST of PNVCL was around 32°C
(Mohammed et al., 2018). In all cases, the onset value of the endothermic peak was used
to establish the LCST value. The relatively strong hydrogen bonds formed between water
molecules and N-H and C=0 groups in dilute solutions become weaker and break as the
temperature is raised, resulting in the endothermic heat of phase separation. One transition
was identified at 32.1°C during the heating scan of the 10 wt% homopolymer sample. This
transition was related to the LCST, in accordance with the values achieved by previous
research (Ferraz et al., 2014). The LCST detected using DSC exhibited a similar result and

trend as that of UV-spectroscopy.
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Figure 3-13 A representative thermogram illustrating the LCST of PNVCL (5 and 10 wt%)

aqueous solution. n=3, p>0.05.
3.1.5.4 Rheology

Rheology is the study of flow and deformation of matter. The rheological analysis
was performed in an aqueous solution. It is known that there is an absolute relationship
between the average molar mass of a polymer in a solution and a relative increase in
viscosity (Wu et al., 2022). As the temperature ramps, the solution changes from
transparent to opaque, resulting in a change in viscosity. The onset point of the viscosity
transition is the phase transition temperature. The elastic component (G’) and storage
modulus (G”) were measured as a function of temperature within the range of 15-50°C. It
is known that the G’ dominates the LCST when it first responds and is more sensitive to
temperature change than the G” (Halligan et al., 2017). Figure 3-14 illustrates the
behaviours of storage and loss modulus. As the graph shows, the transition temperature

appears at 32.9°C. As the LCST is approached, the values for G’ and G” increase until

G'=G" — this is known as the gelation point (Laupheimer et al., 2015).
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Figure 3-14 Rheological data illustrating the LCST and gelation point of PNVCL (10 wt%)
aqueous solution. n=3.
In summary, the results detected using the four techniques illustrated a similar
trend: the greater the concentration of PNVCL in solution, the higher LCST that was

achieved.

Table 3-3 The LCST of PNVCL homopolymer detected by four techniques.

Cloud point measurement DSC  UV-spectroscopy Rheology

(C) (C) (C) (C)
5 wt.% 325 30.9 33 33.2
10 wt.% 33 322 35 32.9

3.1.6 Swelling studies
A hydrogel-based sample placed in distilled water will absorb the solvent until
the elasticity of the network and osmotic pressure is balanced until an equilibrium state is

reached (Neffe et al., 2011). Swelling from water absorption is a characteristic property of
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hydrophilic groups in a polymer. The form and degree of the crosslinking impacts the
swelling properties of hydrogels, The mechanical properties of a hydrogel, however,
decrease as the degree of swelling increases (Killion et al., 2013).

PEGDMA is hydrophilic in nature. Swelling studies were performed on the
samples developed by physical crosslinking: P1 (0.1wt% Irgacure 2959/100 wt% NVCL),
and chemically crosslinked: C1 (0.1 wt%), C2 (1 wt%), C3 (2 wt%) and C4 (5 wt%). All
studies were carried out above and below LCST.

The weight of the hydrogels was measured at hourly intervals. The swelling
percentage of the hydrogel at a given time was calculated by subtracting the weight of the
dry polymer. The final swelling ratio was calculated using Equation 2. The results of this
study are shown graphically in Figure 3-15 while Figure 3-17 displays images of the
samples during the analysis. All samples below LCST softened and became sticky after 1-
hour. After 6-hours, due to the lack of insufficient covalent bonds present, the physically
crosslinked gels and chemically crosslinked gels formed at both 0.1 and 1 wt.% crosslinker
started to break down. After 24-hours, the hydrogels were fully dissolved and lost their
structure. However, the swollen weight of 2 and 5 wt.% samples continued to increase.
Contrasting swelling behaviour was observed for PNVCL samples above LCST.
Millimetre grid paper was used to observe the gels’ volume change during the experiment.
All samples displayed a similar trend, with peak swelling achieved around 48-hours. It

was noticed that the amount of water absorbed by the gels was not substantial.
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Figure 3-15 Swelling studies of PNVCL-PEGDMA hydrogels with 0.1-5 wt% PEGDMA

crosslinker concentration at ambient temperature. n=3, p<0.05.

Figure 3-16 PNVCL-PEGDMA 2 wt% (C3) samples submerged in distilled water at times:

A 0 hours, B 2 hours, C 24 hours, D 48 hours and E 72 hours at ambient temperature.

When the temperature is << LCST, the hydrogen-bonding of the hydrophilic

segments dominates the interaction between water and the polymer chains — the gel
absorbs water which dissolves the polymer chains and forms the swollen state. When the

temperature increases = LCST, the polymer chains shrink and expel water molecules

through hydrophobic segments, which results in the precipitation of polymer, so a globular
state appears (Li et al., 2014). At room temperature, the C3 samples achieved swelling
equilibrium at 72 hours of submersion. The swelling weight was recorded as being on
average six times heavier than the dry weight. Though the samples had maintained shape
and integrity, they were soft and easily broken with manual handling after submersion.
When the temperature rose above the LCST, the samples’ swelling become not substantial.
In addition, as the gel absorbs the increased amount of water, cracks begin to appear in the
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C5 type samples after 24-hours at room temperature. This resulted in a loss of weight in
the C5 samples during drying and measurement. The chemically cross-linked gels
prepared from 2 wt.% PEGDMA exhibited greater water absorption and were able to
maintain their integrity after swelling compared to samples prepared from 5 wt.%
PEGDMA.

According to the literature, due to the water assimilation, a hydrogel’s
mechanical properties decrease as the percentage of swelling increases (lyer et al., 2008).
The results for the homopolymers in this study correlate with such findings. Therefore,
although the C3 chemically crosslinked NVCL homopolymer displays smart behaviour,

its weak mechanical properties are a significant drawback.
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Figure 3-17 Swelling studies of PNVCL-PEGDMA hydrogels with 0.1-5 wt% PEGDMA
crosslinker concentration at 50 <C. n=3, p>0.05.

Figure 3-18 PNVCL-PEGDMA 2 wt% (C3) samples submerged in distilled water at times:
A 1 hour, B 2 hours, C 6 hours, D 24 hours and E 48 hours at 50<C.
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3.1.7 Tensile test

The tensile test is used to find out how strong a material is and also how much it
can be stretched before breaking. Tensile tests were performed on the P1 and C3 samples
that showed the most suitable swelling behaviour for 4D printing. The results are listed in

Table 3-4.

Table 3-4 Mechanical properties of P1 and C3 samples. n=5, p<0.05.

Properties P1 C3
Maximum load (N) 81.5843.37 117.6449.91
Tensile strength (MPa) 8.80+0.54 12.12+1.06
Elongation at maximum load (mm) 2.8940.13 2.4740.36
Young’s modulus (MPa) 27.6543.1 46.244.5

Tensile tests show the tensile strength of the basic P1 and C3 chemical crosslinked
polymer, providing an understanding of the behaviour of the chemical crosslinked gels.
During the crosslinking process, the formation of three-dimensional networks can lead to
an increase in tensile strength properties, though highly crosslinked structures can become
more brittle (elongation deceased) (Murray et al., 2013). Understanding the base polymer
behaviour will help identify changes which occur with the addition of monomers and/or

additives.

3.1.8 Goniometry

The hydrophilicity of the polymeric material was determined using goniometry
at room temperature, to measure the wettability of the surface of the samples by measuring
the angle of drop of water and its contact with the dry surface of the xerogel. The more the
liquid spreads across the solid surface of the material, the more attracted to the material it
is. The closer the contact angle is to 0< the greater the hydrophilicity of the sample material.
Materials with contact angle up to 90<C are considered hydrophilic, those with contact

angle greater than 90 “are considered hydrophobic, and surfaces with contact angle greater
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than 150 are considered to be superhydrophobic, as the liquid droplet meets the surface
without significant wetting (F&ch et al.,, 2009). In this section, the contact angle
measurements were performed on the homopolymer (0.1 wt% Irgacure 2959) and C3
samples.

The homopolymer PNVCL prepared at 0.1 wt% Irgacure 2959 has a mean contact
angle of 46.97 “at zero seconds, dispersing into a drop with mean contact angle of 31.73<
characterising it as a hydrophilic material. The same trend was observed in C3 samples,
which had a mean contact angle of 50.74 “at zero seconds, spreading into a drop with mean
contact angle of 40.02<at 115 seconds. In comparison, both physical and chemical
crosslinked samples are considered hydrophilic, with the contact water angle being less
than 90< As the homopolymer contact dispersing angle was closer to 0 PNVCL is more

hydrophilic than P(NVCL-PEGDMA).

Angle = 39.90 degrees ‘Angle = 33.23 degrees -
Base Width = 3.6927mm Base Widih - 4.9510mm

Angle = 47.52 degrees = Angle = 38.66 degrees =
Base Width = 4.1957mm — Base Width = 4.8884mm ——

/é ‘

Figure 3-19 The representative contact angles figures of Pland C3 samples at 0 and 115
seconds. n=3, p<0.05.
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3.1.9 Summary

In this chapter, physically and chemically crosslinked PNVCL based polymers
were synthesised to investigate their potential for shape shifting applications. The
successful polymerisation of the polymers has been confirmed by FTIR analysis. Phase
transition behaviour was investigated by cloud point, DSC, UV-spectroscopy and rheology.
Based on the contact water angle detection, the homopolymer and C3 samples are
hydrophilic. Swelling studies were performed to detect water uptake below and above
LCST. The chemically crosslinked polymers which were prepared using 0.1 wt%
Igracure 2959 photoinitiator and 2 wt% PEGDMA crosslinker exhibited promising
water absorption capabilities. However, the samples became soft and flaccid after
expansion, which results in the structural integrity and disc shape of the sample being

easily disrupted.
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3.2 Formulation development Il: Synthesis, characterisation, phase
transition and swelling of temperature-sensitive

copolymer/terpolymer hydrogels

3.2.1 Preface

The samples developed in the first section displayed outstanding expansion
capabilities and maintained LCST close to physiological temperature (samples: 30.9-35 <C,
physiological: ~37 <C). Unfortunately, the developed samples displayed such a reduction
in mechanical strength in their swollen state, thereby rendering them unusable. In order to
circumvent this issue of poor mechanical properties and improve the properties of the
samples, it was decided to copolymerise the NVCL with additional polymers. As
mentioned previously, smart polymers such as PNVCL can be crosslinked either
physically or chemically to form hydrogels. Through altering the degree of crosslinking,
the LCST and properties of the samples may be changed (Guo et al., 2019). Further to this,
the hydrogel properties may also be optimised through incorporating other monomers.

This section primarily investigates the thermal and swelling properties of
different PNVVCL-based polymers. Thermal and swelling studies determine the rate and
amount of water uptake, which determines the final performance and size of the objects
for potential 4D applications. Due to their specific characteristics, the monomers NVP,
DMAAm, and NIPAAmM were chosen to be combined with PNVCL.

NVP is a synthetic, non-ionic polymer soluble in water and many organic liquids.
It is a highly amorphous polymer with a glass transition temperature of around 150<C
(Ahmad et al., 2022). PVP repeating unit contains a highly polar amide group (which
determines its hydrophilic and polar-attraction properties) and polar methylene groups
(which confer the hydrophobic properties of PVP) (Lewandowska, 2014). Its absorptivity,
biocompatibility and non-toxicity have resulted in the application of PVP in food,
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pharmaceutical, cosmetics, detergent and adhesive industries (Raimi-Abraham et al.,
2014). DMAAmM is composed of two methyl groups that increase the electron density on
the nitrogen atom and form the polarity on the amide structure, causing the property of
electron donation (Akin & Isiklan, 2016). The scientific and practical interest in
PDMAAm is steadily growing. There are some reports that the LCST of PDMAAmM is
estimated to be higher than 200 <C (Pagonis & Bokias, 2004). The non-ionic temperature-
sensitive polymer Poly (N-isopropylacrylamide) (PNIPAAM) has received particular
attention and is widely used in the research field. PNIPAAm is composed of amide(-
CONH-) and propyl(CH(CHs)2) sections in the monomer structure (Haq et al., 2017).
PNIPAAmM exhibits a sharp phase transition at its LCST of 32<T in an aqueous solution
(Nagase et al., 2018). This enhances the appeal of PNIPAAmM for biomedical applications,
such as drug and gene delivery systems and regulation of cell attachment (Zhang et al.,
2015).

In this section, with the addition of other polymers, the synthetic hydrogels are
expected to obtain improved mechanical properties. Due to the thermal sensitivity of
NIPAAmM, the reaction time for swelling is expected to decrease. The UV chamber was
used for polymerisation of the polymers, and the samples were made based on the batch
discussed in Section 2.2.3. The samples developed were characterised using the following
techniques: molecule structures (Fourier transform infrared spectroscopy), thermal
properties (cloud point analysis, UV-spectrometry, differential scanning calorimetry and
rheology), mechanical properties (tensile test and goniometry) and shape changing
pulsatile performances (swelling studies) (Geever et al., 2006; Gaballa et al., 2013;

Halligan et al., 2017).
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Figure 3-20 Work breakdown structure for the evaluation of the effects of the different

copolymers and terpolymers.
3.2.2 Preparation of physically and chemically crosslinked terpolymer samples
Though the samples produced previously in Section 3.1 displayed satisfying
properties for 4D printing, some limitations remained. One such limitation is that the
produced samples were not sensitive enough to the environmental conditions and the
reaction time was, therefore, too long. Additionally, the produced samples were overly
soft and sticky to touch which in turn caused the samples to lack mechanical strength,
rendering them unusable.
In order to improve the performance of samples, the homopolymers N, N-
dimethylacrylamide (DMAAmM), N-vinylpyrrolidone (NVP) and N-isopropylacrylamide

(NIPAAM) were selected to polymerise with the NVCL. NIPAAm is the most popular
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temperature-responsive polymer and exhibits a sharp phase transition at its LCST of 32<C
in an agqueous solution (Nagase et al., 2018). The hydrophilic monomers DMAAm and
NVP were used to raise the LCST of the samples (Pagonis & Bokias, 2004; Lewandowska,
2014), and to satisfy 4D processing requirements. Both physically and chemically,
crosslinked copolymers and terpolymers were synthesised based on the previous
formulation using 0.1 wt% Irgacure 2959 photoinitiator. The representative corresponding
chemical structures of physically and chemically crosslinked copolymers and terpolymers

are shown in Figure 3-21 and Figure 3-22.

a. .
M n m
Cjo C_/V/O © W ~

| hd
n m (0] n m (0]
Figure 3-21 The chemical structure of NVCL based physically crosslinked copolymers

and terpolymers:(a) NVCL/NVP; (b) NVCL/DMAAm; (c) NVCL/NVP/DMAAmM & (d)
NVCL/NVP/NIPAAmM.

n
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>< >< <0

>< (@]
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Figure 3-22 Representative chemical structures of NVCL based chemically crosslinked

copolymers: (a) NVCL/NVP & (b) NVCL/DMAAm.
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It has been reported that the swelling characteristics of hydrogel samples can be
positively affected by decreasing the concentration of crosslinker utilised in the
formulation (Chavda & Patel, 2011). Thus, PEGDMA as a crosslinker was again added
into the solution at two different concentrations (0.1 wt%, 2 wt%) to observe the variance
in the swelling performance. The mixture solution must be heated and stirred for at least
20 minutes before curing, to ensure the crosslinking has fully occurred. The cured samples
were dried in a 50 T vacuum oven for 24 hours before testing. Disc samples were prepared
based on Table 2-4. Without NIPAAm monomer (from S1 to S9), all samples cured well.
The polymers were transparent and glass-like. In terms of colour, when taken in
comparison to the previously prepared samples, the samples herein displayed a slightly
yellow colour. Samples maintained their shape and integrity, and had a shiny, smooth

surface.

Figure 3-23 The appearance of (L) S7 (30DMAAmM/70NVCL/2PEGDMA), (M) S18
(25NVP/25NVCL/50NIPAAM/0.1IPEGDMA), &(R) S11 (65DMAAmM/20NIPAAM/15NVCL)

samples.

The chemically crosslinked terpolymer samples which were synthesised without
NIPAAmM — Figure 3-23(L) — displayed a better appearance than the copolymer samples
prepared with NIPAAm as shown in Figure 3-23 (M and R). Though the samples made
with NIPAAmM are promising, some bubbles appeared on the sample surfaces after curing.
The surface of some NIPAAmM-based samples is also uneven, with some of them
protruding upward. Figure 3-23 (R) shows the appearance of physically crosslinked
sample S11 (65DMAAM/20NIPAAmM/15NVCL). As the image shows, the worst

appearance was exhibited by this sample. This sample was defective, with many holes and

96



Results and Discussion

big bubbles, which affected its weight and shape integrity. Many attempts to
simultaneously mix the NIPAAmM and DMAAm with NVCL resulted in poor performance
and aesthetics of the samples. This may have been caused by photopolymerisation in an
air environment where oxygen in the air reacted with the sample. However, because the
3D printing will be performed in an oxygen-based environment, this type of

NIPAAM/DMAAM/NVCL batch was not considered appropriate for this research.

3.2.3 Attenuated total reflectance Fourier transform infrared spectroscopy

The materials in this work were analysed using FTIR to confirm the structure of
monomers NVCL, DMAAm, PEGDMA, as well as the copolymers. The monomers
displayed characteristic absorption bands at 1622/1649 cm™ (NVCL) (Kozanoglu, 2008;
Lee et al., 2013) 1611/1648 cm™ (DMAAmM) (Alpaslan et al., 2021) and 1715/1636 cm™
(PEGDMA) (Wu et al., 2010; Killion et al., 2011). These bands were assigned to the
carbonyl group C=0 bond stretching vibration, and the C=C bond stretching vibration.
However, in the P(NVCL/DMAAmM) spectra, only an intense peak at 1619/1619 cm™ in
S6 and S7 samples is attributed to the characteristic absorption of C=0 stretching. The
disappearance of the C=C peaks in the S6 and S7 sample spectra indicates successful
polymerisation. The absorbance bands at 2933 cm/2850 cm™ for NVCL monomer and
2934 cm™ for DMAAmM are attributed to the aliphatic C-H bending (Babu et al., 2008).
The bands discernible at 3109 cm™/992 cm™ and 981 cm™ have previously been reported
to be associated with =CH or =CH, bending (Chen et al., 2009). The bands at 1486 cm™
(NVCL), 1493 cm™* (DMAAm) and 1478 cm™ (S6, S7) are attributed to the stretching of
C-N bonds in both monomers and copolymers (Chen et al., 2009). The O-H bending arises
at 3422 cm™ and 3456 cm™ in S6 and S7, is providing further evidence that the

polymerisation has succeeded (Killion et al., 2011; Fallon et al., 2019).
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Figure 3-24 FTIR spectra of the constituent monomers and the S6 and S7 hydrogel copolymer. n=2.
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Table 3-5 Functional groups in NVCL, DMAAmM, PEGDMA, S6 and S7 analysed by FTIR.

Functional Wavelength (cm™)
Group NVCL DMAAmM  PEGDMA S6 S7
Aliphatic C-H 2933, 2850 2,934 2868 2925, 2857 2926,
2857
C=0 1622 1611 1716 1619 1619
C-N 1486 1493 1478 1479
-CH.- 1438 1418 1453 1422 1422
c=C 1649 1648 1636
C-0 1166
=CHand=CH, 3109, 992 981 815
O-H 3422 3456

The spectra of chemically crosslinked terpolymers were also explored by the
FTIR as displayed in Figure 3-25. The similarity of the backbone structure of both
monomers is obvious, displaying characteristic peaks at 1619 cm™ and 1656 cm™ (Cao et
al., 2005; Kureci¢, Majda & Karin, 2012) in the NIPAAm spectrum and exhibiting bands
at 1625 cm™ and 1695 cm™ (Sz&az & Forsling, 2000) in the NVP spectrum, and 1622 cm”
L and 1649 cm™ (Kozanoglu, 2008; Lee et al., 2013) peaks in the NVCL spectrum. These
absorption bands are assigned to the C=0 (carbonyl group) and the olefin C=C bond
stretching vibration, respectively. However, in the terpolymers spectra, an intense peak
exists only at 1655 cm™, 1624 cm™ and 1641 cm™ in each sample, confirming
polymerisation through the C=C bond.

The specific absorbance bands at 3282 cm™ and 1546 cm™ for NIPAAm are
attributed to the secondary amide and amide Il N-H bond (Sz&az & Forsling, 2000). The
characteristic double band for the isopropyl group is at 1387 and 1368 cm™. These bands
appeared in the terpolymer spectra, confirming the presence of NIPAAm in the structure.
The NIPAAm spectrum also revealed absorption bands at approximately 2970/2876/1410

cm?, previously reported to be associated with the C-H bond (Cao et al., 2005; Kure¢&ig,
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Majda & Karin, 2012), which are also located in the NVCL and NVP monomer at
2933/2850/1438 cm™* and 2976/2886/1423 cm! respectively (Sz&az and Forsling, 2000;
Halligan et al., 2017). Vinyl groups in the NIPAAmM monomer could be identified at peaks
between 3072 and 987 cm™ (Kim et al, 2003) while the NVP monomer exhibited sharp
peaks at 981 and 842 cm™, in agreement with reports that it shows strong peaks in the
range of 800-1000 cm™ corresponding to the mode of vinyl double bonds (CH2=CHR)
(Szaaz & Forsling, 2000). This also arises in the NVCL monomer situated at 3109 and
992 cm (Kozanoglu, 2008). Such characteristic monomeric peaks subsequently failed to
appear in the S14, S16 and S18 terpolymer spectra — a further indication of
polymerisation of the terpolymer. Also in the terpolymer spectra, the broad peaks at 3465
cm?, 3462 cm™ and 3462 cm™ for S14, S16 and S18 samples respectively are characteristic
of O-H vibration of water molecules, associated with polymer molecules through

hydrogen bonds (Sz&aaz & Forsling, 2000).

Table 3-6 Functional group in NIPAAm, NVCL, NVP, PEGDMA, S14, S16 and S18 analysed
by FTIR.

Wavelength (cm™)

Functional Group
NIPA™ wwer nvp PECGD g14 0 516 s18
Am MA
. 2970, 2933, 2976, 2971,
Aliphatic C-H ave osee  oan. 28068 2925 2028 ool
c=0 1619 1622 1625 1715 1655 1624 1641
C-N 1454 1486 1487 - 1458 1458 1458
“CHa- 1410 1438 1423 1453 1423 1424 1424
c=C 1656 1649 1695 1636 -
C-0 1166 -
O-H - 3465 3462 3462
N-Hstretchingof 550, -~ 3200 3289 3290
secondary amide
N-Hstretching of - yg5/5 - 1544 1543 1542
amide Il bond
< onroovl C.H 1387, 1389, 1389, 1388,
propy 1368 1366 1366 1366
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Figure 3-25 FTIR spectra of the constituent monomers and the S14, S16 and S18 hydrogel terpolymers. n=2.
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3.2.4 Phase transition determination

Temperature-sensitive polymers provide excellent flexibility in tailoring
transitions to suit temperature, inheriting great potential in 4D printing. Therefore, the
LCST of temperature-responsive polymers plays an essential role in designing smart 4D
behaviours, as the phase transition temperature is the point at which change occurs. In
order to manipulate the LCST, hydrophilic or hydrophobic monomers can be incorporated
into the polymer. In this study, hydrophilic monomers have been used. Due to the
hydrophilicity of the monomers, the LCST of the synthesised polymers was expected to
increase upon their incorporation. Phase transition was measured by employing four
techniques to determine the LCST, as demonstrated in Table 3-7. The physically

crosslinked hydrogels were dissolved in an aqueous solution before testing.

Table 3-7 LCST of selected PNVCL-based samples which were established using cloud point,
UV-spectrometry, DSC and rheological analysis.

) UV-spectrometry Rheological analysis
Gel code Cloud point (€C) DSC (<€)

() ()
Sil 49.040.5 494 >50 -

S2 33.040.5 32.3 32 33.7

S3 37.040.5 36.3 36 38.0
S10 55.040.5 54.1 >50 -
S12 43.040.5 42.9 43 -
S13 44.040.5 45.2 44 -

3.2.4.1 Cloud point analysis

As shown in Table 2-4, the cloud point measurement was carried out
appropriately on prepared physical hydrogel copolymers. The cloud point was determined
to be the point at which the solution changed from transparent to turbid at a specific
temperature. While at low temperatures, the aqueous solutions were homogenous and
transparent, at elevated temperatures approaching the transition temperature there was a
conversion to an opaque appearance. Figure 3-26 shows the phase transition point of

selected samples. The behaviour of the temperature-sensitive gels was controlled by
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adjusting the hydrophilicity. This was achieved by copolymerisation of hydrophilic
monomers with PNVCL at varying ratios. Compared to the homopolymer, the LCST is
increased after combination with hydrophilic monomers. In addition, as the concentration
of hydrophilic monomer increases, the phase transition temperature increases steeply. The
S10 sample, containing 65% NVP, 20% NIPAAmM and 15% NVCL displayed a phase
transition temperature at 55°C, revealing the correlation between the LCST and the
hydrophilicity of the polymer. Furthermore, the NVVP would appear to have a greater effect
on LCST than DMAAmM when combined with NVCL. The LCST is increased to 49°C and
33°C respectively when mixed with 30% NVP and DMAAmM. NIPAAm is the most
popular temperature sensitive polymer, with a LCST around 33°C (Haq et al., 2017).
Incorporating NIPAAm and NVP with NVCL had a noticeable effect on the cloud point
temperature. The S12 sample, containing 30% NVP, 30% NIPAAmM and 40% NVCL
shows a cloud point at 43°C. Compared with S1 sample, when 30% of NIPAAm replaces
NVCL, the phase transition temperature decreases by 6 degrees. These results correlate
well with such findings, with the transition temperature increasing proportionally with
hydrophilic polymer concentration (Anufrieva et al., 2001). This temperature-responsive
behaviour is a result of increased hydrogen bonding between water molecules, and

polymer and hydrophilic aggregation of the polymer chains (Wilke et al., 2015).

Terpolymers (10 wt% aqueous solutions)
60 r

50 B = 55
40 r

30 B 33
20 r

Temperature (°C)
H
9

10

S1 S2 S3 S10 S12 S13

Figure 3-26 The cloud point of terpolymers 10 wt% aqueous solutions. n=3, p<0.05.
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3.2.4.2 UV-spectroscopy

The phase transition point was quantitatively determined by measuring the
turbidity of the samples in solution. The aqueous solution was analysed over a temperature
range of 22-50<C, with 50<C being the maximum temperature that can be applied using
this technique. Figure 3-27 illustrates the LCST of the NVCL based polymers detected by
UV-spectroscopy. The onset value of light absorption was used to establish the LCST
value. The point at which LCST occurred during UV spectroscopy resulted in similar
values to those obtained by cloud point analysis. Additionally, it was noticed that the
absorption rate of S1 and S10 solutions progresses towards zero in the absorbance
spectrum, which means these samples were unable to experience the transition from
colourless to opaque within this limited range. Thus, with the incorporation of the NVP
monomers, the LCST of S1 and S10 had been raised to >50<C. Furthermore, it can be
observed that for homopolymers, the phase transition occurs instantaneously. In the case
of copolymers or terpolymers, a temperature increase is required for the phase change to
be completed. This regularity can be explained by the fact that a small portion of the gel
initially undergoes phase change at the onset temperature, while the majority gradually
undergoes phase change as the temperature raised (Scherzinger et al., 2014). Due to the
different polymerisation Kkinetic constants of the respective monomers and the
concentration of the mixture, the water content increases the hydrogen bonding reaction
between the water and the polymer, which requires more thermal energy to break the water

structure, resulting in a delayed phase transition (Eeckman et al., 2004).
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Figure 3-27 UV-spectrometry illustrating the LCST of PNVCL based copolymers and
terpolymers. n=3, p<0.05.

3.2.4.3 Differential scanning calorimetry

Differential scanning calorimetry was also used to analyse the LCST behaviour
of the PNVCL based materials. Figure 3-28 illustrates a representative thermogram (S2),
where the onset value recorded was 32.31<C. In some cases, it was found there was a
difference of over 1<C between the calorimetric peak and onset values. It is understood
that a small portion of the gel starts to undergo its phase transition at the onset temperature,
while the major part experiences the transition at the peak value (Geever et al., 2006).

Table 3-7 shows the summary of the results.
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Figure 3-28 A representative thermogram illustrating the LCST of PNVCL based
copolymer S2 (30DMAAmM/70NVCL) aqueous solution. n=3.
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The results detected using the three techniques illustrate the prevailing trend.
According to the previous section, the LCST of 10 wt% homopolymer solution is
approximately 32<C. After incorporation of different concentrations of hydrophilic
monomers NVP and DMAAm, the LCST can be increased to as high as 50<C. This is
favourable in relation to 4D printed objects, which may use different temperatures for
different applications. Pulsatile swelling studies were subsequently performed on all of the
relevant chemically crosslinked samples to investigate whether they possess suitable

swelling behaviour for 4D printing potential.

3.2.5 Pulsatile swelling studies

Due to the presence of covalent bonds, the chemically crosslinked hydrogels are
able to absorb water and swell. 4D printed objects require the ability to change their shape
or properties when a stimulus act on them. Therefore, the swelling ability of samples is
one of the most critical factors. A hydrogel-based sample placed in distilled water will
absorb the solvent until the elasticity of the network and osmotic pressure is balanced. The
constitution and degree of crosslinking affect the swelling properties of the hydrogels. The
hydrogel’s mechanical properties decrease as the percentage of swelling increases (lyer et
al., 2008). Pulsatile swelling experiments were conducted to investigate the reversible
response and thermo-sensitivity of these hydrogels to changes in environmental
temperature. Pulsatile swelling studies were carried out on all chemically crosslinked
circular smart polymer discs above and below the LCST, which was determined previously
by phase transition experiments. At various time intervals, samples were removed from
the distilled water and blotted with filter paper to absorb excess water on the surface,
weighed, and submerged into fresh distilled water until equilibrium was established. The
samples were then submerged into distilled water preheated to the required temperature

and weighed as before until a new equilibrium was achieved.
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Figure 3-29 Pulsatile swelling behaviours of chemically crosslinked NVCL/DMAAmM
copolymer hydrogels with different concentrations of PEGDMA (S6 0.1 wt% and S7 2
wt%) at temperatures between 20<C and 50<C. n=3, p<0.05.

Figure 3-29 illustrates how the swelling ratio was affected by the concentration
of crosslinker. The swelling degree had a gradual reduction based on the crosslinker
increase (lyer et al., 2008). The different crosslinker concentrations led to similar
expanding and shrinking kinetics, while there was a reduction in the sharpness of the
volume transition along with an increasing concentration of crosslinker. Sample S6, which
contained 30DMAAM/70NVCL/0.1PEGDMA, can expand 12-times more than xerogel.
However, the maximum swollen weight of S7, which contained
30DMAAM/70NVCL/2PEGDMA, is only 5-fold compared to the xerogel. The gels can
be described as chains of hydrophobic and hydrophilic groups interconnected by crosslinks
to form regions of open and restricted free volume. At low crosslinker densities, the gel
contains few restricted free volumes, or the number of hydrophilic groups restricted is low.
This causes the copolymer gels to show sharp transition behaviour as the water is quickly
expelled during gel collapse. At higher crosslinker densities, when the number of restricted
free volumes is high, there is increased polymer chain rigidity and increased bound water

retention resulting in loss of sharp phase transition behaviour (lyer et al., 2008).
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Figure 3-30 Pulsatile swelling behaviours of chemically crosslinked NVCL/DMAAM/NVP
hydrogels with different polymeric compositions and 2 wt% PEGDMA at temperatures
between 20<C, 50<C and 80 <C. n=3, p<0.05.

Figure 3-31 The appearance of the disc samples of S7 sample at times: A 0 hour; B 6
hours; C 72 hours; D 216 hours; E 336 hours; F 384 hours.

As Figure 3-30 shows, Sample S5 (30NVP/70NVCL) can swell to nearly 5.5-
times its original weight. However, the samples became soft and sticky after swelling and
it was easy to destroy the structure during the experiment. S7 (30DMAAmM/70NVCL) and
S9 (15NVP/15DMAAM/70NVCL) only expanded 5-times and 4.5 times the original
weight, respectively. But after absorbing water, these samples retained their toughness,
shape and integrity. For all S7 samples below LCST, the maximum swollen weight had
been reached after 24h. For homopolymer (C2) and other copolymers (S5, S9), the
maximum swollen weight was achieved after 48h. Subsequent to the maximum swollen

weight being achieved, when the temperature was above LCST, the samples started to
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shrink and exhibit reversible shape change behaviour as the temperature rose and fell. As
a result, when the 70% NVCL is mixed with 30% DMAAmMm, the swelling reaction time
was reduced. In addition, for all S7 samples above LCST, as the temperature increased
from 50 to 80 degrees, the weight of samples continued to shrink to a lower-level state.
However, after adding the hydrophilic monomers, the size of the expansion of samples did
not increase. This may be due to the high concentration of crosslinker that restricts the free

volume of the sample.
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Figure 3-32 Pulsatile swelling behaviours of chemically crosslinked NVCL/NVP/NIPAAmM
terpolymer hydrogels with different polymeric compositions and 2 wt% PEGDMA at
temperature between 20<C and 50<C. n=3, p<0.05.

As Figure 3-32 shows, for samples below LCST, when NIPAAmM monomer is
added, the terpolymers require 72h to reach maximum swollen weight. This means the
time it took to reach equilibrium and the magnitude of swelling ratio as the content of
NIPAAmM increases or decreases have no apparent effect. Additionally, the NIPAAm based
samples in the swollen state were soft and easy to stick on the filter paper and crack when
measuring. The samples above LCST showed reversible properties. With increased NVP
incorporation during photopolymerisation, the degree of shrinkage is reduced. The

swelling ratio of S15, which contained 65 percentage NVP, was 150%. However, the
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swelling ratios of S17 and S19 decreased below 100%. When the temperature dropped
again, the samples expanded back to maximum weight. This phenomenon can be explained
by the hydrogen-bonding of the hydrophilic segments, which dominates the interaction
between water and the polymer chains, and the polymers’ absorption of water. When the
temperatures increase above the LCST, the polymer chains shrink and expel water
molecules through hydrophobic interactions because of the hydrophobic segments, which
results in the precipitation of polymer and the appearance of a globular state (Li et al.,
2014).

In summary, the swelling properties have been affected by incorporating
hydrophilic monomers. All samples exhibited reversible swellability. During expansion
and shrinkage, all water-absorbed samples showed varying degrees of cracking, which
explains the loss of quality of samples after several expansion and contraction processes.
Only the hydrogels created by S7 formulation were able to maintain their shape and
structural integrity. Those hydrogels showed a relatively fast reaction time, and suitable
swelling and mechanical properties at both low and high temperatures. The outstanding
reversible swelling properties suggest there is a possibility to change the final shape and

apply such formulations to a 4D printing technique.

3.2.6 Rheological analysis

The rheological analysis was conducted to determine the LCST and gelation point
of selected samples. G’ and G” were measured as a function of the temperature, within the
range of 15-50°C. Stress sweeps were conducted, to confirm that rheological
measurements were performed within the linear viscoelastic region. Figure 3-33 illustrates
a typical curve. As the LCST is approached, the values for G’ and G” increased until G'=
G"” — this point is known as the gel point (Laupheimer et al., 2015). As the temperature

rises, G’ becomes greater than G" after the gel point. The crossover point for sample S2

(30DMAAM/70NVCL) was 38.6°C.
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Figure 3-33 A representative graph of rheological analysis demonstrating the onset
temperature and crossover point of S2 (30DMAAmM/70NVCL). n=3.
3.2.7 Gel fraction measurement

In order to further investigate the selected sample (S7), gel fraction measurements
have been carried out to compare differences in appearance and weight between the

xerogels and swollen gels. Due to the poor mechanical properties of some samples

following water absorption, a large number of tiny polymer pieces get stuck to the filter

paper and are carried away during the drying process.

Figure 3-34 The appearance of swollen samples. The gel codes from left to right are S5,
S9, S15, S17 and S19. n=3.
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Gel fraction can be used as a qualitative indicator of the efficiency of network
formation (Wu et al., 2010). The greater the gel fraction percentage, the greater the

covalent bonding. S7 had a gel fraction of 95.77 +1.87%. The 5% weight loss indicates

that formula of S7 is a suitable candidate for 4D printing techniques.

3.2.8 Tensile test

Tensile testing is used for detecting the mechanical strength of polymers. The
tensile test results for homopolymer C3 and copolymer S7 are summarised in Table 3-8.
The chemically crosslinked homopolymer had a maximum load of 117.6449.91N
compared to the P(NVCL-DMAAmM) copolymer which had a maximum load of
197.33#42.6N, increasing with 30% DMAAmMmM monomer incorporation. In addition, the
tensile modulus increased from 46.234.5 MPa to 77.632.8 MPa after 30% DMAAmM was

mixed with NVCL, which indicated the stiffness of samples is improved.

Table 3-8 Tensile properties of C3 and S7 samples. n=5, p<0.05.

Properties C3 S7
Maximum load (N) 117.6449.91  197.3%25.7
Tensile strength (MPa) 12.12+1.06 19.63+2.89

Elongation at Maximum Load (mm) 2.4740.36 2.3540.44
Young’s modulus (MPa) 46.244.5 77.6%2.8

3.2.9 Goniometry

The contact angle provided the level of the hydrophobicity held by each hydrogel.
The hydrophobicity of the copolymeric and terpolymeric hydrogels were determined using
goniometry to measure the angle of a drop of water wetting the surface of the solid xerogel.
The mean contact angle of chemically crosslinked C3 homopolymer was 50.74< (0

seconds), spreading into a drop with mean contact angle of 40.02< (115 seconds),

characterising it as a hydrophilic material. Figure 3-35 below shows the contact angles for

S5, S7, S9, S15, S17 and S19 from 0-115 seconds of the water drop contacting the surface.
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All tests were performed in triplicate. The mean contact angles of these copolymers and
terpolymers was 77.97<S5), 67.83S7), 84.15S9), 74.15<S15), 82.77<S17) and
53.53S19) at zero seconds, and 46.52<S5), 45.26<S7), 59.18<S9), 56.15<S15),
58.67(S17), 45.91S19) at 115 seconds. Thus, hydrophobicity was found to increase with

the addition of other polymers compared to the homopolymer.

Angle = 69.94 degrees - Angle = 45.91 degrees -
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Base Width = 3.9967mm Base Width = 4.5817mm
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Figure 3-35 The representative contact angles figures of S5, S7, S9, S15, S17 and S19 at
0 and 115 seconds. n=3, p<0.05.
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3.2.10 Summary

The physically and chemically crosslinked NVCL/NVP, NVCL/DMAAm,
NVCL/NVP/DMAAmM and NVCL/NIPAAM/NVP polymers were synthesised using UV-
polymerisation.

The FTIR results revealed that the PNVCL based polymers were successfully
polymerised. NVP and DMAAmMm, as the hydrophilic monomers, had a significant effect
on phase transition temperature and swelling performance, as the phase transition point
was increased by incorporation of NVP and DMAAmM monomers. In addition, all
chemically crosslinked samples exhibited reversible swelling behaviours. Only samples
which contained 30 wt% DMAAmM retained their shape and integrity, both below and
above LCST. Also, the mechanical strength was improved, as confirmed by tensile testing
studies. Based on the results, S7 chemically crosslinked gels containing 0.1 wt% Igracure
2959 initiator, 2 wt% PEGDMA crosslinker, 70 wt% NVCL and 30 DMAAmM
monomers, which exhibited promising mechanical strength, suitable phase transition
temperature and outstanding water absorption capabilities, were selected for the next phase

of the research.
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3.3 Synthesis of complex shaped “4D objects” and shape shifting
capabilities  exploration through 3D printing and

photopolymerisation techniques

3.3.1 Preface

The previous section explained how the smart components were developed and
displayed the ability to change their size after curing. The developed smart materials have
the ability to expand when submerged in water at room temperature (~22 <C) while at
elevated temperatures they are capable of shrinking. The mechanical properties of the
samples were greatly enhanced compared to the earlier samples in chapter 3.1. It was,
therefore, determined that the best performing formulation developed in the previous
section may be used for fabricating the 4D objects.

As a technique, 4D printing utilises a 3D printer to create a sample (“4D objects™)
with the added dimension of time to allow for an object to change its shape after removal
from the printer. This allows for objects to self-assemble when exposed to external stimuli
such as, water or heat due to the chemical interaction of the materials (Naficy et al., 2017).
UV photopolymerisation utilises UV radiation to cure liquid-based materials, the same
mechanism employed by an SLA 3D printer. In this section, based on the best performing
formulation developed previously, the personalised complex shaped models were
produced via 3D printing technology. This section mainly describes the process and
experience of 4D printing, summarising the reasons why 4D printing went from initial
failure to success, and investigates how to continuously improve the quality of samples
step by step. In addition, the differences in properties between UV-cured and 3D printed
samples is also discussed.

The 3D printed and UV cured samples were characterised using the following
techniques: molecule structures (Fourier transform infrared spectroscopy), thermal
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properties (differential scanning calorimetry), shape changing pulsatile performances
(swelling studies), and mechanical properties (tensile tests) (Geever et al., 2006; Gaballa
et al., 2013; Halligan et al., 2017). The 4D objects under development are expected to
have suitable performances and swelling abilities, so that they can be used in practical

applications.

Smart 4D objects

[

Building the complex shape models Building the complex shape models
with previous defined formulation with previous defined formulation
via UV chamber system via SLA 3D printing

Swelling behaviours Enhancement of
detection appearances and
quality of the 4D

printed samples

Swelling behaviours
detection

' !
' N
The comparison of property differences between stereolithography and UV chamber polymerisation samples

(FTIR, DSC, Pulsatile swelling study, Gel fraction measurement, Tensile test and Goniometry)
A ,/

Figure 3-36 Work breakdown structure for the development of the smart 4D objects.
3.3.2 Photopolymerisation of the complex shaped objects with moulds

Based on the designed model, the mould was printed layer by layer from bottom
to top with V2 Flexible resin. Figure 3-37 shows the finished part which had been

established in the build platform. Stainless-steel tools were used to remove the support.
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Figure 3-37 Mould printed using Form 2 3D printer.

Based on the previous formulation, the liquid base monomeric solution was
prepared and pipetted into the silicone mould. As seen in Figure 3-38, the puzzle shape
sample was successfully cured in the mould. However, after ultraviolet irradiation, the
cured part became stuck to the mould and unable to be separated. The entire mould became
soft and broke after bending slightly. This may be due to the similar type of materials (the
raw materials used to develop the mould and samples are liquid and UV curable) being
treated after the same process (UV curing) resulting in adhesion or fusion between the two

materials.

Figure 3-38 The above mould was made with Flexible Form 2 resin, and fracture was

caused by bending when removing the sample.

Therefore, the silicone mould was subsequently considered for the second

photopolymerisation trial. After the UV irradiation, the puzzle shape samples were made
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and were easily removed from the mould. Just as with the disc samples, the puzzle samples

displayed a shiny and transparent appearance (Figure 3-39).

Figure 3-39 The puzzle shape samples developed using the UV curing chamber.

Using the silicone mould, the flower shape sample, made with the same formula,
was bright and transparent, and all the samples displayed the required flower shape
(Figure 3-40). Subsequently, the swelling studies were performed on the synthesised
jigsaw and flower samples to detect smart behaviour. This will be discussed in the

subsequent sections.

Figure 3-40 The flower shape sample developed using the UV curing chamber.
3.3.3 The synthesis of complex shaped objects via a 3D printing technique using
novel formulation
In the previous section, the puzzle and flower pattern samples were successfully

developed through the Dr. Gréoel UV curing system. Therefore, the resin used for 3D
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printing was prepared with the same formulation, containing 0.1 wt% Irgacure 2959, 2 wt%
PEGDMA, 70 wt% NVCL and 30 wt% DMAAm. The total amount of solution for each
configuration was 50g. It was decided to use the flower models for the first printing trial.
The flower model sits at a 45-degree angle to ensure the model after printing could be
easily removed from the platform. Furthermore, in a conventional printing process, the
support structure would be printed first to support the part throughout the printing process.
However, considering the particular properties of the homemade resin, it was anticipated
that it would be difficult to print the default complex support structure. The first sample
was designed to print a without support. The difference in the printing method can be seen

in Figure 3-41.
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Figure 3-41 (L) printing without support & (R) printing with support.

A minimum cure size of 0.05 mm per each layer was selected for the printer. The
total time taken for printing was 3 hours 22 min. However, after three attempts, the
homemade resin was unable to print. No solid parts were observed. In order to ensure the
accuracy of the experiment, the resin used in the printer was placed in a silicone mould
and an attempt was made to cure it in the Dr. Grébel UV system. As a result, the resin was
fully cured via photopolymerisation. Comparing the differences between the two
technologies, the reason why the homemade resin was unprintable may be that the laser
scanning time for each layer is too short so that the new layer of resin cannot be cured on
the basis of the previous layer. This may also be attributed to the fact that the intensity of

the ultraviolet light provided by the printer is poor, resulting in the inability of the self-
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made resin to cure. Furthermore, compared with commercially available resins, synthetic
self-made resins often have a lower viscosity, so they cannot be attached on the inverted
platform during printing. Therefore, with this in mind, new formulations were developed
for the 4D printing trial.
3.3.3.1 New formulation development for 4D printing

In order to make 4D printing possible, the first consideration was to increase the
content of photoinitiator, to make the solution more sensitive to UV light. Also, in order
to explore the influence of crosslinking methods on printing, a physical crosslinking
solution with the same ratio after removing the crosslinking agent was also prepared. The
samples were prepared based on the blending details as shown in Table 2-5. However, for
those chemically crosslinking solutions, as the initiator concentration increased, still no
objects were printed. For those resins that are physically crosslinked, there were crystals
that precipitate in the resin container during the printing process and, after a period of time,
almost all of the liquid condenses into solid fragments. This phenomenon is due to the
recrystallisation that occurs in the NVCL monomer when the NVCL mixture is exposed
to room temperature for a long period of time, which prompts it back to its stored state.
Therefore, in the subsequent research, solutions that are physically cross-linked were not

considered for further use in producing 4D objects.

Figure 3-42 Recrystallisation of NVCL based solution occurs on the printer resin tank.
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It was found that changes in concentration of the Irgacure 2959 and crosslinking
method had no effect on printing. Therefore, for the next generation formulation it was
decided to use other photoinitiators. In line with the relevant literature (Jing Zhang & Xiao,
2018), considering the price of the materials, the wavelength range of induction and the
initial state of the materials, Irgacure 184, BAPO, TPO and H-Nu 400IL were selected to
use for the new trial.
3.3.3.2 The effect of new photoinitiators on 3D printing

The solutions were prepared based on the details that are listed in Table 2-6 and
poured into the printer resin tank. The total amount of solution in each batch was 50 g. The
flowers were successfully created with four new formulations. However, when
Irgacure184 was used as a photoinitiator, the shapes of the printed flowers were incomplete
— only a part of the flowers were successfully printed. Although a complete flower could
be printed when using TPO and BAPO, the printed part did not satisfy the predetermined

dimensions and pattern.

Figure 3-43 (L) the BAPO sample printed flower shape model stuck on the resin-filling
tank; (R) flower-shaped sample printed with 2 wt% BAPO resin.

As Figure 3-44 shows, when the NVCL solution contained 2 wt% H-Nu 400IL,
the printed flowers were able to obtain the designed dimensions. However, there were still

parts of the petals missing at the outer edge of the flower. Additionally, it can be noticed
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that all printed parts were built on the bottom of the resin tank instead of the printing
platform. This could be due to the fact that the parts were placed and created at a 45<angle
and the layers created at the beginning failed to build up on the print platform due to the
lack of contact area between the parts and the print platform.

In summary, comparing the flower parts made by the four different new
photoinitiators, the flower printed using 2 wt% H-Nu 400IL demonstrated a relatively

better appearance.

Figure 3-44 Flower-shaped parts printed using 2 wt% H-Nu 400IL resin.

In order to improve the quality of the prints, the next stage of the study
investigates the effect of concentration on the quality. Resins that contained 1 to 5 wt% H-
Nu 400IL were prepared in sequence. The details of these formulations are shown in Table
2-7 . After printing was complete, a flower-like print could be found on the bottom of the
resin tank. This means that all flower bodies were constructed on the resin tank. As Figure
3-45 reveals, the flower shape can be basically printed as a thin layer when mixed with 1
wt% H-Nu 400IL. When using 3, 4 and 5 wt% H-Nu 400IL, only a part of the flower was
printed with uneven edges. Only the 2 wt% H-Nu 400IL samples exhibited a relatively
complete shape of flower. Therefore, it can be concluded that the samples obtained by
printing with the resin containing 2 wt% H-Nu 4001L show a relatively better performance.
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The sample is able to be established roughly in accordance with the design. However, the
quality of prints is still inadequate to meet the criteria for use.

For the 2 wt% H-Nu 400IL resin, it can be observed that the thickness of printed
models is inconsistent. Moreover, the surface of the samples after printing was incomplete
and not smooth. There are even some details missing on the outside of the petals. The
reasons can be summarised as follows. Firstly, it may be because the amount of resin used
for printing is insufficient, resulting in the absence of resin to cure in the later stage of
printing. Secondly, as the print’s construction is carried out on the resin tank it is possible
that the actual position of the print slightly differs from the designed position. This leads
to different curing rates in different areas resulting in inconsistent thickness of the sample.
Additionally, since the printed parts are directly printed on the platform, it is easy to cause
damage to the sample during the process of removing the samples. It is also worth noting
that during the printing process, due to the strong corrosiveness of NVCL, the printing
platform shell is corroded and gradually fell off in the resin box. This leads to a reduction

in the quality of the prints.
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Figure 3-45 The flower-shaped parts printed using 1~5 wt% H-Nu 4001L homemade resin.
3.3.3.3 Further improvement of the 2 wt% H-Nu 400IL samples
Up to this point, the flower parts had been successfully printed with home-made

resin but the appearance of the printed flowers was not ideal. Therefore, the next step in
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the research was to address each of the issues listed above to further improve the quality
of the 2 wt% H-Nu 400IL samples.

Initially, the total weight of the resin was increased from 50g to 150g. At the start
of printing, the 100g prepared solution was poured into the resin tank and then the
remaining 50g was gradually added to the tank during the printing process to ensure that
there was sufficient resin for curing. The shells of the platform were wrapped with
transparent tape to avoid contact with NVCL. As Figure 3-46L demonstrates, after
increasing the content of the resin, the quality of the printed flower was significantly
improved. The flower model was fully printed with an outstanding appearance and shape
integrity. It could be established on the platform without any contaminants inside the
sample. However, when removed from the platform, it can be observed that an extra
amount of resin is cured on the side of the model to use for connecting with the platform,

resulting in an uneven thickness of the printed sample.

Figure 3-46 (L) The new flower-shaped part printed on the platform & (R) the new flower-
shaped part after remove from the platform.

As mentioned above, for a common 3D printing process, a support structure is
always built. This gives better assurance of the quality and integrity of the product.
Therefore, the next generation of 4D objects were built on support structures. In order to

investigate the impact of the printing angle on the printed samples, the flower model with
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support was placed horizontally and at 45 degrees (Figure 3-41). After several attempts,
the print was unable to build up on the stand. This was because the structure between the
item and the base was too slim and dispersed (Figure 3-47L). By modifying the support
structure, the structure becomes gathered and thick. It can be observed that the flower and
support are successfully printed on the platform with a horizontal lay-out (Figure 3-47M).
However, it was found that the flower printed on the support structure is soft and difficult
to separate from the support structure. This is probably due to prolonged immersion in the
solution, which causes both the support structure and the print to swell after printing.

Although the sample hardened again after post-curing, there was resin filling in the voids

between the petals giving the flower an imperfect appearance Figure 3-47R.

Figure 3-47 (L) Support-bases built on the platform, (M) the flower model printed on the
support structure & (R) the flower model after removing the support and post-cure.

As the support structure cannot be built stably and guarantee the quality of the
print, in the final iteration of the design, the model of the flower was designed to be built
horizontally without supports. As a result, the prints can be built on the platform with an
excellent appearance and can be easily removed from the platform by means of a small
spatula. Furthermore, to verify the feasibility of this scheme, the jigsaw prototype was
attempted to be printed with the same set-up. Figure 3-48 shows the appearances of the
printed items removed from platform. These prints were printed in accordance with the
design. After post-curing, the parts exhibited a bright and flat surface. The size and pattern

of the prints were also as required.
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Figure 3-48 The appearance of printed samples (L) Flower & (R) Jigsaw.

In summary, using the Form 2 SLA 3D printer, the homemade resin could be
successfully printed by preparing a 150 g solution containing 2 wt% H-Nu 400IL
photoinitiator, 2 wt% PEGDMA, 30 wt% DMAAm and 70 wt% NVCL with a curing size
of 0.05 mm per layer. Furthermore, the layout of designed components must be horizontal

and constructed directly in the printer build platform.

3.3.4 Comparison of the properties of UV-cured and 4D printed samples

As discussed in the last section, the three-dimensional flower and puzzle have
been manufactured via UV chamber system and 3D printer. The characterisation studies
are carried out to further explore the properties of the prepared parts. The expand-shrink
cycle behaviours are expected to be completed by cured and printed items so that the 4D
printing can be successfully achieved in this study. In addition, the effects on material
properties of NVCL samples prepared via stereolithography and UV chamber

polymerisation are also investigated.

3.3.5 Attenuated total reflectance Fourier transform infrared spectroscopy

The chemical structure differences were detected on S7(photopolymerised),
which has the best performance, and F2 (printed and photopolymerised) which is the most
suitable formulation for a 3D printing. As can be seen in Figure 3-49, the displayed
characteristic absorption bands of the three samples basically match one another. In the

P(NVCL/DMAAmM) spectra, only an intense peak at 1618/1615/1614 cm™ in S7 and F2
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cured and printed samples is attributed to the characteristic absorption of C=0 stretching.
Based on the previous studies, only one peak exists at the wavelength between 1600~1700
cm? in the printed and cured sample spectra, indicating successful printing and
polymerisation (C=C bonds disappearance). The bands at 1479 cm™ (S7), 1479 cm™ (F2
UV-cured) and 1481 cm™ (F2 printed) are attributed to the stretching of C-N bonds in both
monomers (Chen et al., 2009). The O-H bending arising at 3442 cm™ and 3425 cm™in
photopolymerised and printed samples provides further evidence that the polymerisation
has succeeded (Killion et al., 2011). It is worth noting that some of the peaks detected in
the printed samples were lower or higher in intensity than the two photopolymerised
samples. This suggests that the chemical bonds created in the printed samples may be
slightly different compared with those created in the photocured samples (Hughes et al.,
2014). For example, photopolymerisation will produce more C=0 bonds than the 3D
printing process. However, the water content in the printed samples was greater than in
the samples formed by photopolymerisation. Compared to light-cured samples, 4D
printing is time consuming. As the part is built up layer by layer, the sample being printed
and the solution are more exposed to moisture in the air, resulting in a sharp peak and large

shift of the O-H peak in the printed samples.
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Figure 3-49 FTIR spectra of the photopolymerised and printed samples. n=2.
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Table 3-9 Functional groups in NVCL, DMAAmM, PEGDMA, S6 and S7 analysis using FTIR.

Wavelength (cm™)
Functional Group

S7 photopolymerised  F2 photopolymerised | F2 printed
Aliphatic C-H 2927, 2857 2926, 2857 2930, 2857
C=0 1618 1615 1614
C-N 1479 1479 1481
-CHz- 1422 1422 1422
O-H 3442 3442 3425

3.3.6 Differential scanning calorimetry

The LCST of those printed and photopolymerised chemically crosslinked
P(NVCL/DMAAmM) were detected by differential scanning calorimetry. The gel samples
were immersed in distilled water at room temperature and allowed to swell to equilibrium
before the DSC measurement. The onset point of the endothermal peak was defined as the
LCST. The DSC profiles show that the LCST’s of S7 photocured, F2 photocured and F2
printed are 40.7<C, 40.6 C, and 39.7 T respectively. There was no significant difference
between polymerisation methods and photoinitiator types. As the temperature increased,
all the samples exhibited similar LCSTs at around 40<C — this is because the chemical
composition of the S7, F2 and F2 printed hydrogels were identical. The same
hydrophilic/hydrophobic balance in the polymer side chains determines the gel’s similar

phase separation behaviour (Zhang et al., 2005).
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Figure 3-50 A thermogram illustrating the LCST of printed and cured P(7ONVCL-
30DMAAm); Green: S7(photocured); Blue: F2(photocured) and Red: F2(printed). n=3,
p>0.05.

3.3.7 Pulsatile swelling studies on cured and printed complex shaped samples

The pulsatile swelling tests were carried out on both photocured and printed
samples to further examine the smart 4D behaviours of the shaped samples and to compare
the differences in dimensional expansion/shrinkage capabilities between the
photopolymerised and printed samples. Taking into account the potential expanding
dimensions of the samples, swelling analysis of samples was performed in a rectangular
plastic container of 120>80 cm?. containing 350 mL of distilled water. The first part of
this study aimed to investigate the swelling behaviour differences between the puzzle
shapes, flower samples and disc samples. As can be seen in Figure 3-51, the curves of the
formed samples and discs are fundamentally consistent. At temperatures below LCST, all
samples reach their maximum swelling capacity in water and retained their structural
integrity. For all NVCL/DMAAm samples, their dimensions can be nearly expanded by a
factor of 5 compared to their original state. It is worth noting that the circle and flower
samples can reach equilibrium after 24 hours, while the jigsaw samples take 48 hours to
reach their maximum capacity. This phenomenon can be explained by the slow contact of

the internal structure with water due to the greater thickness of the jigsaw samples. After
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the temperature was raised above LCST, the polymers shrunk to an equilibrium state after
24h. The samples can continuously deswell and reach a new equilibrium level after the
temperature reaches 80 degrees. This performance revealed the same trend as previously
for chemical crosslinking discs. When the temperature was changed back to 20 degrees

Celsius, all samples were able to return to their swollen state.
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Figure 3-51 The Pulsatile swelling behaviours of photocured chemically crosslinked
NVCL/DMAAm copolymer hydrogels with different shapes at temperatures 20<C, 50C
and 80<C. n=3.

The appearance of these samples exhibited a bright, transparent appearance
throughout the swelling test. The flower and jigsaw shapes presented, with a smooth
surface and well-defined edges after expansion and contraction. This indicates that the
cyclable intelligent expansion behaviour can be successfully achieved using complex

shaped designs.
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Figure 3-52 The appearance of the photopolymerised puzzle and flower samples at times:
A 0 hour; B 2 hours; C 4 hours; D 6 hours; E 72 hours; F 216 hours; G 336 hours.

The second part of the swelling study investigated the differences in water
absorption between the printed and photopolymerised samples. All NVCL/DMAAmM
samples were able to exhibit reversible shape change behaviour as the temperature rose
and fell. At temperatures below LCST, it was observed that the maximum swollen weight
had been reached after 24h. Those items that were photocured showed greater expansion
than prints, they were five times (S7) and four times (H-Nu) larger than the size of the
original parts, respectively, while the printed parts reached an expansion ratio of 320%.
When the temperature was above LCST the samples began to shrink, but there was no
significant difference in the expansion rate of the shrunken samples, which dropped to
around 150% for both printed and cured parts. In the subsequent cycles, the expansion
ratios of the photocured and printed samples were consistent with the results obtained in

the first pulsatile swelling experiment.
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Figure 3-53 The Pulsatile swelling behaviours of photocured and printed chemically
crosslinked flowers NVCL/DMAAmM copolymer hydrogels at temperatures 20<C and 50<C.
n=3.

As Figure 3-54 shows, both swollen flower and puzzle shapes are able to
maintain structural integrity in the first swelling/deswelling cycle. However, unlike the
photocured parts, the printed samples changed from transparent to white during the water
absorption process. After the first equilibrium state is reached, both the flower and the
jigsaw shape were completely white. It is interesting to note that after the temperature rose
and fell, the swollen samples returned to transparency. In addition, at the later stage of the
swelling experiment the printed samples began to crank or even break after absorbing

water. This was due to accidental damage caused by the repeated wiping motions during

the weighing process.

Figure 3-54 The appearance of the 4D printed puzzle and flower samples at times: A O

hour; B 6 hours; C 24 hours; D 72 hours; E 168 hours; F 240 hours; G 408 hours.
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In summary, the flower and puzzle samples manufactured via UV chamber
system displayed the same reversible expansion/contraction properties as the disc samples.
A smooth surface and excellent appearance were maintained. However, samples with large
dimensions require a longer time to reach their maximum capacity. Additionally, 4D
printing has been successfully demonstrated in this study. These printed samples were able

to demonstrate intelligent and reversible expansion/shrinkage behaviour.

3.3.8 Gel fraction measurement

Gel fraction can be used as a qualitative indicator of the efficiency of network
formation (Wu et al., 2010). The greater the gel fraction percentage, the greater the
covalent bonding. Gel fraction is the mass fraction of the network material resulting from
a network forming polymerisation or crosslinking process. The improved stability of the
hydrogels is attributed to the denser crosslink structure of the copolymer network. Figure
3-55 shows the gel fraction percentages of P(NVCL-DMAAmM) hydrogels prepared using
different photoinitiators and polymerisation methods. The result is that the different
photoinitiators and polymerisation methods have minimal effect on the gel fraction. Thus,
the three samples of P(NVCL-DMAAmM) were able to maintain a similar gel fraction of
about 95%. Only 5% weight loss confirms the excellent quality of the cured and printed

products.

Gel fraction measurement

o ©
(3] ~
T 1

(e}
ol
T

[(e}
w
T

Gel Fraction (%)
O
e

e}
N
T

[{e]
-

S7 H-Nu UV cured H-Nu printed

Figure 3-55 The gel fraction of printed samples, S7 and H-Nu UV cured samples. n=3,

p>0.05.
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3.3.9 Tensile tests

The tensile tests were also performed on the photopolymerised S7, 3D-printed F2
and photocured samples to investigate the differences between maximum load, tensile
strength and tensile modulus. As shown in Figure 3-56, there was little difference in all
the properties investigated for each sample. H-Nu samples are slightly stronger than both
S7 and printed samples. The same trend has also been found in terms of tensile strength
where S7 UV-cured samples have a greater tensile strength at limit. In general, tensile
properties can be slightly influenced by the type of photoinitiators, and the polymerisation
method used.

Tensile Properties
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Figure 3-56 The comparison of tensile properties between S7, H-Nu photocured and H-
Nu printed samples. n=5, p>0.05(maximum load), p>0.05(tensile strength),
p>0.05(Young’s modulus).

3.3.10 Goniometry

The contact angle provided the level of hydrophobicity of each hydrogel. The
hydrophobicity of the 3D printed and UV cured hydrogels was determined using
goniometry to measure the angle of a drop of water wetting the surface of the solid xerogel.
The S7 copolymer P(NVVCL-DMAAmM) prepared using 0.1 wt% Irgacure 2959 had a mean

contact angle of 67.8 “at zero second, dispersing into a drop with a mean contact angle of
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45.3 < characterising it as a hydrophilic material. The same trend was observed with F2
cured samples, which had a mean contact angle of 75.2 “at zero seconds, spreading into a
drop with mean contact angle of 62.3 “at 115 seconds. However, the F2 3D printed
samples had a mean contact angle of 62.6 “at zero seconds, dispersing into a drop with a
mean contact angle of 32.5 “at 115 seconds. Based on the wettability measurements, SLA
increases the hydrophilicity of P(NVCL-DMAAmMm) compared to UV chamber samples.
This coincides with the FTIR findings, where the 3D printed samples show stronger peaks
of O-H bonds than the UV polymerised samples. Furthermore, when comparing the two
UV cured samples, the Irgacure 2959 sample contact water angle was closer to 0 < which
meant that the mix of H-Nu 400IL reduced the hydrophilicity of P(NVCL-DMAAmM)

compared to the Irgacure 2959 samples.
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Figure 3-57 (L) The representative contact angles figures of F2 printed and UV-cured
samples at 0 and 115 seconds; (R) The comparison of contact angles between S7, F2 UV-
cured and 3D printed samples. n=3, p>0.05(0s), p<0.05(115s).
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3.3.11 Summary

The formulations containing 2 wt% H-Nu 400IL, 2 wt% PEGDMA, 30 wt%
DMAAmM and 70% wt% NVCL were developed using a Form 2 SLA 3D printer. The 3D
prints exhibited an excellent appearance and were able to respond to temperature pulses
across their critical temperatures, showing intelligent and reversible swelling/deswelling
behaviour in water media.

In addition, the effect on the material properties of NVCL samples prepared via
stereolithography and UV chamber polymerisation has been examined and summaried.
Both S7 and F2 samples showed a gel fraction around 95%. The photopolymerised and
3D printed P(70NVCL/30DMAAmM) parts were able to demonstrate expected
expand/shrink behaviour in water media. Moreover, when viewing the chemical structures
and lower critical solution temperatures, there was no significant difference between those
items. Overall, the differences between polymerisation methods and photoinitiator types
can be significant; although their chemical structures and thermal properties are similar,

there was differences recorded with regard to swellability and wettability of samples.
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3.4 Use of bilayer structures in UV chamber system to develop shape

shifting materials

3.4.1 Preface

The successful development of 4D material has been described in the previous
section. The printed objects were able to expand in water at room temperature and shrink
when the temperature increased above their LCST. However, the 4D objects developed in
the prior section can only change their size when immersed in water. It is difficult to
develop new applications with a single volume change behaviour. Therefore, in order to
maximize the value of the 4D samples, new intelligent behaviours were also investigated.

Stimuli-responsive hydrogels can undergo a dramatic volume change in response
to the external signals such as temperature. Due to the single change behaviour, hydrogels
cannot be flexibly converted between multiple configurations as SMPs, although some
hydrogels can also be formulated to possess shape memory functions (Wu et al., 2018). It
has been reported in the literature that intelligent deformation occurs when a force is
generated between two different materials. Generally, the shape-shifting materials are
composed of two materials. One is the active layer, made of the stimuli-responsive
materials; the other is the passive layer, often made with low stiffness materials. Once
triggered by the activation stimulus, the deformation generation on the active layer spurs
the passive change, leading to a change in dimensions and curvature (van Manen et al.,
2018). Depending on the combination of the two layers, the bilayer structures are able to
achieve self-folding, self-curving, self-bending, self-twisting, self-buckling and self-
rolling behaviours (Nam & Pei, 2019).

The 3D printer used in this study was not expensive (approximately 3000 euros)
and can only apply one material at a time for printing. Therefore, the new shape-shifting

behaviours are difficult to develop with this type of 3D printer. From the previous sections,

138



Results and Discussion

the hydrogel samples synthesised using S7 formulation via UV chamber system
demonstrated reasonable reversible swelling behaviours. Therefore, an attempt to develop
new double-layered 4D objects by means of UV chamber system was made. Although
other researchers have developed such smart structures and complex deformation
mechanisms, few scholars have used NVCL based polymers developed in a UV chamber
system. In this section, several commercial flexible materials are selected to combine with
the S7 material to form the bilayers. For feasibility purposes, the simple strip and flower
shape samples which showed an excellent performance in the former sections were used
for trials. The shape-shifting behaviours of double-layered structures were detected by the

pulsatile swelling studies.
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Figure 3-58 Work breakdown structure for the development of the bilayer smart 4D
objects.
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3.4.2 The development of first-generation bilayer strips

4D objects were successfully prepared by 3D printer in the former section.
However, the fact that the samples could only change their dimension resulted in the
limited application of the 4D printed samples. The structures being developed in this
section are expected to exhibit more complex change behaviours. It is well known that
deformation occurs when a force is generated. Stimulus-sensitive materials are capable of
generating expansion forces when stimuli are triggered. When a layer of flexible material
is overlaid on the stimulus-sensitive material, the force generated by the stimulus-sensitive
material can drive and stimulate changes in the flexible material, resulting in changes in
planar dimensions and curvature (van Manen et al., 2018). Thus, the idea of creating a
bilayer structure was born.

The flexible photopolymers used in this study were purchased from Formlabs
company. One of the materials used to prepare the passive layer is known as “Flexible
Resin”. Flexible resin is a black legacy formulation of mostly stiff, soft-tough material.
The ultimate tensile strength of this material can reach to 7.7-8.5 MPa. The elongation at
failure is 75-85%. The other material used for preparing the passive layer is called “Elastic
50A resin”. Elastic resin is a soft and transparent photopolymer resin. 50A stands for the
hardness of the materials. The ultimate tensile strength of this material is 3.23 MPa. The
elongation is 160%. The Flexible and Elastic resins can both withstand bending, stretching,
and compression in repeated cycles without tearing and are able to spring back to their
original shape. According to the provided description of the materials, the flexible
photopolymers are suitable for prototyping parts normally produced with silicone

(Formlabs, 2019). However, the Flexible resin is stiffer than Elastic resin.
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Figure 3-59 The Flexible and Elastic 50A resin cartridge obtained from formlabs.

The first trial of bilayer structures was prepared in the shape of a rectangle via a
chamber system. The method for creating a bilayer structure was described in section 2.8,
The patterns of the strips were designed based on the literature (Janbaz et al., 2016). The
patterns and parameters of the first-generation strip models were described in section 2.8.1.
The designed strips were expected to have different shape changes. In order to fabricate
the bilayer structure via UV chamber system, the five different prototypes of the strips
were first printed via Form 2 3D printer using high temperature resin. In previous studies,
silicone moulds have demonstrated the ability to accommodate NVCL-based polymers
under UV exposure. The cured parts could be perfectly formed and easily separated from
the mould. Therefore, a silicone mould was prepared again for bilayer creation. The
formulation details of the bilayer structure are shown in Table 2-8. Based on the S7
formulation, the liquid base polymer was prepared and pipetted into the prepared mould
first. After UV curing for 10 minutes, the flexible and elastic resins were poured on the

top of the cured layer and placed into the chamber for another 10 minutes. It is important
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to note that air bubbles form when injecting the elastomeric resin into the silicone moulds,

which can be removed with a pipette to ensure the quality of the sample.

Figure 3-60 The first-generation strips types of silicone mould.

The photocured bilayer structures are shown in Figure 3-61. Samples of all types
of strips were successfully prepared with excellent appearance and adhesion. The elastic
resin is transparent and has good photosensitivity, allowing the formation of passive layers
of varying thicknesses under UV light. Compared to elastic resin, the black colour of
flexible resin makes it easier to distinguish between the active and passive layers. However,
once the black resin has cured on the surface, the black layer would block UV radiation

and prevents the curing of the flexible photopolymer below.

Figure 3-61 (L) Bilayer strips made using Elastic resin + NVCL; (R) Bilayer strips made

using Flexible resin + NVCL.
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3.4.3 Shape shifting behaviours detection of first-generation bilayer strips

The different shapes and types of the bilayer strip structures were successfully
fabricated as described in the last section. The purpose of preparing five types of strip
shapes was to investigate the effect of different shapes and positions of active layers on
the shape shifting behaviour. In parallel, the effect of the different flexible materials used
to prepare the passive layers on the quality and shape change behaviour of the samples
was also evaluated.

The prepared strips with flexible and elastic layers were placed into large plastic
trays to ensure that the samples could be fully submerged in water during the whole
experiment. In order to detect the behaviours and shape changes, photographs were taken
at specific time intervals as shown in Figure 3-62 below. In the case of bilayers
constructed with flexible resins, no shape changes were displayed. Only a change in the
size of the active layer could be observed after 1 hour. In addition, even for the same type
of bilayer structure, the exhibited shape-shifting behaviours were different. This
phenomenon may have occurred due to the fact that the proportion of active layers was
different for each sample. Additionally, as there is no limit to the active structure, there is
no guarantee that the expansion of the active layer will act on the flexible layer and cause
the flexible layer to change shape. As the swelling ratio increased, the active layer began
to peel off the passive layer. After 24 hours, the active layer had almost completely shed
from the flexible layer. This may have been caused by the thinness of the flexible layer
which could not withstand the rapid expansion of the NVCL layer. Due to the
unsatisfactory performances of the flexible bilayers, the pulsatile testing was not

performed on these samples.
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Figure 3-62 At room temperature, the appearances of the different types of flexible bilayer
strips at the times: (L-R) 0 hours, 1 hour, 2 hours, 6 hours and 24 hours.

Figure 3-63 demonstrates the shape changing behaviours of those double-layers
established with elastic resin. As with the flexible samples, due to the uncontrolled
proportions and highly water absorbent NVCL layers, elastic bilayers showed irregular
changes in the water environment at room temperature. All types of bilayers folded after
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2 hours due to excessive lateral forces as there was no restriction on the direction of
swelling of the active layer. Notably, one of the 'a’ type bilayer showed self-rolling
behaviour after 6 hours. However, shedding still occurred on the samples and became
worse as the active substance expanded in size. When the temperature increased, the
desired behaviour did not manifest. Although the active layer did not detach extensively
after water absorption, the appearance of all samples was almost identical to that of the

samples at room temperature.
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Figure 3-63 The appearances of the different types of elastic bilayer strips at the times:
(L-R) 0 hour, 2 hours, 6 hours, 24 hours and 48 hours (oven).

In summary, the flexible and elastic bilayer structures were successfully prepared.
Due to the characteristics of the flexible resin, the cured black layer blocks UV light and
makes it difficult for the resin below to continue curing. In addition, the elastic resin has
greater ductility than the flexible resin. When water is absorbed, the expanding active layer
drives changes in the elastic layer, although these changes are irregular. As the designed
moulds were unable to control the proportional relationship between the active and passive
layers and the direction of expansion of the active layer, the shape change behaviour
exhibited by the five strip samples did not fulfil expected responsiveness. Only one sample
showed the expected shape change behaviour. Although this sample exhibited poor
properties after the active layer reached swelling equilibrium, it did demonstrate the
possibility of achieving shape change behaviour using a bilayer strip structure. Therefore,
the elastic bilayer structure and the "a’ bilayer design were chosen to continue further shape
change behaviour studies. In order to effectively control the direction and proportion of

expansion, rectangular based strip structures were be designed.

3.4.4 The development of second-generation bilayer strips

The previous section described how the bilayer could only exhibit random shape
change behaviour due to the lack of control over the expansion of the active layer. In order
to maintain consistency and to allow shape changes to be reproduced, new strips were
designed using the method described in section 2.8.2. Silicone moulds were made for the

preparation of the new generation of bilayer structures. In order to control the ratio
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between the passive and active layers, one end of these strips was designed in the form of
a step. The NVCL solution was first pipetted into the silicone mould until the first step
was filled and cured in the UV chamber for 10 minutes. The elastic resin was then poured
over the top of the cured active layer and cured under UV light for a further 10 minutes.
By using this method, the difference in thickness and ratio between the passive and active
layers can be effectively controlled. Furthermore, in order to control the direction of
expansion, the stepped side of the strip can be glued to a flat platform prior to immersion
in water, so that the behaviour of the shape change can only occur from one side to the

other, thus achieving a self-deformation behaviour.

Figure 3-64 (L) The second-generation silicone mould of strips & (R) The scheme of

direction control for strips in water.

The strip samples with ratio between the active and passive layers of 1:2, 1:1 and
2:1 are shown in Figure 3-65. All samples were successfully prepared with transparent
appearances. All strips were flat. The active and passive layers adhere excellently to each
other and the difference in thickness between the active and passive layers can be visually

observed.
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Figure 3-65 (L) The thickness of proportioned strip samples & (R) the appearances of

proportioned strip samples.
3.4.5 Shape shifting behaviours detection of second-generation bilayer strips

The aim of this section was to investigate the effect of different proportions of
strip on the self-rolling behaviour. In parallel, the possibility of achieving reproducibility
of shape changes by controlling the direction and capacity of expansion was being
investigated.

The expansion test of the double strips was carried out in triplicate. The stepped
side of the strip was stuck to a smooth glass platform by double-sided tape prior to
immersion in water. Due to the high density of the glass, it was able to sink to the bottom
of the water, allowing the sample to remain fully submerged throughout the experiment.
Furthermore, as the passive layer cannot swell in water, it ensures that the sample sticks
tightly to the glass platform for the duration of the change. Although the ratio between the
active and passive layers was effectively guaranteed, the three strips did not show the
expected self-rolling behaviour. As the photographs show, all samples fell off the glass
platform after two hours. This phenomenon may have occurred because the tape's adhesion
was reduced by contact with water, which caused the strips to separate from the platform
when the curling force was generated. It was also observed that, after 2 hours, almost all

samples exhibited vertical folding behaviour instead of horizontal rolling. This may be due
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to the superior swelling ability of the NVCL samples. Pulsatile testing was not performed
on the samples because of the unsatisfactory behaviour of the shape shifting. However, it
is worth noting that, after 24 hours, the force generated by the expansion of the active layer
did not break the strip. Although the expected change in shape was not achieved, the
samples ended up behaving in an almost consistent manner in water. In summary, for the
next phase of the research, effective control of the size of the expansion may be a key

factor in the successful production of predictable shape changes.
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Figure 3-66 At room temperature, the appearances of swollen proportioned bilayer
samples at the times: 0 hour, 2 hours, 4 hours and 24 hours.

3.4.6 The development of third-generation bilayer strips
The previous section described the making of the proportioned strips. Although

the samples were able to show a consistent pattern of shape change, they did not follow
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the intended pattern of change. This may be explained by the excessive expansion capacity
of the active layer. Therefore, strips that can effectively control the expansion size were
created in this section. The first scheme proposed to control the swelling rate was to modify
the formulation used to prepare the active layer. The active layer of the strip was prepared
according to the S7 formulation, which has a swelling ratio of 5 when it reaches
equilibrium. Compared to other previously formulated formulations, S7 had the lowest
swelling ratio and provides relatively good strength and appearance after water absorption.
It has been reported in the literature that the swelling rate of samples can be reduced by
increasing the amount of crosslinker (lyer et al., 2008), though this is not something that
to undertake in the latter stages of a doctorate, An alternative model for controlling the
swelling rate was to reduce the amount of the active layer. In a strip structure, the ratio,
position and shape of the active and passive layers can be different. When a significant
number of passive layers are combined with a limited number of active layers to form a
bilayer structure, the force generated by water absorption and swelling is not sufficient to
induce a change in the entire passive layer, thus controlling the swelling rate in another
way. In addition, because the direction of the force applied has a strong influence on the
final shape change behaviour, the third-generation strip models have been designed to be
fully enclosed. The patterns of the third-generation strips are shown in section 2.7.3. The
five types of strips were first created via 3D printer using high temperature resin. Using
the same method, the silicone mould was prepared and used for new generation bilayer
construction. The prototypes and silicone moulds of the five strips are shown in Figure
3-67. Even through the amount of active layer is reduced, the active layer of the five types
was uniformly positioned on the strips. All the slots used to fill the NVVCL solution have
been designed to be rectangular. This may have a positive effect on the formation of a

regular shape change behaviour.
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o [l

Figure 3-67 (L) The 3D printed strips & (R) The third-generation silicone mould of strips.

Unlike the previous double-layered structure, the elastic resin is first incorporated
into the silicone mould. When curing was complete, the cured elastic resin forms a new
mould. Subsequently, the prepared NVCL solution is incorporated into the space reserved
by the elastic mould. It is important to note that, in order to ensure the quality of the double
layer structure, the elastic resin needs to be added to the silicone mould in several stages
during curing. This ensures that the shape and detail of each pattern can be reproduced.
Furthermore, due to the ductility of the elastomeric resin, the cured elastomeric resin bends
to one side, therefore it is necessary to use double-sided tape to attach the elastic mould to
the platform in the UV chamber before incorporating the NVCL solution. The appearances
of the third-generation photocured bilayer structures are demonstrated in Figure 3-68. All
samples were successfully produced in the predefined manner. The surfaces of the strips

were smooth and slightly yellow in appearance.

Figure 3-68 The appearances of third-generation bilayer strips.
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3.4.7 Shape shifting behaviour detection of third-generation strips

The swelling tests on the double-layer structures was carried out in triplicate. The
prepared strips were separately placed into large plastic trays to ensure that the samples
could be fully submerged in water throughout the experiment. Almost all self-deformation
behaviours developed for hydrogel-based materials exhibit a bending—unbending
responsiveness (Li et al., 2017; Zheng et al., 2018; He et al., 2019). The photographs in
Figure 3-69 below were taken at different times and show the shape change behaviour of
the 'a’ and 'd' type samples in water. For the type ‘a’ strips, although some samples showed
the expected behaviour after 24 hours, consistency of the shape change was an issue. The
two strips exhibited two different transformation modes. It was also noticeable that some
of the active layers at the sides of the strips were damaged due to the large deformation at
the ends of the strips. This may be attributed to the forces generated by the scaled active
layer still being too strong, causing the strips to fold laterally rather than longitudinally. In
contrast, all strips of type ‘d’ exhibited the predetermined changes. The orientation and
angle of curvature of the samples at any given moment remained generally consistent.
After 24 hours, when the expansion of the active layer reached its maximum size, the
bilayer strips showed a less noticeable angle of deformation. Additionally, when the
temperature was raised above the LCST, the deformed strips failed to return to a perfectly
flat formation. This is because the active layer de-swells at high temperature, but the
shrunken sample still retains a 200% expansion ratio, so that only a reduction in the

bending angle can be observed in the samples.
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Figure 3-69 The appearances of swollen type ‘a’ and ‘d’ bilayer samples at the times (L-
R): 0 hour;1 hour; 2 hours; 6 hours; 24 hours and 48 hours (50 <C).

Comparing with the types ‘a’ and ‘d’ samples, by specifying and limiting the
direction and volume of the expansion, the samples of types ‘b’, ‘c’ and ‘d’ exhibited the
better repeatable shape change behaviours as the temperature increased and decreased. The
responsiveness of the shape changing has been approved in at least three cycles of the
testing, as shown in Figure 3-70. The bending behaviour is reflected in the variation of
the distance between the two sides of the strip. At room temperature, the type ‘b’ flat strips
started to bend, resulting in a reduction of the distance between the two ends from 85 mm
(length of the strip) to about 26 mm. After 6 hours of immersion, the distance reduced to
around 5 mm. When the active layers reached equilibrium state, the flat strips were able
to curve to a loop (0—2 mm). As the temperature rose to 50 <C, the active layers shrank to
a relatively small expansion size, thus reducing the bending angle of the bilayer strips. Due
to the fact that the active layer remains in an expanded state, samples cannot fully recover
to their original shape. After 48 h immersed at 50 <C (which is shown at 72 hours in the
Figure 3-70), the distance between the two sides increased to about 48 mm. After 144
hours, when the temperature returned to room temperature, the increased water absorption

capacity of the active layer allowed for a second increase in the bending of the bilayer strip

153



Results and Discussion

(the distance between the two sides reduces to 2-5 mm). In the bending process, it is worth
noting that the hydrogel layer did not separate from the passive layer during the entire
pulsatile swelling test, which indicates the integrity and consistency of the shape change
behaviour.

The rectangular design on the ‘c’ strip is progressively increasing in Size.
Different areas of the active layer can exert different forces on the passive layer so self-
rolling behaviour was expected to be achieved in water. At room temperature, the strip
started to curl due to the expansion of the active layer. However, the ‘¢’ type strip failed
to achieve the expected responsiveness; instead, it showed similar bending behaviour to
the ‘b’ type as the water absorption increased. This may be due to the fact that the active
layer does not generate enough force to produce a greater degree of curling in the strip. In
the subsequent heating/cooling cycles, the strip exhibited a consistent change in the degree
of bending. In the case of type ‘e’ strips, the active layer was designed at an angle of 45
degrees, which was expected to induce the bilayer strips to helix in the 45<direction. As
can be seen in the images, type ‘e’ showed a different level of responsiveness than type ‘b’
and ‘c’ samples. At room temperature, though no helical structure is formed, the ‘e’ strip
shows a nearly 90 folded posture when the NVCL layer is fully expanded. As the
temperature increased to 50T, the strips reverted to a slightly bent state. The manifestation
of this responsiveness offers the possibility of using such hydrogel materials to develop

behaviours that are distinct from bending—unbending.
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Type'e’Oh  Type‘e’lh Type‘e’dh Type‘e’24h Type‘e’48h Type ‘e’ 72 h Type ‘e’ 144 h Type ‘e’ 192h Type ‘e’ 216 h

y 6

Figure 3-70 The appearances of swollen type ‘b°, ‘c’ and ‘e’ bilayer samples at the times. ()
hour;1 hour; 4 hours; 24 hours; 48 hours (Oven);72 hours (Oven); 144 hours; 192 hours
(Oven) and 216 hours.

In summary, the idea of creating bilayers was proposed, to allow NVCL smart
hydrogels to exhibit different changes in addition to simple dimensional changes. By
combining it with an elastic material, simple bilayer strip samples were produced. After
these strips had been submerged in water, the active layer prepared by NVCL began to
swell. Due to the connection with the elastic layer, the forces generated by the swelling
acted and applied to the passive layer, resulting in a different way of changing shape. As
a result, five types of bilayer strips were successfully prepared. All samples were able to
show transformation behaviour. However, these types of bilayers were difficult to apply
in practice due to the following reasons: inconsistent change behaviour (type 'a'),
inconspicuous change behaviour (type 'd") and unfinished expected changes (type 'c’). Only
the type ‘b’ and ‘e’ strips demonstrated the predetermined shape-shifting behaviours.
Although the strips were unable to return to their original shape as the temperature rose

above LCST, the apparent angular changes throughout the expansion tests demonstrated
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the intelligence and value of these strips. Based on the success of the strip models, the next

section of this study will attempt to prepare the bilayer structure of the flower models.

3.4.8 The development of bilayer flowers

In order to further examine the feasibility of the bilayer structure, flower shaped
samples were prepared. In Section 3.3, the flower shaped NVCL-based hydrogels
demonstrated an excellent swelling capacity, which provided the rationale for the
preparation of bilayer structures. From the previous bilayer strip models, it can be
concluded that the swelling direction of the active layer and the proportional relationship
between the active and passive layers all have a significant influence on achieving the
desired shape transformation behaviour. The bilayer flower structure created in this section
is intended to mimic the flowering process in nature so that a self-curving behaviour is
expected to be achieved. As described previously, the flower model was printed on a 3D
printer at a thickness of 3 mm. In order to have the same thickness for the passive and
active layers, another model with a thickness of 1.5 mm was also prepared. A silicone
mould was then produced using the two flowers as models, as is shown in Figure 3-71. A
silicone mould was then produced using the two flowers as models. The two-layer flower
structures were constructed by dropping a prepared NVCL solution into a 1.5 mm thick
silicone mould, before being placed in the UV chamber system. In the presence of UV
light, the S7 solution was cured. The cured active layer was then placed in the bottom of
the 3 mm mould. After that, the elastic resin is pipetted on the top of the active layer until
the 3 mm mould was full. This effectively ensured the thickness ratio between the active

and passive layers.
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Figure 3-71 The 1.5 mm and 3 mm flower shaped silicone mould.

The bilayer flower samples with a ratio of 1:1 between the active and passive
layers were prepared and are shown in Figure 3-72. All flower samples were successfully
prepared with flat and transparent appearances. The surface of the flower samples was
smooth. In addition, the shape and integrity of the ‘petals’ were perfectly maintained. The
passive layer was accurately constructed on the top of the active layer, which gives an

assurance for the deformation behaviour.

Figure 3-72 The appearances of bilayer flower samples.
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3.4.9 Shape shifting behaviours of bilayer flowers

The pulsatile swelling tests were carried out on bilayer flower samples. The dry
and flat samples were placed in a large container at 0 hour to ensure there was sufficient
water for deformation throughout the experiment. As demonstrated in Figure 3-73, at
room temperature, the fully opened ‘flowers’ started to curve due to water absorption. The
angle of the curve of the ‘flower’ increased as the rate of water absorption increased. After
6 hours, the flower samples closed completely. The self-curving behaviour was displayed.
However, as the active layer continued to swell to its equilibrium state, the passive layer
was unable to withstand the curving forces generated by the active layer, resulting in
damage to the sample. Therefore, the closed flowers were placed at 50 <C after 6 hours,
which prevented the swelling rate from increasing. This operation yielded excellent results.
After 20 hours, the completely closed flowers were reopened due to the contraction of the
active layer. In the subsequent warming and cooling transitions, the double-layered flower

samples showed the expected opening and closing process, which successfully simulated

the flowering process in nature.

Figure 3-73 The appearance of swollen bilayer flowers samples at the time (L to R): 0
hours, 2 hours, 4 hours, 6 hours, 20 hours (14 hours in oven), 24 hours, 30 hours (6 hours

in oven).
In summary, by combining NVCL with an elastic material, simple bilayer strip
samples were produced. All samples were able to show transformation behaviour.

However, Only the type ‘b’ and ‘e’ strips demonstrated acceptable reproducible

158



Results and Discussion

shapeshifting behaviours. Although the strips were unable to return to their original shape
as the temperature rises, the apparent angular changes throughout the expansion tests
demonstrated the intelligence and potential value of these strips. For the bilayer flower
structures, by limiting the expansion time at room temperature, the flower samples

prepared in this contribution exhibited predictable and reversible shapeshifting behaviour.

3.4.10 Demonstration I: TUS Demonstration

The bilayer structures produced in this study show promising shapeshifting
behaviours. This provides the opportunity to develop practical applications using the
bilayer structures.

As shown in Figure 3-74, the first application developed in this section was the
TUS automatic displayer. At room temperature, it can be observed that the strips exhibit a
certain degree of natural bending in water at the beginning of the swelling. This may be
caused by the buoyancy of the water. After 24 h, when the active layer of the strips swelled
to its maximum size, the double-layered strips underwent a self-bending behaviour,
causing the “AIT”, “TUS” and “LIT” symbols to be displayed on the front of the container.
When the temperature increased to 50 <C, the active layer of the strip shrunk, leading to a
decrease in the expansion volume. Therefore, a decrease in the bending angle of the bilayer
strip can be observed. This resulted in the three sets of letters lifting backwards and not
being fully presented on the front side of the container. As the temperature returns to
ambient, the “AIT”, “TUS” and “LIT” symbols are again displayed on the front side due
to the increase of the water uptake. These performances marked the successful
development of the automatic demonstration concept, though further finetuning could be

carried out in the future to further improve consistency of the system.
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ORIGINAL STATE

Figure 3-74 The TUS automatic displayers achieved by using self-curving strips.
3.4.11 Demonstration development I1: Toy train puller

As shown in Figure 3-75, the second demonstrator developed in this section was
a toy train puller. At room temperature, it can be observed that the rope was loose in the
absence of tension at the beginning of the swelling. The train stopped at 0 cm. As the active
layer expands, the self-curving behaviour occurred, thus driving the rope to pull the train.
After 24 h, the active layer expanded to its equilibrium state, which resulted in a maximum
bending angle of the bilayer strip. This generated a tension force acting on the rope and
propelling the train forward. At maximum expansion state, the train was pulled forward to

10 cm. These performances illustrated the successful development of the automatic puller.
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ORIGINAL STATE

Figure 3-75 The toy train automatic puller achieved by using self-curving strips.
3.4.12 Demonstration development I11: Gripper

As shown in Figure 3-76, the third application developed in this section was a
flower-shaped gripper. At the beginning of the experiment, the bilayer flower was fully
opened at the top of the bolt. At room temperature, as the active layer expanded, the ‘petals’
began to bend inward and wrap around the bolt. After 6 h, it was observed that the bolt
was wrapped in the petals and could easily grip the bolt. This phenomenon is attributed to
the force provided by the water absorption of the active layer, which allowed the petals to
close completely. When the temperature was raised to 50 <C, the bolt was released. This
was due to the fact that the active layer of the bilayer structure started to shrink, resulting
in a reduction in the curvature of the petals. The open petals do not provide enough support

to grip the bolt. When the temperature dropped back down to ambient temperature, the

angle of the bilayer flower bend increased again and the bolt was again gripped.
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ORIGINAL STATE

Figure 3-76 The flower gripper achieved by using bilayer self-curving flowers.
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3.4.13 Summary

In this section, a novel method of constructing bilayer structures has been
developed. By combining the NVCL-based polymers and elastic resin, the bilayer strip
and flower structures were successfully manufactured via a UV chamber system. In order
to achieve the shape shifting behaviours, the appearances and patterns of the samples were
continually modified and updated. Finally, by controlling the ratio and amount of active
and passive layers and limiting the expansion direction of the active layer, the created strip
and flower samples successfully exhibited predictable and reversible shape shifting
behaviours. Based on the success of the deformation behaviour of the bilayer structure,
three simple and practical demonstrators have been developed for this study.

In terms of strip samples, third generation double-layer strips exhibited controlled
self-bending behaviour. By using this type of strip, an automatic demonstrator has been
developed. In the presence of water, the TUS letters can appear and disappear on the front
side as the temperature rises and falls. Furthermore, a mechanism for pulling a wooden toy
locomotive was also made from this strip. As the temperature increases and decreases, the
locomotive can be pulled forward and pushed back in the water. In terms of the flower
samples, the expected self-curving behaviour has been achieved, which provides the
opportunity to develop a gripper using a double layer flower model. As the temperature
climbs and drops, a bolt on the bottom of the water was able to be gripped and released,
flexibly. These operations not only open up new applications for medical NVCL materials,

but also provide a simple and fast method for the preparation of 4D materials.
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4 Conclusion and Future work

4.1 Conclusion

The major objective of this research was to achieve advanced 4D printing
technology by using temperature-sensitive based polymers. Following a thorough review
of the literature, NVCL temperature responsive polymer was chosen. Firstly, it was
essential to characterise the polymer and evaluate how the sample reacted with the
inclusion of different photoinitiators. Based on the wavelength range of the UV chamber
system and 3D printer, three types of photoinitiators were selected to prepare the
physically crosslinked PNVCL homopolymers with different feed ratios by
photopolymerisation. In a comparison of the homopolymers, all of the Irgacure 2959
samples were transparent and glass-like in appearance after the curing process. However,
as the NVCL blended with VA-086 and CQ, the samples could not be cured properly under
the UV irradiation. The phase transition temperature of physically crosslinked gels was
determined by cloud-point measurement, DSC, UV-spectroscopy and rheology. The 10
wit% and 5 wt% aqueous solutions were prepared. The results illustrated that the greater
the concentration of PNVCL in solution, the higher the LCST achieved. In order to possess
the lowest cytotoxic potential in the same group sample, 0.1 wt% was considered for use
in the preparation of temperature-sensitive chemically crosslinked hydrogels. The
chemically crosslinked hydrogels are able to reach equilibrium swelling ratios at room
temperature and shrink at temperatures above their critical temperatures. This capability
can be regarded as 4D behaviour. Therefore, in order to attain samples with good water
absorption, a chemical crosslinker PEGDMA was used to mix with NVCL at different
concentrations. The FTIR spectra of the homopolymers showed the C=C peak disappeared
after photopolymerisation, indicating that the NVCL successfully polymerised. The

swelling ratios and appearance of the hydrogels were affected by altering the amount of
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crosslink agent employed during polymerisation. The chemically crosslinked xerogels
which were prepared using 0.1 wt% Igracure 2959 photoinitiator and 2 wt% PEGDMA
crosslinker exhibited promising water absorption capabilities. However, the samples
became soft and flaccid after expansion, which resulted in the structural integrity and disc
shape of the sample being easily damaged.

In an effort to further optimise and improve the temperature-responsive properties,
using the same method of synthesis as for the homopolymers (UV chamber
polymerisation), a series of copolymers comprising NVP or DMAAmM and terpolymers
comprising of NVP/DMAAmM and NVP/NIPAAmM at different monomeric feed ratios were
fabricated. Similar analytical techniques used in the characterisation of the homopolymers
were again utilised in the study of these copolymers and terpolymers. The structural
analysis of hydrogels using FTIR again confirmed the presence and polymerisation of the
monomers and formation of random copolymers and terpolymers. Alternating the feed
ratio of the monomers, using the hydrophilic NVP or DMAAmM and hydrophobic NIPAAmM
resulted in copolymers and terpolymers with distinctive phase transition temperatures. The
phase transition temperatures of those samples were again determined by cloud-point
measurement, DSC, UV-spectroscopy and rheology. Increases in the feed ratio of the
hydrophilic monomer had a significant influence on the LCST which can even be
increased to 50 degrees Celsius. The hydrophilicity of hydrogels was analysed by
goniometry. The swelling capacities and the thermosensitivity of the hydrogels were
examined through pulsatile swelling studies. The copolymer and terpolymer samples were
able to respond to temperature pulses across their critical temperatures, showing reversible
swelling and deswelling behaviour in distilled water media. However, only the hydrogels
which were created using 0.1 wt% Irgacure 2959, 2 wt% PEGDMA, 30 wt% DMAAmM
and 70 wt% NVCL were able to maintain their shape and structural integrity. Those

hydrogels showed a relatively fast reaction time, suitable swelling and mechanical
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properties at both low and high temperatures. The improvement of the mechanical
properties was validated by tensile tests. The outstanding reversible swelling properties
suggested there was the possibility of changing final shape and applying such a
formulation to a 4D printing technique.

In order to further investigate the 4D printing feasibility of preparing a
formulation for 4D printing, more complex shaped jigsaw and flower hydrogels were
synthesised via UV chamber with candidate formulations. The jigsaw and flower samples
showed the same behaviour as the disc samples which were transparent and glass-like in
appearance after the curing process. Pulsatile swelling studies showed that these hydrogels
were able to respond to temperature pulses across their critical temperatures, showing
reversible swelling and deswelling behaviour in water media as disc hydrogels. The
hydrogels again attained high equilibrium swelling ratios at room temperature and shrunk
at temperatures above their LCSTs. However, when the formulation was made into a resin
for use in the Form 2 3D printer, the designed parts failed to construct. Comparing the
differences between the SLA and UV chamber, the reason why the homemade resin was
unprintable could have been that the amount of photoinitiator in the formulation was low
and insufficient to cure the resin with the low intensity UV provided by the printer.
Therefore, the candidate formulation had to be modified. A review of the literature showed
that H-Nu 400IL photoinitiator possesses a high UV photosensitivity. By increasing the
concentration of photoinitiator, optimising the layout of printed objects (deleting the
support structures) and increasing the amount of resin content, the 4D objects were
ultimately created using 2 wt% H-Nu 4001L, 2 wt% PEGDMA, 30 wt% DMAAmM and
70 wt% NVCL. The 3D prints exhibited an excellent appearance and were able to respond
to temperature pulses across their critical temperatures, showing intelligent and reversible
swelling/deswelling behaviour in water media. The effects on material properties of

NVCL samples prepared via stereolithography and UV chamber polymerisation were also
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investigated. When viewing the chemical structures and phase transition temperature,
there was no significant difference between those samples.

For the purpose of developing new shape transition behaviours with hydrogel-
based polymers, bilayer structures were introduced. By overlaying a layer of cured NVCL
polymer on the commercial elastic resin, the bilayer structures were fabricated. The NVCL
layer can be regarded as the active layer, and elastic material as the passive layer. Once
triggered by the activation stimulus, the deformation generated on the active layer spurs
the passive change, leading to the change in dimensions and curvature. The bilayer strips
and flowers were constructed via UV chamber system. By controlling the ratio and amount
of active and passive layers and limiting the expansion direction of the active layer, the
shape-shifting behaviours were implemented and a series of demonstrator produced.

In terms of strip samples, third generation double-layer strips exhibited
controlled self-bending behaviour. By using the ‘b’ type of strips, an automatic
demonstrator was developed. In the presence of water, the TUS letters can appear and
disappear on the front side as the temperature rises and falls. Furthermore, a system for
pulling a wooden toy locomotive was also made from this strip. As the temperature
increases and decreases, the locomotive can be automatically pulled forward and pushed
back in water. In terms of the flower samples, the expected self-curving behaviour was
achieved, which provided the opportunity to develop a gripper using a double layer flower
model. As the temperature climbed and then dropped, a bolt at the bottom of the water was
able to be gripped and then released flexibly. Although other researchers have developed
bilayer structures and complex deformation mechanisms, none have used NVCL based
polymers and developed it in a UV chamber system. The findings of this study not only
open up new potential applications (such as thermosensitive electrical components,
actuators and toys) for medical NVCL materials, but also provide a simple and fast method

for the preparation of 4D materials.
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4.2 Future Works

The findings in this thesis have comprehensively addressed the primary goals of
this project, but there are a number of emerging areas worthy of further examination:

1. The NVCL formulation used to fabricate bilayer structures has a high swelling ratio at
room temperature, resulting in damage to the sample as it expands to its maximum size.
Future studies can look at optimising this. The swelling rate of the hydrogel could be
adjusted with the addition of other additives or by increasing the proportion of
crosslinker feed, so that the NVCL polymer can more easily develop more complex
deformation behaviours.

2. The changes of 4D printed objects developed in this study can only be displayed in an
aqueous medium. In some cases, it is inconvenient to apply this 4D part. Therefore,
the exploitation of 4D printing technology through the use of other temperatures or
stimuli (such as PH and magnetic etc.) responsive polymers to develop a more
sophisticated 4D printing technique could be the focus of future work.

3. The shape shifting behaviours have been successfully achieved. There are many other
intelligent behaviours that could be developed in relation to NVCL-based polymers.
For example, it may be possible to achieve deformation behaviour in a single hydrogel
sample by curing different parts of the same sample under different intensities of UV
light. In addition, there are no reports in the literature describing the incorporation of
colour change ink or pigment with the stimuli-responsive polymers. The commercial
colour change powders are able to change their colour following an environmental
change, such as light, temperature or PH. The idea is to synthesise multi-stimuli-
responsive polymers that can change their colour and shape to meet various

requirements.

169



Chapter 5:

Appendices



Literature Supplement

5 Appendices

5.1 Appendix A-Literature Supplement

Summary of the application of 4D printing existing in literature

Material(s) Stimuli Reaction time Printing method Prototype developed Function Reference
Aqueous droplet Osmosis Not Mention Not Mention Rectangular (Villar et
to circle al. 2013)
(tissue
engineering)
Rigid and active Water 0, 30mins, Multi-material Morph (Tibbits et
material 3D printer change al., 2014)
24hrs
Vinyl Water Not mention Multi-material Surface (Raviv et
Caprolatam, 3D printer curling al., 2014)
PE,Epoxy
diacrylate
oligomer,
Irgacure 819
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Alginate/PNIPA
Am

Thermoplastic
elastomer(TPE)

Tangoblack+,Ver
owhite

SMP PU

Heat and
water

force

Heat

Heat

1 min

Immediately

11s

Not mention

3D-bioplotter

FDM

Multi-material
3D printer

FDM

172

Actuators

Prosthetic
finger

Self-lock/3D
fold

Gripper

(Bakarich et

al., 2015)

(Mutlu et

al., 2015)

(Y. Mao et

al., 2015)

(Yangetal.,

2016)
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PUA oligomer

PNIPAAmM/spiro
benzopyran (SP)

Nanoclay,
Igracure
2959,NIPAAmM,gl
ucose
oxidase,NFC

Polylactic acid
(PLA) Filament

magneti
c

Heat and
light

DI
Water

Heat

Not mention

about 4h

25mins

Not mention

bioprinter

Not mention

SLA

FDM

173

Key-lock
connectors

(Kokkinis

etal., 2015)

(Kuksenok

Mimic the contraction

Flower
closing/openi
ng

Morph
change

& Balazs,

2016)

(Sydney
Gladman et

al., 2016)

(Zhang &

Hu, 2016)
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acetone/soybean
oil epoxidized
acrylate/lrgacure
819

Tangoblack+,Ver
owhite

PLA and PHA
wood fibre

Heat

Heat

moisture

60s

0,2s5,125,38s
0,11s,20s,38s

Not mention

SLA

Multi-material
3D printer

FDM
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Soy (Miao et al.,
scaffolds
bending 2016)
Smart hook (Jiangtao

Wu et al,

2016)
(Le Duigou

Morph change

etal., 2016)
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Tangoblack+,Ver
owhite

PNIPAAM/PHE
MAJ/PEO-
PU/BIS

Benzyl
methacrylate(BM
A)/PEGDMA/BP

A/DEGDMA

Not mention

Multi-material
3D printer

SLA

SLA

Hy drated 20 ocC

= -———'—“

Hydrate«
’g- —
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(Mao et al.,
Load-bearing

Fold (Naficy et
al., 2016)

Gripper (Ge et al.,
2016)
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DMAAM/PVP/IM Force Immediately micro SLA (Y. Jiang &
ethacrylic Twisting & bending
acid/Methacrylic Wang,
anhydride
2016)
P2VP/ABS PH Not mention FDM Regulate the (Nadgorny
flow rate
etal., 2016)
methacrylate Heat and 14s SLA (Zarek et
polycaprolactone Voltage Power connected
al., 2016)
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tBA/DEGDA/BA
PO

SMPs PU
filaments

PUA/DGEDA/IB
OA/Irgacure 184

Heat

Heat

Water

11s

Not mention

12s

SLA

FDM

programming

SLA

T
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Self-folding

Morph
change

(Choong et

al., 2017)

(Bodaghi et

al., 2017)

(T. Zhao et

al., 2018)
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PCLDMA/BASF Heat 5 min SLA Self-repair (Invernizzi
et al., 2018)
PAG66/carbon Heat Not mention fibre and resin Deformation, (Q. Wang et
fibre printer self-
morphing al., 2018)
PS film Heat/ph about 5s Not mention Actuators (Zolfaghari
oto ~N
f ‘ an et al,
e )
2018)
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Composites/clay/ Water Not mention FDM
CMC

Morph (Mulakkal
change
etal., 2018)

o

Topview Frontview
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5.2 Appendix B —Experimental Figures and Tables

5.2.1 DSC results
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Figure 5-1 DSC graph of S1 PNVCL based polymer sample.

-0.38
-0.40

-0.42

Heat Flow (W/g)

0.44 -

-0.46

36.32°C

-0.48
35.8

Exo Up

36.0 36.2 36.4 36.6 36.8 37.0 37.2
Temperature (°C) Universal V4.5A

Figure 5-2 DSC graph of S3 PNVCL based polymer sample.
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Figure 5-3 DSC graph of S10 PNVCL based polymer sample.
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Figure 5-4 DSC graph of S12 PNVCL based polymer sample.
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Figure 5-5 DSC graph of S13 PNVCL based polymer sample.

5.2.2 Rheology results
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Figure 5-6 The rheology graph shows the phase transition and gelation point of 5 wt%

PNVCL sample.
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Figure 5-7 The rheology graph shows the phase transition and gelation point of S3 sample.
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5.2.3 Swelling studies

Table 5-1 Below and above LCST swelling wt% ratios for the chemically crosslinked samples.

Time (hrs) 0 1 2 6 24 48 72
PNVCL/PEGDMA-Below LCST (Mean)

0%PEGDMA 1.225 1.531 1.395 1.129 - - -
0.1%PEGDMA 1.321 1.586 1.43 1.135 - - -
1%PEGDMA 1.443 1.764 1.603 1.263 - - -
2%PEGDMA 14 1.981 2.2 2.84 6.3 9.23 9.8
5%PEGDMA 0.944 1.317 1.446 2.378 3.014 2.413 1.181
Swelling ratio % (Mean)

0%PEGDMA 0 25 14 - - - -
0.1%PEGDMA 0 20 8 - - - -
1%PEGDMA 0 22 11 - - - -
2%PEGDMA 0 41.5 57 103 350 559 600
5%PEGDMA 0 28 30 52 139 223 80
PNVCL/PEGDMA-Above LCST (Mean)

0%PEGDMA 1.084 1.283 1.448 1.57 1.583 1.639
0.1%PEGDMA 1.354 1.557 1.603 1.483 1.535 1.605
1%PEGDMA 1.423 1.709 1.804 1.835 1.859 1.984
2%PEGDMA 1.259 1.554 1.716 1.829 1.877 1.885
5%PEGDMA 1.273 1.617 1.748 1.89 2.013 1.979

Swelling ratio % (Mean)

0%PEGDMA 0 18 34 45 46 51
0.1%PEGDMA 0 15 18 10 13 18.5

1%PEGDMA 0 20 27 29 31 39

2%PEGDMA 0 23 36 45 49 50

5%PEGDMA 0 27 37 48.5 58 55.5
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Table 5-2 Pulsatile swelling study performed on the PNVCL based polymer samples and swelling wt% ratio in below and above LCST condition.

Time (hrs) 0 1 6 24 48 72 144 168 24(oven) 48 72 24(room) 48 72 96 120 24 (oven) 48
Cof/terpolymers (Mean)

S4 151 1.788 1.049 - - - - - - - - - - - - - - -

S5 141 1773 3577 6.251 8.874 9.287 8.971 - 5.602 5.217 4994 9.01 - - 9.344 9.463 5.704 5.464
S6 136 1959 3944 6.797 8.666 1217 1660 18.498 10.267 8.553 8.443 - - 14.3 1775 - 10.74 10.55
S7 118 1949 3702 4915 6.266 6.7 6.041 - 3.642 3.568 3.718 6.008 - - 6.184  6.262 3.952 3.771
S8 139 2609 5935 8792 1169 1486 17.73 1880  7.255 5822 5778 - - 1443 1715 - - -

S9 147 2.27 3.719 551 6.948 7.616 7.297 - 4.032 4173 3.93 6.439 - - 6.439 6.637 4.448 4.308
Swelling ratio % (Mean)

S4 0 18.3 - - - - - - - - - - - - - - - -

S5 0 253 153 342 527 556 534 - 296 269 253 537 - - 560 569 303 286
S6 0 70 189 397 534 791 1115 1253 651 526 518 - - 946 1198 - 686 672
S7 0 65 213 315 429 435 410 - 208 201 214 407 - - 422 429 234 218
S8 0 87 325 530 738 965 1170 1247 420 317 314 - - 934 1129 - - -

S9 0 54 152 274 371 416 395 - 173 183 166 337 - - 350 356 202 192
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Time O 1 2 4 6 24 48 72 96 168 192 216 240 264 336 360 384 408
(hrs)

Colterpolymers (Mean)

S15 1598 2296 2.812 3.643 4.624 8.448 9.087 9.059 8917 4.76 4879 7318 7411 4595 4884 7.083 7.111 6.966
S17 1466 2392 2.66 3.195 3.853 7.508 8.13 8.673 8772 3.003 3481 7864 7.862 3.67 3.58 7569 7.608 7.443
S19 1414 2137 2437 2891 3386 6.697 8.363 8.673 8764 242 2593 7984 8147 2265 3.048 8.068 8.072 7.977
Swelling ratio% (Mean)

S15 0 33 52 83 114 276 326 330 329 137 154 253 265 132 144 249 254 251
S17 0 35 45 64 85 2035 272 312 325 74 81 276 283 80 79 266 276 272
S19 0 27 38 58 78 209 277 311 326 46 58 297 304 48 59 296 297 291
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Table 5-3 Pulsatile swelling study performed on the H-Nu 4D printed and UV-cured samples and swelling wt% ratio in below and above LCST

condition.

Time (hrs) 0 1 2 4 6 24 48 72 144 24 48 72 24 96 24 48 72 24 96 120
(oven) (room) (oven) (room)
H-Nu printed and UV cured samples
(Mean)
Printed 277 5703 7.241 942 1044 1188 1167 1162 1144 5975 6.05 6.103 1120 1096 5.689 6.222 6.456 10.88 10.82 11.01
flower 2 7 4 3 7 9 3 2 1 2
Printed 704 1172 1380 1733 1995 2957 3183 3210 3186 17.07 1745 1721 2992 30.69 1579 1648 1658 2953 30.36 30.96
jigsaw 1 7 4 7 1 2 4 8 2 8 4 5 8 5 4 3 5
UV cured 130 2017 2423 327 3.897 6.269 6.734 6.862 6877 34512 %357(9 ; 6.478 g-702(4 3.029 - 3.0805) 6.421 3-623(4 g-646(7
5

Swelling ratio % (Mean)
Printed 0 88 132 197 234 320 326 324 319 123 124 129 306 302 106 126 128 296 294 302
flower
Printed 0 67 96 146 183 320 352 356 3525 143 148 1445 325 336 124 134 1355 319 331 340
jigsaw
UV cured 0 57 93.5 156 217 391 417 423 429 1645 157 - 396 410 130 - 137 395 405 406
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Time 0 1 2 4 6 24 48 72 144 24 48 72 96 72 96 24 48 72 96 120
(hrs) (oven) )(BOT (room) (oven (room)
)
Shape of samples (one sample)
Disc 144 237 267 3258 3987 6.903 741 7.386 7.037 3.37 285 3462 3448 6.857 7.106 283 3475 3.497 7.138 7.235
6 6 7 3 9
Flower 202 415 494 68 8.137 1135 11.36 11.23 10.74 5106 435 5269 5267 1011 1046 427 5287 5227 1083 1094
1 4 3 7 3 3 5 4 8 2 8 6 9
Jigsaw 465 806 9.08 1074 1310 2462 2695 2693 2554 1336 9.76 1178 1168 2401 2490 9.78 1165 11.73 2525 25.80
7 9 6 4 1 7 2 2 2 8 8 1 8 4 6 6 2
Swelling ratio % (Mean)
Discs 0 130 193 281 339 493 509 504 474 178 124 179 182 461 478 123 178 180 488 495
Flowers 0 106 145 237 299 457 458 451 4128 164 115. 160 157 397 414 116 161 156 431 437
5
Jigsaws 0 78 104 149 201 457 510 511 481 197 115 166 163 444 464 118 161 161 474 485
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5.2.4 UV spectroscopy

Table 5-4 UV spectroscopy data for LCST studies on PNVCL and its copolymers.

) 52\,83; 2959 10 wt% | 0.2 wt% 2959 | 0.5 wt% 2959 | 1 wt% 2959 | 2 wt% 2959 | 5 wt% 2959 | S1 S2 S3 | S10 | S12 | S13
22 0.056 0.49 0.1 0.061 0.046 0.049 0.057 - - - - _ R
23 0.057 0.48 0.095 0.061 0.047 0.05 0.056 - - - - _ R
24 0.058 0.478 0.11 0.062 0.047 0.049 0.057 - - - - _ R
25 0.056 0.462 0.127 0.063 0.048 0.049 0.058 0.077 | 0.118 | 0.049 | 0.046 | 0.053 | 0.046
26 0.057 0.461 0.14 0.066 0.048 0.049 0.059 0.079 | 0.118 | 0.051 | 0.046 | 0.054 | 0.046
27 0.058 0.449 0.134 0.068 0.048 0.05 0.061 0.081 | 0.118 | 0.051 | 0.046 | 0.055 | 0.046
28 0.059 0.495 0.125 0.071 0.049 0.051 0.061 0.084 | 0.119 | 0.051 | 0.047 | 0.056 | 0.046
29 0.06 0.474 0.138 0.074 0.049 0.05 0.064 0.086 | 0.12 | 0.051 | 0.046 | 0.055 | 0.046
30 0.063 0.466 0.159 0.077 0.049 0.051 0.065 0.089 | 0.12 | 0.052 | 0.046 | 0.055 | 0.046
31 0.067 0.458 0.157 0.081 0.051 0.052 0.068 0.093 | 0.12 | 0.051 | 0.047 | 0.056 | 0.046
32 0.077 0.473 0.162 0.088 0.053 0.053 0.074 0.097 | 0134 | 0.053 | 0.047 | 0.054 | 0.046
33 1.119 0.448 0.163 0.095 0.055 0.056 0.082 0.101 | 0.33 | 0.055 | 0.047 | 0.054 | 0.046
34 1.335 0.454 0.162 0.105 0.06 0.061 0.117 0.104 | 0.747 | 0.055 | 0.046 | 0.056 | 0.047
35 1.623 1.462 0.179 0.112 0.08 0.076 2.165 0.11 | 1.183 | 0.056 | 0.046 | 0.057 | 0.047
36 1.702 1.424 0.207 0.131 1.989 1.594 2.365 0.116 | 1.541 | 0.061 | 0.046 | 0.06 | 0.047
37 1.738 1.543 2.013 1.403 2.239 2.069 2.331 0.12 11808 | 0.164 | 0.046 | 0.063 | 0.048
38 1.764 1.791 2.066 2.229 2.117 2.011 2.233 0.126 | 2.002 | 0.398 | 0.046 | 0.067 | 0.048
39 1.806 2.1 1.978 2.113 2.23 1.963 2.199 0.133 | 2.145 | 0.719 | 0.046 | 0.073 | 0.048
40 1.857 2.016 2.3 2.145 2.147 1.899 2.204 0.136 | 2.249 | 1.054 | 0.046 | 0.074 | 0.049
41 1.887 1.965 2.22 2.016 2.099 1.951 2.224 0.145 | 2.326 | 1.414 | 0.046 | 0.074 | 0.05
42 1.912 1.96 2.199 2.007 2.103 1.958 2.249 0.152 | 2.383 | 1.738 | 0.047 | 0.074 | 0.053
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43 1.931 1.948 2.168 1.996 2.122 1.994 2.278 0.162 | 2.42 | 1.974 | 0.046 | 0.066 | 0.075
44 1.944 1.95 2.172 2.002 2.151 2.027 2.3 0.169 | 2.443 | 2.131 | 0.046 | 0.136 | 0.188
45 1.957 1.95 2.185 2.016 2.162 2.063 2.319 0.178 | 2.462 | 2.236 | 0.046 | 1.036 | 0.828
46 1.967 1.94 2.191 2.022 2.167 2.09 2.322 0.19 | 2.469 | 2.299 | 0.046 | 1.169 | 1.252
47 1.975 1.929 2.194 2.031 2.167 2.112 2.324 0.194 | 2.467 | 2.336 | 0.046 | 1.364 | 1.365
48 1.982 1911 2.2 2.031 2.175 2.131 2.32 0.209 | 2.46 | 2.354 | 0.046 | 1.504 | 1.489
49 1.986 1.883 2.221 2.019 2.192 2.144 2.309 0.216 | 2.452 | 2.359 | 0.047 | 1.612 | 1.585
50 1.988 1.85 2.241 2.001 2.2 2.16 2.277 0.228 | 244 | 2.356 | 0.047 | 1.68 | 1.648
5.2.5 Gel fraction measurement
Table 5-5 Gel fraction results of S7, H-Nu printed and UV-cured samples.
Printed samples Gel fraction Gel fraction H-Nu UV cured Gel fraction
(Wo) P W (%) S7 (W) W (%) (Wo) W (%)
1 2.982 2.824 94.7 4.65 4421 95.1 1.305 (1.235) 1.235 94.6
2 2.772 2.354 95.7 5.249 4.954 94.4 1.276(1.201) 1.201 94.1
3 7.041 6.097 95 0.789 0.772 97.8 1.063(1.012) 1.012 95.2
Mean 95.1 95.8 94.7
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5.2.6 Goniometry

Table 5-6 The contact angles result of PNVCL homopolymers, co/terpolymers, H-Nu printed and UV-cured samples.

10 wt% homopolymer C3 H-Nu printed
Time 115s Time 0s 115s Time 0s 115s
1 60.41  27.58 1 56.69  46.26 1 51.23 28.84
2 40.6 34.37 2 48.02  38.66 2 78.4 32.62
3 39.9 33.23 3 4752 3513 3 58.22 35.92
Mean 31.7 Mean 50.7 40 Mean 62.6 32.5
S5 S7 H-Nu cured
Time 0Os 115s Time 0s 115s Time Os 115s
1 69.94 45.91 1 54.83 30.83 1 76.56 72.97
2 84.81 51.98 2 79.38 59.77 2 75.84 54.83
3 79.16 41.67 3 69.29 45.19 3 73.19 59
Mean 78 46.5 Mean 67.8 45.3 Mean 75.2 62.3
S9 S15 S17
Time 0s 115s Time 0s 115s Time 0s 115s
1 86.17 64.53 1 64.34 52.77 1 69.15 58.52
2 82.38 55.6 2 82.91 69.91 2 87.79 55.35
3 83.91 57.42 3 75.2 45.76 3 91.38 62.14
Mean 84.2 59.2 Mean 74.2 56.1 Mean 82.8 58.7
S19
Time 0s 115s
1 44,77 36.51
2 47.58 38.61
3 68.23 62.61
Mean 53.5 45.9
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5.2.7 Tensile tests

Table 5-7 The tensile tests data of P1, C3, S7, H-Nu printed and UV-cured samples.

Maximum load

P1 (N) Tensile strength (MPa) Elongation at Maximum Load (mm)
1 78.2 8.5 2.9
2 82.5 9.2 2.8
3 80.9 8.9 2.9
4 84.2 8.3 2.9
5 82.2 9.2 3.0
Mean 81.6 8.8 2.9
C3 Maxm(m;n load Tensile strength (MPa) Elongation at Maximum Load (mm)
1 107.7 11.8 2.5
2 111.6 115 2.8
3 126.2 12.4 2.6
4 116.9 11.8 2.1
5 125.8 13.2 2.3
Mean 117.6 12.1 2.5
S7 Maxm(w:lr)n load Tensile strength (MPa) Elongation at Maximum Load (mm)
1 207.2 20.7 3.1
2 168.6 15.6 1.8
3 1735 18 2.3
4 340 24.3 2.2
Mean 197.3 19.6 2.3
H-Nu UV- Maximum load Tensile strength (MPa) Elongation at Maximum Load (mm)
cured (N)
1 141.4 12.6 0.6
2 210.5 20.2 0.7
3 182.4 17 0.8
4 142.4 13.6 0.6
5 206.6 15.8 0.9
Mean 176.7 15.9 0.7
H-Nu printed Maxm(ﬁ;n load Tensile strength (MPa) Elongation at Maximum Load (mm)
1 195 15.8 14
2 187 14.8 2.3
3 226.7 21.3 1.7
4 179.5 14 1.3
5 129.9 10.1 2
Mean 183.6 15.2 1.8
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5.3 Appendix C- Gantt chart workplan and works display and publish

during the PhD
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Discussion and Conclusion

Based on characterisation testing, the best formulations were
b o t

Mixing of essential Synthesis of disc determined, which showed tough, flexible and excellent swelling
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properties.
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Gantt Chart

Table 5-8 Gantt chart workplan Sept. 2017-June 2022.

The Development of Smart 4D Objects Utilising Temperature Responsive Polymer

Literature Reviews

Reviewing the work has been done in our lab on temperature responsive polymers
Background of hydrogels

Chemically and physically crosslinking
Hydrogels characteristics & preparation
Applications of the hydrogels

Stimuli sensitive materials

Temperature sensitive materials

Lower and upper critical solution temperature
Shape-shifting strategy

N-vinylcaprolactam

Photopolymerisation

Introduction of 3D printing techniques
Stereolithography (SLA)

Introduction of 4D printing
Current state of art of shape-shifting materials

Development of a formulation in which the sample exhibits the best properties (appearance, swelling size
and quality, mechanical strength) and has the potential to be fabricated 4D objects

Photoinitiators selection

Crosslinkers selection

Silicone mould making

Discs samples preparation using different concentrations of Irgacure 2959 (physically crosslinking)
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Discs samples preparation using different concentrations of VA-086 (physically crosslinking)
Discs samples preparation using different concentration of Camphorquinone (physically crosslinking)
Exclude samples by appearance

Discs samples preparation using different concentration of PEGDMA (chemically crosslinking)
Structure detective of physically and chemically crosslinking homopolymers using FTIR technique
Phase transition determination by cloud point analysis

Phase transition determination by DSC

Phase transition determination by UV-spectroscopy

Phase transition determination by Rheology

Swelling studies

Thesis writing

By incorporating the hydrophilic monomers, to enhance the mechanical properties of the first generation
NVCL homopolymer and develop different extension capabilities samples

Literature observation

Hydrophilic monomers selection

Copolymers/terpolymers preparation using different concentrations of NVP, DMAAm and NIPAAmM
Exclude samples by appearance

FTIR

Phase transition determination by cloud point analysis

Phase transition determination by DSC

Phase transition determination by UV-spectroscopy

Phase transition determination by Rheology

Pulsatile swelling studies on co/terpolymers

Final decision of formulation based on the samples performances, transition temperature and swelling capability
Thesis writing

Transfer to PhD in April 2020

To explore shape shifting capabilities through SLA 3D printer

The design of the complex printing patterns
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Flower prototype preparation by 3D printing

Silicone mould making

The flower shape samples first prepare by photopolymerisation

First printing attempt: using the best formulation developed in previous work
Failure analysis & literature observations

Second printing attempt: increasing amounting of Irgacure 2959

New photoinitiators selection (BAPO, TPO, H-Nu 400IL)

Third printing attempt: using the best formulation blends with new photoinitiators and concentrations
New formulation comfirmation

Enhancement of printing parts (postcure treatment, support structure)

Printing support design

Fourth printing attempt: using the new formulation printing with the support
Structure detection of the photopolymerised flower samples by FTIR

Structure detection of the printed flower samples by FTIR

Phase transition determination of the photopolymerised flower samples by DSC
Phase transition determination of the printed flower samples by DSC

Pulsatile swelling studies on photopolymerised flower samples (4D behaviour demostration)
Pulsatile swelling studies on printed flower samples (4D behaviour demonstration)
Properties comparison of photopolymerised and printed samples

More sophisticated models design

4D printing of sophisticated models

Thesis writing

To explore shape shifting capabilities through UV chamber system

Literatures observation

Schemes selection for shape shifting

Scheme 1: bilayer structures

Selection of rigid materials for passive layer (Flexible vs Elastic)
Scheme 2: Hinge structures
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Different strips bilayer struture design

Shape shifting behaviours observation by swelling test
Determining the material of the passive layer (Elastic)
Determining the final strip bilayer structure pattern
Tensile tests on elastic material

Self-rolling behaviour development (literature found & samples prepare)
Swelling test on strips bilayer structure samples
Thickness determining for active & passive layer
Self-bending behaviour development on flower samples
Swelling test on flower bilayer structure samples
Demonstration development (Gripper, auto puller)
Thesis writing
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